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ABSTRACT 

Nowadays, there is a wide variety of arsenic decontamination processes being adsorption processes the 

most efficient. In this concern, superparamagnetic iron oxide nanoparticles (SPION) have been proposed 

as an appropriate system to improve arsenic adsorption from acidic wastewater. The number of mines, 

the amount of ore processed, and thus the amount of mine (acid) wastewaters have been rapidly 

increased in recent decades. For this reason, arsenic removal from contaminated water is an important 

goal to accomplish environmental regulations. It is noteworthy that aggregation of these nanoparticles 

has been detected as the main difficulty, hindering the promising adsorption. In order to overcome this 

drawback, it is proposed a system to avoid aggregation based on nanoparticles dispersion into an 

appropriate supporting material. To this purpose, SPION have been fixed on a cellulosic sponge 

achieving a decrease of the aggregation state, an increase of the active centers, and consequently, arsenic 

adsorption increases. Experimental results report a lower aggregation of supported SPION over sponge 

than the observed in the non supported nanoparticles. At this point, a remarkable improvement in the 

sponge system adsorption capacity is observed in comparison with superparamagnetic nanoparticles in 
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suspension, reaching adsorption capacities about 2.1 mmol As/g SPION and 12.1 mmol As /g SPION 

for arsenite and arsenate, respectively at pH 3.8. Then, the developed system not only amends the 

aggregation problem but also keep their nanoproperties intact, making the system a suitable one for 

arsenic removal in acidic wastewater treatment. 

 

HIGHLIGHTS 

• Feasibility of using Forager Sponge-loaded SPION for arsenic removal. 

• Adsorption pH is the main parameter controlling the As(V) and As(III) removal. 

• SPION incorporation to Forager Sponge avoids the nanoparticles leaching. 

• Adsorption capacity for both arsenic species is higher than reported in literature. 
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1. Introduction 

Arsenic is a relatively scarce but ubiquitous element, with environmental substrates showing ranges of 

arsenic concentrations from ppb to ppm levels [1]. The impact of both natural and anthropogenic inputs 

of arsenic species in the environment, mainly in soils and waters, is considered to be one of the major 

problems in pollution abatement, because of their high toxicity and the consequent risks for human 

health [2]. 

The oxidation state of arsenic plays an important role since it determines the properties of the related 

species, i.e., the toxicity, the sorption behavior and the mobility in the aquatic environment. However, in 

natural waters arsenic is found mostly as As(III) and As(V) [3]. The World Health Organization has 

reduced the MCL (Maximum Contaminant Level) from 50 µg/L to 10 µg/L [4,5]. Thus, there is a 

growing interest in using low-cost methods and materials to remove arsenic from industrial effluents 

(mainly mine industry) before it may cause significant contamination.  

The increasing number of operating mines raises concerns for health and environment, and many of 

those concerns are related to mine water issues [6]. Mining operations often produce substantial 

amounts of acidic wastewater which contain highly elevated concentrations of potentially harmful 

substances including trace metals and metalloids (e.g., nickel (Ni), arsenic (As), lead (Pb) or antimony 

(Sb)) [7]. 

Although multiple methods such as precipitation [8], ion exchange [9] or membrane processes [10] have 

been used for arsenic removal, selective adsorption [11] from solution has received more attention due 

to its high concentration efficiency. Bulk iron oxides have demonstrated their affinity for arsenic but 

iron oxide nanoparticles provides an advantage due to an increase of the surface-volume ratio and 

specific surface area, allowing more active sites to better improve the adsorption process [12]. Small 

size gives nanoparticles a high surface area to volume ratio, a high surface reactivity, new properties 

such as electrical, magnetic, optical, chemical etc…. In this sense, the interaction with different kinds of 

chemical species offers better kinetics for selective sorption of ions from aqueous media [13]. At the 

nanoscale, inorganic metal oxides are potentially highly efficient agents for binding ions such as those of 
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some pollutants (i.e arsenic). By tailoring the composition of the metal oxides, selective adsorption of 

different ions can be introduced, becoming the use of nanoparticles a very attractive new adsorption area 

for the recovery of ions from industrial wastes. 

