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ABSTRACT

Nowadays, there is a wide variety of arsenic demoittation processes being adsorption processes the
most efficient. In this concern, superparamagnatit oxide nanoparticles (SPION) have been proposed
as an appropriate system to improve arsenic adsorfyfom acidic wastewater. The number of mines,
the amount of ore processed, and thus the amoumbiloé (acid) wastewaters have been rapidly
increased in recent decades. For this reason,iangmoval from contaminated water is an important
goal to accomplish environmental regulations. Ihadeworthy that aggregation of these nanoparticles
has been detected as the main difficulty, hindetimegpromising adsorption. In order to overcoms thi
drawback, it is proposed a system to avoid aggmydiased on nanoparticles dispersion into an
appropriate supporting material. To this purposeJC® have been fixed on a cellulosic sponge
achieving a decrease of the aggregation statecaease of the active centers, and consequerginiar
adsorption increases. Experimental results reptowar aggregation of supported SPION over sponge
than the observed in the non supported nanopatiéiethis point, a remarkable improvement in the

sponge system adsorption capacity is observedrmpadson with superparamagnetic nanoparticles in
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suspension, reaching adsorption capacities abautgnol As/g SPION and 12.1 mmol As /g SPION
for arsenite and arsenate, respectively at pH Bi&n, the developed system not only amends the
aggregation problem but also keep their nanoprmggeihtact, making the system a suitable one for

arsenic removal in acidic wastewater treatment.

HIGHLIGHTS

* Feasibility of using Forager Sponge-loaded SPIONafeenic removal.

* Adsorption pH is the main parameter controlling A%V) and As(lll) removal.
* SPION incorporation to Forager Sponge avoids tm@particles leaching.

» Adsorption capacity for both arsenic species ifi@ighan reported in literature.
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1. Introduction

Arsenic is a relatively scarce but ubiquitous elethevith environmental substrates showing ranges of
arsenic concentrations from ppb to ppm levé]s The impact of both natural and anthropogenic tispu
of arsenic species in the environment, mainly ifssand waters, is considered to be one of the majo
problems in pollution abatement, because of thigjh hoxicity and the consequent risks for human
health[2].

The oxidation state of arsenic plays an importafe since it determines the properties of the edlat
species, i.e., the toxicity, the sorption behawaiod the mobility in the aquatic environment. Howeve
natural waters arsenic is found mostly as As(liyl &s(V) [3]. The World Health Organization has
reduced the MCL (Maximum Contaminant Level) from gL to 10 ug/L [4,5]. Thus, there is a
growing interest in using low-cost methods and mi@te to remove arsenic from industrial effluents
(mainly mine industry) before it may cause sigmifitcontamination.

The increasing number of operating mines raisesaros for health and environment, and many of
those concerns are related to mine water is$tiesMining operations often produce substantial
amounts of acidic wastewater which contain highlgvated concentrations of potentially harmful
substances including trace metals and metalloids, (eickel (Ni), arsenic (As), lead (Pb) or antimyo
(Sb))[7].

Although multiple methods such as precipitati®h ion exchangé| or membrane processes)| have
been used for arsenic removal, selective adsorpiibnfrom solution has received more attention due
to its high concentration efficiency. Bulk iron des have demonstrated their affinity for arsenit bu
iron oxide nanoparticles provides an advantage tduan increase of the surface-volume ratio and
specific surface area, allowing more active site®etter improve the adsorption procéss|. Small
size gives nanoparticles a high surface area tonwelratio, a high surface reactivity, new propsrtie
such as electrical, magnetic, optical, chemical etin this sense, the interaction with differemds of
chemical species offers better kinetics for sekecsorption of ions from aqueous medi&]. At the

nanoscale, inorganic metal oxides are potentiadjipliz efficient agents for binding ions such asshof
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some pollutants (i.e arsenic). By tailoring the pasition of the metal oxides, selective adsorptébn
different ions can be introduced, becoming theaiseanoparticles a very attractive new adsorpti@a a

for the recovery of ions from industrial wastes.

