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Summary

The studies that have been carried out in the present PhD thesis project are based on the development of
methods to remove water pollutants by using reagent-less processes and to provide and added value to
the contaminated water treatment. In our case, the methods are related to arsenic or selenium oxyanions
removal in aqueous solution. Methods are based on sorption-desorption processes for the indicated
oxyanions. Nanostructured materials have been implemented as adsorption substances, being either iron
or aluminum oxides the nanoparticles active constituents. Reagent-less processes were developed by
using intensive thermodynamic parameters, e.g, temperature and/or redox potential of the target solution.
Appropriate tuning of these parameters will allow both process selectivity and regeneration of the
adsorption material. Synergic interaction of thermo-tuning with redox variation will provide such results.
Thus, this reagentless method could not only provide reagent savings for recovering the adsorbent, but
also the adsorbent recycling to be reused will contribute to a-cost efficient process. The results show as
follows:

The adsorption capacity of arsenate/arsenite on sponge loaded with superparamagnetic iron oxide
nanoparticles (SPION) is influenced by pH, contact time, initial concentration, adsorbent dosage,
temperature as well as redox potential. The maximum adsorption for arsenate on sponge-SPION was
obtained in an acid media (pH 3.6) in 1 hour contact time under 20°C while desorption equilibrium was
achieved with 2 hours under 70°C. Equilibrium adsorption constants were determined as log K,;=4.198
and log K70=1.023 under 20°C and 70°C respectively. These values correlate with the decrease of related
negative AG® values, indicating the adsorption increase of As(V) when temperature decreases. AH® and
AS° were found to be -122.150 kJ mol™! and 337 J mol!' K-! respectively, indicating the adsorption
reaction to be exothermic. The oxidation of As (IIT) to As(V) and the respective reduction processes were
characterized to prove the concept of using redox potential as key parameter for a reagent-less process.
Oxidation of As(III) to As(V) by potassium dichromate (conversion rate>91%) and reduction As(V) to
As(I1l) by Zn powder or Sn foil (conversion rate>90%) in presence of the adsorbent, have shown the
effect on the adsorption when tuning the solution redox potential, being As(V) of higher adsorption
capacity than As(III).

In addition, aqueous selenate/ selenite adsorption/desorption characteristics by y-AlO3 nanospheres or
SPION loaded sponge were also investigated. The maximum adsorption for selenate and selenite on y-
Al1203 nanospheres was achieved at pH 2 in 6 hours under 20°C and 14 hours under 70°C, respectively.
The kinetic and thermodynamic studies show that they are fitted very well to the pseudo-second order
and Frendlich isotherm model. The AH value of Se (IV) and Se (VI) between 20°C and 70°C were -
13.955 KJ mol'and -3.927 KJ mol " respectively. It shows that lower temperature favor removal of
aqueous selenium. The results represent very similar adsorption phenomenon of selenate/selenite on
sponge- SPION as that of arsenate/arsenite on sponge-SPION, thus, sponge-SPION has much higher
adsorption capacity for arsenate or selenate than that of arsenite or selenite. The maximum adsorption
for selenate and selenite on sponge loaded with SPION was achieved at pH 3.6 in 1 hour under 20°C and
6 hours under 70°C, respectively, while time for obtaining equilibrium of selenite needs 14 hours under
20°C and 24 hours under 70°C.

More importantly, the temperature dependence aspects combined with the redox potential effect for
controlling the adsorption-desorption process have been studied. The column mode for treating the
waste water, which contains the arsenate/ arsenite or selenate/selenite systems, confirms that toxic
oxyanions could be removed by the related adsorbent, which could be regenerated and reused by

controlling the temperature combined with the tuning of the reducing reagent.
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Resumen

Los estudios que se han llevado a cabo en esta tesis se basan en el desarrollo de métodos para la
eliminacion de contaminantes en aguas mediante procesos en lo que no se utilizan reactivos, lo que
proporcionan un valor afiadido al tratamiento del agua contaminada. En nuestro caso, los métodos
utilizados se centrar en la eliminacion de oxoaniones de arsénico y selenio en disoluciones acuosas
mediante procesos de adsorcion-desorcion. Estos procesos caracterizados por la no utilizacion de
reactivos se desarrollaron mediante el estudio de parametros termodindmicos, como por ejemplo, la
temperatura y/o el potencial redox de las disoluciones de estudio. Por tanto, estos métodos no solo nos
proporcionaran un ahorro de reactivos en la recuperacion del adsorbente, sino que permitiran el reciclado
de dicho adsorbente y su reutilizacion.

La capacidad de adsorcion del arsenito/arsenato en la esponja cargada con nanoparticulas de 6xido de
hierro superparamagneticas (SPION) esta influenciada por el pH, el tiempo de contacto, la concentracion
inicial, cantidad de adsorbente, la temperatura y por el potencial redox. La adsorcion maxima para el
arsenato en el sistema esponja-SPION se ha obtenido en medio acido (pH 3.6) tras 1 hora a 20°C, mientras
que el equilibrio de desorcion se alcanzo a las 2h a 70°C. Las constantes del equilibrio de adsorcion se
determinaron como logK,=4,198 y logK70=1.023 a 20°C y 70°C respectivamente. La disminucion de
estos valores se relacionan un valor de AG negativo, lo que indica un aumento de la adsorcion de As(V)
cuando la temperatura disminuye. Los valores de AH y AS calculados son -122,150 kJ mol™! y 337 J mol
'K-! respectivamente, lo que indica que el proceso de adsorcion es exotérmico. La oxidacion de As(III)
a As(V) y el proceso de reduccion correspondiente fueron caracterizados para probar el concepto de
potencial redox como pardmetro clave en estos procesos. La oxidacion de As(IIl) a As(V) mediante
dicromato de potasio (tasa de conversion>91%) y la reduccion de As(V) a As(IIl) mediante zinc en polvo
o estafio laminado (tasa de conversion>90%) en presencia del adsorbente han mostrado el efecto que
tiene el potencial redox en el proceso de adsorcion.

Por otro lado, también se han estudiado las caracteristicas del proceso de adsorcién/desorcion de los
aniones selenito/selenato utilizando como adsorbente nanoesferas de Y-Al,O3 y esponja cargada con
SPION. La maxima adsorcion que presentan selenato y selenito sobre Y-AlO; se alcanzo a las 6 horas
en un medio acido (pH 2) a 20°C y a las 14h a 70°C, respectivamente. Los estudios cinéticos y
termodinamicos muestran que los datos se ajustan a una cinética de pseudo-segundo orden y a una
isoterma de Frendlich. El valor de AH obtenido para Se(IV) y Se(VI) entre 20°C y 70°C fue de 13,955
KJ mol! y -3,927 KJ mol"! respectivamente. Por tanto, el sistema esponja-SPION tiene una mayor
capacidad de adsorcion para arsenato y selenato que para arsenito y selenito. La maxima adsorcion para
selenato en el sistema esponja-SPION se alcanzo6 tras 1h en medio acido (pH 3,6) a 20°C y tras 6h a 70°C
respectivamente, mientras que el tiempo necesario para alcanzar el equilibrio en el caso del selenito fue
de 14h a 20°C y 24h a 70°C.

En conclusion, se han estudiado el efecto que tiene sobre el proceso de adsorcion-desorcion la
combinacion de los aspectos que depende de la temperatura con el potencial redox. El modo en columna
utilizado para el tratamiento de aguas residuales, que contienen arsenato/arsenito o selenato/selenito,
confirma que estos oxoaniones toxicos se pueden eliminar con estos adsorbentes, que ademas pueden ser

regenerados y reutilizados controlando combinando la temperatura y el uso de un agente reductor.
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1. INTRODUCTION

1.1. Problem statement

Arsenic and selenium are naturally-occurring, non-metallic elements with complex
chemical and biological behavior in aqueous solutions. Although selenium is an
essential trace nutrient for most organisms, both elements are generally considered
toxic at elevated levels. Arsenic (As) and selenium (Se) are unusual metalloids as they
both induce and cure cancer. They both cause carcinogenesis, pathology, cytotoxicity,
and genotoxicity (Fig 1.1) in humans, with reactive oxygen species playing an
important role. While As induces adverse effects by decreasing DNA methylation and
affecting protein 53 expression, Se induces adverse effects by modifying thioredoxin
reductase!. A common feature is that both elements exist in multiple oxidation states in
aquatic systems’. Aqueous arsenic species exist in the oxidation states As(IIl) and
As(V), while aqueous selenium species are found in the oxidation states Se(1V) and

Se(VI).2.



Arsenic
and
selenium
toxicity

Pathology

Fig 1.1 arsenic and selenium toxicity

Arsenic and selenium are among the inorganic contaminants that have become of
evolving environmental concern lately*. Arsenic and selenium could be toxicity for
human and animal if they reach dangerous concentration. Dangerous arsenic or
selenium concentrations in natural water is now a worldwide problem and often referred
to as a disaster’. Ingestion of inorganic arsenic can produce both cancer and non-cancer
related health effects, such as nausea, nerve damage, cancers, and even death®. The
USEPA has classified arsenic as a Class A carcinogen. Chronic exposure to low arsenic
levels (less than 50 ppb) has been linked to health complications, including skin, kidney,
lung, and bladder cancers, as well as other diseases of the skin, and the neurological
and cardiovascular systems. High arsenic concentrations have been reported recently
from the Bangladesh, India, USA, China, Chile, Mexico, Argentina, Poland, Canada,

Hungary and Japan’.



Selenium is an essential nutrient for humans and animals but at higher concentrations
can be harmful causing respiratory disease, mutagenic effects, reproductive failure and
death®. Irrigation drainage and industrial wastewater often contain selenium
contaminants®. The presence of toxic selenium in waste and surface waters at elevated
levels causes a severe environmental and health problem®. The toxic effects of both of
these metals have resulted in the U.S. government establishing drinking water limits of

10ppb for arsenic and 50 ppb for selenium.

Table 1.1 As and Se EPA water quality standard'®

As(ppb) Se(ppb)
Drinking water 10 10
Irrigation water 100 20
Hazardous waste 5000 1000

Table 1.2 Arsenic maximum permission limits for drinking water in different countries''

Countries Maximum permission limits(ppb)
Bangladesh 50

India 10

USA 10

China 50

Chile 50

Mexico 50

Argentina 50

Hungary -

Japan -




1.1.1.Arsenic toxicity

Arsenic compounds can be classified into three major forms: inorganic, organic, and
arsine gas'?. Inorganic arsenic may be formed with either trivalent (arsenite) or
pentavalent (arsenate) arsenic. Trivalent arsenic compounds tend to be more toxic than
pentavalent Arsenic compounds although pentavalent species predominate and are
stable in oxygen rich Aerobic environments. Inorganic arsenic is more toxic than the
organic forms although very high doses of certain organic compounds may be
metabolized to inorganic arsenic and result in some of the same effects derived from an
exposure to inorganic compounds. Inorganic arsenic is a naturally occurring toxic
metalloid found primarily in drinking water and food '*, with an estimated 100 million

people worldwide exposed to arsenic at levels exceeding 50 ng/L'.

Arsine gas have the highest toxicity of As compounds and it is formed by the reaction
of hydrogen with arsenic, during the synthesis of organic arsenic compounds, and
generated accidentally during the smelting and refining of nonferrous metals in mining
processes. High levels of naturally occurring arsenic are found in soil and rocks leading

to unacceptable levels of arsenic in drinking water.

The toxicity of arsenic varies widely based on the route of exposure, the form, the dose,
the duration of exposure, and the time elapsed since the exposure. Ingestion and
inhalation are the primary routes of both acute and chronic exposures. Arsine gas is one
of the most toxic forms and is readily absorbed into the body by inhalation. Effects of
acute inorganic arsenic poisoning include fever, anorexia, hepatomegaly, Melanesia,
cardiac arrhythmia and eventual cardiovascular failure, upper respiratory track
symptoms, peripheral neuropathies, gastrointestinal and hematopoietic effects. Dermal
contact with high concentrations of inorganic arsenic compounds may result in skin

irritation, redness, and swelling and high acute exposures may cause cholera like



gastrointestinal symptoms of vomiting (often times bloody) and severe diarrhea (often

bloody). Ingestion of large doses of inorganic arsenic (70 to 180 mg) may be fatal.

Arsenic has been classified as a known human carcinogen by multiple agencies based
on the increased prevalence of lung and skin cancer observed in human populations
exposed to arsenic. Every day, lack of access to clean water and sanitation kills
thousands of people, leaving others with reduced quality of life and as cities and slums
grow at increasing rates, the situation worsens. Nowadays clean water is a scarce
resource and arsenic removal from waters has emerged as a major concern in certain
developing countries. There is a growing awareness that the toxicity of arsenic is
strongly dependent on their chemical form, resulting in increasing interests in the
quantitative determination of individual species. Speciation of arsenic in environmental
samples is gaining increasing importance, as the toxic effects of arsenic are related to
its oxidation state!. The toxicity of arsenic increases greatly when arsenic is reduced
from a +5 to a +3 oxidation state. Based on the descriptions in the literature, we may
conclude that As is present in the reduced form as arsenite in most instances of chronic
arsenosis at low exposure levels!'®. Although arsenic exists in many different chemical
forms in nature, it is found almost exclusively as arsenite (As(III) as H3AsO3) and
arsenate (As(V) as H3AsOs) in water'’. As(IIl) was identified as one of the most
harmful substances in water to human health, and it is 60 times more toxic than As(V)
or organic arsenic compounds'®. Thus, As(III) is more toxic than As(V), but both As(III)
and As(V) are known human carcinogen by both the inhalation and oral routes. There
are several ways for arsenic to enter our body i.e. breathing, eating, or drinking the
substance, or by skin contact. The degree of harmfulness of arsenic is measured by the

dose, the duration of exposure, and the nature of contact with the arsenic.

The most important threat of environmental arsenic contamination is in the water,

especially in drinking water due to the diversity of sources. Arsenic concentrations in



natural water are low, but elevated arsenic concentrations are common in groundwater

as a result of natural conditions or anthropogenic impacts.

1.1.2. Selenium toxicity

Selenium occurs naturally in the environment and it is important in animal and human

9 Tt is an essential micronutrient for mammals within a narrow low

nutrition'
concentration range. Above this range, selenium can be toxic, including potentially
carcinogenic, depending on dose and speciation (US EPA). It has three levels of
biological activity?®: (1) trace concentrations are required for normal growth and

development; (2) moderate concentrations can be stored and homeostatic functions

maintained; and (3) elevated concentrations can result in toxic effects.

It is an essential component for plant growth, native vegetation can contain Se levels
that are toxic to animals, creating animal health difficulties. In fact, there is a very
narrow range between deficient and toxic levels of Se in animals. Chronic ingestion by
humans at levels above Smg/kg-day, the US EPA reference dose for selenium, can
result in gastrointestinal, cardiac, skin and neurological disorders *!. As such, the US
EPA has mandated the maximum contaminant level for selenium in drinking water at
50 ppb*!. Anthropogenic activities such as smelting, mining, industrial production, and
agricultural runoff have greatly increased the amount of selenium found in natural
aquatic systems. In California, concentrations as high as 1400 ppb have been observed
22_Selenium occurs in both organic and inorganic forms, but due to the high solubility,
and therefore bioavailability, of inorganic selenium in water, most remediation
techniques focus on the predominant inorganic species at environmentally relevant
conditions, selenite ( Se(IV))and selenate ( Se(VI))?°. Although both oxyanions are
toxic, selenate is reported to be more difficult to remove due to the predominance of

electrostatic dependent outer-sphere complexes it forms with many adsorbents and the



high solubility of selenate salts which makes adsorption thermodynamically

unfavorable?®.
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Fig 1.2 comparison of toxicity of arsenate/arsenite and selenate/ selenite



1.2. Arsenic and selenium in the environment

1.2.1.Arsenic in the environment

The arsenic is ubiquitous in the environment and occupies approximately 5%10% of
the earth’s crust. The total amount of arsenic in the upper earth crust is estimated to be
4.1x10'°Kg**. In the global arsenic cycle 3.7x10% Kt occur in the oceans, another
9.97x10°Kt on earth (land), 25x10° Kt in sediments and 8.12Kt in the atmosphere >°.
Arsenic is a naturally occurring in food, water, air®>. In sea water, the concentration of
arsenic varies between 0.09 pg/L and 24 pg/L(average:1.5 pg/L) and in freshwater
between 0.15 pg/L and 0.45 pg/L (maximum: 1mg/L)?*. The presence of arsenic has
been reported in several parts of the world, like USA, China, Bangladesh, Taiwan,
Mexico, Argentina, Poland, Canada, Hungary, Japan and India. As Figure 1.3 shows.
The arsenic exist in the environment not only due to the natural sources, but also from
the anthropogenic sources. One important anthropogenic source of arsenic
contamination of the environment was the use of arsenical fungicides, herbicides and
insecticides.in agriculture and wood industry?’. Another anthropogenic source of

arsenic in the environment is the burning of fossil fuels in households and power plants.
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Fig 1.3 arsenic in groundwater and the environment



1.2.2.Selenium in the environment

Selenium is a naturally accuring metal-like element(a non-metal)?, it is an essential
element required for the health of humans, other animals, and some plants®.
Specifically, it is necessary for the proper functioning of the structural proteins and
cellular defences against oxidative damage. However, Se in excess and in critical
chemical species in their diet can cause reproductive failures. Selenium has become a
contaminant of potential concern in USA, Canada, Australia and New Zealand as a
result of activities conducted by a wide variety of industrial sector, including mining
and power regeneration. The large geologic extent of Se sources is connected by human
activities that include power generation, oil refining, irrigation drainage, and coal,
phosphate, copper, and uranium mining (Figure 1.4). Development of technologies for
controlling Se pollution and predictive forecasts of ecological effects will become

increasingly critical to commercial exploitation, as well as to faunal conservation.

Selenium Sources

Organic carbon-enriched sediment

Seawater

[ | = = =
4 REe— = = AE— AL 8
Coal Alluvium (o]1} Phosphorite ‘

A 4

z -~ Y — Y _— — AL —
Mo&?mrl‘rgop Generation Irrigation ‘ Refining | Mining
YR X v v
Waste-rockin | : ; Waste-rock in
valley fills ‘ Ash disposal Subsurface drainage Wastewater cross-valley fills
| |

Streams/reseryoirs, Waa;g’v%dﬁgs Kesterson NW Refuge, San Francisco Bay- Blackfoot

West Virginia, Belews Lake, San Joaquin River,
North Carolina re UEESUS Tulare Basin,

entucky, Delta Estuary, River watershed,
Virginia , Tennessee western California

California (GELT

Fig 1.4 Selenium sources in the environment



1.2.3. Arsenic and selenium in the aquatic system

Widespread accumulation of arsenic and selenium has occurred most recently due to
the use of arsenical pesticides, mining and processing of sulfide and uranium ores,
burning of fossil fuels, and irrigation and drainage of newly developed arid and semi-
acid agricultural lands®. The presence of dissolved arsenic and selenium in aquatic
system, such as surface and groundwater has created significant concern on a global
basis. The source of arsenic and selenium in natural water is associated with both
natural and human being reasons, such as geochemical reactions and oxidative
weathering, as well as uncontrolled industrial waste discharges’. Anthropogenic
activities such as smelting, mining, industrial production, and agricultural runoff have

greatly increased the amount of arsenic and selenium found in natural aquatic systems*’.

In water, the most prevalent species of the toxic arsenic and selenium are found as
compounds of oxyanions such as arsenate [As (V)], arsenite [As (III)], selenate [Se (VI)]
and selenite [Se (IV)]. The more oxidized species are more prevalent in aerobic surface
waters while the more reduced species are more likely to occur in anaerobic ground
waters. Their relative distributions are influenced by pH and redox conditions, at a pH
between 6 and 9, it exists as oxyanions of arsenic acid [H2AsO*or HAsO4 27]. Under
mildly reducing conditions, arsenite is thermodynamically stable and exists as a non-

1onized arsenous.

It is important to note that the most effective way to overcome the adverse health effects
of arsenic and selenium is to avoid the further exposure by providing safe drinking
water, because there is no effective treatment to counteract arsenic or selenium toxicity.
Therefore, the US Environmental Protection Agency, the World Health Organization,
and the European Commission have decided to lower the maximum contaminant level
of arsenic in drinking water from 50ppb to 10ppb. This stringent arsenic standard will

inevitably require new better methods or consider new treatment options.
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1.3. General chemistry of arsenic and selenium

1.3.1.Arsenic chemistry

Arsenic belongs to group VB (N, P, As, Sb, Bi) of the periodic table, is a nonmetallic
element with the elemental electronic structure [Ar] 3d'%4s?4p®, and is known to be
toxic to plants and animals. The molecular weight of arsenic is 74.92 and an atomic
number of 33. Earth’s crust is the source of arsenic, and it exists as various minerals
including arsenopyrite(FeAsS), orpiment(As2S3), realgar(AsS), and loellingite
(FeAs;).’! Arsenic is found both in organic and inorganic forms. Organic arsenic
compounds(Fig 1.5) include CH5AsO; (monomethylarsenic acid, MMA), C2HAs70;
(dimethylarsinic acid, DMA) and arseno-sugars, while inorganic arsenic compounds
include H3AsOs(arsenous acid) and H3AsOu(arsenic acid).*>There are four oxidation
states in which arsenic forms inorganic compounds: V, III, 0, -III. As(III) is lightly
soluble in water forming arsenious acid and arsenic acid by oxidation of As(III),

respectively!®.
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Fig 1.5 Arsenic species

The acid base equilibria and redox reactions between the oxidation states of inorganic
arsenic are summarized in Table 1.3. The pE-pH diagram for inorganic arsenic is shown
in Fig 1.6. As (V) is prevalent under oxidized conditions while As (III) is
thermodynamically stable under reducing conditions. Arsenic acid and its ionization
products are of prime importance for arsenic transport under a wide range of Eh and
pH?3. The dominant arsenic species at each pH are presented in Fig 1.7a and Fig 1.7b.
The primary method to remove arsenic from water is to convert As (III) to As (V) since

As (V) is easier to be removed.

12



Table 1.3 The acid base equilibra and redox reaction of arsenic

34

Arsenic Acid - As(V)
H,AsO, ~ H,AsO,” + H
H,AsO, ~ HAsO" + H*
HAsO ~ AsQ}" + H*
eni id - As(III

H,AsQy - H,AsOy + H*
H,AsQ,” -~ HAsQ”" + H*

Reduction Half Reactions
V) - As(IIT

H,AsO, + 2H" + 2¢€ -~ H,AsQ; + H,O
H,AsO; + 3 H' +2¢ ~ HyAsQ, + H,0
HAsO > + 4 H* + 2 ¢ « HyAsQ; + HLO
HAsO. + 3H" + 2 ¢ » H,AsOy + H,0

pK,, = 2.24
pK,, = 6.96
pK,, = 11.50
pK,, = 9.29
PK,, = 12.10

PE.  Eg’(v)

9.85 0.58

10.85 0.64

145 0.86

9.9 0.58

Fig 1.6 pE-pH diagram for the system As-H,O for conditions 25°C>.
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1.3.2.Selenium chemistry

Selenium belongs to group VIB (0, S, Se, Te, Po) of the periodic table and is a non-
metallic element with the elemental structure [Ar] 3d'%4s’4p*. Selenium has strong
chemical similarities to sulfur, with oxidation states VI, IV, 0, and -II being important
in natural systems under different redox conditions. In the environment it is present in
organic and inorganic species (Fig 1.8). Inorganic selenium can exist as selenide (-1I) ,
elemental selenium (0), selenite (IV), selenate (VI); in oxic environmental matrices the
main identified species are selenite (SeOs*") and selenate (SeO4>) *’. The organic forms
generally encountered are selenoamino acids and methylated compounds as dimethyl
selenide .The aqueous chemistry of selenate is quite similar to sulfate, and researchers
have observed that similar surface complexes form with both oxyanions *®. Another
important and common form of selenium in soils and surface waters is Se (IV) which
exists as the pyramidal oxyanion selenite (SeO3%"). Selenite is a weak diprotic acid that
can exist as H2SeO3, HSeOs"), or SeO32") depending upon solution pH (pKal is 2.64
and pKa2 is 8.4). In soils and sediments, selenium undergoes a variety of redox
reactions, and can be found in oxidation states ranging from —2 (selenide) to +6
(selenate)®” with the form present in the environment being dependent upon soil redox
status®’. The fully oxidized (+6) form, selenate, exists as a tetrahedral oxyanion in
solution as biselenate (HSeO4") or selenate (SeO4>" ) with a pKa of 1.7 for this acid
dissociation. The fully protonated selenic acid is a strong acid and does not occur in

water.
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Fig 1.8 Selenium species

The acid base equilibria and redox reactions between the oxidation states of inorganic
selenium are summarized in Table 1.5. Fig 1.9 is a pE-Ph diagram for inorganic

selenium.
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Table 1.5 The acid base equilibra and redox reaction of selenium®!