 

A literature survey identifies different nano-size iron oxides structures such as maghemite (γ-Fe2O3) 

[14], siderite (FeCO3) or fougerite ([Fe(II)4Fe(III)2(OH)12][CO3.2H2O]) being used to study the 

adsorption mechanisms and the extent of adsorption of arsenic ions [15-17]. Additionally, other 

materials for arsenic adsorption such as resins or loaded iron (III) sponges have been found [18]. It’s 

noteworthy that the surface chemistry of the iron oxides has a pH-dependent charge. At low pH, the 

hydroxyl groups at the surface of the iron oxide are doubly protonated (-FeOH2
+) and the surface charge 

of the iron oxide is thus positive. At a certain pH, the hydroxyl group is protonated with only one proton 

(-FeOH) and thus the (net) surface charge of the iron oxide is neutral. This pH is called the point of zero 

charge (PZC) and for iron oxides the point of zero charge (PZC) ranges between 5.5 and 9.8 (in case of 

SPION pzc is 6.8). At pH values above the PZC, the hydroxyl group is deprotonated (-FeO-), and 

consequently the iron oxide surface bears a negative charge.  Then, under those conditions the SPION 

surface had different charge properties (positive, neutral or negative). 

The objective of the present work is to investigate the role and the effectiveness of nanosized magnetic 

particles, specifically, superparamagnetic iron oxide nanoparticles (SPION) in the adsorption of 

arsenic(V) and arsenic(III) ions from acidic aqueous media. In order to demonstrate the feasibility of 

using SPION for the binding and removal of both arsenic species, these nanoparticles will be supported 

over a commercial ion exchange material (Forager Sponge) based on an open-celled cellulose sponge. 

 

2. Experimental Section 

2.1. Chemicals and Reagents.  
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Analytical grade solution of iron(III) chloride hexahydrate, Iron(II) chloride anhydrous, ammonium 

hydroxide, sodium acetate tryhydrate, acetic acid, sodium hydrogen arsenate heptahydrate, sodium 

metaarsenite and hydrochloric acid were used. An open celled cellulose sponge with an amine-

containing polymer which presents a nominal particle size of 12.7 mm (Forager Sponge, Dynaphore)  

was used as SPION support. Tetramethyl ammonium hydroxide (TMAOH, Fluka 25%) was used as 

redispersing agent and high purity water with a resistivity of 18 MΩ/cm was used throughout all the 

experiments. 

 

2.2. Characterization of adsorbent materials.  

Two types of adsorbent materials were used to remove arsenic from contaminated solutions. 

Superparamagnetic Iron Oxide Nanoparticles (SPION) were imaged with a transmission electron 

microscopy (TEM, JEOL JEM-2011 HRTEM). The crystallographic phase was also undertaken by 

analyzing the X-ray powder diffraction spectra (XRD, X-Pert Philips diffractometer), using a 

monochromatized X-ray beam with nickel-filtered CuKα radiation (λ = 0,154021 nm). The 

magnetization of both SPION and adsorbed SPION over cellulose was determined by Superconducting 

Quantum Interference Device (SQUID, MPMS-XL 7T) [19-21]. Forager Sponge loaded SPION was 

characterized by TEM. Iron content was determined in order to control nanoparticles in the solution by 

inductively coupled plasma atomic emission spectroscopy (ICP-OES, Intrepid II, Thermo Fisher). The 

results reveal an iron content in all samples below the detection limit of the equipment (1 ppb). This 

content confirms the SPION stability in all the performed experiments and no leaching is produced from 

the sponge surface. 

 

2.3. Synthesis of adsorbent materials.  

The synthesis of 10 nm SPION was performed as described elsewhere [22, 23], with some modifications 

to increase the reaction yield. The synthesis requires a constant bubbling of nitrogen to prevent oxidation 

of Fe2+ to Fe3+. A stock solution of Fe3+ in a chloride medium was prepared by dissolving FeCl3.6H2O in 
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a deoxygenated HCl 0.2 M solution. A stock solution of NH4OH 0.7 M was deoxygenated under 

nitrogen atmosphere and heated to 70 oC. Later on, Fe3+ solution was added to the deoxygenated 

NH4OH solution. After few minutes, anhydrous FeCl2 was added, in a ratio 1:2 of Fe2+/Fe3+. Then, the 

solution was kept 45 minutes under mechanical stirring and nitrogen bubbling for the ageing of 

nanoparticles. After sample cooling, the resulting suspension was centrifuged at 2000 rpm, separating 

the nanoparticles by a magnet and washing with deoxygenated water several times. A subsequent 

redispersion in deoxygenated aqueous solution of tetramethylammonium hydroxide (TMAOH) 0.01 M 

(pH≈12) let to obtain SPION in a stable suspension for 6-8 months under deoxygenated atmosphere. 