A literature survey identifies different nano-sizen oxides structures such as maghemjt&e0s3)

[14], siderite (FeCg) or fougerite ([Fe(IhFe(lll)2(OH)12][CO3.2H,0]) being used to study the
adsorption mechanisms and the extent of adsorpifoarsenic ions[15-17]. Additionally, other
materials for arsenic adsorption such as resinsauted iron (lll) sponges have been found]. It's
noteworthy that the surface chemistry of the iramdes has a pH-dependent charge. At low pH, the
hydroxyl groups at the surface of the iron oxide @oubly protonated (-FeQH and the surface charge
of the iron oxide is thus positive. At a certain,ghie hydroxyl group is protonated with only onetpn
(-FeOH) and thus the (net) surface charge of the axide is neutral. This pH is called the poinzefo
charge (PZC) and for iron oxides the point of zemarge (PZC) ranges between 5.5 and 9.8 (in case of
SPION pzc is 6.8). At pH values above the PZC, tizg@roxyl group is deprotonated (-FéOand
consequently the iron oxide surface bears a negatiarge. Then, under those conditions the SPION
surface had different charge properties (positmgitral or negative).

The objective of the present work is to investigaie role and the effectiveness of nanosized magnet
particles, specifically, superparamagnetic irondexinanoparticles (SPION) in the adsorption of
arsenic(V) and arsenic(lll) ions from acidic aqueaunedia. In order to demonstrate the feasibility of
using SPION for the binding and removal of bothears species, these nanopatrticles will be supported

over a commercial ion exchange material (Foragen§e) based on an open-celled cellulose sponge.

2. Experimental Section

2.1. Chemicals and Reagents.



Analytical grade solution of iron(lll) chloride hakydrate, Iron(ll) chloride anhydrous, ammonium
hydroxide, sodium acetate tryhydrate, acetic asmjium hydrogen arsenate heptahydrate, sodium
metaarsenite and hydrochloric acid were used. Aanogelled cellulose sponge with an amine-
containing polymer which presents a nominal patgize of 12.7 mm (Forager Sponge, Dynaphore)
was used as SPION support. Tetramethyl ammoniumokigte (TMAOH, Fluka 25%) was used as
redispersing agent and high purity water with astasty of 18 MQ/cm was used throughout all the

experiments.

2.2. Characterization of adsorbent materials.

Two types of adsorbent materials were used to remaksenic from contaminated solutions.
Superparamagnetic Iron Oxide Nanoparticles (SPI@MJe imaged with a transmission electron
microscopy (TEM, JEOL JEM-2011 HRTEM). The crystghaphic phase was also undertaken by
analyzing the X-ray powder diffraction spectra (XRBX-Pert Philips diffractometer), using a
monochromatized X-ray beam with nickel-fitered Qukadiation § = 0,154021 nm). The
magnetization of both SPION and adsorbed SPION os#ulose was determined by Superconducting
Quantum Interference Device (SQUID, MPMS-XL 7[Tp-21]. Forager Sponge loaded SPION was
characterized by TEM. Iron content was determimedrder to control nanopatrticles in the solution by
inductively coupled plasma atomic emission spectpg (ICP-OES, Intrepid Il, Thermo Fisher). The
results reveal an iron content in all samples belogvdetection limit of the equipment (1 ppb). This
content confirms the SPION stability in all the fpemed 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 itbescelsewher&@?2, 23] with some modifications
to increase the reaction yield. The synthesis requa constant bubbling of nitrogen to prevent atah

of F&* to F€*. A stock solution of F& in a chloride medium was prepared by dissolvinglE6H,0 in
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a deoxygenated HCI 0.2 M solution. A stock solut@inNH,OH 0.7 M was deoxygenated under
nitrogen atmosphere and heated to°@0 Later on, F& solution was added to the deoxygenated
NH,OH solution. After few minutes, anhydrous Fe@as added, in a ratio 1:2 of ¥#€**. Then, the
solution was kept 45 minutes under mechanicalirggirand nitrogen bubbling for the ageing of
nanoparticles. After sample cooling, the resultsogpension was centrifuged at 2000 rpm, separating
the nanoparticles by a magnet and washing with yigmated water several times. A subsequent
redispersion in deoxygenated aqueous solutiontadneethylammonium hydroxide (TMAOH) 0.01 M

(pH~12) let to obtain SPION in a stable suspensiobf8rmonths under deoxygenated atmosphere.