Selenic Acid - Se(VI)
H,SeO, ~ HSeO,” + H' pK,; = -3
HSe0,” ~ SeOQ* + H* pK,, = 1.7
Selenious Acid - Se(TV)
H,SeQ, ~ HSeQy + H' pK,;, = 24
HSeQ,” ~ SeQ® + H* pK,, = 7.9
Reduction Half Reactions
- Se(IV RE®  EiI(v)
SeO + 4 H* + 2 ¢ » H,SeQ; + H,0O 19.44 1.15
SeO> + 3 H* + 2 ¢ ~ HSeO, + H,0 18.24 1.08
SeO7 + 2H' + 2¢ ~SeQ® + H,0 14.54 0.86

Fig 1.9 pE-pH diagram for the system Se-H,O for conditions 25°C>,
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1.4. Different Methods and technologies for Arsenic and

Selenium oxyanions Removal

Treating the contaminated water which contains arsenic and selenium is thus a
significant environmental issue. Several methods are available for reducing selenium
and arsenic concentrations to acceptable levels in aqueous solutions*?. There are many
conventional methods for arsenic and selenium oxyanions removal, including
precipitation®®, coagulation, ion exchange** and membrane filtration like reverse
osmosis10 and nanofiltration, electrochemical treatment, as well as adsorption. Each of
the above processes has its own advantages and disadvantages as compared in Table
1.6. The disadvantages of traditional methods are high cost (coagulation, precipitation
and nanofiltration), high sludge production (coagulation, electrochemical treatment),
membrane fouling (nanofiltration), and constant monitoring of the ions concentration
(ion exchange). These are inherent drawbacks which make the application of these
methods to be limited. Comparing all the disadvantages of above mentioned processes,
adsorption is considered as one of the most popular method for arsenic, selenium
oxyanions removal from aqueous solutions, and is currently considered as an efficient
and economic method for water treatment. Adsorption processes are effective
techniques and they have long been used in the water and wastewater industries to
remove inorganic and organic pollution for its easy handling, minimal sludge

production and its regeneration capability®.
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Table 1.6 Comparison of removal methods for arsenic from aqueous solution

Method Examples Advantage Disadvantage

precipitation*® | Iron Simple, low cost | Disposal problems

precipitation High sludge production
Lime softening;

Coagulation Dewatering High sludge production;
expensive, handling and
disposal of contaminated
coagulant sludge; requires
use of large-scale facilities
for implementing water
treatment

Membrane Reverse Very effective; requires the use of

filtration 0SMOSIs; . membranes, which are

Less chemical
electrodialysis; . expensive to maintain and
consumption
nanofiltration replace; Membrane
fouling;
Electrochemic No consumption | Expensive; Sensitive

al treatment

of chemical

reagents; Pure

precious  metal

can be collected

operating conditions, low

efficiency
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Method Examples Advantage Disadvantage

Ion-exchange High regeneration | constant monitoring of the
of materials; ion | ions concentration

selective

adsorption Efficient and
economic,  easy
handling, minimal
sludge production
and its
regeneration

capability

1.4.1.Adsorption

Adsorption is one of the most widely applied techniques for pollutant removal from
contaminated Medias. The common adsorbents include activated carbon, molecular
sieves, polymeric adsorbents, and some other low-cost materials. Adsorption is the
adhesion of atoms, ions, or molecules from a gas, liquid, or dissolved solid to a surface'".
This process creates a film of the adsorbate on the surface of the adsorbent. It include
both physical and chemical mechanisms*’. Normally, physical sorption involves the
adhesion of adsorbate to the adsorbent, which is not forming a chemical bond and
therefore reversible. While the chemical sorption is due to the ion complexation and
chemical bond formation, which requires high energy and irreversible. As the
irreversible properties of the chemical bond formation, the monolayer is expected to be

formed. While the multilayer could be appeared in the physical process.

Adsorption take place in three step*®, which are bulk solution transport, diffusive

transport and bonding process. Bulk solution transport is to move the adsorbate through
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the bulk liquid by means of advection and dispersion, to the fixed film boundary layer
surrounding the adsorbent media. While the diffusive transport is to move the adsorbate
across the fixed film boundary. The bonding process is to attach the adsorbate to the

surface of the adsorbent.

Adsorption is a surface phenomenon and is associated with accumulation of solute from
its aqueous solution to the adsorbent surface.*’ At equilibrium the process is supposed
to be at dynamic state and the rate of the forward process being equal to the rate of the
backward process. The time at which the adsorption equilibrium is attained is known
as equilibrium time and the corresponding concentration of solute in solution is the
equilibrium concentration. Adsorption equilibrium is governed by several operational
factors such as the nature of solute and adsorbent as well as the pH and temperature of
the medium. Optimization of such operational parameters is the first step toward the
understanding of the process. Previous investigation®® revealed that sponge loaded with
SPION, can potentially use as an effective adsorbent for the arsenate adsorption.
However, the different temperature effect on adsorption equilibrium have not been
studied. Therefore, here we study the thermodynamic effect on adsorption equilibrium

process.

Bulk
solution

Diffusive transport
ansoort

Adsorption three steps

1.10 Adsorption three steps
21



1.5. Adsorbents for Arsenic and Selenium Removal

Several types of adsorbents have been used for the removal of arsenic and selenium
from aqueous effluents, many of them taking advantage of Fe (III) compounds affinity
towards inorganic arsenic species and Al compounds for inorganic selenium species. In
this regard, various methodologies for arsenic removal involve the use of Iron
hydroxyoxides such as goethite (either natural or synthetic), ferrihydrite or hematite
and different Fe bearing materials such as Fe (III) loaded zeolites, alumino silicates or
resins. Materials that have shown capacities for selenium sorption include activated
alumina; iron media (granular ferric hydroxide, iron oxide coated sand, iron pyrites),

synthetic ion exchange resins.
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1.5.1.Adsorbent materials for arsenic-literature review

Several adsorbents for removing arsenic have been used as shown in Table 1.7,
including: activated alumina , gibbsite *°, aluminum-loaded materials *!, lanthanum

4 etc. Fe(Ill)-bearing materials such as

compounds 2, fly ash®®, natural solids >
goethite’, hematite®, ferrihydrite’’, silica that containing iron (III) oxide®, Iron-
Treated Activated Carbon and Zeolites>, Ce(IV)-doped iron oxide®, iron oxide-coated
sand®!, ferric chloride®?, Fe(Ill)-doped alginate gels®}, Water-Dispersible Magnetite-
Reduced Graphene Oxide Composites * , and iron oxide-coated polymeric materials®’,
Fe(I1I)-loaded resins®, Fe(Ill)-loaded sponge®® are used in arsenic treatment because
of the Fe(Ill) affinity toward inorganic arsenic species and consequent selectivity of the
adsorption process. While most of the Fe (III) oxides present low arsenic adsorption
capacities, Fe(IlI)-loaded chelating resins are not economically suitable for their use in
a full-scale process. Fe-loaded sponges are not suitable for the trace arsenic adsorption.
Besides these drawbacks, the adsorption process is rather slow, what compromises the
effectiveness of the process and thus its applicability. Therefore, in our study, we use
open-celled cellulose sponge (Forager Sponge) loaded with SPION as the adsorbent
since nanoparticles have the potential to eliminate the arsenic concentration from the

natural water to near zero due to its inherent properties (large surface area and

reactivity)®’.
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Table 1.7 Comparison of adsorbent materials for arsenic adsorption

Adsorbent material Maximum | Maximum pH Ref.
adsorption | adsorption capacity
capacity (mmol/g SPION)
(mg/g)
Iron chitosan composite 22.5 7.0 68
Iron-hyroxide coated | 7.64 6.6-6.7 | %70
alumina
Fe-modified activated | 38.8 6.0 &
carbon
Commercial  adsorbents | 10.0 7.3 36
(hematite)
Commercial  adsorbents | 20.9 6.5 36
(magnetite)
Commercial  adsorbents | 10.1 7.5 36
(goethite)
Commercial ~ adsorbents | 19.6 7.0 2
(activated alumina)
Commercial  adsorbents | 47.2 7.0 73
(mosoporous alumina)
Resin (iron(Ill)-loaded | 62.93 9 74
chelating resin)
Fe(Ill)-loaded  cellulose | 18.0 9.0 36
sponge
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a-Fe>Os3 5.31 75
v-Fe203 4.75 76
Hydrous iron oxide 2.01 4.0 7
Flower-like iron oxides 0.07 4.0 78
Hydrous iron oxide MNPs 0.51 4.5 7
Magnetite-maghemite 0.05 2.0 80
nanoparticles

Fe;04@CTAB 0.31 3.0 8l
SPION 0.91 3.8 82
3-MPA-coated SPION 1.92 3.6 82
Ascorbic acid-coated 0.22 7.0 83
SPION

Ce(IV)-doped iron oxide | 16 3-7 60
SPION 0.91 82
Ascorbic acid-coated 0.22 84
SPION

3-MPA coated SPION 1.92 82
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1.5.2.Adsorbent materials for selenium-literature review

Amounts of methodologies and adsorbents have been used for selenium removal from

aqueous solution (as shown in Table 1.8). Such as zero-valent iron, ferric hydroxide,

ferrihydrite, aluminium hydroxide, activated alumina, activated carbon, aqueous silica,

biological treatment, solvent extraction and so on. But the most effective and efficient

adsorbent should be aluminium or iron oxide materials. Since aluminium oxide could

show complete adsorption for the selenium as well as iron oxide. Thus, in our work, the

aluminium oxide and iron oxide nanostructured materials will be applied for selenium

adsorption.

Table 1.8 comparison of adsorbent for selenium adsorption

material

Advantages and disadvantages

Precipication by

zero-valent iron®

This method is not effective for selenate removal and achieves

only 87% removal efficiency

Co-precipitation by
ferric hydroxide or
aluminum

hydroxide

This method is efficient at pH values of 7 or lower and is only

effective for selenite (SeO2™).

Adsorption by
ferrihydrite

Activated

Alumina

Ferric hydroxides

Manganese
hydroxides

aluminum
hydroxides

Metal-oxide coated
sand

These methods are only effective for selenite (SeO.™>). It is not
effective for Se (VI), The presence of other aqueous species in

the solution may influence the removal of Se (VI).
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Ion-exchange

This process is only effective for the removal of Se (VI) The

process
extraction of Se (VI) is decreased by sulfate.

Biological Bacterial reduction of selenium species Se*"and Se®" to

processes.
elemental selenium (Se0) requires a long operating time and a
large apparatus size.

Methylation/volatil | Thig method uses bacteria, fungi and algae for methylating Se

ization to the

atmosphere

in aquatic systems.

The rates of selenium volatilization are dependent on the Se
species present, microbial activity and various environmental

conditions

Solvent extraction

This method is highly efficient and selective but has some
disadvantages regarding the complexity of the equipment and

high costs.

Electro-chemical

The electro-chemical method has high costs affiliated with the

method using

dissolvable metal | €lectrolyzer construction and consumes a great deal of energy,
electrodes therefore it is ineffective from an economic point of view.
Emulsion  liquid | 1t phas shown that Se (VI) is extracted rapidly even in the
membrane

presence of sulfate at all pH values> 2. Selenium (IV)

extraction is influenced by the presence of sulfate.

Reduction process -
Ferrous hydroxide

The generation of large volumes of iron sludge and the
relatively high cost of reagents makes its application to mine

waters questionable.

Iron

The use of iron as a reductant is based on the reduction of
aqueous selenium species in the presence of copper ions. The

elemental iron reduces both selenium and copper to produce a
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copper selenide on the iron surface.

Lime softening

Application of these unit operations to mine waters was not
found in the literature. The achievement of selenium removal

to regulated discharge concentrations by these technologies is

doubtful.
Activated Activated carbon is ineffective for adsorbing selenium from
Carbon )

mine waters.
Alumina Alumina-Selenium (IV) adsorption is nearly complete at pH

levels between 3-8.. Selenium (VI) adsorption by alumina is
poor. Selenium (VI) adsorption drops off rapidly with
increasing pH and is less than 50% at pH 7.

Aqueous silica

Aqueous silica adsorbs in preference to Se (IV) at pH 7 but is

no problem at pH 4
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1.6. Nanotechnology overview

Nanotechnology, the engineering and art of manipulating matter at the nanoscale (1-
100 nm), offers the potential of novel nanomaterials for fields such as materials,
electronics, medical remediation, health, medicine, information technology, energy and
environment, food®® and agriculture®’(shown in Fig 1.11). Nanoscale science have the
extraordinary impact on the current crucial issues, such as improved medical diagnosis
and treatment, renewable energy, more efficient information technology, and
environmental protection. It involves the production and utilization of a diverse array
of nanomaterials (NMs), which include structures and devices with a size ranging from
1 to 100 nm and displays unique properties not found in bulk-sized materials. In the last
decade, nanotechnology has developed to such an extent that it has become possible to
fabricate, characterize and specially tailor the functional properties of nanoparticles for
waste water and natural water treatment applications®®. The treatment of surface water,
groundwater, and wastewater contaminated by toxic metal ions, organic and inorganic
solutes, and microorganisms®. Nanoparticles (NPs) have been recognized as promising
revolution in science and technology due to their unusual properties, high surface area,
well difined structure, high reactivity and easy dispersability’’. Nanotechnology (NT)
nowadays is a hot topic and developing very quickly®'. Nanotechnology, which is
defined as control of matter at dimensions of roughly 1-100 nm, where unique
phenomena enable novel applications, is making a significant impact on our everyday
lives, making the today’s products much lighter, stronger, smaller, faster, more
durable’'? Immense progress and improvements of nanotechnology will have
tremendous impact on fields such as materials, electronics, telecommunications,
manufacturing technologies, medicine, health and even environmental remediation®>.
Nanoscale science and engineering are providing us with unprecedented understanding

and control of matter at its most fundamental level: the atomic and molecular scales®>..
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Fig 1.11 Nanotechnology impact on different fields

The sciences such as physics, chemistry, biology, engineering, medicine and energy
and environment which complement each other combines and have tremendous effect
on nanotechnology **%*. Surface chemistry is especially of great importance concerning
the properties of nanomaterials and nanoparticles in particular. The decreasing
nanoparticles size causes their surface effects to become more significant due to an

increase of surface atoms ration in the volume fraction®*

. The properties of
nanoparticles are size dependent®® . The small size (shown in Fig 1.12) often results
in higher reactivity since surface atoms make a large contribution to the thermodynamic
characteristics of solids®®. Such small size gives nanoparticles a high surface area-to-
volume ratio®®?; surface tailor ability and multifunctionality open to multitude of new
possibilities for a wide variety of application in different fields of the science and
technology®’. In addition, chemical reactivity is enhanced by the large surface area’®,
since large surface area might mean a high concentration of surface defects which
facilitates interaction with several kinds of chemical species, both gaseous and aqueous.
Hence, the properties and functions of nanomaterials often differ drastically from their

bulk counterparts (as shown in Fig 1.13). Nanomaterials will attract more considerable
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research interest in environmental engineering due to their size effect, high specific
surface area and unique structural properties in recent years”. Functional nanomaterials

are especially attractive because of their improved properties, resulting from their

synergistic and cooperative effects1%,
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Fig 1.13 Advantages of nanomaterias
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1.6.1.Superparamagnetic iron oxide nanoparticles(SPION)

In recent years, the synthesis and utilization of iron oxide nanomaterials with novel
properties and functions have been widely studied, due to their size within the nano-
range, high surface area to volume ratios and superparamagnetism'®!. Regarding to
wastewater treatment, selection of the best method and material for wastewater
treatment is a highly complex task, which should consider a number of factors, such as
the quality standards to be met, the treatment flexibility, the efficiency, environment
security and friendliness as well as the cost. Iron oxide NMs are a promising material
for industrial scale wastewater treatment, due to their low cost, strong adsorption
capacity, easy separation and enhanced stability. Current applications of iron oxide
NMs in contaminated water treatment can be divided into two groups: nanosorbent or

carrier immobilization.

Generally, NMs should be stable to avoid aggregation and with a low deposition rate,
in order to assure their reactivity and mobility. However, it is reported that NMs tend
to aggregate in solution. One attractive potential approach is the modification of NMs,
based on the fact that iron oxide NMs could react with different functional groups. The
use of stabilizers, electrostatic surfactants, and steric polymers has been widely
proposed for facilitating NMs with non-specific moieties, group specific or highly

specific ligands.

Superparamagnetic iron oxide nanoparticles (SPION) with appropriate surface
chemistry have been widely used experimentally for numerous biomedical applications
such as magnetic resonance imaging contrast enhancement, tissue repair, immunoassay,
detoxification of biological fluids, hyperthermia, drug delivery and in cell separation,
etc®?. SPIONS consist of cores made of iron oxides that can be targeted to the required
area through external magnets. They show interesting properties such as

superparamagnetism, high field irreversibility, high saturation field®* '°2. Magnetite
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(Fe304), maghemite (y-Fe»Os3) and hematite (a-Fe2O3) are three main iron oxides that
fall under the category of SPIONs. The three main important published routes for the
synthesis of superparamagnetism iron oxide nanoparticles (SPIONs) are co-
precipitation, hydrothermal reactions and high temperature decomposition. Amongst
these methods, co-precipitation of Fe?" and Fe** ions in a basic aqueous media (e.g.
NaOH or NH4OH solutions) is the simplest way and it is quick and has high yield, but

the disadvantage is that the nanoparticles are polydispersed and easy to aggregate.

SPION can be formed by the addition of an alkali solution to an aqueous solution
containing Fe*" and Fe?" in a molar ratio of 2, which leads to the formation of complexes
with formula, Fe*"Fe**Ox(OH) . xH>0O, from which SPION precipitates. Also, it has
been suggested that the formation of SPION involves the interaction of Fe?" with

precipitated ferrihydrite. The equation is shown as follows:
Fe?* 4+ 2Fe3* + 80OH™ & Fe;0, + 4H,0 (1.1)

Magnetic nanoparticles offer some attractive possibilities as shown in Fig 1.15 in water
treatment. First, they have controllable sizes ranging from a few nanometres up to tens
of nanometres!®. Second, the nanoparticles are magnetic, which means that they obey

Coulomb’s law, and can be manipulated by an external magnetic field gradient.
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Figl.14 Magnetization curve displaying hysteresis loop'**.

Once the SPION has been synthesized, the SPION show superparamagnetism property,
which has no hysteresis. Superparamagnetic materials are those which behave as
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ferromagnets in bulk state as shown in Fig 1.14, but below sizes of 100nm. In most of
the envisaged applications, the particles perform best when the size of the nanoparticles
is below a critical value, which is dependent on the material but is typically around 10—
20 nm!%. They consist of individual magnetic domains, each nanoparticle becomes a
single magnetic domain. When a ferromagnetic is sufficiently small, it acts like a single
magnet spin that is subject to Brownian motion'®. Such individual nanoparticles have
a large constant magnetic moment and behave like a giant paramagnetic atom with a
fast response to applied magnetic fields with negligible remanence (residual magnetism)
and coercivity (the field required to bring the magnetization to zero). In the absence of
an external magnetic field, their magnetization appears to be in average zero: such
materials are said to be in the superparamagnetic state. In this state, an external
magnetic field is able to magnetize the nanoparticles, similarly to a paramagnet but with
a higher stability!?’. If enough energy is supplied, magnetism can be reversed along this
axis, therefore no hyteresis is observed!®®. These features make superparamagnetic
nanoparticles very attractive for a broad range of biomedical applications because the

risk of forming agglomerates is negligible at room temperature.
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Fig 1.15 Advantages of superparamagnetic iron oxide nanoparticles (SPION)

1.6.2. y-Al,O3 alumina hollow nanospheres

Porous aluminum oxides are of great interest because of their widespread applications
in catalysis (as catalyst and catalyst support), adsorption, and separation. Many attempts

have been made to synthesize ordered mesoporous alumina'®

. Hollow spheres, owing
to their tailored structural, optical, and surface properties, have many potential
applications such as photonic crystals, delivery vehicle system, fillers, and catalysts. So
far, various approaches such as templates and sonochemical, hydrothermal, and
emulsion combustion methods have been developed for the preparation of hollow
spheres of different materials including ceramics, semiconductors, and metals. Hollow
spheres of metal oxide were recently obtained by the emulsion combustion method
(ECM) using metal precursors, kerosene, and surfactant!!?. It has been shown that the

structure, size, and composition of the hollow spheres can be altered in a controllable

way to tailor various properties over a broad range.
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AIOOH and y-Al2Os have interesting properties and are widely used in industry as

adsorbents, abrasive, catalysts, catalyst supports, and ceramics''!. AIOOH is also used

112

as a template in the preparation of nanostructured materials''“. So far, various

113_114

morphologies of AIOOH have been prepared such as nanotubes ,nanowires!'!>,

116 118 113_120

nanobelts''®, nanofibers'!” nanorods''® whiskers'!® and cantaloupe like structures.

v-Al1203 was usually prepared by dehydration of AIOOH at elevated temperatures.

Several methods for y-Al,O3 alumina hollow nanospheres chemical synthesis have been
described. Those commonly used are summarized in Table 1.9. Amongst these methods,
microwave-assisted solvothermal method for the preparation of y-AIOOH
hierarchically nanostructured microspheres firstly and then thermal treatment of the -
AIOOH at 6000C produced intact hollow spheres of y-Al,O3 nanosphere is the simplest

way.

Table 1.9 Comparison of main chemical methods for aluminum nanomaterials synthesis

Synthesis method Properties and advantages Ref.
High-Speed Jet Flame | The process is simple and effective. The size of | !°
Combustion nanocrystalline of 5 nm and shell thickness of 10-
30 nm
Hydrothermal method Only one step, very facile, the size of the nanorod | '3
1s 2.5*%1.5um
Hydrothermal method The length of the tubes is 30-70 nm and their | '?!
outer diameter is 5—6 nm.
Microwave-asistted The process is rapid, the morphology is well | '
preserved during the thermal
transformation process

1.6.3.Supporting materials for SPION-Forager sponge

SPION and y-AlO3 nanospheres, which have been widely applied in the areas of
environment protection'?? and adsorbents'?* have the disadvantages which is easy to
aggregate into large particles via the interparticle dipolar force,'** leading to the loss of
size effect and the decrease of specific surface area. In order to avoid the agglomeration,
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many materials, such as carbon nanotubes'?’, reduced graphene oxide'?°, silica

8 and layered double hydroxides'?, have been

microspheres'?’, bacterial cellulose'?
used as the template to disperse the magnetic nanoparticles. Among these matrix
materials, cellulose has been considered to be an ideal candidate for the dispersion of
these nanoparticles owing to the fact that cellulose is one of the most abundant and

renewable biopolymers on earth. Therefore, composites of cellulose and magnetic

nanomaterials are very promising in many applications.

Forager™ sponge (shown in Fig 1.16) is a high porosity and economic ion exchange
material with selective affinity for dissolved heavy metals in both cationic and anionic
states. Such material is able to promote high rates of adsorption and flexibility which
enables their compressibility into an extremely small volume to facilitate disposal once
the capacity of the material has been exhausted. Forager is an open celled cellulose
sponge which contains a water insoluble polyamide chelating polymer formed by the
reaction of polyethyleneimine and nitrilotriacetic acid. This material is claimed to
contain free available ethyleneamine and iminodiacetate groups to interact with heavy
metals ions by chelation and ion exchange. In this sense, it has selective affinity for
dissolved heavy metals in both cationic and anionic states. Forager sponge and other
adsorbent sponges have been successfully used in the treatment of heavy metals

solutions.