 

2.4. Synthesis of the Forager sponge-loaded SPION material.  

After SPION synthesis, Forager Sponge was loaded with SPION to develop a new adsorbent material. A 

pretreatment, by immersion in a hydrochloric acid for wiping their acidic form [18], was performed in 

order to activate the amino groups and to facilitate SPION immobilization. Once in protonic form, 

Forager Sponge was dried during 24h at 40 °C in oven and introduced in a desiccator until their use. 

Once the Forager Sponge is in acidic form, SPION load on the Forager Sponge surface was performed. 

Such surface immobilization was achieved using a pneumatic nebulizer that generates a homogeneous 

SPION dispersion spray, with the assistance of a peristaltic pump, under nitrogen stream. 

Variation on the amount of SPION concentration and also the nebulisation time produced different 

SPION immobilization and different SPION load on sponge surface. Finally, a cleaning process was 

needed with nitrogen saturated water in order to remove the SPION excess that was not attached over 

the sponge surface. Forager Sponge loaded SPION was dried during 24 hours at 40 °C in oven and is 

kept in a desiccator until their use. 

 

2.5. Adsorption-Desorption experiments over SPION and Forager Sponge-loaded SPION.  

The adsorption experiment was performed in batch mode by mixing aqueous solution of As(v) and/or 

As(III) in Acetic/Acetate 0,2 mol/L media with constant aliquots of SPION (50 mg) or Forager sponge-
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loaded SPION (50 mg) using a rotatory shaker at room temperature. The pH of the solution ranged 

between 1 and 8 (depending of the experiment) was controlled using either HNO3 or NaOH standardized 

solutions and confirmed by pH measurements. After mixing, the solid phase was removed from the 

supernatant by decantation with magnet force and filtration with cellulose acetate filters of 0.22 µm. The 

final pH was measured as the pH value of the experiment and this value was used as pH value in all the 

adsorption experiments. 

The adsorption capacity (qAs, mmol/g) is determined measuring the initial (CAsin, mmol As/L) and 

equilibrium (CAsfin, mmol As/L) arsenic concentration for each experiment and applying the equation 

(L): 

(1)                                                        

 

where Vads is the volume of reaction (L) and mads is the adsorbent quantity (g). 

 

In the desorption experiments, 10 mL of the elution solution were added to an accurately measured 

quantity of Forager Sponge-loaded SPION with As(V) and/or As(III) adsorbed using a rotatory shaker at 

room temperature. After 60 min of contact, the aqueous and the solid phases were separated by 

centrifugation and the concentration of arsenic in the supernatant was measured. 

The concentration of metal ions in the supernatant was determined by inductively coupled plasma 

atomic emission spectroscopy (ICP-AES, iCAP 6000, Thermo Fisher, Waltham, MA, USA). Arsenic(V) 

and arsenic(III) adsorption was calculated by mass balance and the effect of different parameters was 

recorded. Additionally, iron content was determined to control the stability of SPION in the 

experimental media during the adsorption experiments and the results reveal an iron content below the 

detection limit of the equipment (1 ppb). This content confirms the SPION stability in all the performed 

experiments. 

2.6. Anion selectivity experiments 
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Experiments were performed to study the anion selectivity of the adsorbent system. The experiments 

were carried out with solutions of As(V) containing 0.25 mol L-1 of Cl-, NO3
- , SO4

2- or PO4
3- (ratio 20:1 

respect of As(V) total in solution) were treated to observe the behaviour of the absorbent system in the 

presence of interfering anions. The experiments were performed in the same way as the adsorption 

experiments by mixing a known amount of Forager Sponge-loaded SPION with the solutions using 

rotary shaker at room temperature (23 ºC). The pH of the solution was controlled using either HNO3 or 

NaOH standardized solutions and confirmed by pH measurements.  