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

After SPION synthesis, Forager Sponge was loaddd SRION to develop a new adsorbent material. A
pretreatment, by immersion in a hydrochloric a@dwiping their acidic fornj18], was performed in
order to activate the amino groups and to fac#itS8PION immobilization. Once in protonic form,
Forager Sponge was dried during 24h at 40 °C imawel introduced in a desiccator until their use.
Once the Forager Sponge is in acidic form, SPICAd lon the Forager Sponge surface was performed.
Such surface immobilization was achieved using eupratic nebulizer that generates a homogeneous
SPION dispersion spray, with the assistance ofiatpic pump, under nitrogen stream.

Variation on the amount of SPION concentration atgb the nebulisation time produced different
SPION immobilization and different SPION load orosge surface. Finally, a cleaning process was
needed with nitrogen saturated water in order toonee the SPION excess that was not attached over
the sponge surface. Forager Sponge loaded SPIONInetk during 24 hours at 40 °C in oven and is

kept in a desiccator until their use.

2.5. Adsor ption-Desor ption experiments over SPION and Forager Sponge-loaded SPION.
The adsorption experiment was performed in batceray mixing aqueous solution of As(v) and/or

As(lll) in Acetic/Acetate 0,2 mol/L media with caasit aliquots of SPION (50 mg) or Forager sponge-
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loaded SPION (50 mg) using a rotatory shaker amreéemperature. The pH of the solution ranged
between 1 and 8 (depending of the experiment) wasdaled using either HNgor NaOH standardized
solutions and confirmed by pH measurements. Afteding, the solid phase was removed from the
supernatant by decantation with magnet force dtrdtfon with cellulose acetate filters of 0.geh. The
final pH was measured as the pH value of the expi and this value was used as pH value in all the
adsorption experiments.

The adsorption capacity (gAs, mmol/g) is determingghasuring the initial (£, mmol As/L) and
equilibrium (Gssfin, mmol As/L) arsenic concentration for each experimand applying the equation
(L):

Vads- (cﬁls i — Cas fz'ﬂ) (1)
Mygs

Fas

where \44sis the volume of reaction (L) and.ggis the adsorbent quantity (g).

In the desorption experiments, 10 mL of the elusofution were added to an accurately measured
guantity of Forager Sponge-loaded SPION with AsgNgl/or As(lll) adsorbed using a rotatory shaker at
room temperature. After 60 min of contact, the agmseand the solid phases were separated by
centrifugation and the concentration of arsenithesupernatant was measured.

The concentration of metal ions in the supernatead determined by inductively coupled plasma
atomic emission spectroscopy (ICP-AES, iCAP 600t&rio Fisher, Waltham, MA, USA). Arsenic(V)
and arsenic(lll) adsorption was calculated by nizdance and the effect of different parameters was
recorded. Additionally, iron content was determintx control the stability of SPION in the
experimental media during the adsorption experisiand the results reveal an iron content below the
detection limit of the equipment (1 ppb). This @nitconfirms the SPION stability in all the perfaun
experiments.

2.6. Anion selectivity experiments



Experiments were performed to study the anion seigcof the adsorbent system. The experiments
were carried out with solutions of As(V) containi@g@5 mol L of CI', NOs , SO or PQ?¥ (ratio 20:1
respect of As(V) total in solution) were treatedotuserve the behaviour of the absorbent systernein t
presence of interfering anions. The experimentsewmsrformed in the same way as the adsorption
experiments by mixing a known amount of Foragerrgpeloaded SPION with the solutions using
rotary shaker at room temperature (23 °C). The pthe solution was controlled using either HNG

NaOH standardized solutions and confirmed by pHsuesments.