Fig 1.16 Forager sponge

Several advantages of the sponge material were identified. The first was its open celled

nature that allows relatively high flow rates; the second was cost effectiveness; and the
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third was the material's low affinity for sodium, potassium, and calcium, three common
naturally occurring groundwater ions that can interfere with the effectiveness of typical
ion exchange systems for treating specific priority pollutant metals. The selective
affinity of the polymer enables the Forager™ Sponge to bind toxic heavy metals over
benign monovalent and divalent cations such as calcium, magnesium, potassium and
sodium. In addition, prior studies have shown that the sponge material is effective over
a wide range of pH. The pH at the site was determined to range from 4 to 5 standard
units. Another advantage was that a simple treatment system could be designed and
installed similar to a typical carbon adsorption system. It is an open celled cellulose
housing iminodiacetic acid groups which chelate transition metal cations by cation
exchange processes in the following affinity sequence:
Cd*>Cu?>Hg? >Pb**>Au*">Zn*">Fe**>Ni*">Co**>AI*" The sponge polymer also
contains tertiary amine salt groups that can bind anionic contaminants, such as the
chromate, arsenic, selenium and uranium oxide species. It can be designed for site
specific needs to contain a cation that forms a highly insoluble solid with the anion of
interest. Another advantage is its high porosity and flexibility which allows its

compressibility into an extremely small volume to facilitate disposal.
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1.7. Kinetic and Thermodynamic Aspects

1.7.1.Kinetic Model

Adsorption equilibrium studies are necessarily and significant for determining the
efficiency of adsorption process. Predicting the rate at which adsorption takes place for
a given system is probably the most important factor in adsorption system design, with
adsorbate residence time and the reactor dimensions controlled by the system’s

kinetics'3’

. Moreover, it is important to identify the adsorption mechanism and the
potential rate controlling steps such as mass transport and chemical reaction process in
such systems. General models which describe the kinetics of adsorption onto solid
surfaces in liquid-solid phase adsorption system include: pseudo-first order equation,
pseudo-second order equation and the Weber-Morris intraparticle diffusion. A number
of adsorption processes for pollutants have been studied in an attempt to find a suitable

explanation for the mechanisms and kinetics for sorting out environment solutions.

Therefore, adsorption onto solid adsorbent has great environment significance.

When adsorption is concerned, kinetic and thermodynamic aspects should be involved
to know more details about its performance and mechanisms. Especially for adsorption
capacity, kinetic performance of a given adsorbent is also of great significance for the
pilot application. From the kinetic analysis, the solute uptake rate, which determines
the residence time required for completion of adsorption reaction, may be established.
Also, one can know the scale of an adsorption apparatus based on the kinetic
information. Generally speaking, adsorption kinetics is the base to determine the

performance of fixed-bed or any other flow-through.'3!
1.7.1.1. Pseudo-first order equation

Lagergren (1898) presented a first-order rate equation to describe the kinetic process of
liquid-solid phase adsorption of oxalic acid and malonic acid onto charcoal, which is

believed to be the earliest model pertaining to the adsorption rate based on the
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adsorption capacity.!3! The pseudo-first order has been most widely used for the
adsorption of an adsorbate from aqueous solution, such as for heavy metal ions, organic
compounds.'*? This model based on the solid capacity considers that the rate of
occupation of adsorption sites is proportional to the number of unoccupied sites.!**> The
best-fit model was selected based on both linear regression correlation coefficient (R?)

and the calculated g. values. The pseudo-first order rate equation is generally expressed

as follows:
S = KA(GE = QU)o (1.2)

where ge and gt (mg/g) are the adsorption capacities(concentration of adsorbed arsenic
or selenium anion per unit of adsorbent mass, mmol/g) at equilibrium and time # (min),
respectively. ki (min™!) is the pseudo-first-order rate constant for the kinetic model.

Integrating Eq.(1.2) with the boundary conditions of g=0 at =0 and gt=q¢ at t=¢, yields

ge ) _
1 () = Kb (1.3)
Which can be arranged to:
K1
log(qe — qt) = logge — T30 Lrere e (1.4)

Where e and q; are the amount of selenium adsorbed (mg.g-1) at equilibrium and at
time t, respectively. Kf(min-1) is the rate constant of pseudo-first order adsorption
reaction. A plot of log (ge-qt) vs.t is expected to yield a straight line and the rate

constant Kr can be evaluated from the slope.

To distinguish kinetic equations based on adsorption capacity from solution
concentration, Lagergren’s first order rate equation has been called pseudo-first-
order.'** In recent years, it has been widely used to describe the adsorption of pollutants

from wastewater in different fields.'3°
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1.7.1.2. Pseudo-second order equation

The main assumptions for the pseudo second-order model for the adsorption is: the rate
of occupation of adsorption sites is proportional to the square of the number of
unoccupied sites. The rate limiting step may be chemical adsorption involving valent
forces through sharing or the exchange of electrons between the reactions. In addition,

the adsorption follows the Langmuir equation.'?® It can be expressed as follows:

d
L= hp(Ge = Ge)% ovovviee s (1.5)

where k; is the rate constant of sorption, (g mmol™! min™'), qe is the amount of adsorbed
arsenic or selenium anions per unit of mass adsorbent at equilibrium, (mmol/g), q; is
amount of adsorbed arsenic or selenium anions on the surface of the adsorbent at any

time, t, (mmol/g). Separating the variables in Eq. (1.5) gives:

d
ﬁ = RAL oo, (1.6)

Integrating this for the boundary conditions t=0 to t=t and q;=0 to q=q;, gives:

1 1
o S g (1.7)

Which is the intergrated rate law for a pseudo-second order reaction.

The plot of t/q, versus t should give a straight line if second order kinetics are

applicable, and qe and k; can be determined by the slope and intercept of the plot,
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respectively. It is important to notice that for the application of this model the
experimental estimation of qe is not necessary. The pseudo-second order equation can
predicts the behavior over the whole range of time studied, and is in agreement with

chemical adsorption as the rate controlling step.

1.7.2.Isotherm Model

The most commonly used isotherm equations for the equilibrium modeling of
adsorption are, the Freundlich and Langmuir isotherms.'*® Both represent the
equilibrium amount of toxic element ions removed (qe, mmol/g) as a function of the
equilibrium concentration (Ce, mmol/L) of toxic element ions in the solution,
corresponding to the equilibrium distribution of ions between aqueous and solid phases

as the initial concentration increases.
1.7.2.1. Langmuir Isotherm

Langmuir isotherm is based on the assumption that enthalpy of adsorption is
independent of the amount adsorbed'®’. A basic of assumption of the Langmuir theory
is that sorption takes place at specific homogenous sites within the sorbent, no further
sorption can take place at that sites'*®. The Langmuir equation is valid for monolayer
sorption onto a surface with a finite number of identical sites. It incorporates two easily
interpretable constants: qmax, Which corresponds to the highest possible adsorbate
uptake; and coefficient b, which is related to the affinity between the adsorbent and
adsorbate. The empirical Freundlich equation, based on the multilayer adsorption on
heterogeneous surface. The Freundlich isotherm describing the non-ideal and reversible
adsorption, not restricted to the formation of monolayer. This empirical model can be
applied to multilayer adsorption, with non-uniform distribution of adsorption heat and
affinities over the heterogeneous surface!*8. It can be derived assuming a logarithmic

decrease in the enthalpy of adsorption with the increase in the fraction of occupied sites.
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The Langmuir equation assumes that (i) the solid surface presents a finite number of
identical sites which are energetically uniform; (i1) there is no interactions between
adsorbed species, meaning that the amount adsorbed has no influence on the rate of
adsorption; (iii) a monolayer is formed when the solid surface reaches saturation.'® It
assumes the form:

KiCe
Qo = e (1.10)

T 14KC,

where Qo (mg/g) is the maximum amount of arsenic or selenium anion per unit weight
of adsorbent to form a complete monolayer on the surface and K is the equilibrium
adsorption constant which is related to the affinity of the binding sites. Qo represents a
practical limiting adsorption capacity when the surface is fully covered with arsenic or
selenium anions and allows the comparison of adsorption performance, particularly in
the cases where the adsorbent did not reach its full saturation in experiments.'*® The

Langmuir equation can be described by its linearized form:

C, C, 1
L L 1.11
qe Q0+QOKL ( )

A plot of C,/q, versus Ce gives a straight line with the slope equal to1/Q,, the

intercept equal to Q;K . while Langmuir isotherm assumes that enthalpy of adsorption
oL

is independent of the amount adsorbed.
1.7.2.2. Freundlich isotherm model

The empirical Freundlich isotherm, based on the multilayer adsorption on
heterogeneous surface, describe the relationship between equilibrium liquid and solid
phase capacity. It can be derived assuming a logarithmic decrease in the enthalpy of
adsorption with the increase in the fraction of occupied sites.'*® It also assumes that the
stronger adsorption sites are occupied first and the binding strength decreases with the
increasing degree of site occupation, and is given by:
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where Kr and n are the Freundlich constants characteristics of the system, indicating
the adsorption capacity and adsorption intensity, respectively. Ce is the equilibrium
concentration of the ion in the residual solution (mmol/L),qe is the equilibrium
concentration of the adsorbed per unit of mass of sorbent(mol/g). Eq. (1.12) can be

linearized in logarithmic form (1.13) and the Freundlich constants can be determined:
logq, = logkr + %logCe ......................................................... (1.13)

If the value of n is greater than unity, this is an indication of a favorable adsorption. A
plot of logge versus logCe will give a straight line of slope 1/n and intercept kr, when

the liquid-solid system follows this model.

1.7.3.Thermodynamic studies

1.7.3.1. Thermodynamic parameters

The thermodynamic feasibility of adsorbent—anion interaction was studied by variation
of temperature of the medium in a temperature range. Thermodynamic parameters such

as AG®, AS° AH® were calculated using Van’t Hoff equation: '

AG =-RTINK, ..o, (1.14)
and
AGP=AH? —TAS oo (1.15)

where R is the universal gas constant (8.314 ] mol ! K™!), T is the temperature (K), Ka
is the Langumuir equilibrium affinity coefficient shown in equation (1.9), AG® is the
change in free energy. Further, the relationship between K, vs. standard enthalpy (AH?)

and standard entropy (AS?) factors can be represented using the following equation:
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0 0
INK, = 2 = h (1.16)

Here AH® and AS® parameters can be calculated, respectively, from the slope and

intercept of plot of InK,vs. 1/T.
1.7.3.2. Thermodynamic studies for arsenic removal-literature review

Previous research has investigated adsorption kinetic as the removal mechanisms of
metals or oxyanions by nanomaterials, comparatively little research has investigated
the detailed adsorption characteristics and thermodynamics of metal or oxyanions
removal by nanomaterials. Table 1.10 shows the Equilibrium, thermodynamic

investigations for arsenic removal from aqueous solution in recent years.
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Table 1.10 Equilibrium and thermodynamic studies for arsenic removal-literature review

Isotherm | adsorbent | Temp. | As(V) AG° AH® AS° ref
(°C) /As(IIT) | (KJ/mol) | (KJ/mol) | (J/molK)
Freundlich | Granular | 20 As(V) | -11.368 |45.940 141
ferric 30 -13.376
hydroxide | 40 -15.276
(GFH) 20 As(Il) |-9.033 68.367
30 -11.401
40 -14.330
Langmuir/ | Algea 20 As(II) | -18.39 -26.69 -38.42 70
D-R 30 -18.21
40 -17.70
50 -17.24
D-R Activated | 20 As(Ill) | -33.12 -6.096 91 142
aluminum | 30 -34.15
40 -34.96
50 -35.87
Dolomite | 20 As(V) | 80.57 -3.67 -287.35 143
45 87.75
65 93.5
80 97.81
Langmuir | Activated |25 As(IIl) | -27.75 69.9 144
red mud 40 -29.06 70.8
55 -30.00 70.3
70 -30.90 69.9
Langmuir 25 As(V) |-30.36 125.6
40 -32.67 126.9
55 -34.16 125.6
70 -36.88 128.1

1.7.3.3. Thermodynamic study of selenium removal- literature review

Just a few research investigations have been reported in the literature related to the

thermodynamic study of selenium adsorption (shown in Table.1.11). From the previous

report, the thermodynamic parameters for the sorption of Se (VI) and Se (IV) indicate

exothermic or endothermic behavior. Exothermic behavior could make the tuning of
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the lower temperature to favor the adsorption while higher temperature could help the
desorption process to occur. Endothermic behave in an opposite way. That means, the
adsorption of Se (VI) and Se (IV) could be done by tuning of the higher temperature
and desorption can be realize by tuning of the lower temperature. Lei Zhang'*® studied
that removal of selenium ions from aqueous by using nano-TiO; .The mean energy of
adsorption (14.46 kJ mol—1)was calculated from the Dubinin—Radushkevich (D-R)
adsorption isotherm at room temperature. The thermodynamic parameters for the
sorption were also determined, and the negative AHo and AGo values indicate

exothermic behavior. Mustafa Tuzen'*®

studied the selenium biosorption from aqueous
solution by green algae, the calculated thermodynamic parameters, AG, (between —
18.39 and —16.08 kJ/mol at 20-50°C) and AH,(—45.96 kJ/mol) showed that the
biosorption of Se(IV) onto C. hutchinsiae biomass was feasible, spontaneous and
exothermic, respectively. Ramakrishnan Kamaraj'4” has studied selenate removal from
aqueous solution by oxidized multi-walled carbon nanotubes. It has demonstrated that
the calculated values of enthalpy change (AH) and entropy change (AS) are 19.474
kJ/mol and 69.9058 J/mol K respectively. Further, these studies revealed that the

adsorption reaction was spontaneous and endothermic process (the AH is positive) .
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Table 1.11 Thermodynamic studies for selenium removal-literature review

AG(K]

isotherm | adsorbent Temp. | Se(IV) AHC AS© ref
/mol)
K/ (KJmol™Y) (J mol~k1)
Se(VI)
Langmuir | Cladophora 293 Se(IV) | -18.93 | -45.96 -70.92 146
hutchinsiade 303 18.12
313 -17.70
323 -16.08
Langmuir | nano-TiO, 273 Se(IV) | -4.44 | -11.2 -24.76 145
293 -3.71 -25.56
313 -3.12 -25.83
Langmuir | oxidized 303 Se(VI) | -0.657 | 19.479 69.9058 147
multiwalled 313 1297
carbon
323 -1.972
nanotubes
(MWCNT) | 333 -2.428

1.7.4.Redox potential

Redox potential (also known as reduction potential, oxidation / reduction potential, pE

or Ej) is a measure of the tendency of a chemical species to acquire electrons and

thereby be reduced*’. Redox potential is measured in volts (V), or millivolts (mV). Each

species has its own intrinsic redox potential; the more positive the potential, the greater

the species' affinity for electrons and tendency to be reduced. pE is a common

measurement for water quality.
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In the field of environmental chemistry, the redox potential is used to determine if
oxidizing or reducing conditions are prevalent in water or soil, and to predict the states

of different chemical species in the water, such as dissolved metals'*®

. pE values in
water range from -12 to 25; the levels where the water itself becomes reduced or

oxidized, respectively.

The reduction potentials in natural systems often lie comparatively near one of the
boundaries of the stability region of water. Aerated surface water, rivers, lakes, oceans,
rainwater and acid mine water, usually have oxidizing conditions (positive potentials).
In places with limitations in air supply, such as submerged soils, swamps and marine
sediments, reducing conditions (negative potentials) are the norm. Intermediate values
are rare and usually a temporary condition found in systems moving to higher or lower

pE values.
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1.8. Objectives

From the literature review, the Arsenic and Selenium oxyanions removal will be paid
by more attention due to their toxicity properties and their existence in environment,
especially in aquatic system. Compared with other removal methods, the adsorption
method will be really amazing for both oxyanions removal since it has high efficiency
and capacity. The nanostructured materials, either iron nanoparticles or aluminum
Nanosphere will be applied for such kind of oxyanions removal by taking advantage of
their remarkable properties. The Forager sponge will be used for supporting the
nanomaterial in order to avoid aggregation thus improve the adsorption capacity and
efficiency. The kinetic, equilibrium and thermodynamic studies will be investigated,
which could provide information for understanding the adsorption mechanism and thus
control the adsorption process by modifying the thermodynamic parameters, such as

temperature and redox potential, in order to realize the desorption process.

Desorption and sorbent regeneration is a critical step contributing to increase process
costs. Once the sorbent becomes exhausted, then, either the Arsenic or Selenium
oxyanions must be recovered, the adsorbent regenerated or disposed in a controlled
dumping site for toxic substances that use to be expensive. A successful desorption
process must restore the sorbent close to its initial properties for effective reuse. In most
of the published arsenic sorption studies (some discussed earlier),
desorption/regeneration was not included. Very few desorption studies are detailed in
literature. Few attempts have been made to address the handling of concentrated arsenic
wastes. Tuutijirvi T'* has tried five different alkaline solutions: NaOH, Na>COs,
NaxHPO4, NaHCOs3 and NaAc for arsenate batch desorption and regeneration. But this
process also need to spend a lot of alkaline solution which is very expensive and is not
feasible for industrial sense. Thus, in the thesis work, reagent-less processes has been

developed --Arsenic and Selenium desorption and sorbent regeneration with no
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reagents added by taking advantage of the thermodynamic properties of the adsorption

system.

The main purpose of the work presented in this PhD thesis is focused on Arsenic
adsorption-desorption by adsorbent systems based on superparamagnetic iron oxide
nanoparticles(SPION) loaded sponge, Selenium adsorption-desorption by Y-Al,O3
nanospheres for waste water treatment application. In addition, in order to overcome
the weakness of using reagents to regenerate the adsorbents, this study find reagent-less
way to remove the oxyanions.Specifically, this work investigate the thermodynamic
aspects of the adsorbent systems and redox potential effect on the Arsenic and Selenium
oxyanions removal. In overall, the major scientific and technical objectives of the PhD

thesis involve:

1. To optimize the synthesis of Superparamagnetic Iron Oxide Nanoparticles (SPION).
To develop a procedure to load SPION on treated Forager sponge by nebulizer in
order to decrease the SPION aggregation. Characterization of nanostructured

adsorbent by SEM and TEM will help on the process optimization

2. To study the parameters which maximize the adsorption capacity of arsenate on
SPION loaded sponge, including pH, contact time, target oxyanions initial

concentration, temperature, redox potential.

3. To study the temperature and redox parameters tuning effect on arsenic oxyanions
removal. To determine the thermodynamic values which have influence on arsenate
adsorption-desorption, including Gibb’s free energy, enthalpy, entropy as well as

redox potential.

4. To develop the continuous column mode for arsenic oxyanions removal, arsenate,
arsenite and arsenate/arsenite mixture. To study the adsorption-desorption recycled
process therefore develop the reagent-less process for water decontamination.

Tuning of Temperature and redox parameters for toxic arsenic oxyanions removal.
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To optimize the synthesis of Y-Al,O3 nanospheres by microwave assistant process.
To modified the Y-AlLO; nanospheres by diethylammonium N,N-
diethyldithiocarbamate(DDC). To characterize the Y-Al,Os; nanospheres by
Scanning Electron Microscopy (SEM) and X Ray Diffraction (XRD).

To determine the effect of parameters including pH, contact time, temperature,
initial concentration and oxidation state on the Selenooxyanions adsorption on Y-

ALO3 nanospheres . In addition, to evaluate the dynamics of the adsorption process

To determine the adsorption parameters such as contact time, pH effect,
concentration effect, both in batch and column continuous mode on the

Selenooxyanions adsorption on SPION loaded sponge.

To develop reagent-less processes for Arsenic and Selenium oxyanions adsorption-
desorption and sorbent regeneration with no reagents added by tuning of thermo

and redox potential parameters.
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2. Methodology
2.1. Reagents and Apparatus

All the chemicals used were of analytical reagent grade. Stock solutions of separate
oxyanions, such as As (V), As (II), Se (IV), Se (VI) were prepared by dissolving their
sodium salts. The As (V) and As (III) source was sodium arsenate (NaxHAsO4 .7H>0)
and sodium arsenite (NaAsO>), ACS reagent from Aldrich (Milwaukee, USA). The Se
(VD) and Se (IV) source was sodium selenate and sodium selenite, NaxSeO4, Na,SeOs,
ACS reagent from Aldrich (Milwaukee, USA). A 1000 ppm stock solutions of each
oxyanion were first prepared, which were then diluted to the aqueous feed initial
oxyanion concentration for each experiment. Sodium acetate trihydrate (>99%, ACS
reagent from Aldrich, USA) and Acetic acid (>99%, ACS reagent from Aldrich) were
used for the preparing the buffer in order to adjust the pH of the feed initial aqueous

solution.

KAI(SO4). 12H20, Urea , NaAc and HAc were ACS reagents from Panreac S.A.
(Barcelona, Spain) Iron chloride (FeCl;. 6H>,0) and Ferrous chloride (FeCl. 4H>0)
were ACS reagent from Aldrich(Milwaukee, USA), HCI were ACS reagents from

Panreac S.A. (Barcelona, Spain).

Forager Sponge, an open-celled cellulose sponge which contains a water-insoluble
polyamide chelating polymer. (Formed by reaction of polyethyleneimine and
nitrilotriacetic acid), was kindly supplied by Dynaphore Inc. (Richmond, VA, U.S.A.).
This material is claimed to contain free available ethyleneamine and iminodiacetate

groups to interact with heavy metals ions by chelation and ion exchange.

All of the aqueous solution were prepared by deionized water which was purified with
a milli-Q Gradient system from Millipore Corporation. pH standard buffer solutions
were used to calibrate an Omega 300 pH meter(Crison instruments, S.A., Spain) for the

measurement of the initial and final aqueous pH values in all the experiment.
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2.2. Experiment Equipment

2.2.1.Basic experiment equipment

The experiment performed and developed for this thesis work should be used amount
of basic experiment equipment, such as the balance for weighting the adsorbent,
chemical reagent, the pH-meter for analyzing and confirming the aqueous solution pH,
the centrifuge to separate the adsorbent and suspension, the agitator, the oven for doing
the experiment under high temperature, as well as the micropipettes of different
volumes. Different glass material, such as flasks and bakers, electronic devices, like

pumps, and syringes and needles have also been used.

2.2.2.Colorimetric technique- UV-Vis Spectrophotometer

UV-Vis spectrophotometer is a device in which a light coming from a continuous
source pass through a monochromator, which select a narrow band of wavelengths of
the incident beam!>’. This monochromatic light go through a cuvette in which the
sample is and measure the radiant power of the light that emerges. The amount of

adsorbed radiation is related with the Lambert — Beer law'>!:

A = EH D 5 Caeeeeeeeeeeeee ettt et e sttt b s er ettt she e et n e nrerenes (2.1)

Where A= absorbance, e= molar attenuation coefficient, b= cuvette length, C= Concentration
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Figure 2.1 UV-Vis spectophtometer scheme

Fig 2.2 UV-Vis Spectrometer

In a double beam spectrophotometer, the light pass through the sample cuvette and the
reference cuvette alternately. Comparing a lot of times both energies, the double beam
device can correct some errors associated with the intensity of the source and with the

detector'>?.

2.2.2.1. Colour Reagent

The colour reagent used for the detection of Arsenic has clearly described elsewhere!?,
a mixture of 4 different reagents. Each reagent is putted into a solution in a separated

50mL volumetric flask using miliQ water as solvent. The reagents are:

- Ammonium Molybdate (1.485g) in 50mL of miliQ water.
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- L-Ascorbic Acid (5.4g) in 50mL of miliQ water.
- Antimony Potassium Tartrate (0.267g) in 50mL of miliQ water.
- Sulfuric Acid (6.71mL) 95-98% in 43.29mL of miliQ water.

The mixture of those reagents is done in the following ratio: 2:2:1:5. After the addition
of Antimony Potassium Tartrate, Sulfuric Acid should be added immediately in order

to avoid turbidity of the colour reagent.'>*

Currently, the popular methods for arsenic detection are chromatography, spectroscopic
and electrochemistry methods!*>. These methods tend to be complex, expensive and
time-consuming, so they are neither readily available in developing countries nor
capable of on-site field detection. With the colour reagent, arsenic(V) concentration can
be analysed by UV '3 which is very facile and quickly. since As (V) form a complex
with reduced molybdate that strongly absorbs in the infrared'*’, while As (III) need to
be oxidized firstly to be As(V) and then analysed!®. Doing a calibration curve using
known concentrations of As (V) make possible to obtain the real unknown
concentration of As (V) without the interference of phosphates present in the samples.

The wavelength used to perform these analyses is 860nm.

Arsenic and iron concentrations in solution were determined by the Colorimetric

technique. The wavelength used for analysis were 840 nm(As), 490 nm(Fe).