 

3. Results and Discussion 

3.1. Characterization of adsorbent materials.  

The characterization of nanoparticles morphology, mainly its size that determines their adsorption 

capacity, requires from TEM measurements. A review of the actual existing literature highlights an 

optimal particle size range between 8-10 nm for adsorption applications [17, 24]. From the TEM 

micrographs (Fig. 1) a main spherical nanoparticles morphology can be observed, being partially 

aggregated when SPION are in suspension. The main nanoparticle size obtained by using the described 

synthesis method has an average size of 10.2 nm 

The SPION dispersed over the Sponge surface was characterized using the same characterization 

techniques. Fig. 2 shows the TEM micrographs of the Forager Sponge loaded SPION cross section and 

indicate that a greater specific surface is achieved with an adequate optimization of the SPION 

dispersion process, and therefore, greater adsorption capacity could be obtained in SPION loaded 

Forager Sponge due to the high dispersion of SPION. 

In order to characterize the SPION distribution on the sponge, different deposition ways were 

developed, such as Forager Sponge impregnation by dipping for 24 hours in SPION suspension or spray 

this suspension by pneumatic nebulizer. These tests reveal that longer dipping processes (Fig. 2a) 

produce a higher aggregation of SPION than using a pneumatic nebulizer (Fig. 2b, c, d). Thus, with a 
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low loading (20 mg SPION/g Sponge), a homogeneous and uniform SPION distribution on the Forager 

Sponge surface was observed, not achievable at a high loading (140 mg SPION/g Sponge). 

 

These loading properties will result of key importance for the As(III) and As(V) adsorption process 

efficiency on SPION. Theoretically, the decrease of SPION aggregation generates an increase of the 

specific surface area and therefore an increment in the reactive centers on the adsorbent material for the 

adsorption process of As(III) and As(V). 

 

Superparamagnetic materials have no permanent magnetic moment and, hence, no hysteresis loop. To 

test the magnetic susceptibility, the temperature was held constant at 300 K for hysteresis measurements 

at the applied field ±7 T, see Fig. 3. The shape of the hysteresis curve for the sample was normal and 

tight with no hysteresis losses, typical behavior of a superparamagnet. Under low applied field, a high 

magnetization (M) value was observed. The saturation magnetization (Ms) and the coercivity (Hc) of the 

SPION are about 80 emu/g and 143 Oe respectively, values close to bulk Fe3O4 (85-100 emu/g and 

115‐150 Oe, correspondingly). Accordingly to the observed remaining magnetic capacity, together with 

the high specific surface areas and strong magnetic properties, SPION appears as an excellent adsorbent 

candidate for environmental applications.  

 

The shape of the hysteresis curve for Forager Sponge loaded SPION the sample was normal and tight 

with no hysteresis losses. Under low applied field, a high magnetization value was observed similarly to 

SPION. The saturation magnetization and the coercivity of the SPION loaded Forager Sponge are 

about30 emu/g and 48 Oe, respectively. Taking into account that 2 mg of sample were needed for the 

determination and the SPION loaded Forager Sponge has a concentration of 20 mg SPION/g Forager 

Sponge, the obtained values reflected that despite the lower amount of SPION over the sponge surface if 

compared with the SPION powder, the SPION still retained their magnetization. Thus, reveal a 
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remaining magnetic capacity of interest in order to recover the product when treating contaminated 

solutions. 

 

3.2. As(V) and As(III) Adsorption kinetic over SPION.  

In these experiments the effect of contact time on the adsorption were studied. The experiments were 

carried out by mixing 100 mg L-1 solution of either As(III), As(V) or As(III)/As(V) mixtures (100 mg L-1 

As(III) + 100 mg L-1 As(V)) with a constant amount of SPION, working at room temperature (23 ºC) 

and pH range 2.4-4.5. with the contact time varying in the period of 1-60 min. In the case of arsenate, 

the variation of its adsorption with time, independently of pH effect, is relatively fast, as seen in Fig. 4a, 

where longer contact time provide no significant variations in the adsorption capacity of the SPION. The 

results of the interaction between the arsenate solutions and the SPION suspension at different pHs 

show that arsenate adsorption is highly pH dependent. The increase of deprotonated arsenic species by 

increasing the pH in the range of 2.8 to 3.8 is the reason of the observed increase on the adsorption 

capacity in this range of pH. At higher pH values, the competition of OH- ions  against arsenate to 

complex Fe(III) lead to a decrease of the arsenate adsorption. 