3. Results and Discussion

3.1. Characterization of adsorbent materials.

The characterization of nanoparticles morphologginty its size that determines their adsorption
capacity, requires from TEM measurements. A revedwhe actual existing literature highlights an
optimal particle size range between 8-10 nm forogaon applications17, 241 From the TEM
micrographs Kig. 1) a main spherical nanoparticles morphology canobserved, being partially
aggregated when SPION are in suspension. The naaioparticle size obtained by using the described
synthesis method has an average size of 10.2 nm

The SPION dispersed over the Sponge surface wamatbazed using the same characterization
techniquesFig. 2 shows the TEM micrographs of the Forager Spongddd SPION cross section and
indicate that a greater specific surface is achiewéth an adequate optimization of the SPION
dispersion process, and therefore, greater adearm@pacity could be obtained in SPION loaded
Forager Sponge due to the high dispersion of SPION.

In order to characterize the SPION distribution the sponge, different deposition ways were
developed, such as Fora@ponge impregnation by dipping for 24 hours in S®PKdspension or spray
this suspension by pneumatic nebulizer. These testsal that longer dipping processésg( 29

produce a higher aggregation of SPION than usipgeumatic nebulizer~g. 2b, c, ). Thus, with a



low loading (20 mg SPION/g Sponge), a homogeneadsuaiform SPION distribution on the Forager

Sponge surface was observed, not achievable ghddading (140 mg SPION/g Sponge).

These loading properties will result of key impaoda for the As(lll) and As(V) adsorption process
efficiency on SPION. Theoretically, the decreaseSBION aggregation generates an increase of the
specific surface area and therefore an incremetiteimeactive centers on the adsorbent materiahéor

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

Superparamagnetic materials have no permanent t@agnement and, hence, no hysteresis loop. To
test the magnetic susceptibility, the temperatuae fheld constant at 300 K for hysteresis measuramen
at the applied field £7 T, sé€g. 32 The shape of the hysteresis curve for the samptenormal and
tight with no hysteresis losses, typical behaviba superparamagnet. Under low applied field, dhig
magnetization (M) value was observed. The saturatiagnetization () and the coercivity (k) of the
SPION are about 80 emu/g and 143 Oe respectivalyes close to bulk @&, (85-100 emu/g and
115150 Oe, correspondingly). Accordingly to the observemaining magnetic capacity, together with
the high specific surface areas and strong magpetigerties, SPION appears as an excellent addorben

candidate for environmental applications.

The shape of the hysteresis curve for Forager Sptoagled SPION the sample was normal and tight
with no hysteresis losses. Under low applied fialthigh magnetization value was observed simikarly

SPION. The saturation magnetization and the cokycof the SPION loaded Forager Sponge are
about30 emu/g and 48 Oe, respectively. Taking autmount that 2 mg of sample were needed for the
determination and the SPION loaded Forager Spoageahconcentration of 20 mg SPION/g Forager
Sponge, the obtained values reflected that degpmtéower amount of SPION over the sponge surface i

compared with the SPION powder, the SPION stillhiredd their magnetization. Thus, reveal a



remaining magnetic capacity of interest in ordemrdoover the product when treating contaminated

solutions.

3.2. As(V) and As(l11) Adsorption kinetic over SPION.

In these experiments the effect of contact timghmnadsorption were studied. The experiments were
carried out by mixing 100 mgLsolution of either As(lll), As(V) or As(lll)/As(V)mixtures (100 mg &t
As(lll) + 100 mg L* As(V)) with a constant amount of SPION, workingrabm temperature (23 °C)
and pH range 2.4-4.5. with the contact time varymghe period of 1-60 min. In the case of arsenate
the variation of its adsorption with time, indepenty of pH effect, is relatively fast, as seeriig. 43
where longer contact time provide no significaniatgons in the adsorption capacity of the SPIONe T
results of the interaction between the arsenatetisns and the SPION suspension at different pHs
show that arsenate adsorption is highly pH dependér increase of deprotonated arsenic species by
increasing the pH in the range of 2.8 to 3.8 isrdeson of the observed increase on the adsorption
capacity in this range of pH. At higher pH valudse competition of OHions against arsenate to
complex Fe(lll) lead to a decrease of the arsesdgerption.