2.2.3.Inductively Coupled Plasma Mass Spectrometry(ICP-MS)

Inductively coupled plasma mass spectrometry (ICP-MS) is a fast and accurate trace
element determination technique!*®. ICP-MS is capable to carry out rapid multi-element
determination at the ultra-trace level'>’. The instrument detection limits are at or below
the single ppt level for most of the periodic table element'®®. Most analysis performed
on ICP-MS instrumentation are quantitative. The device has to be placed in a white
clean room to avoid contamination of the samples due to the large sensibility of the

instrument. An ICP-MS consist of the following components(shown in Fig 2.3):
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Sample introduction system (composed of a nebulizer and spray chamber), ICP torch
and RF coil, interface, vacuum system, collision/reaction cell, ion optics, mass

spectrometer, detector and data handling and system controller'®!

SAMPLE INJECTION INDUCTIVELY PLASMA SAMPLING IONLENS DYNAMIC MASS
SYSTEM COUPLED SYSTEM SYSTEM REACTION SPECTROMETER
PLASMA CELL

SAMPLING SKIMMER QUADRUPOLE ION
ONE ONE MASS FILTER |DETECTOR|

NEBULIZER  PLASMA TORCH
0 o0 A e ([
-/ . . . .
— e |
IN
=3 1;_T 0
| RF INDUGTION T | I
colL
® AO* ! !
T0 To
58+ VACUUM ARGON & | |yacuum| |DIGITIZED
® °Fe PUMP H2 GAS PUMP | | OUTPUT

Figure 2.3 ICP-MS scheme

The sample, usually in liquid form is pumped into a nebulizer, where it is converted
into a fine aerosol with argon gas. The fine droplets of the aerosol, which represent only
1-2% of the sample, are separated from larger droplets by means of a spray chamber.
The fine aerosol then emerges from the exit tube of the spray chamber and is transported
into the plasma torch via sample injector, where the plasma is formed by the interaction
of an intense magnetically field on a tangential flow of gas (normally argon) flowing
through a concentrically quartz tube (torch). This has the effect of ionizing the gas and,
when seeded with a source of electrons from a high-voltage spark, forms a very-high-
temperature plasma discharge at the open end of the tube. The plasma torch, which is
positioned horizontally, is used to generate positively charged ions. It is the production
and the detection of large quantities of these ions that give ICP-MS its characteristic

low ppt detection capability.

Once the ions are produced in the plasma, they are directed into the mass spectrometer
via the interface region, which is maintained at a vacuum with mechanical roughing

pump. This interface region consists of two metallic cones (usually nickel), called the
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samples and a skimmer cone, each with a small orifice to allow the ions to pass through

to the ion optics, where they are guided into the mass separation device.

The interface region is one of the most critical areas of and ICP-MS because the ions
must be transported efficiently and with electrical integrity from the plasma, which is
at atmospheric pressure, to the mass spectrometer analyser region at approximately 10
6 Torr. Once the ions have been successfully extracted from the interface region, they
are directed into the main vacuum chamber by a series of electrostatic lens, called ion
optics which have the function of electrostatically focus the ion beam toward the mass
separation device, while stopping photons, particulates, and neutral species from
reaching the detector. The operating vacuum in this region is maintained at about 10-

3Torr with a turbo molecular pump.

The ion beam containing all the analytes and matrix ions exits the ion optics and now
passes into the heart of the mass spectrometer, the mass separation device, which is
kept at an operating vacuum of approximately 10-6 Torr with a second turbo molecular
pump. The separation device allow analyte ions of a particular mass-to-charge ratio

through to the detector and to filter out all the nonanalyte, interfering and matrix ions.

The final process is to convert the ions into an electrical signal with an ion detector.
This electronic signal is then processed by the date handling system and then converted

into analyte concentration using I[CP-MS calibration standards.

ICP-MS technique was employed to analyze the arsenic and selenium oxyanion content
in the liquid phases of several adsorption parameters'®>. ICP-MS is the most sensitive
technique for trace elements in solution'®®. Typical detection limits for ICP-MS are

around 0.01-1pg /L (ppb) in solution.

When the arsenic, selenium and metal ions concentrations were very low (about ppb
level), ICP-MS was employed after a previous treatment of the sample by diluting them

in 2% nitric acid. Additionally, iron and alumina content was determined to control the
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stability of SPION and Y-AlO3z in the experimental media during the adsorption
experiments and the results reveal an iron and alumina content below the detection limit
of the equipment (1 ppb). This content confirms the SPION and y-Al>Os3 stability in all
the performed experiments. The instrumental average uncertainly of metal ions

determination was in all cases lower than 2 %. Equipment description is specified in

Table 2.2.
Table 2.2 ICP-MS equipment description
Equipment ICP-MS
Model VG Plasma Quad ExCell and XSeries 2
Company and country Thermo Scientifics, UK
Laboratory Centre Grup de Tecniques de Separaci6 en
Quimica, GTS (UAB, Barcelona, Spain)
Image

2.2.4. USB microscope

USB microscope was applied for characterize the general morphology of the blank
sponge, sponge loaded with SPION, sponge loaded with SPION as adsorbent for the
arsenic adsorption. The auto focus USB microscope-UMOS5 can observe objects by
automatically or manual zoom. The auto focus can be achieved by PC software or
manually press the machine buttons. The delicate UMOS5 applies the self-developed

application software, and deliver 2M pixels live image to PC by motion JPGE mode,

61



the data is delivered fast without image distortion. User put UMO5 over the observed
object, can choose single or continuous auto focus as well as manually turning the clear

focus, so that to control the observable subject. Equipment description is specified in

Table 2.3
Table 2.3 USB microscope equipment description

Equipment USB microscope

Models UMO5

Company and Country VITINY Co. USA

Laboratory of analysis Servei de microscopia (UAB, Barcelona,
Spain).

Image

2.2.5.Scanning Electron Microscopy

SEM technique was employed to study the morphology of the adsorbent systems
surface in the case of Forager Sponge loaded SPION, Y-Al>O3 nanospheres. The SEM
equipment (SEM ZEISS EVO® MA 10, Oberkochen, Germany) is a powerful tool
which was used to analyze the morphological structure of the adsorbent materials.

Equipment description is specified in Table 2.3
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Table 2.3 SEM equipment description

Equipment SEM

Models Zeiss EVA MA 10

Company and Country Carl Zeiss Microscopy, Germany

Laboratory of analysis Servei de microscopia (UAB, Barcelona,
Spain).

Image

2.2.6.Transmission Electron Microscopy, TEM

TEM technique was employed to characterize the morphology of the SPION and their
particle size distribution. For non-soluble nanocomposites (Forager® Sponge), samples
were embedded in an epoxy resin and cross-sectioned with a Leica EM UC6
ultramicrotome using a 35°diamond knife form Diatome. Equipment description is

specified in Table 2.4
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Table 2.4 TEM equipment description

Equipment TEM

Model JEOL FEG-TEM 2100F

Company and Country Jeol Ltd., Japan

Laboratory of analysis Servei de microscopia (UAB, Barcelona,
Spain)

Image

We have synthesized the SPION for 5 times. And Each time, prepare three kinds of
sample, including 1/100, 1/250, 1/1000(0.1mL SPION on 10mL TMAOH, 0.ImL
SPION on 25mL TMAOH, 0.ImL SPION on 100mL TMAOH). We characterized the
samples by TEM to see the particle size and dispersionSPION are highly dispersible in
solutions. With particle sizes of from 6-20 nm, they offer a large surface area and

superparamagnetic properties.

2.2.7.Energy Dispersive X-ray Spectrometer, EDS or EDX

Coupled to SEM or TEM microscopes, EDS/EDX provides the elemental chemical
composition of the samples based on the X-Rays emitted by specific atoms which have
been interacted with a particular electron beam. Each atom has a unique X-Ray

spectrum, thus the elemental composition can be obtained by detected radiation.
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2.3. Preparation of the adsorbents

2.3.1.Synthesis of SPION

The synthesis procedure of SPION has been described elsewhere.?? SPION are prepared
in our lab (shown in Fig 2.4) by mixing iron(II) chloride and iron(IIl) chloride in the
presence of ammonium hydroxide'®*. First, deoxygenated the solution of NHsOH
(0.7M) by nitrogen. Second, deoxygenated the solution of 12mL HCIl (0.1M) by
nitrogen and mix FeCls-6H>0 with it. Third, heat the NH4OH solution at 70°C. Fourth,
Add the FeCl3-6H>0 solution into the NH4OH solution and react for 30min. Then, Add
the FeClz-4H2O in the previous solution with mechanic agitation of about 3000rpm and
waiting for 45min, the dark precipitate will be formed, which consists of nanoparticles
of magnetite. Last, wash it by MiliQ water which has been deoxygenated and
centrifuged four times( 3 times for 3 min and 5000rpm, 1 time for 10 min and 4500rpm)
and preserve it by 50mL 0.1M TMAOH.

Fig 2.4 Procedure for Superparamagnetic iron oxide nanoparticles (SPION) synthesis
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Fig 2.5 The synthesis of SPION procedure

The synthesis of 10 nm Superparamagnetic Iron Oxide Nanoparticles (SPION), as
shows in Fig 2.4, is performed as described elsewhere with some modifications such

as:

The direct addition of Fe®" as salt powder and not in a mixture solution with Fe*" to
avoid the partial oxidation of Fe’" to Fe** and a low reaction yield. A fractionated
cleaning process, where the SPION synthesized is divided in different aliquots to get

better cleaning.

The synthesis requires a constant bubbling of nitrogen to prevent oxidation of Fe** to
Fe*" and therefore, the generation of other iron oxides such as maghemite or ferrihydrite.
A stock solution of Fe*" in a chloride medium is prepared by dissolving FeCls.6H,0 in
a deoxygenated HC1 0.2 M solution. A stock solution of NH4OH 0.7 M is deoxygenated
under nitrogen atmosphere and heated to 70°C. Later on, Fe** solution is added to the
deoxygenated NH4OH solution. The reaction cause a colour change in the solution and
it takes brown colour. A suspension is formed (Figure 2.8). After few minutes,
anhydrous FeCl, was added, in a ratio 1:2 of Fe?**/Fe**, generating an immediate colour
change. In this case, the suspension turns black (characteristic SPION colour, Figure
2.8b). Then, the solution is kept 45 minutes under mechanical stirring and nitrogen

bubbling for the aging of nanoparticles. After sample cooling in a water bath, the
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resulting suspension was centrifuged at 2000 rpm, separating the nanoparticles by a
magnet and washing with deoxygenated water several times. A subsequent redispersion

step of the SPION is realized.

A 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.

2.3.2. Synthesis of y-AlO3 nanospheres

The synthesis of nano Y-AlOs was described elsewhere.!®> Some details has been
changed. The y-Al2O3 hollow nanospheres adsorbents were readily prepared in our lab
by mixing the aluminum potassium sulfate dodecahydrate (KAI(SO4).12H20) and Urea
(CO(NH2)2) in distilled water and stirred. The resulting solution was putted into a
microwave vessel for heating. The pH of the resulting solution was adjusted with
sodium hydroxide to 9.0. The obtained white precipitate was separated and washed by
ethanol. The product was dried in the oven for 12h. Finally, the resulting form of the
material synthesized (Y-AIOOH) was converted into nano-Y-Al>Os by calcinating it in
the muffle. We characterized the samples by scanning electron microscope (SEM
ZEISS EVO@ MA 10, Oberkochen, Germany) to see the particle size and structure.

The procedure for synthesis the y-Al,O3; nanospheres was described as following:

1. Dissovle 4.85g of KAI(SO4)2 + 1.30g of Urea in 200mL of distilled water and stirred

during 15min.

2.35mL of'the resulting solution was putted into a microwave vessel of 100mL capacity

(2 vessels at the same time).

3. The solution was heated in a microwave oven during 20min at 180°C. Subsequently

it was left for cooling until reaching the ambient temperature.
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4. The pH of the resulting solution was adjusted with sodium hydroxide (NaOH) to 9.0.
The initial pH was 7.21, and it was adjusted to a final pH of 8.99.

5. The obtained white precipitate was separated and washed (using a centrifuge) 2 times

with hot water and 2 times with ethanol.
6. The product was dried in the oven for 12h at 80°C.

7. To convert the resulting form of the material synthesized (Y-AIOOH) into nano Y-

Al>O3 the product was calcinated in the muffle at 600°C during 2 hours.

2.3.3.Forager sponge pretreatment

The Forager sponge was grinded from cubic to be small pieces by using the Coffee

grinder, as shown in Table 2.5

Table 2.5 Coffee grinder description

Equipment Coffee grinder

Model MO-3250

Company and country Sonifer, Murcia, Spain

Laboratory of analysis Centre Grup de Tecniques de Separacio en

Quimica, GTS(UAB, Barcelona, Spain)

Image
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The Forager sponge should be pretreated. An initial conditioning of the sponge
consisting on the conversion into its acidic form by consecutive treatment with
1.0mol/L HCI, double distilled water, and HCI solution at pH 2.5 was carried out in a
glass preparative column. A portion of this conditioned sponge was separated, dried
during 24 h, and stored in a desiccator for its use. The procedure for treating the sponge

is described as following:

1. Weight 4g of sponge(small pieces). Add 40mL MiliQ water.
2. Shake it and centrifuge it in the speed of 3500rpm for 4min.
3. Remove the water and then put 40mL 1.0M HCI and agitate it for 10min.

4. Wash with MiliQ water for 4 times( 40mL water, 3500rpm, 4min) until the pH=4(use the
color paper- the pH acido to see if it is pH=4).

5. When pH=4, put off the water, and put 30mL pH=2.5 HCI to add into the sponge bottle.
Shake it and centrifuge it in the speed of 3500 rpm for 2 mins.

6. Remove the HCI and put 40mL miliQ water to wash the HCI and shake it, centrifuge it in
3500 rpm for 4mins.

7. Remove the water and filter it and dry it.

8. Place it in the oven under the temperature 40°C for 24h.
2.3.4. Loading of SPION on the sponge

The sponge was loaded with SPION or Y-Al>Os3 nanospheres by using the nebulizer and
peristaltic pump as shown in Fig 2.6. The SPION-loaded sponge (shown in Fig 2.7) and
was dried during 24 h, and stored in a desiccator for its use. The SPION loading capacity

was 0.095%0.003mmol Fe/ g sponge.
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Figure 2.6 Loading of SPION into the Sponge

Figure 2.7 Sponge and SPION loaded sponge
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2.4. Experiments

2.4.1.Batch experiment

2.4.1.1. Batch experiment for Arsenic removal

The batch adsorption experiments for the removal of arsenic oxyanions from aqueous
solution by using sponge loaded with SPION as adsorbent were carried out under both
batch operation mode and column continuous mode under both 70°C and 20°C
separately. For the arsenic adsorption batch experiment, the 0.050g of adsorbent
(sponge loaded with SPION) was accurately weighted in 50mL plastic extraction tubes,
and 25mL of the corresponding arsenic aqueous solution was added, the As (V), As (I1I)

and As(V)/As(I1l) mixture was mixing in 0.2M acetic/acetate buffer media.
2.4.1.2. Batch experiment for selenium removal

The batch adsorption experiments for the removal of selenium oxyanions from aqueous
solution by using Y-Al>O3 nanosphere adsorbent were carried out under both 70°C and
20°C. The 0.005g of adsorbent was accurately weighted in 50mL plastic extraction
tubes, and 25mL of the corresponding selenium aqueous solution was added, the As

(V),As(IIl) and As(V)/As(IIT) mixture was mixing in 0.2M acetic/acetate buffer media.

The system was properly shaken on a rotary shaker (as shown in Table 2.6) at 25rpm
for the proper time period. The pH of the solutions was controlled using 1.0M HNO3
or 1.0M NaOH standardized solutions and confirmed with pH measurements (pH meter,
Crison). After that, the two phases were separated firstly by centrifuge and then the
supernatant was filtered through 0.22 ym Millipore filters (Millex-GS, Millipore,
Ireland). Finally, after the filtration step, the arsenic or selenium concentration in the
remaining aqueous supernatant was determined by UV or ICP-MS, as indicated

previously.
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Table 2.6 Rotary shaker description

Equipment Rotary shaker

Model CE 2000 ABT-4

Company and Country SBS Instruments SA, Barcelona, Spain
Laboratory of analysis Centre Grup de Tecniques de Separaci6 en

Quimica, GTS (UAB, Barcelona, Spain)

Image

The adsorption capacity (q, mmol/g) is determined measuring the initial (Ci, mmol/l)
and final (Cr, mmol /I) arsenic or selenium concentration for each experiment and

applying the following equation:

QUMMOL /) = e, (2.2)

This indicate the arsenic or selenium oxyanion uptake, which is the concentration of

adsorbed oxyanion per unit of mass of adsorbent (in mmol/g).

Through the following sections, specific experimental conditions are going to be
described for the evaluation of each parameter in order to optimize the adsorption
procedure. In this study, all the experiments were carried out in duplicate and the

average values are presented.
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2.4.2. Kinetic study

2.4.2.1. Kinetic study of arsenic adsorption on SPION loaded sponge

In the arsenic experimental section, for the kinetic study, the experiments were carried
out by mixing 25 mL of 100 ppm of As(V) with a constant amount(0.050g) of the
adsorbent system, working at room temperature (20 °C) and high temperature (70°C)
under pH 3.6 (after the adsorption process) with the contact time varying in the period
0f2,3,5,8,12,20,40,50,70,100min and1,2,3,4h. At each predetermined interval of time,
the aqueous and the solid phases were separated by filtration (with Millipore filters)
and the concentration of oxyanions in the final aqueous solution was analyzed by UV
or ICP-MS, as indicated. Experiments to determine selenium adsorption in different

contact time were carried out at 2-240mins in batch conditions.
2.4.2.2. Kinetic study of selenium adsorption on Y-Al2O3 nanosphere

The kinetic study of selenium adsorption on Y-Al,O3 nanospheres were carried out by
mixing 25 mL of 1 ppm of Se(IV) or Se(VI) with a constant amount(0.005g) of the Y-
ADOsnanospheres , working at room temperature (20 °C) and high temperature (70°C)
under pH 2.0 (after the adsorption process) with the contact time varying in the period
of 1,2,4,7,10,15,20,30min and1,2,4,6,10,15,18,24,48,72h. At each predetermined
interval of time, the aqueous and the solid phases were separated by filtration (with
Millipore filters) and the concentration of oxyanions in the final aqueous solution was

analyzed by ICP-MS, as indicated.
2.4.2.3. Kinetic study of selenium adsorption on SPION loaded sponge

Experiments to determine selenium adsorption on SPION loaded sponge in different
contact time were carried out at 2, 5, 10, 12, 20, 30, 60, 120, 360, 840, 1440mins in
batch conditions. The following procedures are as same as the previous ones of

selenium adsorption on Y-Al2O3 nanospheres.
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2.4.3. pH effect on the adsorption process

2.4.3.1. pH effect on arsenic adsorption

These experiments were carried out by mixing 25 mL of 100 ppm of either As (V) or
As(III) with a constant amount of the adsorbent system(50mg) at both 70°C and 20°C
during 1h for arsenic and 6h for selenium. A pH range 2.0-11.0 (pH values after the
adsorption process) was studied in order to identify the optimum adsorption pH. The

pH was adjusted by using 0.1mol/L NaOH and 0.1mol/L HNOs solutions, alternatively.
2.4.3.2. pH effect on selenium adsorption

These experiments were carried out by mixing 25 mL of 1ppm of either Se (IV) or
Se(VI) with a constant amount of the adsorbent system(5mg) at both 70°C and 20°C
during 1h for arsenic and 6h for selenium. A pH range 2.0-11.0 (pH values after the
adsorption process) was studied in order to identify the optimum adsorption pH. The

pH was adjusted by using 0.1mol/L NaOH and 0.1mol/L HNOs solutions, alternatively.

2.4.4. Effect of initial concentration on adsorption process

The successful representation of the dynamic sorption separation of solute from
solution onto adsorbent depends upon a good description of equilibrium separation
between two phases!®. Different isotherms'®’ have been used to describe sorption
equilibrium for the uptake of As (V) and Se (VI) species on the solid surface of sponge
loaded with SPION and Y-Al>Os nanospheres, respectively. Langmuir and Freundlich

isotherms were being used for the present experimental work.
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2.4.4.1. Effect of arsenic initial concentration on adsorption capacity of the

SPION loaded sponge

Experiments to determine arsenic adsorption capacity in different initial concentration
were carried out at 1-100ppm in batch conditions under 20°C and 700C. While the
experiments to determine selenium adsorption capacity in different initial concentration
were carried out at 1, 5, 10, 25, 50, 100 ppm. The other parameters are kept to be
constant, such as pH (3.6), adsorbent dosage for arsenic (0.050g), contact time for

arsenic (1h) and aqueous solution volume (25mL).

2.4.4.2. Effect of initial selenium concentration on adsorption capacity of Y-

AL2O3 nanosphere

Experiments to determine selenium adsorption capacity in different initial
concentration were carried out at 2-100ppm in batch conditions under 20°C and 700C.
While the experiments to determine selenium adsorption capacity in different initial
concentration were carried out at 2, 4, 5, 10, 20, 40, 50, 100 ppm. The other parameters
are kept to be constant, such as pH (2), adsorbent dosage for selenium (0.005g), contact

time for selenium (6h) and aqueous solution volume (25mL).

2.4.5.Effect of temperature

2.4.5.1. Effect of temperature on Arsenic adsorptin

Experiments to determine arsenic adsorption in different temperatures were carried out
at temperature 20°C and 70°C in batch conditions by using tightly plastic tubes
containing weighted amounts of SPION-loaded sponges and measured volumes of
arsenate solutions in the range 1-100 ppm As (V) at a given pH. Corresponding
agitation was carried out in a rotary rack shaker during 1 h (this contact time was
confirmed in separate experiments). In addition, experiments were carried out at

temperature 10°C, 20°C and 70°C in continuous conditions
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2.4.5.2. Effect of temperature on Selenium adsorption

Experiments to determine selenium adsorption in different temperatures were carried
out at temperature 20°C and 70°C in batch conditions by using tightly plastic tubes
containing weighted amounts of Y-Al,O3 nanosphere and measured volumes of selenate
and selenite solutions in the range 2-100 ppm Se(IV) and Se(VI) at a given pH 2.0.
Corresponding agitation was carried out in a rotary rack shaker during 1 h (this contact

time was

Experiments to determine the whether Fe was lost during As(V) adsorption process
were carried out with 500ppm and 1000 ppm As(V) solutions (13.3 mmol/L) prepared
in a medium containing 0.1 mL SPION under the pH=3.6 condition. Experiments were

repeated for the different conditions a minimum of two times.

2.4.6. Continuous adsorption-desorption experiment

Adsorption experiments in continuous mode were performed to observe the behavior
of the adsorbent system under more practical working conditions in order to assess a

future application of these systems. For this reason, columns are employed.
2.4.6.1. Arsenic continuous mode experiment

Experiments in continuous mode were performed for As(V), As(IIl) and As(V)/As(I1I)
mixture adsorption studies with 1g and 4g of sponge loaded with SPION. The size of
the column is 20x1.5 cm. 1L of 250ppm As(V) or 250ppm As(III) or mixture solution
were pumped through the column with a certain flow rate of 2.5ml/min and eluted
solution was sampled periodically. The 50mL of eluted solution was collected by each

plastic tubes (50mL).

After the experiment, the aliquot was centrifuged and decantation with external magnet.
Arsenic and iron content in the obtained supernatant were determined by ICP-MS.The
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procedure for the adsorption and desorption experiments which are performed in

columns, in continuous mode by gravity was described as follows:

First of all, 1g of SPION loaded Sponge is placed into the column (as shown in Fig 2.7).
For the adsorption experiment, the 250ppm As (V), 250ppm As(Ill) and 125ppm
As(V)/125ppm As(III) mixture were passed through the column by using a peristaltic
pump with a speed of 2.5mL/min. The elution samples are collected into a S0mL Falcon

tube which are labelled and stored for analysis.

Figure2.7 Column continuous mode experimental set-up for As or Se adsorption

Desorption experiments were performed like the absorption processes while the
working condition changed to be 70°C. The desorption process was also performed by
passing solution through the column which was filled of Tin. After the desorption

process, NaOH 0.05M was used to wash the column.