On the other hand, in the case of arsenite, the dynamics of the adsorption process is observed to be in a 

similar way of arsenate. However, in this case, the adsorption is independent of pH (see Fig. 4b) what 

corresponds to the less acidic properties of arsenious. This leads to the observed almost constant arsenite 

adsorption capacity with pH. 

When using monocomponent solutions, the maximum adsorption capacity values obtained at stationary 

state, at pH-3.8, were found to be  0.91 mmol As(V) / g SPION and 0.43 mmol As(III) / g SPION, 

respectively. 

The results for adsorption processes in presence of both arsenic species given in Fig. 5 reveal a 

competition between both species. This competition explains the adsorption values closer to As(V) 

behavior (expected from its better interaction with SPION) being the achieved adsorption capacity at the 
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stationary state 0.66 mmol As / g SPION. The observed decrease in the adsorption is due to the less 

concentration of As(V) in the target solutions.  

 

3.3. Effect of pH on the adsorption capacity over un-supported SPION.These experiments were 

carried out by mixing 100 mg L-1 solution of either As(III), As(V) or As(III)/As(V) (100 mg L-1 As(III) + 

100 mg L-1 As(V)) mixtures with a constant amount of SPION at room temperature (23 ºC) during 120 

min to reach stationary state.  A pH range 2.0-8.0 (after the adsorption process) was studied in order to 

identify the optimum adsorption pH. 

Arsenite and arsenate SPION adsorption capacity varies according to the experimental pH as illustrated 

in Fig. 6. Arsenate adsorption is strongly influenced by the pH, especially at low pH values where the 

acidity of arsenate species (pKa1 = 2.2) produce deprotonated species, is responsible of the observed 

relatively high adsorption capacity in the pH range 2.0-3.8. With the increase of pH above the indicated 

range, competition between OH- and As(V) ions for Fe(III) centers increases and it leads to that the 

observed decrease on the adsorption of arsenate.  

For arsenite, the situation is completely different. Less acidity of arsenite species (pKa1 = 9.2) as well as 

the reduced presence of deprotonated arsenite species in the pH range of study produces a non-

significant pH effect. 

 
When analyzing As(III)/As(V) mixtures, the shape of the figure presents competitiveness between both 

arsenite and arsenate. This competitiveness shows certain pH dependency due to the arsenate adsorption. 

Arsenate is more acid than arsenite (there is an unique specie at the studied pH range, H3AsO4) thus 

adsorption capacity of mixtures changes in the same way than arsenate solutions. These results suggest 

that, taking into account the related results for the individual species, arsenite is also adsorbed but in 

much less proportion than arsenate. Then, a decrease in the total arsenic adsorption is generated respect 

the adsorption capacity reached with only arsenate present.  
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3.4. Maximum SPION adsorption capacity.  

These experiments are planned to assess the effect of the initial arsenite or arsenate concentration on the 

sorption process and estimate the maximum SPION adsorption capacity for both species, verifying if 

further optimization of maximum adsorption capacity can be achieved. Initial arsenic concentration in 

the range of 1 mg L-1 and 1000 mg L-1 were tested under room temperature (23 ºC) during 120 minutes. 

The relationship between the equilibrium aqueous concentration and the equilibrium adsorption capacity 

for arsenite and arsenate, shown in Fig. 7, fits Langmuir adsorption model, as follows the equation (2): 

                                                                             (2)
 

that can be written as: 

                                                                         (3)
 

 

where qe is the equilibrium adsorption capacity (mmol/g), Ce is the equilibrium metal concentration in 

the aqueous phase (mmol/L), qmax is the maximum loading capacity (mmol/g) corresponding to a 

monolayer coverage, and kL is Langmuir constant (L/mol). 

For both arsenite and arsenate, the adsorption capacity increases with the initial concentration due to the 

saturation effect. For Arsenate, optimal adsorbent working conditions are reached at pH 3.6, providing a 

saturation of arsenate adsorption capacity near 0.91 mmol As(V)/g SPION. The minimum arsenate 

concentration needed for the saturation is 500 mg L-1, representing the extreme working conditions, in 

terms of concentration, that can face the adsorbent. The SPION works similarly in the case of arsenite 

but reaching a maximum adsorption capacity of 0.43 mmol As(III)/g SPION being 100 mg L-1 of 

arsenite needed to saturate the system. The experimental model fits Langmuir model as indicated in the 

Fig. 8, being 8.52 L/mol and 1.57 L/mol for arsenite and arsenate, respectively. 