On the other hand, in the case of arsenite, thardigs of the adsorption process is observed to lae i
similar way of arsenate. However, in this case,atigorption is independent of pH ($€g. 41) what
corresponds to the less acidic properties of anseniThis leads to the observed almost constaanides
adsorption capacity with pH.

When using monocomponent solutions, the maximuroratisn capacity values obtained at stationary
state, at pH-3.8, were found to be 0.91 mmol As(\g) SPION and 0.43 mmol As(lll) / g SPION,
respectively.

The results for adsorption processes in presencBotif arsenic species given ing. 5 reveal a
competition between both species. This competiggplains the adsorption values closer to As(V)

behavior (expected from its better interaction vVB®RION) being the achieved adsorption capacitiieat t
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stationary state 0.66 mmol As / g SPION. The ols#mecrease 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 mgLsolution of either As(lll), As(V) or As(l11)/As(VY100 mg L* As(lll) +

100 mg L* As(V)) mixtures with a constant amount of SPION@im temperature (23 °C) during 120
min to reach stationary state. A pH range 2.0(&fter the adsorption process) was studied in cer
identify the optimum adsorption pH.

Arsenite and arsenate SPION adsorption capacitgs/according to the experimental pH as illustrated
in Fig. 6 Arsenate adsorption is strongly influenced by fthk especially at low pH values where the
acidity of arsenate species (k= 2.2) produce deprotonated species, is resp@nsibthe observed
relatively high adsorption capacity in the pH rar2g@e-3.8. With the increase of pH above the indidat
range, competition between OHnd As(V) ions for Fe(lll) centers increases anttads to that the
observed decrease on the adsorption of arsenate.

For arsenite, the situation is completely differémiss acidity of arsenite species (pKal = 9.2yaltas

the reduced presence of deprotonated arseniteespétithe pH range of study produces a non-

significant pH effect.

When analyzing As(lll)/As(V) mixtures, the shapetlé figure presents competitiveness between both
arsenite and arsenate. This competitiveness shemarcpH dependency due to the arsenate adsorption
Arsenate is more acid than arsenite (there is agquanspecie at the studied pH rangeAsD,) thus
adsorption capacity of mixtures changes in the samethan arsenate solutions. These results suggest
that, taking into account the related results far individual species, arsenite is also adsorbédnbu
much less proportion than arsenate. Then, a deciedkle total arsenic adsorption is generatedexdsp

the adsorption capacity reached with only arsepiasent.
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3.4. Maximum SPION adsor ption capacity.

These experiments are planned to assess the effiaet initial arsenite or arsenate concentrationhe
sorption process and estimate the maximum SPIONrptisn capacity for both species, verifying if
further optimization of maximum adsorption capa@an be achieved. Initial arsenic concentration in
the range of 1 mgt.and 1000 mg t were tested under room temperature (23 °C) dur2@gminutes.
The relationship between the equilibrium aqueousentration and the equilibrium adsorption capacity

for arsenite and arsenate, showirin. 7, fits Langmuir adsorption model, as follows thei@ipn (2):

g, = dmak Ce @)
. 1+ kL Ce
that can be written as:
C_ 1 ,GC €)

qe qmax kL qmax
where @ is the equilibrium adsorption capacity (mmol/g), i€ the equilibrium metal concentration in
the aqueous phase (mmol/L)y.g is the maximum loading capacity (mmol/g) corresping to a

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

For both arsenite and arsenate, the adsorptiorcitgecreases with the initial concentration dadhe
saturation effect. For Arsenate, optimal adsor@erking conditions are reached at pH 3.6, providing
saturation of arsenate adsorption capacity neat hfol As(V)/g SPION. The minimum arsenate
concentration needed for the saturation is 500 thgrépresenting the extreme working conditions, in
terms of concentration, that can face the adsor@dm@ SPION works similarly in the case of arsenite
but reaching a maximum adsorption capacity of Gm8ol As(lll)/g SPION being 100 mgi of
arsenite needed to saturate the system. The exg@@ahmodel fits Langmuir model as indicated in the

Fig. § being 8.52 L/mol and 1.57 L/mol for arsenite anskenate, respectively.