2.4.6.2. Selenium column experiment

Experiments in continuous mode were performed for selenate mixture adsorption
studies with 1g of SPION loaded sponge. The size of the column is 20x1.5 cm. 1L of
250ppm Se(VI) was pumped through the column with a certain flow rate of 2.5ml/min
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and eluted solution was sampled periodically. The 50mL of eluted solution was
collected by each plastic tubes (50mL). The following procedure was the same as those

of arsenic analysis by ICP-MS.

2.4.7.Treatment of the real waste water sample.

2.4.7.1. Pre-treatment of the real waste water sample

The real waste water sample is from a river called “Rio Tinto” from Huelva, Andalucia

(Spain) and was proporcioned by AGQ Mining and Bioenergy, a Spanish company.

The pretreatment of the sample is bubbled with air for 4 hours, oxidizing the Fe*" to
Fe**, the pH of the real waste water (originally 2.45), is changed to be 3.6 by adding
NaOH. The precipitation is removed by using a filter, obtaining “iron-free” wastewater.
But at the same time, the arsenic is also precipitated by iron precipitation. So the “iron-
free” wastewater was doping by 60ppm arsenate solution, therefore the obtained real

wastewater using for our study is wastewater simulation, which contains 60ppm

arsenate, meanwhile has other ions interferences.

Fig 2.8 Procedure for pre-treatment of real waste water

After doping, the real wastewater which contains “60ppm” arsenate has been adsorbed

by the resin. In fact, the initial concentration could not be 60ppm as it was doped, the
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reason is that some arsenic co-precipitate with some remaining iron. After analysing by
ICP-MS, the real initial concentration is 42.8ppm.The resin Lewatit S-3428 is used in
the real waste water experiment with the purpose of eliminate the sulphites present in
the sample, otherwise sulphites would compete with arsenic in the absorption process.
The resin has to be treated before use. The pretreatment of the resin was done by
consecutive treatment of HCI, double distilled water, and HCI solution at pH 4 was
carried out in a glass preparative column. A portion of this conditioned resin was

separated, dried during 24 h in the oven in 40°C, and stored in a desiccator for its use.

2.4.7.2. Preparation of the resin.

The resin Lewatit S-3428 was used in the real waste water experiment with the purpose
of eliminate the sulphites present in the sample, otherwise sulphites would compete
with arsenic in the absorption process.The resin has to be treated before use.The pre-
treatment of the resin was done by consecutive treatment of HCI, double distilled water,
and HCI solution at pH 4 was carried out in a glass preparative column. A portion of
this conditioned resin was separated, dried during 24 h in the oven under 40°C, and

stored in a desiccator for its use

2.4.7.3. Absorption and desorption experiments in continuous mode for real

waste water.

The same column experimental was set-up for real waste water treatment (as shown in
Fig 2.8). 3g of the resin are putted into a column, real waste water sample was passed
through the column with a speed of SmL/min. All the sample is collected in the baker.
After this, the sample is passed to the column containing the SPION loaded sponge in

the same way as previously indicated.
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Fig 2.8 Column experiment set up for real waste water treatment
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3. Results and discussion

The current section describes the results obtained from the studies carried out in the
present thesis including: 1. The removal of As(V), As(Ill) oxyanions from aqueous
solution by using Forager sponge loaded with SPION, the adsorbent-SPION loaded
sponge has been characterized by digital microscope and TEM. The parameters which
have impact on the adsorption capacity including the contact time, the pH of the
aqueous solution, the initial arsenic oxyanions concentration as well as temperature and
redox potential were analyzed. The thermodynamic parameters, such as the equilibrium
constant K, Gibb’s free energy AG, enthalpy AH and entropy AS have been determined.
The results obtained have been compared with those of Jose’s work. The concept of
using of temperature parameters tuning on the arsenic oxyanions adsorption-desorption
has been proved. 2. Another reagent-less process which was related to redox potential
adjusting for arsenic oxyanions adsorption-desorption has been developed. The
combined effect which was referred to synergic thermo tuning with redox potential for
arsenic oxyanions adsorption-desorption has been evaluated. The application of these
reagent-less processes to the continuous column mode for the adsorption-desorption
and adsorbent regeneration by taking advantage of the synergic thermo tuning of redox
potential have been investigated for arsenic oxyanions removal. The treatment of real
waste water by using these proved methods has been investigated. 3. The y-ALO;
nanospheres has been synthesized and characterized by SEM. The parameters which
influence the adsorption capacity of selenium oxyanions including the pH, contact time
and initial selenium concentration as well as temperature has been determined. The
adsorption kinetics of selenium oxyanions onto the adsorbent-Y-Al>O3 nanospheres was
modeled by using the pseudo-first order and pseudo-second order kinetic models. The
equilibrium data has been correlated to the Freundlich isotherm model. The
thermodynamic parameters, such as enthalpyAH have been calculated and compared
with other results obtained in the previous literatures reported. The diethylammonium

N,N-diethyldithiocarbamate(DDC) has been tried to modify the y-Al>O3; nanospheres
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in order to improve the adsorption capacity of the adsorbent for selenium oxyanions
removal. 4. The sponge loaded with SPION has been used as adsorbent for selenium
oxyanions. The sponge loaded with SPION has been characterized by SEM. The
influence of pH of the aqueous solution and contact time have been examined. The
adsorption kinetic studies of selenium oxyanions onto the adsorbent-sponge loaded
with SPION has been done by using the pseudo-second order model. The continuous

column mode for selenium oxyanions adsorption has been applied and determined.

3.1. Temperature-dependence of arsenic adsorption by
Forager sponge loaded with superparamagnetic iron oxide

nanoparticle (sponge-SPION)

Nowadays, there is a great concern on the study of new adsorbent materials for arsenic
clean removal. However, very few studies concern with regeneration and reuse of the
adsorbent. On the other hand, the present section reports the results of a new reagent-
less method based on the temperature dependence of the adsorption-desorption process.

Results collected are shown below and observe the following aspects:

The temperature-dependence of arsenic adsorption by sponge-SPION has been studied.
The results show that under 20°C, as time goes on, the adsorption process reaches
equilibrium at about 1h. Under 70°C, desorption process occurs as contact time
increases, desorption equilibrium was then gradually achieved with contact time. The
effect of temperature on the adsorption of As (V) was studied in the continuous column
mode by evaluating the adsorption at the temperature 10°C, 20°C and 70°C. The

adsorption phenomenon increases with the decrease of temperature.

The results of adsorption were fitted to the Langmuir models. Thermodynamics
parameters of related ion exchange equilibrium have been evaluated including the

equilibrium constant K as well as Gibbs free energy. This value shows the adsorption
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process to be favorable and spontaneous. The equilibrium constant K values determined
at different temperatures indicate the adsorption to increase with temperature.
Accordingly, a decrease in the negative value of AG with the temperature increase is
observed. Separation factor has very strong temperature dependence. Higher
temperature leads to a lower separation. The thermodynamic affinity defined by log
K=4.198 and log K=1.023 under 20°C and 70°C were determined, respectively. Arsenic
is, thus, found to be more strongly adsorbed on the sponge -SPION under 20°C than
under 70°C.

All of the experimental and theoretical studies indicate that we can use the lower
temperature for adsorption and higher temperature for desorption, thereby provide a
reagent-less method for recovery of the toxic element Arsenic and the regeneration of

adsorbents.

3.1.1. Characterization of adsorbent material

3.1.1.1. SPION and SPION loaded sponge characterized by digital microscope

The sponge-SPION adsorbent material was characterized by digital microscope. Fig
3.1 a and Fig 3.1b show the image characterized by digital microscope, the Sponge is
highly porous and elastic thereby promoting convection properties that lead to high
rates for arsenic adsorption on the SPION loaded sponge. Therefore sponge is a very
appropriate substrate for loading SPION and for arsenic oxyanions removal. Absorbed
arsenic anions can be eluted from the Sponge by using the NaOH solution. Following
elution and washing, the Sponge can be reused for the next adsorption cycle. If the
regeneration is not desirable or economical, the Sponge can be compacted to a small

volume to facilitate disposal.

As seen from the Fig 3.2a, b, it is clear that after loading with SPION, the sponge is
saturated with SPION and the surface is very smooth. Maybe it is due to the

homogenous dispersion of the nanoparticles. The porous inside the sponge are fully
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filled with nanoparticles. The blank sponge can adsorb and immobilize SPION by

chelation through the lone pairs of electrons on the unprotonated amine groups!'¢?.

It was shown from the Fig 3.3a, b that after adsorption of Arsenic by using the sponge
loaded with SPION, the sponge looks like shrinkage. In addition, the surface is not
smooth anymore. Probably it’s because of the anion-exchange (arsenate oxyanions
occur in solution from slightly acid to basic pH) between iron oxide nanoparticles and

arsenate oxyanions.

Fig 3.2 Sponge loaded with SPION (before adsorption)
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Fig 3.3 SPION Loaded sponge with arsenic (after adsorption)

3.1.1.2. SPION characterization by TEM

Before using (SPION emulsion)

¢)

Fig 3.4 TEM micrograph of synthesized SPION
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20 fm

Fig 3.6 TEM image of SPION loaded on the sponge (after Arsenic adsorption)

Fig 3.4a, b, c, d show TEM images of the synthesized SPION of particles size 6-15nm.
When the SPION is first synthesized and poured in the Tetramethylammonium
hydroxide (TMAOH) solution and characterized by the TEM, some of the images show
the nanoparticles are homogenously distributed as single particles but other images

indicate heterogeneity with agglomeration and clustering'®’.

The using of Forager sponge®¢ as supporting materials was undertaken to overcome the
difficulties to minimize the aggregation of the SPION, the loading helps to increase the
adsorption capacity. Fig 3.5a,b,c,d shows TEM images of SPION dispersed on the
sponge, the particles are also ~10nm. SPION distribute on the sponge almost
homogeneously, that’s because during the spraying by nebulizer, there is an external
force to push the nanoparticles, in addition, we use the ultra-sonication on nanoparticles
suspension prior nebulization to disperse agglomerates, as it can also add an extra force
to pull the liquid apart to form evacuated cavities or micro-voids.'”’ The formation and
destruction of these cavities can impose a shear force on agglomerates, capable of
overcoming the van der Waals force holding them together. However, the ultrasonic

applied forces are not strong enough to break the hard bonds of iron oxide molecules.
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After adsorption (Fig 3.6 a, b, ¢, d), the SPION show a tendency to agglomerate again since the
absence of external ultrasonic force for some time, makes the van der Waals force to raise

affecting the distribution again.

3.1.2. Effect of contact time

The contact time with aqueous toxic element oxyanions is one of the most important
parameters to be controlled for successful usage of adsorbents. The arsenic (V) aqueous
system is contacted with the adsorbent (SPION loaded sponge) in the range of 2 to 100
minutes and 1 to 4 hours. The adsorption process for removing As (V) oxyanions from
aqueous solution under 20°C obtain ion exchange combined with the ligand exchange
equilibrium at about lhour as shown in Fig 3.7 a, b. After that, contact time has no
effect in arsenic oxyanion removal percentage. This behavior can be attributed to the
effect of diffusion resistance to reach the ion exchange moieties of the adsorbent. In
another hand, the most possibilities of the complexes formed in our case is, As(V) is
binding to two iron nuclei as adsorbed species. Extended X-ray absorption fine structure
(EXAFS)> and FTIR spectroscopy'’! have shown As(V) to form bidentate inner sphere

surface complexes with iron hydroxide sites as time goes on.*°

The effect of contact time on the desorption capacity under 70°C is shown in Fig 3.8a,
b. Very high adsorption rates were achieved at the beginning because of the great
number of sites available for the sorption operation. The adsorption process involves
one of two types of interactions. One is anion exchange of arsenic species
corresponding to the protonated amine groups present in the matrix of sponge*®.
Another process is the ligand exchange, provided by the Fe(III) ions immobilized in the
SPION as Equation 3.1 shows®2. The adsorption process is reversible process. Suppose
the reaction is exothermic process. The increase in temperature corresponds to

172

introducing heat into the system. Le Chatelier's Principle’ '~ states that the system will

react to remove the added heat, thus the reaction must proceed in the reverse direction,
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converting products back to reactants, here we see the desorption starts to occur as time
goes on. Conversely if the temperature of the system were decreased, the system would
react in a direction that opposed the removal of the heat. The forward reaction would
thus occur to release heat in an attempt to offset the heat that was removed from the

system.

R — Fe(Ill) — OH + X — (R — Fe)X + Z (3.1)
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Fig 3.7. The effect of contact time on the adsorption capacity (20°C). a) from 10min to
240min, b). from 2min to 60min. The initial arsenate concentration is 50ppm, the pH is 3.6,

and the adsorbent dosage is 50mg.

92



0.06

0.05 §§ $ }

o o
2 ¥
L
o
—o—

LOAD CAPACITY(MMOL/G)
=)
o
N

©
o
e

0.00

0 50 100 150 200 250 300
TIME(MIN)

0.08

0.07 § §
0.06 }

[=}
&
o

—o—

LOAD CAPACITY(MMOL/G)
o o o
5 o o
N w N
o
»

©
o
=

0.00

0 20 40 60 80 100 120
TIME(MIN)
b)

Fig 3.8 The effect of contact time on the adsorption capacity (70°C). a) From 10min to 240min,
b) from 2min to 60min. The initial arsenate concentration is 50ppm, the pH is 3.6, and the

adsorbent dosage is 50mg.
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3.1.3.Effect of initial concentration

The initial arsenic oxyanion concentration in the aqueous solution is also a key
parameter which affects to the driving force of the adsorption system.!”® The effects of
the initial arsenic concentration (from Sppm to 50ppm) on the adsorption capacity by
the sponge loaded with SPION under 293K and 343K are shown in Fig 3.9a,b. The
increase of adsorption capacity when the initial arsenic concentration increases, is due
to an increase of the mass transfer driving force. Adsorption capacity limit is reached
when the increase of As (V) initial concentration do not produce any further increase
on the As adsorption. In this case, the surface of the sponge loaded with SPION does
not have free sites for the arsenic oxyanions uptake, being fairly saturated.!*® It is
probably another explanation that, as the concentration increased, a higher probability
of collision between adsorbate (arsenate) and adsorbent(sponge loaded with SPION)
surface happens, which could overcome the mass transfer resistance between the

aqueous and the adsorbent phases.!”*

The process of As(V) adsorption on SPION loaded sponge can occur by two different
ways: one is ion-exchange on the sponge protonated amine groups, another one is As(V)
are bound to iron (hydr)oxides by an inner-sphere ligand-exchange mechanism, in
which the arsenic oxyanion competes with and exchanges with surface=Fe-OH or =Fe-
OH," groups at the iron (hydr)oxide surface.>* 3¢ The increase of adsorption with
concentration is due to the diffusion process and based on the Fick first law. Normally,
the 1on exchange reactions are very fast compared to the diffusion of the aqueous ions
to the surface moieties. When the initial concentration is higher, the arsenic oxyanions
move from the solution to the surface of the adsorbent, the amount of arsenic exchanged
onto the sponge and that exchanged onto the SPION increase with increasing initial As

(V) concentration.
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Fig 3.9 The effect of initial As(V) concentration on the adsorption capacity: a) Sppm, 10ppm,

50ppm under 20°C, b) from 0.5ppm to 10ppm, 20°C and 70°C, c) from10ppm to 100ppm, 20°C

and 70°C

3.1.4.Effect of pH on Arsenic Adsorption Capacity

Because of the acid-base properties of arsenic oxyanions, the pH of the arsenic aqueous
solution is one of the most important parameter affecting the adsorption process. The
pH of the aqueous solution has both influences on the arsenic speciation and on the

chemical function of the adsorbent.

The effect of pH on the As(V) adsorption by the blank and SPION-loaded sponge under
both 20°C and 70°C is shown in Fig 3.10a, b, pH ranging between 1 and 11. The results
obtained revealed that the adsorption of arsenate by both blank and SPION-loaded
sponge under both 20°C and 70°C are pH dependent, this can be explained by the
dependence of the As (V) speciation on the pH. Comparison of the observed results of

36.82.168 it shows a similar

pH effect on As (V) adsorption with that of Munoz and Diego
behavior under 20°C with the adsorption of As(V) by blank sponge, Fe-loaded sponge,

SPION alone and SPION-loaded sponge. The highest adsorption was observed at pH
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around 3.6-4.0. Specifically, the maximum adsorption of 20°C is under pH 3.6 while
the highest adsorption of 70°C is under 4.0. This similarity supports the conclusion that
the arsenic species is the main reason which is responsible of the adsorption.?? Since
the deprotonated of arsenate species (pKa = 2.2) is present at pH value 3.6-4.0 in a
relatively high ratio, therefore the maximum adsorption is produced at pH=3.6-4.0. For
20°C, lower pH values (1.0-2.0) and for 70°C, lower pH values (1.0-3.0), the formation
of protonated arsenate species leads to a lower adsorption of arsenate species. On the
other hand, for both 20°C and 70°C, at pH > 5.0 the observed decrease on the As (V)
adsorption is due to the increase of OH™ species that compete with deprotonated arsenate

for the anion exchange sites of the adsorbent.

From the Fig 3.10a, b. under both 20°C and 70°C, it confirms again that the adsorption
of As (V) is enhanced by loading SPION, and supporting the indicated two ways
proposed for As (V) adsorption on the SPION-loaded sponge. Thus, the ion-exchange
on the protonated amine groups (present in both blank and SPION-loaded sponges) is
accompanied by the additional ligand-exchange mediated by the immobilized Fe**
(only present in the SPION-loaded sponge) that leads to the observed increase on the

As (V) adsorption.
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As shown in Figure 3.11, As (III) adsorption by sponge loaded with SPION at both
20°C and 70°C reveals to be independent of pH, what corresponds to the weak acidic
properties of arsenious acid (pKal = 9.2), leading to the reduced presence of
deprotonated arsenite species in the pH range of study. The higher As (III) adsorption
capacity under 20°C than under 70°C may indicate the possible use of temperature to

drive the adsorption/desorption process.

3.1.5. Effect of temperature

The effect of temperature on the adsorption of As (V) was studied in the fixed bed mode
by evaluating the adsorption at the temperature 10°C, 20°C and 70°C under pH 3.6 as
shown in Fig 3.12a. The observed values can be explained in terms of the
thermodynamic parameters. The adsorption phenomenon is more efficient with the
decrease in temperature, which indicate an exothermic process. Generally, an
exothermic adsorption process signifies either physi- or chemi-sorption'’>. The process
is controlled by the adsorbate-adsorbent interaction. The breakthrough point for 10°C
and 20°C is about 48 bed volume, but for 70°C, the breakthrough point is about 26 bed

volume. The adsorption of arsenate onto sponge-SPION followed at three temperatures,
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10°C, 20°C and 70°C, shows a fast arsenate uptake in all cases The observed decrease
in the adsorption capacity with an increase of the temperature from 10°C to 70°C may
be due to a tendency for the arsenate oxyanions to escape from the solid phase to the

bulk phase with an increase in the temperature of the solution'”®.

The effect of temperature on the adsorption of As (V) was studied by evaluating the
adsorption at the temperature 10°C, 20°C and 70°C under pH 5.6 is shown in Fig 3.12b.
As indicated before, for both 20°C and 70°C, when pH is more than 5.0, the observed
decrease on the As (V) adsorption is due to the increase of OH" species that compete
with deprotonated arsenate for the anion exchange sites of the adsorbent, which is also

confirmed by the column continuous mode arsenate adsorption.

On the other hand, at pH<2.5(as shown in Fig 3.12c¢), iron desorbed is very significant
due to protons competition, nevertheless, at pH range 3-9 iron desorption is not quite
important. Thus, in this adsorption process, at the beginning of the arsenic adsorption,
the iron desorbing does not have significant impact on the As (V) adsorption since the
ion exchange process increase the pH value when the process begins. Then, after the
continuous flow of arsenic solutions (pH 2.1) the ion exchange became saturated and
then the solution in column became acidic producing iron desorption from the sponge
gradually, thus leading to a decrease on the arsenic adsorption. Moreover, as the
solution is under pH 2.1, the arsenic desorption occurred after previous adsorption, thus
producing at the column outlet a sharp increase of arsenic concentration leading to a
higher arsenic concentration than in the initial column incoming solution. The final
drop of the As(V) concentration at the column outlet is due to the readsorption of part
of the As(V) in column at the empty sites left by the previous As(V) release and thus

will reach the value of the input solution.
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3.1.6.The effect of bed volume

The influences of the height of the sponge bed on the adsorption capacity are shown in
Fig 3.13a, b. More adsorbent (sponge with SPION) makes the depth of bed volume to
be higher. When the As(V) solution go through the column, it has longer time to contact
with the adsorbent, in addition, multiple layer of the sponge with SPION can adsorb the

arsenic from the top to the bottom one.
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3.1.7.Adsorption isotherms

3.1.7.1. Langmuir isotherm

The experimental As (V) adsorption data have been treated to fit to Langmuir isotherm

showed in Fig 3.14. Langmuir isotherm equation (3.2) fitted well to the adsorption data.

103



C/Cx=1/KC +C/C, (3.2)

-C is the concentration of sorbate in the equilibrated solution, mmol/L
-Cx is the adsorption capacity in SPION, mmol/g

-Cm 1s the maximum adsorption capacity

-Kt is the Langmuir coefficients

The Langmuir coefficients Ki and C,, can be determined from the intercepts and slopes of the

plots C/Cy vs C, which are linear.
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Fig 3.14 Langmuir model

The isotherm parameters for the adsorption As(V) onto the sponge with SPION at
different temperatures were obtained from the Langmuir model by using the linear

fitting method.
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Table 3.1 The isotherm parameters for Langmuir model

T(K) 343 293
Cm(mmol/g SPION) 40.65 47.52
Cm(mmol/g sponge) 0.94 1.10
logKr(L/mmol) 1.73 1.84
AG® (kJ/mol) 9.0 -10.3
R? 0.99 0.98

The effect of isotherm shape can be used to predict whether an adsorption system is
“favourable” or “unfavourable” both in fixed-bed systems as well as in batch processes.
The essential features of the Langmuir isotherm can be expressed in terms of a
dimensionless constant separation factor or equilibrium parameter K, which is defined
by the following relationship:

1
T 1+KLCo

(3.3)

K indicate the type of isotherm, Cy is the initial concentration (mg/L), and Ky is the Langmuir

constant.
Table 3.2 Equilibrium constants
Values of K Type of isotherm
K>1 Unfavorable
K=1 Liner
0<K<1 Favorable
K=0 Irreversible
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Fig 3.15 plot of K against initial arsenic concentration at two temperatures.

Fig 3.15 with a relationship between K and Co was presented to show the essential
features of the Langmuir isotherm. The K values indicate that adsorption is more
favorable for the higher initial As (V) concentration than the lower ones and also it
indicate that adsorption is more favorable for the lower temperature than the higher

ones.

3.1.8. Modeling of Arsenic Adsorption by a Ligand-Exchange

Process.

A monodantate ligand-exchange mechanism, based on the Fe:As stoichiometry 1:1
previously discussed, is proposed for the adsorption of arsenic(V) on the SPION loaded
on the sponge, as it has been considered for other iron-based materials. The

corresponding reactions can be written as follows:
= Fe—OH + 45O, +xH" ©=FeH _AsO;° +H,0 ...........ccocoovvoeee . (3.4)®

With an equilibrium constant
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Ko=) (3.5)%
Fe|r ][ 4s]

Where [A_S]indicates the amount of arsenic species adsorbed on the SPION in the

sponge(mmol/g), [ﬁ]indicates the amount of iron adsorbed on the sponge and not

complexed with As(mmol/g), [H +]indica‘[es the concentration of free protons in

solution(mmol/g), and [A4s]indicates the free concentrations of the corresponding

ASOj_ ions in solution(mmol/g) which have been calculated from the experimental

values of total arsenic concentration.

From equation, defining Y (g/mmol)as

Ll (3.6)
Fe As]

Then

10QY = 10K — XPH «eeneie e 3.7

Y value at a given pH is estimated from the experimental data of arsenic adsorption

by considering the formation of monodentate®> Fe-As complexes on the sponge. [A_S]
is calculated from the differences in adsorption capacity between the SPION loaded
and the blank sponge at each pH. [F_'€] is calculated by subtracting the arsenic
adsorption capacity and the iron desorbed from the initial amount of Fe(IIl) in the
SPION-loaded sponge. [4s] in solution is determined as indicated in the experimental

part.

A plot of logY vs pH for As(V) is given in Fig 3.16. The values of x and logK obtained

by the least squares fit are shown in Table 3.3. The model indicates that HyAsO4™ are
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the As(V) chemical forms adsorbed on the SPION loaded in the sponge in the pH range

studied.