 

3.5. pH effect in the adsorption of As(V) and As(III) over Forager Sponge-loaded SPION. 

The study and determination of adsorption capacity of the Forager Sponge-loaded SPION was 

performed analogous to the procedure described for adsorption on SPION. 

eL

eL
e Ck

Ckq
q

+
=

1
max

maxmax

1

q

C

kqq

C e

Le

e +=



 

13

The adsorption of the different arsenic species using Forager Sponge-loaded SPION was investigated by 

varying the solution pH in the range 2-7 (after the adsorption process) taking into account that for the 

previous studied materials. The obtained results (Fig. 9a) revealed that the adsorption of As(V) is pH 

dependent and As(III) is pH independent. Such behavior can be explained by the presence of different 

As(III) and As(V) forms  in the aqueous solution at different pHs. Additionally, Forager Sponge presents 

a very small arsenite and arsenate adsorption which is important to determine the adsorption capacity of 

SPION loaded in the system. In this case, Forager Sponge is just a support without interference in the 

adsorption process. 

 

A comparison of the observed pH effect with that obtained on previous As(V) adsorbent, non-supported 

SPION alone, revealed similar behavior with an adsorption maximum at pH 3.8. In addition, the amount 

of SPION loaded on the Forager Sponge was considered. In this case, three different SPION loadings 

were generated by pneumatic nebulization over the Sponge, low (44.5 mg SPION / g Sponge), 

intermediate (84.2 mg SPION / g Sponge) and high loading (146.7 mg SPION / g Sponge). In all these 

situations the pH influence is similar, achieving a pH of maximum adsorption capacity at 3.6-3.8. 

The observed higher adsorption capacity for the low loading SPION is due to the higher dispersion of 

SPION on the sponge, what provides higher specific surface area that will increase the adsorption rate of 

arsenite in SPION. 

For arsenite, SPION loaded Forager Sponge presents a completely different situation (Fig. 9b) due to the 

absence of adsorption capacity variation within the target pH range. Such behavior follows the observed 

for non-supported SPION. As in that case, the less acidity of arsenite species (pKa1 = 9.2) is the reason 

for such non-significant pH effect. 

In this sense, the ion exchange and the adsorption of both forms of Arsenic is possible at any pH range, 

with a maximum of 0.3 mmol As(V) / g Sponge within the pH range (3-5). Moreover, only in basic 

solutions, As(III) may dominate. Under the working pH conditions, the operational capacity of the 
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sponge is very small (0.15 mmol As(III) / g sponge), being the adsorption of As(III) on sponge very low 

in all the pH range. 

 

3.6. SPION load effect in the adsorption of As(V) and As(III) over Forager sponge-loaded SPION. 

The effect of the of SPION amount loaded on the Forager Sponge on the adsorption capacity of As(V) 

and As(III), was studied with the optimized time conditions (60 minutes) and in a wide pH range to 

evaluate the behavior in the target pH range 2.2 – 6.5as shows the Fig. 10. 

The high number of ethylamine groups on the Sponge surface makes the blank Forager Sponge to show 

high acidity, and it explains the ability of the blank Forager Sponge to adsorb and immobilize Fe(III) 

from the SPION by chelation through the lone pairs of electrons on the unprotonated amine groups, as 

the triethylenetetramine favorably complexes Fe(III). 

In all situations, the observed behaviour can be interpreted based on two differentiated types of 

interactions. In one hand, an anion exchange of arsenic species corresponding to the protonated amine 

groups present in the matrix of the Sponge. However, there is a second process where a ligand exchange, 

provided by the Fe(III) ions  immobilized in the SPION  is promoted [25]: 

a) The first interaction, as show the following equation (4), involves an anion exchange of arsenic 

species corresponding to the protonated amine groups present in the matrix of the sponge. This 

interaction will be dependent of the equilibrium pH of the aqueous solution, where Y is the species 

of arsenic exchanged by the counter ion (X). 