3.5. pH effect in the adsor ption of As(V) and Ag(111) over Forager Sponge-loaded SPION.
The study and determination of adsorption capaoitythe Forager Sponge-loaded SPION was

performed analogous to the procedure describeadsorption on SPION.
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The adsorption of the different arsenic speciesgisiorager Sponge-loaded SPION was investigated by
varying the solution pH in the range 2-7 (after #usorption process) taking into account that lier t
previous studied materials. The obtained restlts. (99 revealed that the adsorption of As(V) is pH
dependent and As(lll) is pH independent. Such biehaan be explained by the presence of different
As(Ill) and As(V) forms in the aqueous solutiordéferent pHs. Additionally, Forager Sponge preasen

a very small arsenite and arsenate adsorption whirhportant to determine the adsorption capaufity
SPION loaded in the system. In this case, Foragen@&e is just a support without interference in the

adsorption process.

A comparison of the observed pH effect with thatoted on previous As(V) adsorbent, non-supported
SPION alone, revealed similar behavior with an gotsmn maximum at pH 3.8. In addition, the amount
of SPION loaded on the Forager Sponge was considérehis case, three different SPION loadings
were generated by pneumatic nebulization over then&e, low (44.5 mg SPION / g Sponge),
intermediate (84.2 mg SPION / g Sponge) and highliteg (146.7 mg SPION / g Sponge). In all these
situations the pH influence is similar, achievingthof maximum adsorption capacity at 3.6-3.8.

The observed higher adsorption capacity for the llmading SPION is due to the higher dispersion of
SPION on the sponge, what provides higher spesifitace area that will increase the adsorptionohte
arsenite in SPION.

For arsenite, SPION loaded Forager Sponge preaamasipletely different situatiori-ig. 95 due to the
absence of adsorption capacity variation withintdrget pH range. Such behavior follows the obgkrve
for non-supported SPION. As in that case, the &esdity of arsenite species (pk= 9.2) is the reason
for such non-significant pH effect.

In this sense, the ion exchange and the adsorpfiboth forms of Arsenic is possible at any pH &ng
with a maximum of 0.3 mmol As(V) / g Sponge wittthe pH range (3-5). Moreover, only in basic

solutions, As(lll) may dominate. Under the workipgl conditions, the operational capacity of the
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sponge is very small (0.15 mmol As(lll) / g spond®ing the adsorption of As(lll) on sponge veny lo

in all the pH range.

3.6. SPION load effect in the adsorption of As(V) and As(l11) over Forager sponge-loaded SPION.

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

and As(lll), was studied with the optimized timenddions (60 minutes) and in a wide pH range to

evaluate the behavior in the target pH range B5as shows theig. 10

The high number of ethylamine groups on the Spa@ugace makes the blank Forager Sponge to show

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

from the SPION bychelationthrough the lone pairs of electrons on the unpratied amine groups, as

the triethylenetetramine favorably complexes Fe(lll

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

interactions. In one hand, an anion exchange @narsspecies corresponding to the protonated amine

groups present in the matrix of the Sponge. Howedfere is a second process where a ligand exchange

provided by the Fe(lll) ions immobilized in the IO is promoted25]:

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

species corresponding to the protonated amine grpugsent in the matrix of the sponge. This
interaction will be dependent of the equilibrium pfthe aqueous solution, where Y is the species

of arsenic exchanged by the counter ion (X).

'S WY

/\N+/\ Y /\N+/\ + X

\ |

b) There is a second process where an exchange néiigaovided by the Fe(lll) ions of the SPION

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

the general equation (5):
14



®)
R—Fe(Ill)-OH+X < (R—Fe)X+ Z

where R is the matrix
of the SPION, X is the chemical species of arsahite optimal pH and Z is the exchanged ligand,
OH ions in the case of As(V) and.@ for As(lll). The affinity of arsenic oxoanionsrfthe iron on
SPION is higher for the Fe(lll) ions than Fe(ling This provides a higher activity of the Fe(lll)

ions with OH- than Fe(ll) ions.