When reaction is expressed as a function of the adsorbed species, the stability of the

complexes can be accurately evaluated:

=Fe—-OH + H,AsO, < FeHAsO, + H,O
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Fig 3.16 Modeling of arsenic species adsorption on the SPION-loaded in the sponge: linear

relationship between log Y and pH for As (V).a) 20°C, b) 70°C

Table 3.3 Calculated Results from Fe-As Interaction Modeling Process Indicating the x and

logK Values by the Least-Squares Fit!”’
pH range X logk R?
20°C 1-8 0.40 4.20 0.84
70°C 1-11 0.10 1.02 0.38

As would be expected, As (V) adsorption on immobilized SPION is preferred under
20°C against that the adsorption performed under 70°C. Reversibility of both process
has already been proved by corresponding arsenic desorption from the SPION-loaded
sponge under 70°C. It also has proved the concept that the adsorption-desorption
process could be controlled by changing the temperature. The regeneration and reusing
of the adsorbent-SPION loaded sponge will be possible after desorption. Alternatively,
the sponge (which is an inexpensive material) could be compacted into an extremely

small volume and disposed as a hazardous waste.*®
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3.1.9.Thermodynamics Studies

The Gibb’s free energy change is calculated using K1 obtained from Langmuir model

and showed in Table 3.1. The equations are:

AG® = —RTINKL....cooneiee e (3.9)
and
AG =AH? —TAS? . oo (3.10)

where R is universal gas constant (8.314 J mol'K™!) and T is the absolute temperature

in K.

The negative values of Gibb’s free energy AG (-9.0kJ/mol under 70°C and -10.3 KJ/mol
under 20°C) confirmed the feasibility of the process and the spontaneous nature of
adsorption with a high preference of As(V) by Forager sponge with SPION. The
decrease in the negative value of AG with a decrease in temperature indicates that the
adsorption process of As (V) on adsorbent becomes more favorable at lower
temperatures. The maximum adsorption capacity for SPION loaded sponge
(0.933mmol/g in 343K, 1.094mmol/g in 293K) is consequence of thermodynamic

characteristics of the adsorption process by the related values of the parameters AG.

The enthalpy change, AH, and the entropy change, AS, for the adsorption processes
were obtained from the intercept and slope of Eq. (3.9) and found to be -122.150 kJ
mol™! and 337 J mol! K''in the temperature interval 293K to 343K (assume that AH
and AS is not function of T, is constant in this temperature range), respectively (shown
in Table 3.4). The negative value of AH° indicates that the adsorption reaction is
exothermic. The positive value of AS suggests that some structural changes occur at the
adsorbent surface, and the randomness at the solid/liquid interface in the adsorption

system increases during the adsorption process.
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Table 3.4 Thermodynamic parameters calculated

AG(kJ mol ™) AH(kJ mol ™) AS(J mol'K™)
293K -23.54 -122.15 337.00
343K -6.72

3.1.10. The dependence of separation factors on temperatures and

bed volumes:

As indicated from the above equation 3.8, it was found that pK, <0 and the arsenic acid
is a relatively strong acid and the removal of As(V) by anion-exchange is possible. As

the anion exchange behavior, the equilibrium separation factor, & , expressed as

follows.
X
oH" OH™ " H, 450}
O T e (3.11)
A0y x X
H,As0; " OH~

Where x and X are the equivalent fractions of ions under separation in adsorbent and

solution phases, respectively.

Table 3.5 separation factors

separation factor

Bed
70°C 20°C
volume

5 481.8 3061.2

8 545.8 11907.6

11 521.8 17861.9
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13 529.6 26793.4
16 569.1 17861.9
19 560.1 107176.5
21 664.7 107176.5
24 625.8 21434.5
27 461.0 26793.4
29 141.1 8930.5
32 38.5 4121.2
35 14.9 1622.9
37 7.8 652.5
40 4.5 288.7
43 32 143.1
45 2.0 74.5
48 1.6 42.2
51 1.2 254
53 0.8 16.2
56 0.6 9.7
59 0.5 6.7
61 0.3 4.9
64 0.3 3.6
67 0.2 2.7
69 0.1 2.1
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72 0.1 1.7
75 0.0 1.3
77 0.0 1.1
80 0.0 0.9
83 0.0 0.7

As can be seen from Table 3.5 that the separation factor has very strong temperature
dependence. Higher temperature leads to lower separation. The capacity of anion
exchange is very strongly at the beginning and meanwhile, increasing gradually as the

bed volume increases until the point of 21 bed volume.

Table 3.6 Comparison of the result with Jose Munoz’s work>¢

Fe loading Maximum adsorption | maximum adsorption
capacity(mmol Fe/g capacity(mmol As/g | capacity(mmol
sponge) sponge) As/mmol Fe)

Fe with 1.8 7.3

sponge 0.3+ 0.01

SPION with 1.1 11.5

sponge 0.1 + 0.003

The observed differences on Table 3.6 can be explained that the Fe (III) loaded
adsorption capacity is mainly due to the acid groups in the sponge. But the better
adsorption capacity of SPION loaded sponge is because of not only the acid groups but
also the good properties of SPION which has a high surface-volume ratio. The
nanostructure of the SPION make the adsorbent has big surface area, which has more
free sites for the adsorption. The reactivity of the adsorption process are more quickly

and adsorption are more efficiently.
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3.2. Application of Synergic thermo-tuning of redox

potential for clean removal of Arsenic

In the previous section, results including Arsenic adsorption-desorption and adsorbent
regeneration by controlling the temperature have been described. Previous
experimental and theoretical studies indicate that we can use the lower temperature for
adsorption and higher temperature for desorption, thereby provide a new method for

recovery of toxic element and regeneration of adsorbents

This section will provide results to demonstrate the concept of tuning redox potential
to achieve the adsorption-desorption and adsorbent regeneration. Then the application
of synergic thermo-tuning of redox potential for removal of arsenic oxyanions has been
studied. The present part relates to a reagent-less recycled method for arsenic oxyanions
removal from wastewater and provide and added value to the water decontamination
process. Thus, the new method for Arsenic adsorption/desorption and sorbent
regeneration with no reagents added by taking advantage of the synergic thermo tuning
of redox potential of the adsorption-desorption system has been developed. Methods
are based on sorption-desorption processes for the indicated oxyanions. Nanostructured
materials have been implemented as adsorption substances, being iron oxides
nanoparticles the active constituents. Reagent-less processes were developed by using
intensive thermodynamic parameters, e.g, temperature and/or redox potential of the
target solution. Appropriate tuning of these parameters will allow both process
selectivity and regeneration of the adsorption material. Synergic interaction of thermo-
tuning with redox variation will provide such results. Thus, this reagent-less method
could not only provide reagent savings for recovering the adsorbent, but also the

adsorbent recycling to be reused will contribute to a-cost efficient process.

After the investigation of temperature influence on adsorption-desorption, the redox

potential effect on adsorption-desorption, adsorbent regeneration has been evaluated.
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As indicated in the Methodology chapter, potassium dichromate has been used to
oxidize the As (III) to As (V)(conversion rate>91%) and Zn powder or Sn foil have
been used to reduce the As(V) to As(IlI)(conversion rate>90%). Since the adsorbent
has big difference adsorption capacity between As (V) and As (III), the adsorption-
desorption can be controlled by modifying the oxidation state. For example, the
adsorbent can better adsorb the arsenic by oxidizing all of the As (III) to be As (V) and

desorb the arsenic by reducing the As (V) to be As (I1I).

3.2.1. Experimental results of redox potential effect:
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Fig 3.17 Effect of oxidation state on arsenite and arsenate adsorption, adsorbent dosage 50mg,

pH=3.6, contact time 1hour, the initial concentration 1-100ppm.

Modifying the redox potential, therefore transforming between arsenite and arsenate,
in order to control the adsorption-desorption is attributed to the significant difference
adsorption capacity of SPION loaded sponge for As (V) and As (III), as shown in Fig
3.17. The adsorbent of SPION loaded sponge has much higher adsorption capacity for
the As (V) adsorption than that for the As(IIl), as consequence of different acid

properties of arsenate and arsenite. Many studies aiming at elucidating the structure of
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arsenate complexes adsorbed on iron oxide nanoparticles have been done. Extended X-
ray absorption fine structure (EXAFS)!"® and Fourier Transform Infrared Spectroscopy
(FTIR) "' have shown As(V) and As(Ill) to form monodentate and bidentate inner
sphere surface complexes with iron (hydr)oxide sites in co-precipitated and adsorbent
solids.> In the case of As(V), the possible chemical structures which arsenate may form
on the iron oxide surface upon chemical adsorption are different, such as monodentate,
bidentate mononuclear, bidentate binuclear. Although there is no consensus regarding
to the structure of the complex of arsenate bonding with iron oxide nanoparticles being
monodentate or bidentate, Some literature reports confirmed and demonstrated that
arsenic complexes were formed via the hydroxyl groups at the iron oxide surface.*
This is a very tight bond, and once the bond is formed, removal of the arsenic is difficult.
In the case of As(III) adsorption by iron (hydr)oxides, both bidentate binuclear-bridging
complexes(Fe-O-As(OH)-O-Fe) and monodentate complexes have been observed. !?A
monodentate complex is one in which a single oxygen atom from the arsenite oxyanion
coordinates a single structural Fe** at the iron (hydr)oxide surface, which is not

thermodynamically stable and the bond is easy to be broken. '8

By changing the redox potential, the transform between As (V) and As(III) will lead
the adsorption-desorption process and recycled use of the adsorbent. At the same time,
the thermo tuning can help the adsorption-desorption to be much more significant and

much quicker.
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Fig 3.18 redox potential-different time-desorption

The experiment of redox potential effect on desorption has been carried under 20°C
(shown in Fig 3.18). The adsorbent (sponge loaded with SPION) was used for adsorb
the arsenate, which make the surface and porous of the adsorbent is full of arsenate
(10.34mg arsenic/g adsorbent). Then, 50mg of Tin foil was used as the reduction
reagent for desorption, and the aqueous solution pH 3.6 with the contact time from 10-
300min. As time goes on, Sn could transform the arsenate to arsenite, which has weak
bond to the iron oxide nanoparticles, therefore desorb from the adsorbent. That means
the Tin change the redox potential, which could help to realize the desorption process.
Arsenate (As(V)) react with Sn in buffered aqueous solutions to produce arsenite
(As(1I1)).!8 The electron transfer reactions can be described in terms of

thermodynamics through the use of standard electrode potentials. '8!

3.2.2. Further proof of redox potential part

The potassium dichromate (K>Cr,O7) could oxidize the arsenite to arsenate by changing the

solution redox potential.
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Table 3.7 oxidation rate of As (III) to As(V) by potassium dichromate

Initial concentration | Concentration of After oxidation, Conversion rate
of arsenite(ppm) potassium concentration of
dichromate(mmol) arsenate(ppm)
94.9 1.3 87.2 91.9%
96.3 1.3 88.6 92.0%

Table 3.8 reduction rate of As(V) to As(IIl) by Zn powder

Arsenate loaded | After reduction, the After reduction, the Conversion rate
on the arsenic left in the arsenic left in the

sponge(ppm) sponge(20°C)ppm sponge(70°C)ppm

18.6 4.1 1.2 93.3%

18.9 3.8 1.8 90.4%

The oxidizing agent (potassium dichromate) could convert ~92% of arsenite to
arsenate (as shown in Table 3.7). Meanwhile, the reducing reagent (Zn powder) could
reduce the arsenate to arsenite (as shown in Table 3.8) by changing the redox potential,
the conversion rate could be ~90%, which is very high and could help the desorption
to happen. The arsenate could be much more adsorbed due to its acidity that provides
high proportion of deprotonated species presents in the media at the pH of study, thus
leading to a major contribution in the adsorption capacity. The sponge-SPION provide
more probability to interact with arsenate and react by ligand exchange to the adsorption
system. Thus arsenate has much higher adsorption rate than arsenite. By changing the

redox potential, therefore transforming the arsenite to be arsenate, could help the

adsorption to occur.
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3.2.3. Column Experiments

Working under the optimized parameters, the maximum adsorption capacity was
determined. Thus, the concept of thermodynamic effect on the adsorption-desorption
process was studied in batch mode. Adsorption experiments in continuous mode were
performed in order to observe the behavior of the adsorbent system in more close
conditions to conventional working mode. For such purpose, a laboratory column-
adsorption system, with column size of 20cmxl.5cm @, was implemented and
employed. Aqueous solution containing arsenic oxyanions was circulated through the
column and arsenic adsorption was monitored by determining its concentration at the
outlet. As an example, 1L of 250ppm arsenate solution was processed through the
column-adsorption system and the break-through curve was determined, yielding the
sponge-SPION adsorption capacity of 0.17mmol/g sponge (21.64mmol/g SPION),
almost twice the capacity found with the same sample in batch mode. As expected, in

continuous mode, the efficiency of adsorption process is higher than in batch mode.
3.2.3.1. Different dosage effect on adsorption capacity

1L of 250ppm arsenate solution was processed through the filtration and column-
adsorption system, yielding “zero” concentration of arsenic in the elute solution. The
sponge-SPION presents an adsorption capacity of 0.167mmol/g sponge (21.64mmol/g
SPION), almost twice with the same sample in batch mode. In continuous mode, the
efficiency of adsorption process is higher than in batch mode. The results show that
the column adsorptions are more effective than batch adsorptions. The adsorption

capacity of the system is very high at the beginning.
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Fig 3.19 Column mode —different dosage effect on elute concentration. Initial stock solution
concentration=250ppm, T=293K, 1g sponge loaded with SPION, pH=3.6.(Adsorption
capacity of 4g sponge-SPION=100.06mg As/g sponge, Adsorption capacity of 1g sponge-

SPION=99.14mg As/g sponge)

The observed data in Fig 3.19 shows the adsorption capacity obtained using 4g
adsorbent(sponge loaded with SPION) or 1g adsorbent is the same, which indicates the

homogeneity of the adsorbent prepared.

3.2.3.2. The synergic thermo tuning of redox potential-column mode:

Table 3.9 Combination of temperature effect with redox potential effect for desorption

After adsorption After desorption (20°C+ | After desorption (70°C+
reduction) reduction)
As in | As in Sponge- | As in | As in | Asin As in
Sponge | SPION(ppm) Sponge( | Sponge- Sponge(ppm) Sponge-
m SPION(ppm SPION(ppm
(ppm) ppm) (ppm) (ppm)
First 18.6 21.4 3.8 9.2 1.2 7.6
time
repeat | 18.9 21.2 3.5 9.5 1.8 7.3
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Table 3.9 shows that in the column mode, both of the temperature and redox potential
have significant effect on arsenic adsorption-desorption. It could be combined the
temperature effect with redox potential in order to get the better and stronger desorption
process without adding reagents. It shows that in the column mode, the adsorbent in the
column could firstly adsorb the arsenate and then, the loaded arsenate could be eluted
by the reduced hot solution. After elution, the adsorbent could be reused to adsorb the
arsenic again. Which means, the adsorption-desorption recycled process could be

realized and the adsorbent could be reused for several times.

3.2.3.3. Comparison of desorption by temperature-modifying and reduction-

tuning methods
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Fig 3.20 Comparison of desorption by temperature-modifying and reduction-tuning methods.

Heating: 70°C, Reduction: Sn
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Table3.10 elution recovery ratio

reduction heating
total elute,mg 101.47 93.08
recovery,% 96.52 85.64

A comparison of the temperature-modifying and reduction-tuning methods for
desorption has been shown in Fig 3.20. The desorption process can be accomplished by
high temperature condition, in our case, we use 70°C hot water to thermostatic the
elution solution passing through the column. Once the high temperature is stable (since
we use thermometer to monitor the temperature), the desorption process occurs.
Another way to realize desorption process is to use the reducing conditions. One small
column (10*1.0cm) was used to be filled by reducing agent, here we use Sn, this column
is connected with the big column which is used for desorption. The results reflect that
both temperature-controlling and reduction-tuning method could make effective the
desorption process. As the desorption efficiency of the system is very high at the
beginning showing a*“flash desorption” . The initial concentration of the elution shows
much more than 250ppm (here is 1506ppm), this is due to the concentrate effect of the
sponge-SPION during the adsorption process. The recovery efficiency of the arsenic
adsorbed in the sponge-SPION is high, showing 96.52% and 85.64% for each method,
respectively. Once finishing the desorption process, the adsorbent can be used again
(recycling) to adsorb arsenic oxyanions under room temperature. Such process could
be used in a continuous mode by applying temperature cycles. These experiments were
not yet accomplished and the present results state to establish the experimental

demonstration of the concept.
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3.2.3.4. Comparison of different methods for desorption

1600
1400
£1200
a
Q.
51000 F
g —8—clutionl-Heating-NaNO3
c 800 |
)
c . _
S 600 k === clution2-Reduction
©
g .
% 400 - l\ =¥ clution3-both
200 elution4-no heat-NaCl

0 250

Fig 3.21 comparison of different methods for desorption

500 750 1000 1250 1500 1750 2000
Number of bed volumn

Table3.11 comparison of recovery rate by using different methods for desorption

No heating-NaCl | Heating+Reduction | Reduction Heating+NaNOs
total elute,
mg 86.29 95.79 101.47 93.08
recovery,% 92.80 94.22 96.52 85.64

The comparison of different methods for desorption, the temperature with the help of

NaNO;s, the reduction-tuning methods, the thermo tuning of redox potential way as well

as the NaCl as desorption reagent for desorption have been evaluated as shown in Fig

3.21. In the case of NaCl at room temperature (no temperature effect and no redox

conditions), the 92.80% recovery rate is due to the strong affinity of the CI" for Fe(III)

present in SPION, helping thus the release of adsorbed arsenate. However, in the

desorption step, the effect of the anions NO* or CI, which could compete with the

arsenic oxyanions therefore could help the desorption process, show lower recovery

rate, which is 85.64% and 92.80% than those by the redox potential tuning effect, which
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is 96.52% and 94.22%, respectively. Which means that redox potential tuning has

stronger impact on the desorption process.
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3.2.3.5. Elution by different methods with different competing anions
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Fig 3.22 elution by different methods with different competing anions

The temperature influence has very significant effect on arsenic oxyanion desorption,
which make the process to be very efficient and fast (20ml/min). The comparison of
heating effect with of the help of NOs~, SO4%, Cl have been studied (shown in Fig 3.22).
The desorption is efficient and complete. The complete desorption is attributed to the
thermo tuning effect combined with the function of interference anions. The recovery

proportion is almost >90%.

Above all, the temperature and redox potential both have significant effect on
desorption, which make the desorption to be very efficient and complete. The efficient
and complete desorption process is attributed to the thermo tuning effect and to the
redox potential function. Again, this complete desorption results in a “clean” sponge
loaded with SPION, fully prepared for the next cycle of adsorption. The recovery

proportion is almost >90%.
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Table 3.12 Comparison of different methods for desorption

Reagent-less Reagent

Method or | Heating | Redox Heating+ | NaOH1.0M | NaCl

striping potential | redox 1.0M
solution potential
Recovery(%) | 85.64 96.52 94.22 48.6 67.5

Comparing the reagent-less method with those desorption reagents (shown in Table
3.12), the reagentless method is not only much more effective, but also save the cost
and environmental implication of the use of a reagent. Since our work is aimed for
recycling adsorption-desorption, adsorbent regeneration and reuse, keeping the
adsorbent to be the same and best pH condition for adsorption is very desirable. Thus,
either the temperature-controlling or the redox potential tuning method has no effect to
modify the pH. Reagent-less processes were developed by using these intensive
thermodynamic parameters, e.g, temperature and/or redox potential of the target
solution. Appropriate tuning of these parameters will allow both process selectivity and
regeneration of the adsorption material. Synergic interaction of thermo-tuning with
redox variation will be the object of future development of this process. Thus, this
reagent-less method could not only provide reagent savings for recovering the
adsorbent, but also the adsorbent recycling to be reused will contribute to a-cost and

environmental efficient process.

126



3.2.3.6. Several cycles loading-reuse of the adsorbent (SPION loaded sponge)
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Fig 3.23 Adsorption-desorption cycles. Use of the same column in five cycles

The various adsorption-desorption cycles for arsenic in Fig 3.23. The sponge loaded
with SPION as adsorbent under study reflect very good adsorption capacity that is
shown to maintain in the various cycles, therefore the recycled function of the adsorbent
and the reuse process are experimentally confirmed. This recycled process is not only
due to the good adsorption capacity of the adsorbent (sponge-SPION), but also to the
efficient elution method, which make the recovery of arsenic oxyanions to be complete
and the adsorbent (sponge-SPION) to be regenerated. It demonstrate again that thermo
tuning or redox potential effect on the removal of the toxic oxyanions and the adsorbent

regeneration is effective and efficient.
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3.2.4. As(IIT)-continuous column mode
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3.24 As(III) adsorption on sponge loaded with SPION in continuous column mode
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3.25 As (III) desorption on sponge loaded SPION in continuous column mode

Although arsenic adsorption/desorption behavior on iron (oxyhydr)oxides has been
extensively studied'®?, no one study about arsenic(IIl) adsorption/desorption behavior
using sponge-SPION system. The adsorption and desorption efficiency of As(IIl) in
continuous column mode has been determined as shown in Fig 3.24 and Fig 3.25,

respectively. For the As(III) adsorption column experiment, the initial concentration of
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the As(IIl) was 250ppm. 1L of 250ppm As(IIl) contained solution was used to pass
through the column under pH 6.5(since As(III) is not pH dependent, so we use just the
MiliQ purified water instead of buffer pH 3.6 (used for As(V) adsorption) to do the
adsorption/desorption experiment ). The column was filled with 1g of adsorbent-
SPION loaded sponge. While for the As(IIl) desorption process under the column
continuous mode, the high temperature hot water was used to make that the desorption
was undertaken in 70°C. The low adsorption and desorption capacity and efficiency of
As(III), compared with As(V) adsorption on sponge loaded with SPION confirm the
results obtained previously when working at room temperature!®®. The maximum
adsorption capacity of As(IIl) under column continuous mode is around 3.07mg
As(IIl)/g sponge (or 0.04 mmol As(IIT)/g sponge). The desorption is only observed in

the first elution tube(50mL) , meaning the process to be fast.

The arsenite could be much less adsorbed due to its acidity that maintain a high
proportion of deprotonated species presents in the media during the adsorption process
and thus leadingthe sponge-SPION to have less possibility to interact with arsenite,
compared with that interaction and affinity to arsenate which react by anion exchange
on the adsorption system. Therefore, this results supports again the concept of the redox
potential as key parameter to tune the Arsenic adsorption/desorption on SPION loaded

sponge system.
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3.2.5.As(V)+As (III) adsorption-desorption on sponge loaded SPION

in continuous column mode
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3.26 As(V)+ As(III) mixture adsorption on sponge loaded with SPION in continuous column

mode
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3.27 As (V)+As (III) mixture desorption on sponge loaded SPION in continuous column

mode
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The adsorption and desorption efficiency of As(V)+ As(Ill) mixture solution in
continuous column mode has been determined as shown in Fig 3.26 and Fig 3.27,
respectively. The results observed are due to the competitiveness between arsenate and
arsenite. The column results confirmed the results studies elsewhere that, taking into
account the related results for the individual species, arsenite is also adsorbed and

desorbed but in much less proportion than arsenate.>?

3.2.6.Cycled column experiment by modeling the real waste water

treatment

A series of adsorption/desorption experiments for modelling the real wastewater
treatment process were carried out in a column continuous mode to provide the basis

for a possible continuous removal of Arsenic in polluted waters.
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Fig.3.29 Adsorption/desorption cycles on a column continuous mode by using temperature

or/and redox potential to tune the process, comparing of different methods, a) 20 sample, b) 8

sample

The adsorption-desorption cycling process has been characterized (shown in Fig 3.28,
Fig 3.29). In these experiments, the continuous solution on column is of 50 ppm of

Arsenic. In this way, we will mimic a process of polluted water treatment.
The specific experiments are described as follows:

Experiment 1, elute by heating

1) Loading As(v) 250ppm on the column(1g sponge-SPION), collect the elute in six
50ml tubes to assume column saturation.

2) Elute the column by 50ppm As(v) solution, by heating to 70°C, collect the elute in
four 50ml tubes.