 

N+

H X-

Y-
N+

H Y-

X-

                         (4) 

b) There is a second process where an exchange of ligands provided by the Fe(III) ions of the SPION 

immobilized in the supporting material, Forager Sponge, is promoted. This can be expressed by 

the general equation (5): 



 

15

(5) 

where R is the matrix 

of the SPION, X is the chemical species of arsenic at the optimal pH and Z is the exchanged ligand, 

OH- ions in the case of As(V) and H2O for As(III). The affinity of arsenic oxoanions for the iron on 

SPION is higher for the Fe(III) ions than Fe(II) ions. This provides a higher activity of the Fe(III) 

ions with OH- than Fe(II) ions. 

 

As mentioned above, the differential behaviour of both arsenic species is related to the different acidity 

of their respective oxoanions [26]. While H3AsO4 is a strong, H3AsO3 is a very weak one. This 

generates the existence of an As(V) oxoanions in solution , which will be adsorbed on the sponge by the 

protonated amine groups from a relatively acidic pH to basic pH values. Moreover, the difference in 

adsorption between the blank sponge and the SPION loaded Forager Sponge it is attributed to the 

presence of Fe(III) ions in the nanoparticles, which provide exchange adsorption centres for arsenic 

species. In this sense, the processes occurring during the arsenite and arsenate adsorption, at the studied 

pH, on SPION loaded Forager Sponge, could be explained by these equations (6) and (7) [27]: 

(6) 

(7) 

With these calculated data, that follow the tendency of similar adsorption reactions, and if we assume 

the ligand exchange model expressed before, the adsorption of As(V) on the SPION loaded Forager 

Sponge  is favoured over the adsorption of As(III), similarly to the adsorption observed over other iron 

oxides [28, 29]. 

The presence of SPION immobilized in the sponge enhances the adsorption capacity of both arsenic 

species with respect to the non-supported SPION, so that the maximum adsorption of the sponge is 

12.09 mmol As (V)/ g SPION at initial pH 3.6 and 2.11 mmol As (III)/ g SPION at pH 4.0. This range 

confirms the optimum pH for maximum adsorption obtained for arsenic adsorption on SPION 



 

16

suspension. This fact, coupled with the reduced adsorption of As(III) throughout the studied pH range, 

shows the possibility of separating both arsenic species. 

 

3.7. Anions interference on SPION selectivity 

Anions commonly present in wastewaters such as chloride, nitrate, sulphate or phosphate, potentially 

interfere the arsenic adsorption, being such interference very significant leading to a reduction of the 

arsenic adsorption capacity. The general trend previously observed for arsenic adsorption is varying the 

adsorption capacity with the pH, being similar when different anions are present.  

When anions are present in the arsenic solution, arsenic adsorption has remarkable decrease. The 

adsorption capacity at low and high studied pHs increases due to the presence of interfering anions favor 

the anionic environment on the anion exchange centers leading to an easier anion exchange process. At 

the maximum adsorption pH (4.0), the presence of different anions in high quantity, especially 

phosphate, produce an efficient competition with arsenic in the ligand exchange centers of the SPION. 

This fact is consequence of the similar affinity for phosphate and arsenate. For the other anions, spite the 

competition with Arsenate is less intensive, the maximum of adsorption disappear in all cases and a 

plateau is reached by decreasing the adsorption capacity by three fold. 

The decrease of adsorption capacity is used to quantify the interfering effect of the different anions at pH 

4.0 (conditions for the higher adsorption capacity values). The obtained values are given in Table 1. 

 

The observed interference level decreases as follows, phosphate >> sulphate ~ nitrate ~ chloride. 

Therefore, the results show that the adsorption capacity is similar in the presence of all interfering 

anions except phosphate, which presents a more pronounced interfering effect. The high interference 

effect shown by phosphate in all pH range is due to both the effective competition for Fe(III) centers of 

the SPION, according to the similar affinity of phosphate and arsenate for Fe(III) and the higher 

concentration of phosphate versus arsenate [1]. 
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The adsorption capacity in presence of interfering anions is less reduced when sulphate is present as 

interfering anions than when phosphate is the interfering due to the ligand exchange process in the 

system presents higher affinity when the anion has higher ionic charge.  

The adsorption process increase when nitrate and chloride are present as interfering anions due to these 

anions have less interference in the ligand exchange process. 