As mentioned above, the differential behaviour athbarsenic species is related to the differerdigci

of their respective oxoaniong6]. While H;AsO, is a strong, BAsSO; is a very weak one. This
generates the existence of an As(V) oxoanionslirtisa , which will be adsorbed on the sponge l® th
protonated amine groups from a relatively acidic toHoasic pH values. Moreover, the difference in
adsorption between the blank sponge and the SPtaNetl Forager Sponge it is attributed to the
presence of Fe(lll) ions in the nanoparticles, Whgrovide exchange adsorption centres for arsenic
species. In this sense, the processes occurrimggdile arsenite and arsenate adsorption, at tiokest

pH, on SPION loaded Forager Sponge, could be exgiddby these equations (6) and|[(7)):

R—Fe —OH + H,AsO; < (R— Fe)HAsO; + H,0 logK =3.51 (6)

R—Fe —OH+ H;As0,; < (R — Fe)H,As0,+ H,0 logK =0.92 (7)

With these calculated data, that follow the tenglesicsimilar adsorption reactions, and if we assume
the ligand exchange model expressed before, ther@das of As(V) on the SPION loaded Forager
Sponge is favoured over the adsorption of As(Hiilarly to the adsorption observed over othenir
oxides[28, 291

The presence of SPION immobilized in the spongearods the adsorption capacity of both arsenic
species with respect to the non-supported SPIONhabthe maximum adsorption of the sponge is
12.09 mmol As (V)/ g SPION at initial pH 3.6 and.2.mmol As (lll)/ g SPION at pH 4.0. This range

confirms the optimum pH for maximum adsorption aidd for arsenic adsorption on SPION
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suspension. This fact, coupled with the reducedradisn of As(lll) throughout the studied pH range,

shows the possibility of separating both arsenecigs.

3.7. Anionsinterference on SPION selectivity

Anions commonly present in wastewaters such agidelonitrate, sulphate or phosphate, potentially
interfere the arsenic adsorption, being such ieterfce very significant leading to a reductionhd t
arsenic adsorption capacity. The general trendiguely observed for arsenic adsorption is varyimg t
adsorption capacity with the pH, being similar wiggiferent anions are present.
When anions are present in the arsenic solutioseni& adsorption has remarkable decrease. The
adsorption capacity at low and high studied pHseases due to the presence of interfering anioms fa
the anionic environment on the anion exchange ceigading to an easier anion exchange process. At
the maximum adsorption pH (4.0), the presence &krént anions in high quantity, especially
phosphate, produce an efficient competition witkeaic in the ligand exchange centers of the SPION.
This fact is consequence of the similar affinity finosphate and arsenate. For the other aniorte,tbpi
competition with Arsenate is less intensive, theximam of adsorption disappear in all cases and a
plateau is reached by decreasing the adsorpticacitgpy three fold.
The decrease of adsorption capacity is used totdyé#me interfering effect of the different anioaspH

4.0 (conditions for the higher adsorption capac#lyes). The obtained values are givenamnle 1.

The observed interference level decreases as fllghosphate >> sulphatenitrate- chloride.
Therefore, the results show that the adsorptiora@gpis similar in the presence of all interfering
anions except phosphate, which presents a moreynoerd interfering effect. The high interference
effect shown by phosphate in all pH range is duledith the effective competition for Fe(lll) centerfs
the SPION, according to the similar affinity of gipthate and arsenate for Fe(lll) and the higher

concentration of phosphate versus arseriate
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The adsorption capacity in presence of interfeangns is less reduced when sulphate is present as
interfering anions than when phosphate is the fiie)g due to the ligand exchange process in the
system presents higher affinity when the anionhigiser ionic charge.

The adsorption process increase when nitrate aldadd are present as interfering anions due teghe
anions have less interference in the ligand exah@ngcess.