3) Repeat steps 1) and 2)

Experiment 2, elute by Sn-reduction precolumn

1) Load As(v) 250ppm on the column(1g sponge-SPION), collect the elute in six 50ml
tubes to assure column saturation.
2) Elute the column by 20ppm As(v) solution, by passing the Sn-redox
column(80g),collect the elute in four 50ml tubes.
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3) Repeat steps 1) and 2)

Experiment 3, Heating+Redox : In this case, the continuous flowing solution is heated
and passed by the solid Sn precolumn

1) Load As(v) 250ppm on the column(1g sponge-SPION), collect the elute in six 50ml
tubes to assure column saturation.

2) Elute the column by 20ppm As(v) solution, passing the heated solution at 70°C by
the Sn-redox pre-column(80g), and collect the eluate in four 50ml tubes.
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Fig.3.30 Comparative results of different methods for desorption concentration
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Fig.3.31 Comparative results of different methods for desorption capacity

It is observed that by tuning the thermodynamic parameters, such as the temperature, the redox

potential as well as the combining thermo tuning of redox potential, the desorption is produced.

The comparison of heating, redox as well as the heating combined with redox effect on
desorption process have been performed and studied as shown in Fig 3.30 and Fig 3.31.

Results indicate the positive synergism between temperature and redox potential.
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3.2.7.Real waste water

The real waste water sample has a high concentration of iron, which has has to be

eliminated before arsenic removal.

Table 3.13: Original concentrations of different elements in real waste water

ppm
Fe 979
Al27 773.5
Mg 26 715.5
Zn 198.5
Cu 194.8
Mn 55 74.2
Ca 44 39.9
Si 28 34.7
Na 23 14.1
Co 59 7.0
As 3.1
Li7 2.8
Ni 2.2
Cd114 2.1
Sr 88 1.8
Ba 138 1.5
Ti 47 1.4

136



Cr 52 1.3
V51 13
Sb 123 1.3
Mo 95 1.3
Ag 107 1.0
Se 82 0.4
Pb 0.2

The real waste water sample is from Rio Tinto river from Huelva province, Andalucia
(Spain) and was provided by the Spanish company AGQ Mining and Bioenergy. Waste
water sample was analysed by ICP-MS and we can observe a high concentration of iron

to be eliminated before arsenic removal.

A sample pretreatment by bubbling air for 4 hours, to oxidize the Fe** to Fe*". In
addition, the pH of the real waste water (originally 2.45), is changed to be 3.6 by adding
NaOH. The precipitate is removed by using a filter, obtaining “iron-free” wastewater.
But at the same time, the arsenic is also partially removed since it is adsorbed on the
precipitated iron hydroxide. For this reason and to observe the influence of the waste
water matrix, we proceeded to doping with 60ppm arsenate the waste water “iron-free”

solution (WW). The resulting WW was treated with sponge-SPION adsorbent

After treating the wastewater, the arsenic is adsorbed and the results are shown below
in the Table 3.14 and the comparison the results with that represent the data previously
obtained for the synthetic As(V) solution was shown in Figure 3.32 . As expected, The
first sample demonstrate that the method performs well because almost all the arsenic
present in the first 50mL has been adsorbed in the SPION loaded sponge despite other
elements presented in the sample can be adsorbed too (ICP show that interfering

elements such as Zinc or Copper are present in a higher concentration than arsenic), the

137



removal efficiency is very good at the beginning (97.82% removal). However, if
passing more volume of the real waste water, the removal percentage of the arsenic
species is sharping down since the interference ions, which compete with the arsenic
oxyanions to be adsorbed. Therefore, the removal of the interference ions before
adsorbing the arsenic species is very necessary and important. The method will perform

better if instead of one column is used creating a system of columns interconnected.

Table 3.14: Real waste water absorption results(initial concentration 45.29ppm)

sample 1 2 3 4 5 6 7 8 9

Real 0.99 | 22.7 | 36.1 39.4 39.6 443 | 433 | 44.0 | 438

Concentrati

on(ppm)

Removal 97.8 | 36.1 20.4 13.1 12.5 23 4.5 2.9 33

percent(%o)

120.00

—@— synthetic water
100.00

real waste water

80.00

60.00

40.00

removal percentage(%)
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Figure 3.32 Comparison the results of arsenic removal efficiency with that represent the data

previously obtained for the synthetic As(V) solution
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3.3. Kinetic and Dynamic Aspects of Selenate and selenite
adsorption by y-AlOs nanospheres

3.3.1. Characterization of adsorbent material--SEM-EDX analysis

Adsorbent (i.e. Y-Al203 nanosphere) shape and size impact the adsorption capacity of
the adsorbent. SEM images of fresh y-AlxO3 nanospheres indicate that the material is
composed of individual, hollow-spherical particles ranging in size from 200 to 400nm
that form aggregates and chains (Fig3.33a). This small y-Al,O3; nanospheres provides
a large surface area for contaminant adsorption. Energy Dispersive X-ray (EDX)
analysis data (Fig3.33b) show that the main compositions of the sample are Al and O,
which confirms the nanosphere composition. The SEM images of Y-Al2O3 nanospheres
after adsorption for the selenium was shown in Fig 3.33c. The adsorption of selenium

on the Y-Al>O3 nanospheres did not influence the structure of the nanoparticles.

EHT =10.00 kv
WD = 48mm
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Fig 3.33 SEM image of Y-Al,O3 nanospheres a) before adsorption of selenium b) EDX

analysis c) after adsorption of selenium

3.3.2. Comparison of AIOOH, y-Al:O3, modified y-AlO3 for

selenium adsorption

> with nanoflake-like

AIOOH hierarchically nanostructured hollow microspheres'®
porous surface textures was fabricated in our lab by chemically induced self-
transformation of metastable solid particles of amorphous aluminum oxyhydroxide
produced in situ within hydrothermal reaction mixtures containing aluminum sulfate

and urea.''' The hollow structured Y-AIOOH microsphere has first been used for

selenium adsorption to see how it behaves and how much the adsorption capacity of the
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Y-AIOOH microsphere is. AIOOH hierarchically nanostructured microspheres are used
as the precursor and template for the preparation of Y-AlOs; hierarchically
nanostructured nanospheres by thermal transformation of AIOOH at 600°C in
microwave, and the morphology is well preserved during the thermal transformation
process. This process produce intact hollow spheres of y-AlO3. The comparison
between the adsorption of selenate and selenite by Y-AIOOH microsphere and y-AlO3
nanospheres has been studied and the results are shown in Fig 3.34. The Y-AlO;
nanospheres has much higher adsorption capacity for adsorbing selenate and selenite
than that of Y-AlIOOH microsphere. Therefore, in the following work, we use Y-ALO3

nanospheres as the adsorbent for selenate and selenite adsorption.
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Fig 3.34 Comparison of Selenium adsorption by either AIOOH or y-Al>O;

3.3.3.pH effect on adsorption.

The pH level of the aqueous solution is an important variable for the selenium
adsorption process, due to the speciation of the chemical functional groups present on
the adsorbent surface. So, the effect of the aqueous solution pH on the removal
efficiency of the aluminum nanoparticles for selenium was studied between pH 2.0 and

11.0 (acetic/acetate media) under temperature 20°C and 70°C, respectively (Fig 3.36a,
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b). Either under 20°C or 70°C, the results obtained reveal that the adsorption of both Se
(IV) and Se (VI) are pH dependent. The observed pH effect revealed the adsorption of
Se (IV) and Se (VI) is maximum at pH 2. The adsorption of selenium is occurring
through a hydrogen bridge formation and it is coherent with the behavior against the
pH, decreasing at more alkaline pH values. In the case of Se (VI) the sorption decreases
as the percentage of the aqueous species HSeOs™ decreases. For sorption edge coincides

with the predominance of HSeOs™

Selenate adsorption primarily occurs under acidic conditions, as shown in Figure 3.36.
In the pH range studied, the dominant selenium species is SeO4>-, since the pKa for
Selenic acid is 2!%. With an increase in pH, SeO4>- adsorption rapidly decreased. At
pH 3.6, the total percent of adsorption was 91%. When pH was higher than 8.0, very
little adsorption was observed. This effect can be interpreted as the Se(VI) adsorption
taking place by the formation of a hydrogen bridge between the y-Al2O3 and the
Selenate oxyanion, thus a certain acidity is needed to maintain such hydrogen bridge,
this would explain the decrease of the adsorption of Se(VI) by increasing pH. Se (IV)
species in aqueous solution include selenious acid (H2SeOs,pKai;=2.6), biselenite
(HSeO*, pKa>=8.3) and selenite (SeO3%"). Thus, between pH 3.5 and 9.0, the biselenite
ion is the predominant ion in water. Above pH 9.0 selenite species dominate, and as the
pH decreases below pH 2.6, selenious acid dominates. Se(IV) sorption decreases at
alkaline pH due to the decrease of the fraction of aqueous species of HSeOs3™ that

provides the hydrogen bonding interaction with the y-Al,O3.184
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Fig3.36. pH effect on selenium adsorption, initial concentration: 1ppm, using 0.005g

aluminum nanosphere as adsorbent. 25mL, contact time is 18h. a) 20°C b) 70°C

The observed differences on adsorption behavior between Se (IV) and Se(VI) are due
to the differences on acidity of the corresponding oxyanions that need the formation of

corresponding hydrogen bonding with the corresponding Y-Al>O3.
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3.3.4.Initial concentration effect on selenium adsorption

These experiments are planned to assess the effect of the initial selenate and selenite
concentration on the sorption process and estimate the maximum aluminum nanosphere
adsorption capacity for both species. The adsorption of selenium oxyanions by y-Al,O3
nanospheres is determined in a proper initial selenium concentration range at pH 2. The
effects of the initial selenium concentration (from 2ppm to 100ppm) on the adsorption
capacity by the Y-Al>O3 nanosphere are shown in Fig 3.36. The increase of adsorption
capacity when the initial selenium concentration increases can be explained in terms of
diffusion resistance. Adsorption capacity equilibrium is reached when the surface of y-
Al>03 nanosphere does not have free sites for the selenium oxyanions uptake, being
saturated.!3® It is probably another explanation that, as mentioned before, a higher
probability of collision between adsorbate (arsenate) and adsorbent(sponge loaded with
SPION) surface happens as initial concentration increases, which could overcome the

mass transfer resistance between the aqueous and the adsorbent phases.!'”*
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Fig3.36. Se (VI) and Se(VI) initial concentration effect on selenium adsorption, initial
concentration: 1 ppm, using 0.005g aluminum nanoparticle as adsorbent. 25mL, contact time is

18h.

3.3.5. Adsorption Isotherm modeling.

In these experiments the effect of the initial Se (IV) and Se (VI) concentration on the sorption
of Se (IV) and Se (VI) was studied in order to estimate the maximum loading capacity of y-
AlOs nanoparticles.The obtained results are not fitted to Langmuir isotherm, fitted to the well-
known Freundlich isotherm model, as shown in Fig3.38. The experimental observation are in

good agreement with the Freundlich model'®
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Fig3.37 Freundlich isotherm model for the adsorption of Se (VI) and Se(IV) by y-Al,Os3

nanosphere
Table 3.15 Freundlich parameters
logks 1/n R?
Se(IV) -0.76 0.59 0.92
Se(VI) -0.58 0.65 0.92
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Regarding the corresponding correlation coefficient values obtained, the Freundlich
isotherm fits the data showing that the adsorption process not rely on a specific sites
adsorption mechanism but in the multilayer of the surface not occupying specific sites
on the adsorbent. The adsorbent (here is Y-Al>O3 nanospheres) is not homogeneous but

it is heterogeneous.

3.3.6.Evaluation of thermodynamic parameters

The influence of the temperature on the equilibrium constant k can be described by the

following relationship:

ln(%)=%*(%—%) ......................................................................... 3.11

And K can be calculated by the equation:
K = g0 . e 3.12

Table3.16 Differential enthalpies of complexation for hypothetic nanoparticles with

selectivity dependent on temperatures

343K-293K | K(T2)/K(T1) | Ln(K2/K1) AH,KJ/mol | LogKf | 1/n
Se(IV) 0.43 -0.84 -13.96 0.77 | 0.59
Se(VI) 0.79 -0.24 -3.93 578 | 0.65

It was observed from Table 3.16 the AH value shows that lower temperature favor removal of
selenium within the defined range of study. The reaction could be attributed to the fact that the
adsorption of selenium oxyanions onto the surface of the y-Al,Os nanosphere could be favored
by elimination of water molecule previously bonded to the surface of the adsorbent favoring
the increase of entropy value. The negative value of AH confirms the exothermic nature of the
adsorption process. The AH value of Se (IV) and Se (VI) between 20°C and 70°C were -14.0

KJ moland -3.9 KJ mol! shows that lower temperature favor removal of selenium.
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3.3.7. Adsorption dynamics

The variation of contact time is one of the most important parameters in determining
the adsorption potential of an adsorbent material, the adsorption dynamics. Adsorption
of selenium by aluminum nanospheres was studied within a time period of 2-4320min
(2min to 72h). As shown in Fig 3.38, the equilibrium adsorption of selenium can be
obtained in 6h under 20°C at pH 2, the adsorption of selenium presents an anion
exchange behavior. The reason could be attributed to the availability of high surface
area as well as porous structural features facilitating easy removal of selenium. Apart
from this, surface hydrophilicity could be a factor responsible for anion-surface
functional group interaction which is entropically favorable. On the other hand, for

70°C, the maximum adsorption was attained in 14 hours.
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Fig3.38 Variation of contact time period, pH=3.6, conc. of Se(IV) or Se(VI): 1ppm; adsorbent

dose:5mg.a)20°C, b) 70°C

3.3.8.Adsorption Kkinetics

Adsorption of selenium oxyanions on Y-Al,O3 nanospheres is a complex process. The
adsorption mechanism during the present adsorption process involve the potential rate
controlling steps such as mass transport, pore diffusion and chemical reaction processes.
Indeed, the speed of adsorption is strongly influenced by several parameters such as the
status of the solid matrix that has generally heterogeneous reactive sites, and the

physical-chemical conditions under which the adsorption take place.'®

In order to understand kinetics process and predict the mechanism involved during the
present adsorption process, the adsorption data were analyzed and two kinetic models
were used to fit the experimental data, namely, pseudo first-order (shown in Fig 3.39)
and pseudo-second-order(shown in Fig 3.40). The pseudo first order kinetic model was
based on the capacity of the solid adsorbent by considering that the rate of occupation
of adsorption sites is proportional to the number of unoccupied sites. The best-fit model

was selected based on both linear regression correlation coefficient (R?) and the
148



calculated g values.The correlation coefficients for Lagergren irreversible first-order
model obtained were low. Therefore, the reaction involved in the present adsorption
system is not of the first-order. The calculated qe by this model differs significantly
from those measured during the experiment. The kinetic studies show that they are
fitted very well to the pseudo-second order, which showed the best fit to the
experimental data with the highest squared correlation coefficients (R? = 0.999) and the
theoretical Qe give acceptable values when compared to the experimental ones. This
suggests that selenium oxyanions were adsorbed onto the aluminum nanosphere surface
via chemical interaction, which is probably involving valency forces through sharing
or exchange of electrons between sorbent and sorbate, and provides the best correlation

of the data.

o 2:500 y =0.0088x + 1.1051
5000 R? = 0.9409

0 100 200 300 400
T,min

Fig3.39 Pseudo-first order adsorption kinetics plots for the adsorption of selenite by y-AlOs3
nanosphere. The initial concentration of Se (IV) was 1ppm, the adsorbent dosage of Y-Al,Os
nanosphere was Smg, and the volume of the adsorption aqueous system is 25mL. The

experiment was undertaken under 20°C.
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Fig 3.40. The plot of t qt-1 vs. t showing the linear nature of second-order kinetic model for
aluminum nanoparticle, adsorbent dose, Smg, pH 3.6. a. Se(IV) and Se(VI), 20°C; b Se(VI) and

Se(VI), 70°C
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Table 3.17 Pseudo-second order kinetic constants for the adsorption of selenium oxyanions on

Y-Al,O3 nanospheres

K>(g/mg min) Qe (mg/g) R?
Se(IV) 20°C 0.054 4.29 0.9999
Se(VI) 20°C 0.058 4.16 0.9998
Se(IV) 70°C 0.053 4.33 0.9996
Se(VI) 70°C 0.048 4,55 0.9985

Pseudo second-order adsorption parameters q. and K> were determined by plotting t/qt
versus t., the analysis of tabular data (shown in Table 3.17) reveals that values of both ge, exp
and qge.cal for pseudo second order kinetic model are close to each other with relatively higher
correlation coefficient (R?) value. Given the good agreement between model fit and
experimentally observed equilibrium adsorption capacity, this suggests that selenium
ions were adsorbed onto the aluminum nanoparticle surface via chemical interaction.

The adsorption kinetics can be conveniently represented by the pseudo second order model.
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3.3.9. Comparison of adsorption capacity between y-Al;O3

nanosphere and modified y-AlOs; nanosphere
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Fig 3.41 comparison of adsorption capacity between Y-Al,Os and Modification of Y-AlLO;

Some studies on 3-mercaptoproponic acid (3-MPA) coated SPION have been done in
order to modify the change the aggregation properties of SPION and link the thiol
groups to SPION surface in order to improve the adsorption capacity and selectivity of
SPION®2, In our case, the Y-Al,O3 nanosphere has been modified by diethylammonium
N,N-diethyldithiocarbamate(DDC)'®’, since this organic reagent has the thiol group'®®,
which also could bond with y-Al,O3 nanosphere!®, therefore make the nanospheres to
be less aggregated and increase the surface area. Thus, it should improve the adsorption
capacity of Y-Al,O3 nanosphere for selenium adsorption. The results of comparison of
adsorption capacity betweeny-AlO; nanosphere and DDC modified Y-Al,0O3
nanosphere has shown in Fig 3.41. It has demonstrated that DDC modified Y-Al,O;
nanosphere has higher adsorption capacity for selenate. However, in the pH range of
2.8-6.0, the Y-Al,O3 nanosphere has higher adsorption capacity for selenite than
corresponding to DDC modified Y-Al2O3 nanosphere for selenite. When pH>6.0, the

phenomenon is opposite. This could be interpreted as a change on the type of adsorption
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interaction between the adsorbent and target Se oxyanions. In the DDC modified
surface, the role of the thiol group much less acidic will provide the needed hydrogen

bond interaction.

3.4. Kinetic and Dynamic Aspects of Selenate and selenite
adsorption by sponge loaded with superparamagnetic iron

oxide nanoparticles (SPION)

From the previous part, it was found that the y-Al>O3 nanospheres can be used as
potential nano-adsorbents for the removal of Se (IV) and Se (VI) oxyanions, especially
Se (IV) species since it showed higher adsorption capacity for Se (IV) than that for Se
(VI), mostly due to the difference on acidity of the related oxyanions. In this part, the
sponge loaded with SPION is introduced again for the adsorption of selenium
oxyanions. The results show that sponge loaded with SPION has much better adsorption

capacity for selenate than that for selenite.

The results show that when sponge loaded with SPION as the adsorbent for selenium
adsorption, the adsorption capacity of SPION-sponge for selenate is much higher than
that for selenite. The maximum adsorption for selenate and selenite on sponge loaded
with SPION was achieved at pH 3.6 in 1 hour under 20°C and 6 hours under 70°C,
respectively, while time for obtaining equilibrium of selenite needs 14 hours under 20°C

and 24 hours under 70°C.

On the other hand, a comparison of these results with those obtained for Arsenic
adsorption, it is observed a parallel phenomenon, thus, sponge loaded with SPION have
better adsorption capacity for As(V) and Se(VI) and lower adsorption capacity for
As(Ill) and Se(IV). Such similarities support the suggested chemical interactions
between SPION constituents and target oxyanions. Thus, in this system, the ion

exchange reaction is taking place for both elements and this is why the relatively
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stronger acids corresponding to oxyanions of As(V) and Se(VI) have higher adsorption
and at lower pH value, since these oxyanions have higher concentrations under such
conditions. On the other hand, the acids corresponding to oxyanions of As(IIl) and
Se(IV) are much weaker acids, so their ionization take place at high pH values where
the competition with hydroxyl anions hinder their possibilities for adsorption on SPION

based adsorbent.

Moreover, by using sponge-SPION as adsorbent, the selenium continuous column
mode experiment show very similar adsorption-desorption properties as observed for

Arsenic oxyanions adsorption/desorption processes.

Therefore, it can be concluded that selenium adsorption by y-Al203 nanosphere
represent a very different adsorption system behavior than that of SPION based
adsorption even if the thermodynamics show similar trend on the associated AH, so,
same temperature-dependence effect on adsorption process while the selenate/selenite
adsorption by sponge-SPION gives the same temperature impact and redox potential

effect as those with arsenate/arsenite adsorption properties by sponge-SPION.

3.4.1.SEM characterization

The surface morphology of sponge and sponge loaded with SPION were characterized
by SEM techniques. Figure 3.42 shows the SEM micrographs of the (a) Forager sponge
and (b) sponge loaded with SPION. It is observed that the sponge is porous and the
SPION is impregnated to penetrate inside of the sponge pores providing a complete
SPION layer on the sponge surface,*® which could be confirmed by the TEM results
reflected in the first part. In addition, these figures reveal the surface texture and
porosity of the blank and loaded adsorbent!®*. It can be seen from these figures that the

surface texture of the blank adsorbents changes drastically after the loading of SPION.
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Fig3.42 Scanning electron microscopy(SEM) micrographs of sponge:(a) sponge;(b) sponge

loaded with SPION

3.4.2. pH effect on selenate and selenite adsorption

Once using the sponge loaded with SPION to adsorb the selenate and selenite, the pH
influence on selenate and selenite adsorption capacity has been studied between pH 2.0
and 11.0 (acetic/acetate media)(Fig 3.43a,b). The results obtained revealed that the
adsorption of both Se (IV) and Se (VI) are pH dependent. The observed pH effect
revealed the adsorption of Se (IV) is maximum at pH 2, while for Se (VI),the maximum
adsorption is at pH 3.6. The adsorption of selenium presents an anionic behavior,
decreasing at more alkaline pH values because of the competition of the hydroxyl
groups. In the case of Se(VI) the adsorption decreases as the percentage of the aqueous

species HSeO4 decreases. For sorption edge coincides with the predominance of

HSeOs".