Finally, the effect of the phosphate in the remarkable decrease of the adsorption capacity of arsenic can 

be explained by the efficient competition with arsenic in the ligand exchange centers of the SPION for 

the complete pH range of study. This fact is consequence of the similar affinity of the phosphate and 

arsenate for Fe(III) centers and due to the higher phosphate concentration in relation with the arsenic 

concentration. [1] 

3.8. Desorption experiments over Forager Sponge-loaded SPION.  

Corresponding results of the desorption process show high desorption degree when using 1.0 M HNO3 

(> 99 %) and 0.5 M H3PO4 (90 %) for both As(III) and As(V) as shows Table 2. In addition, some 

desorbing species such as NaOH (1.0 M and 0.1 M) and H3PO4 become a problem for the adsorbent 

system due to these desorbents remove the SPION of the Sponge surface and degrade the SPION. Then, 

the adsorbent system loss the principal adsorbent compound and it cannot be used for new water 

treatments. 

The desorption process by using chloride and hydroxide ions suggest that the interaction between the 

ions and the Fe(III) ions from the SPION is not enough strong to desorb both arsenite and arsenate. On 

the other hand, phosphoric acid, despite having the phosphate higher affinity to Fe(III) is not able to 

fully accomplish the desorption of Arsenic. Finally, in the case of nitric acid, is the proton (H+) which 

compete efficiently with Fe(III) from SPION to desorb the adsorbed arsenic species. When comparing 

phosphoric and nitric acid, the later one is stronger and then, present more free H+ to react (1.0 M in the 

case of HNO3 and 0.0576 M for H3PO4).  

Then, desorption of both arsenite and arsenate seems be effective by ionic exchange but not by ligand 

exchange. By ligand exchange the interaction is stronger due to the exchange is produced in the inner 
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sphere of coordination. Therefore, 1.0 M HNO3 is the desorbing reagent that is most able to efficiently 

desorb without degrading the adsorbent system. 

 

3.9. Adsorption capacity comparison with similar adsorbent systems.  

Comparing the obtained results, as shown by Table 3, with similar studies employing the same type of 

Forager Sponge loaded with Fe(III), a high difference adsorption is observed. To explain this behaviour, 

it must be taken into account that the SPION provide more accessible centres for the Arsenic adsorption 

respect the Fe(III). Forager Sponge loaded SPION is 35 times more effective for As(V) and 16 times 

higher for As(III) than SPION. SPION dispersion over the sponge surface provides a more active 

adsorption sites accessible to both arsenite and arsenate. Something similar happen in the case of 

different types of resins loaded with iron(III), where the SPION loaded sponge improves As(V) 

adsorption 19 times, while doubles the adsorption capacity of As(III). The most important reason for the 

observed increase of is the decrease of SPION aggregation by a dispersion that leads to a higher 

availability of adsorption positions [18, 22, 29-39].  

When the comparison is made with nanoparticles, nanocomposites or adsorbent systems with different 

active centers, something similar happens. The two developed systems, non-supported, and Forager 

Sponge-loaded SPION present better adsorption capacity than the reported results in the literature. 

4. Conclusions. 

Forager Sponge loaded SPION was successfully developed and optimized to obtain a new adsorbent 

system with a fine and homogeneous SPION layer over the Forager® Sponge surface with a reduced 

aggregation. The porosity and the obtained surface area by the milling process, makes that this support 

can provide the optimal conditions to develop an important role for these water treatment applications. 

The optimum adsorption parameters were evaluated and determined as in previous adsorbent systems. 

The SPION suspension studies, the new adsorbent system works in optimum conditions to recover 

arsenate at pH 3.6, while arsenite adsorption is not pH dependent and constant in a wide pH range. In 

case of Forager Sponge loaded SPION, the adsorption capacities are 2.11 mmol As/g SPION and 12.09 
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mmol As/g SPION for arsenite and arsenate, respectively, improving those achieved adsorption 

capacities for non-supported SPION. 

It is noteworthy that Forager Sponge-Loaded SPION present an adsorption capacities around 6 mmol/g 

and 1.5 mmol/g for As(V) and As(III) respectively at pH 6.5. Therefore, the system not only can be 

applied for mining industrial water or other acidic water but can be used for actual drinking water 

treatment. 
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