Finally, the effect of the phosphate in the rembikalecrease of the adsorption capacity of arseanc

be explained by the efficient competition with aisein the ligand exchange centers of the SPION for
the complete pH range of study. This fact is coneage of the similar affinity of the phosphate and
arsenate for Fe(lll) centers and due to the higiersphate concentration in relation with the arseni
concentration[1]

3.8. Desor ption experiments over Forager Sponge-loaded SPION.

Corresponding results of the desorption procesw $tigh desorption degree when using 1.0 M HNO
(> 99 %) and 0.5 M PO, (90 %) for both As(lll) and As(V) as shows Tablel2 addition, some
desorbing species such as NaOH (1.0 M and 0.1 M)HaRO, become a problem for the adsorbent
system due to these desorbents remove the SPI@¢ &ponge surface and degrade the SPION. Then,
the adsorbent system loss the principal adsorbempound and it cannot be used for new water
treatments.

The desorption process by using chloride and hydeodons suggest that the interaction between the
ions and the Fe(lll) ions from the SPION is not @gio strong to desorb both arsenite and arsenate. On
the other hand, phosphoric acid, despite havingptiwsphate higher affinity to Fe(lll) is not abte t
fully accomplish the desorption of Arsenic. Finaliy the case of nitric acid, is the protonkvhich
compete efficiently with Fe(lll) from SPION to debothe adsorbed arsenic species. When comparing
phosphoric and nitric acid, the later one is stesrand then, present more free H+ to react (1.0 e
case of HN@and 0.0576 M for EPQy).

Then, desorption of both arsenite and arsenatesberaffective by ionic exchange but not by ligand

exchange. By ligand exchange the interaction mnger due to the exchange is produced in the inner
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sphere of coordination. Therefore, 1.0 M HN® the desorbing reagent that is most able taiefftly

desorb without degrading the adsorbent system.

3.9. Adsor ption capacity comparison with similar adsor bent systems.

Comparing the obtained results, as shown dyle 3 with similar studies employing the same type of
Forager Sponge loaded with Fe(lll), a high diffeeadsorption is observed. To explain this behayiou
it must be taken into account that the SPION previtbre accessible centres for the Arsenic adsorptio
respect the Fe(lll). Forager Sponge loaded SPIOBbisimes more effective for As(V) and 16 times
higher for As(lll) than SPION. SPION dispersion pwbe sponge surface provides a more active
adsorption sites accessible to both arsenite asénate. Something similar happen in the case of
different types of resins loaded with iron(lll), ede the SPION loaded sponge improves As(V)
adsorption 19 times, while doubles the adsorptegacity of As(lll). The most important reason foe t
observed increase of is the decrease of SPION gafgra by a dispersion that leads to a higher
availability of adsorption positiori$8, 22, 29-39]

When the comparison is made with nanoparticlespc@mposites or adsorbent systems with different
active centers, something similar happens. The dexeloped systems, non-supported, and Forager
Sponge-loaded SPION present better adsorption itapiaan the reported results in the literature.

4. Conclusions.

Forager Sponge loaded SPION was successfully deseland optimized to obtain a new adsorbent
system with a fine and homogeneous SPION layer theefForager® Sponge surface with a reduced
aggregation. The porosity and the obtained surdaea by the milling process, makes that this suppor
can provide the optimal conditions to develop apaonant role for these water treatment applications
The optimum adsorption parameters were evaluatdddatermined as in previous adsorbent systems.
The SPION suspension studies, the new adsorbetgnsyworks in optimum conditions to recover
arsenate at pH 3.6, while arsenite adsorption igohbdependent and constant in a wide pH range. In

case of Forager Sponge loaded SPION, the adsorpdijoecities are 2.11 mmol As/g SPION and 12.09
18



mmol As/g SPION for arsenite and arsenate, respmgti improving those achieved adsorption

capacities for non-supported SPION.

It is noteworthy that Forager Sponge-Loaded SPI@®gnt an adsorption capacities around 6 mmol/g
and 1.5 mmol/g for As(V) and As(lll) respectively @H 6.5. Therefore, the system not only can be
applied for mining industrial water or other acidi@ter but can be used for actual drinking water

treatment.
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