A comparison of the observed pH effect with those obtained on previous As (V)
adsorbent studies, e.g sponge loaded with SPION, revealed similar behavior with a
maximum adsorption at pH 3.6. This similarity supports that arsenic and selenium
species responsible of the adsorption are of the same type. The arsenic and selenium
oxyanions both show the ion-exchange with amine groups of the sponge and ligand
exchange with the SPION. The arsenate and selenate probably interact with the R-Fe-

OH by forming related ion pair.
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Fig 3.43 pH effect on selenite adsorption capacity, adsorbent dosage=0.005g, contact time=6h,

the initial concentration of selenite is 1ppm.a) Se(IV), b) Se(VI)

3.4.3. Contact time effect on selenite and selenate adsorption

The results (shown in Fig 3.44) show that when sponge loaded with SPION as selenium
adsorbent, the adsorption capacity of SPION-sponge for selenate is much higher than
that for selenite. This can be interpreted as the anion exchange is more favorable to the

more free anion Selenate against the Selenite less ionized. The maximum adsorption for
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selenate on sponge loaded with SPION was achieved at pH 3.6 in 1 hour under 20°C
and 6 hours under 70°C, respectively, while time for obtaining equilibrium of selenite
on sponge loaded with SPION needs 14 hours under 20°C and 24 hours under 70°C.
This result show very similar adsorption phenomenon, therefore sponge loaded with
SPION have better adsorption capacity for As(V) and Se(VI) and lower adsorption
capacity for As(IIl) and Se(IV) as a results of the different strength of related acids. The
thermodynamic parameters for the sorption of Se (VI) and Se (IV) indicate exothermic

behavior!'#’

. Which represents the similar thermodynamic properties as those of As(V)
and As(III). That means, the adsorption-desorption of Se(VI) and Se(IV) could be done
by tuning of the redox potential. Since the sponge loaded SPION has much higher
adsorption capacity for Se(VI) than that for Se(IV), therefore the transformation of

selenite to selenate could help the adsorption happen and reduction of selenate to

selenite could make the desorption to realize.
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3.4.4.Adsorption Kinetic study

Pseudo second order equation was fitted to the experimental data using a non-linear
regression method. This was accomplished by minimizing the respective coefficient of
determination between the experimental data and predicted values'®*. The best fit
values of qe and k», along with the correlation coefficients R? for the selenium adsorbed
by sponge loaded with SPION systems and the optimum values of the kinetic
parameters are given in Table .From the linear test regression presented in Figure 3.45,
it can be concluded that the experimental data fitted well the pseudo-second order
kinetics. The calculated correlation coefficients were also closer to unity for pseudo
second order kinetics, which indicated that chemical sorption is the rate controlling step,
as expected. Therefore, the sorption can be approximated more appropriately by the
pseudo second order kinetic model for the adsorption of Se (IV) and Se (VI) onto
sponge loaded with SPION. The equilibrium adsorption capacity of the sponge loaded

with SPION for selenate and selenite under 200C were 0.96,1.16mg/g, respectively.
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While under 70°C, the equilibrium adsorption capacity of adsorbent for selenate and

selenite were 1.61, 4.94mg/g, respectively.
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Fig3.45 The pseudo second order adsorption kinetics for the selenium adsorption by sponge

loaded with SPION under (a) 20°C (b) 70°C.
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Table 3.18 Pseudo-second order kinetic constants for the adsorption of selenium oxyanions on

sponge loaded with SPION

Ka(g/mg min) | Qe (mg/g) R?
Se(IV) 20°C 0.50 1.0 0.9991
Se(VI) 20°C 0.03 5.2 0.9954
Se(IV) 70°C 0.70 1.6 0.9999
Se(VI) 70°C 0.02 4.9 0.9988

3.4.5. Column continuous mode

The column continuous mode of Se (VI) adsorption-desorption is shown in Fig 3.46
and Fig 3.47. The adsorption-desorption behavior of Se(VI) on sponge loaded with
SPION is very similar to that of As(V) on this adsorbent. The adsorption of the system
is very efficient. At the beginning, the Se (VI) concentration of elute solution is about
“zero”, under the detection limit of ICP-MS, which means the concentration for sure
will be lower than “10ppb”. The treated water is having Se level as low as the drinking
water, since it requires the standards of drinking water. After loading, the sponge loaded
with SPION may be saturated of Se (VI). Under this condition, the adsorbent could be
desorbed by tuning temperature or redox potential, as the same procedure as the one
used before for As (V) adsorption-desorption. The desorption shows the similar
behavior as those of sponge loaded with SPION for As (V) too. The desorption process
was performed under high temperature condition, in our case, we use 70°C hot water
for passing through the column. Once the high temperature atmosphere is stable (since

we use thermometer to monitor the temperature), the desorption experiment took place.
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4. Conclusions

The results obtained in this work involve the development of methods to recover water
contaminants by adsorption processes and to regenerate and reuse the adsorbent.
Specifically, these methods are related to reagent-less processes for target pollutants
removal, providing thus and added value to the contaminated water treatment. In our
case, the methods concern with arsenic and selenium oxyanions removal in aqueous
solution. Methods are based on sorption-desorption processes for the indicated
oxyanions. Nanostructured materials have been implemented as adsorbent materials,
being either iron oxide nanoparticles or aluminum oxide nanospheres the active
adsorption substances. Influence of intensive thermodynamic parameters such as
aqueous solution Temperature and Redox potential have been investigated. Reagent-
less processes were developed, which allow the adsorption-desorption, adsorbent
regeneration, are based on thermodynamic parameters tuning. Synergic interaction of
thermo-tuning with redox variation will provide such results. It can be concluded that
the method of synergic thermo tuning of redox potential could save amount of reagent
for regenerating the adsorbent, therefore adsorbent recycling to be reused will

contribute to a cost efficient process.

4.1. Concept of temperature tuning on Arsenic oxyanions

adsorption-desorption by sponge loaded with SPION

4.1.1 Digital microscope has been used to observe the morphology of both the blank
sponge, sponge loaded with SPION before and after adsorption of target pollutant. TEM
characterization has been carried out to check the nanoparticle size and dispersion.
Superparamagnetic iron oxide nanoparticles are very easy to aggregate leading to a non
homogeneous distribution. After loading on the sponge, they observe homogenous
dispersion on the surface of the sponge that has porous structure. SPION particle size

are between 6-20nm.
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4.1.2. The adsorption performance of SPION loaded sponge for arsenic oxyanions have
been evaluated by using both batch and column continuous mode. It can be concluded
that the sponge loaded with SPION has shown good adsorption capacity for arsenic
removal. Compared with other adsorbent previously reported in the literature, they
show better adsorption capacity, therefore can be considered as effective adsorbent for

arsenic removal from the contaminated effluents.

4.1.3. The adsorption capacities of SPION loaded sponge for arsenate/arsenite were
influenced by pH conditions of aqueous solutions, the adsorbent dosage, contact time
periods, and the initial arsenic oxyanion concentration as well as temperature . The
arsenic (V) oxyanion adsorption process and performance are pH dependent while
arsenic (III) is not. Related anion exchange process in on the basis to this behavior,
since for As(V) anionic species are present in the whole range of studied pH because
of its relative strong acid properties, while for As(IIl) they are only present at very high
pH because of the weak acid properties. In addition,the result shows that under 20°C,
the maximum adsorption for arsenate on sponge-SPION was obtained in an acid media
(pH 3.6) in 1 hour contact time as consequence of the arsenate acidic properties. Under
70°C, desorption process occurs as contact time increases, desorption equilibrium was
then gradually achieved with 2 hours. . The experimental data fitted well to the
Langmuir isotherm models. The maximum adsorption capacity of SPION loaded sponge for
arsenate removal by Langmuir isotherm model were 47.52mmol/g SPION on 20°C and

40.65mmol/g SPION on 70°C, respectively.

4.1.4. Thermodynamic parameters of related adsorption equilibrium have been
evaluated including the equilibrium constant K, as well as Gibbs free energy. This value
shows the adsorption process to be favorable and spontaneous. The thermodynamic
affinity defined by log K=4.198 and log K=1.023 under 20°C and 70°C were
determined, respectively. Accordingly, the decrease in the negative value of AG® with

a decrease in temperature indicates that the adsorption process of As (V) on adsorbent
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becomes more favorable at lower temperatures. The enthalpy change, AH®, and the
entropy change, AS°, were found to be -122.150 kJ mol! and 337 J mol! K,
respectively. The negative value of AH® indicates that the adsorption reaction is
exothermic. The positive value of AS° suggests that some structural changes occur on
the adsorbent, and the randomness at the solid/liquid interface in the adsorption system
increases during the adsorption process. Separation factor has very strong temperature
dependence. Higher temperature leads to a lower separation. Arsenic is, thus, found to

be more strongly adsorbed on the sponge -SPION under 20°C than that under 70°C

4.1.5. The effect of temperature on the adsorption of As (V) was also studied in the
continuous column mode by evaluating the adsorption at the temperature 10°C, 20°C
and 70°C. The adsorption phenomenon increases with the decrease of temperature.
Compared with previous work using Fe(III) loaded sponge, SPION loaded sponge has
a higher adsorption capacity for As(V) (expressed per mol of Fe on adsorbent).Thus,
for SPION the maximum adsorption capacity was found to be 11.455 mmol As/ mmol
Fe while the Fe(IIl) loaded sponge the maximum adsorption capacity was of 7.32mmol

As/mmol Fe.

4.1.6. All of the experimental and theoretical studies indicate that we can use the lower
temperature for adsorption and higher temperature for desorption, thereby it will

provide a new method for recovery of toxic element and regeneration of adsorbents

4.2. Application of Synergic thermo tunning of redox

potential for Arsenic removal

4.2.1. After the investigation of temperature influence on adsorption-desorption, the
redox potential effect on adsorption-desorption, adsorbent regeneration has been
evaluated. The potassium dichromate has been used to oxidize the As(II) to
As(V)(conversion rate>91%) and the Zn powder or Sn foil have been used to reduce

the As(V) to As(Ill)(conversion rate>90%). Since the adsorbent has remarkable
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difference of adsorption capacity between As (V) and As (III), the adsorption-
desorption can be controlled by changing the oxidation state of As. For example, the
adsorbent can adsorb the arsenic by oxidizing all of the As (III) to As (V) and desorb
the arsenic by reducing the As (V) to As(III).

4.2.2. The sponge-SPION provides higher probability to interact with arsenate than
arsenite and react by anion exchange to the adsorption system. Thus arsenate has much
higher adsorption rate than arsenite. By changing the redox potential, the transform
between As(V) and As(II) will lead the adsorption-desorption process and cycling use
of the adsorbent. At the same time, the thermo tunning can help the adsorption-

desorption to be much more significant and much quicker.

4.2.3.Column experiments by using sponge-SPION presents an adsorption capacity of
0.167mmol/g sponge (21.64mmol/g SPION), almost twice of the obtained in batch

mode using the same sample.

4.2 4. Different dosage of adsorbent have revealed the adsorbent to be homogenous.

4.2.5. The results reflect that both temperature-controlling and reduction-tuning method
could make an efficient desorption process. The recovery rate of the arsenic adsorbed
in the sponge-SPION is high, showing 96.52% and 85.64% for temperature tuning

method and redox potential tuning method, respectively.

4.2.6. Once finishing the desorption process, the adsorbent can be used again for adsorb
arsenic oxyanions under room temperature. And then desorb the arsenic oxyanions by
using the reducing agent under 70°C again. The recycled method can be both technical

and economically efficient.

4.2.7. The real waste water treatment process reveal that almost all the arsenic present
in the first 50mL has been adsorbed in the SPION loaded sponge, although it has a lot
of interference elements. The calculated sponge capacity is about 1.25mmol As (V)/ g
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SPION, considerable lower than in the synthetic solutions that is due to the interefering

ions present in the waste water.

4.3. Kinetic and Dynamic Aspects of Selenate and selenite

adsorption by y-Al2O3 nanospheres

4.3.1. SEM images of fresh y-Al,O3 nanospheres indicate that the material is composed
of individual, hollow-spherical particles ranging in size from 200 to 400nm that form
aggregates and chains .This small Y-Al>O3 nanospheres provides a larger surface area
for contaminant adsorption. The adsorption of selenium on the Y-Al>O3 nanospheres

did not influence the structure of the nanospheres.

4.3.2. Under 20°C, the maximum adsorption for selenate and selenite on y-ALO;
nanospheres was achieved at pH 2 in 6 hours, the adsorption of selenium presents an
hydrogen bridge forming complex, decreasing at higher pH values. In the case of Se
(VI) the sorption decreases as the percentage of the aqueous species HSeO4™ decreases.
While for 70°C, the maximum adsorption was attained in 14 hours. The kinetic studies
show that they are fitted very well to the pseudo-second order, this suggests that
selenium ions were adsorbed onto the aluminum nanosphere surface via chemical
interaction. The adsorption of y-Al,O3 nanosphere for selenate and selenite were fitted
very well to Frendlich isotherm model, which is indicated that the y-Al,O3 nanosphere
as adsorbent was multilayer coverage by selenium. The AH value of Se (IV) and Se
(VI) between 20°C and 70°C were -13.955 KJ moland -3.927 KJ mol™! shows that

lower temperature favor removal of selenium.

4.3.3. It has demonstrated that Diethylammonium N,N-diethyldithiocarbamate DDC
modified Y-Al2O3; nanosphere has higher adsorption capacity for selenate. However,
during the pH range of 2.8-6.0, the Y-Al>2O3 nanosphere has higher adsorption capacity

for selenite than adsorption capacity of DDC modified y-Al2O3 nanosphere for selenite.

169



When pH>6.0, the phenomenon is opposite, the Y-Al,O3 nanosphere has lower
adsorption capacity for selenite than that of DDC modified Y-Al2O3 nanosphere for
selenite. The adsorption is occurring through a hydrogen bridge formation and it is

coherent with the behavior against the pH.

4.4. Kinetic and continuous mode Aspects of selenate and

selenite adsorption by sponge loaded with SPION

4.4.1. The SEM images shows that the sponge is porous and the SPION is impregnated
to penetrate inside of the sponge pores providing a complete SPION layer on the sponge
surface. In addition, the images reveal the surface texture and porosity of the blank and
loaded sponge'®*'® It can be seen that the surface texture of the blank adsorbents

changes drastically after the loading of SPION

4.4.2. The adsorption capacity of SPION-sponge for selenate is much higher than that
for selenite. The maximum adsorption for selenate and selenite on sponge loaded with
SPION was achieved at pH 3.6 in 1 hour under 20°C and 6 hours under 70°C,
respectively, while time for obtaining equilibrium of selenite needs 14 hours under 20°C
and 24 hours under 70°C. This result show very similar adsorption phenomenon,
therefore sponge loaded with SPION have better adsorption capacity for Se(VI) and

lower adsorption capacity for Se(IV).

4.4.3. The selenium continuous column mode experiment show very similar
adsorption-desorption properties by using sponge-SPION as adsorbent for arsenic.
Therefore it can be concluded that selenium adsorption by SPION loaded sponge
represent the same temperature-dependence effect on adsorption process while the
selenate/selenite adsorption by sponge-SPION gives the same temperature impact and
redox potential effect as those with a rsenate/arsenite adsorption properties by sponge-

SPION.
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Future perspective

Considering the work included in the PhD thesis, the future research will be focused on
arsenic removal from the real waste water, which contains a lot of interference elements.
The problem should be solved in order to treat the real industrial contaminated aqueous
solution. The application of synergic thermo and redox potential tuning method for
recovering the metal and regenerating the adsorbent will be done under big continuous
mode for industrial water treatment, such as mining industry. The pilot plant should be
built up in order to analyze the adsorption-desorption processes and to confirm the
thermodynamic parameters tuning for the metal recovery and adsorbent regeneration

and reuse.

For the selenium adsorption, chemical modification, or combined with the formation of
new functional groups will improve the adsorption capacity of y-Al,O3; nanospheres,
such as thiol groups. In addition, the interference ions effect on selenium removal
efficiency and adsorption capacity will be investigated. The concept of temperature
controlling and redox potential tuning for adsorbent regeneration will be applied to
selenium adsorption. The competing adsorption capacity of arsenic and selenium from

the combined aqueous solution which contain both arsenic and selenium will be studied.

The regeneration and reuse of the adsorbent should be further studied, pilot plant for
the waste water treatment should be built in order to apply the temperature and redox

potential tuning for toxic oxyanions removal.

The direct speciation method by using the synchrotron radiation techniques will be
applied to analyze the sponge loaded SPION for As(V)/As(IIl) and Y-AlO;
nanospheres for Se(IV) and Se(VI)
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Abstract:

Nowadays, there is a great concern on the study of new adsorbent materials for arsenic clean
removal. However, very few studies concern about regeneration and reuse the adsorbent. This
article describes a new reagent-less method which could regenerate the adsorbent by controlling
the temperature.

The temperature-dependence of arsenic adsorption by sponge-SPION has been studied. It has
demonstrated that low-temperature could help to realize the adsorption process and high-
temperature can lead the desorption process to happen. The result shows that under 20°C, as
time goes on, the adsorption process reaches equilibrium at about 1h. Under 70°C, desorption
process occurs as contact time increases, desorption equilibrium was then gradually achieved
with contact time. The effect of temperature on the adsorption of As (V) was studied in the
continuous column mode by evaluating the adsorption at the temperature 10°C, 20°C and 70°C.
The adsorption phenomenon increases with the decrease of temperature. The adsorption results
were fitted to the Langmuir models. Thermodynamic parameters of related ion exchange
equilibrium have been evaluated including the equilibrium constant K, as well as Gibbs free
energy. This value shows the adsorption process to be favorable and spontaneous. The
equilibrium constant K values determined at different temperatures indicate the adsorption to
increase with the temperature rising. Accordingly, a decrease in the negative value of AG® with
the temperature increase is observed. Separation factor has very strong temperature dependence.
Higher temperature leads to a lower separation. The thermodynamic affinity defined by log
K=4.198 and log K=1.023 under 20°C and 70°C were determined, respectively. Arsenic is, thus,
found to be more strongly adsorbed on the sponge -SPION under 20°C than that under 70°C.

All of the experimental and theoretical studies indicate that we can use the lower temperature

for adsorption and higher temperature for desorption, thereby provide a new method for

recovery of toxic element and regeneration of adsorbents.

Key words: Forager sponge, superparamagnetic iron oxide nanoparticle (SPION), arsenic,
adsorption, temperature, thermodynamic, Gibb’s free energy, equilibrium



constant, recovery, regeneration

1. Introduction

Arsenic is one of the most toxic elements occurring naturally in the environment [1].Arsenic is
abundant in our environment with both natural and anthropogenic sources which is considered
to be one of the major problems in pollution because of their high toxicity and the consequent
risks for human health [2]. Several countries have to deal with the problem of arsenic
contamination of groundwater, used for drinking water, such as Bangladesh and India, China,
United States, Mexico, Australia, Greece, Italy, Hungary, etc [3]. Thus, there is a growing
interest in using low-cost methods and materials to remove arsenic from industrial effluents or
drinking water before it may cause significant contamination [4-5].

Although many different methods such as precipitation [6], coagulation [7], oxidation [8],
reverse osmosis [9], ion-exchange [10] have been used for arsenic removal, there are some
drawbacks of these methods. Coagulation requires use of large-scale facilities for implementing
water treatment [11]. Reverse osmosis requires the use of membranes, which are expensive to
maintain and replace [12]. Coagulation, reverse osmosis, and ion exchange require the
treatment of rejected stream for the ultimate disposal of arsenic contaminants [13]. Therefore,
the adsorption from solution has attracted more attention due to its simple procedure that
overcome most of the drawbacks of other techniques.

However, almost all of the above traditional methods have the problems on adsorbent
regeneration. Once the adsorbent becomes exhausted, then, either the toxic elements must be
recovered or the adsorbent regenerated or disposed in a controlled dumping site for toxic
substances that use to be expensive. Desorption and adsorbent regeneration is a critical step
contributing to increase process costs. A successful desorption process must restore the sorbent
close to its initial properties for effective reuse. In most of the published arsenic sorption studies
(some discussed earlier), desorption/regeneration was not included. Very few desorption studies
are detailed in literature. Furthermore, once arsenic is recovered in the pure and concentrated
form, the problem of its disposal of this concentrated arsenic product must be addressed. This
is a difficult and expensive task. Few attempts have been made to address the handling of
concentrated arsenic wastes. Tuutijarvi T [36] has tried five different alkaline solutions: NaOH,
Na,COs, Na;HPO4, NaHCO3 and NaAc for arsenate batch desorption and regeneration. But this
process also need to spend a lot of alkaline solution which is very expensive and is not feasible
for industrial sense. Thus, in our work, we develop a new method for Arsenic desorption and
sorbent regeneration with no reagents added by taking advantage of the thermodynamic
properties of the adsorption system. In this paper, the influence of time, concentration, pH as
well as bed volume on the adsorption rate under different temperature has been studied. More
importantly, the temperature effect on the adsorption-desorption properties has been observed.
In addition, the thermodynamic aspects of the adsorption have been studied. The aim of this
article is to provide a reagentless method to recover the metals and regenerate the adsorbents.

2. Experiment
2.1 Reagents and Apparatus



The As(V) source was sodium arsenate (Na,HAsO; .7H,O), ACS reagent from
Aldrich(Milwaukee, USA). Iron chloride(FeCl;, 6H,O) and Ferrous chloride(FeCl.. 4H,O)
were ACS reagent from Aldrich(Milwaukee, USA), HCl were ACS reagents from Panreac S.A.
(Barcelona, Spain).

Forager Sponge, an open-celled cellulose sponge which contains a water-insoluble polyamide
chelating polymer. (formed by reaction of polyethyleneimine and nitrilotriacetic acid), was
kindly supplied by Dynaphore Inc. (Richmond,VA,U.S.A.). This material is claimed to contain
free available ethyleneamine and iminodiacetate groups to interact with heavy metals ions by
chelation and ion exchange

Arsenic and iron concentrations in solution were determined by the Colorimetric technique.
The wavelength used for analysis were 840 nm(As), 490 nm(Fe).

2.2 Preparation of the Adsorbents

2.2.1 Synthesis of adsorbent materials

The synthesis procedure of SPION has been described elsewhere[14].SPION are prepared in
our lab by mixing iron(Il) chloride and iron(Ill) chloride in the presence of ammonium
hydroxide. First, deoxygenated the solution of NH4OH (0.7M) by nitrogen. Second,
deoxygenated the solution of 12mL HCI (0.1M) by nitrogen and mix FeCls- 6H>O with it. Third,
heat the NH4OH solution at 70°C. Fourth, Add the FeCls;-6H,O solution into the NH+OH
solution and react for 30min. Then, Add the FeCl,'4H»O in the previous solution with mechanic
agitation of about 3000rpm and waiting for 45min, the dark precipitate will be formed, which
consists of nanoparticles of magnetite. Last, wash it by MiliQ water which has been
deoxygenated and centrifuged four times( 3 times for 3 min and 5000rpm, 1 time for 10 min
and 4500rpm) and preserve it by 50mL 0.1M TMAOH.

2.2.2 Clean of the Forager sponge

An initial conditioning of the sponge consisting on the conversion into its acidic form by
consecutive treatment with 1.0mol/L HCI, double distilled water, and HCI solution at pH 2.5
was carried out in a glass preparative column. A portion of this conditioned sponge was
separated, dried during 24 h , and stored in a desiccator for its use

2.2.3 Loading of SPION on the sponge

The sponge was loaded with iron oxide nanoparticles by using the  nebulizer. The SPION-
loaded sponge was dried during 24 h, and stored in a desiccator for its use. The SPION loading
capacity was 0.0955%0.0029mmol Fe/ g sponge

2.3 Characterization

We have synthesized the SPION for 5 times. And Each time, prepare three kinds of sample,
including 1/100, 1/250, 1/1000(0.1mL SPION on 10mL TMAOH, 0.1mL SPION on 25mL
TMAOH, 0.1mL SPION on 100mL TMAOH). We characterized the samples by TEM to see
the particle size and dispersion SPION are highly dispersible in solutions. With particle sizes
of from 6-20 nm, they offer a large surface area and superparamagnetic properties.

2.4 Arsenic adsorption and desorption experiment

Effect of contact time

Experiments to determine arsenic adsorption in different contact time were carried out at 2-
240mins in batch conditions.
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Effect of initial concentration

Experiments to determine arsenic adsorption capacity in different initial concentration were
carried out at 0.5-100ppm in batch conditions.

Effect of temperature

Experiments to determine arsenic adsorption in different temperatures were carried out at

temperature 10°C, 20°C and 70°C in batch conditions by using tightly plastic tubes containing

weighted amounts of SPION-loaded sponges and measured volumes of arsenate solutions in

the range 0.5-100 ppm As(V) at a given pH. Corresponding agitation was carried out in a rotary

rack shaker during 1 h (this contact time was confirmed in separate experiments).Experiments

to determine the interfering effect of Fe on As(V) adsorption were carried out with 500ppm and

1000 ppm As(V) solutions (13.3 mmol/L) prepared in a medium containing 0.1 mL SPION

under the pH=3.6 condition.Experiments were repeated for the different conditions a minimum

of two times.

3. Results and Discussion

3.1 Characterization of adsorbent material

The sponge-SPION adsorbent material was characterized by digital microscope. Fig 1 shows

the image characterized by digital microscope, the Sponge is highly porous and elastic thereby

promoting high rates for SPION loading and arsenic absorption. Therefore it’s a very

appropriate substrate for loading SPION and also for adsorbing arsenic anions. Absorbed

arsenic anions can be eluted from the Sponge by using the NaOH solution. Following elution

and washing, the Sponge can be used for the next absorption cycle. If the regeneration is not

desirable or economical, the Sponge can be compacted to a small volume to facilitate disposal.

As seen from the Fig 2a, b, it is clear that after loading with SPION, the sponge is saturated
with SPION and the surface is very smooth. Maybe it is due to the homogenous dispersion of
the nanoparticles. The porous inside the sponge are fully filled with nanoparticles. The blank
sponge can adsorb and immobilize SPION by chelation through the lone pairs of electrons on
the unprotonated amine groups.

It was shown from the Fig 3a,b that After adsorption by using the sponge loaded with SPION,
the sponge looks like shrinkage. And in addition, the surface is not smooth anymore. Probably
it’s because of the anion-exchange (arsenate oxyanions occur in solution from slightly acid to

basic pH) between iron oxide nanoparticles and arsenate oxyanions.




Fig 1 Forager sponge image by digital microscope

Fig 2 sponge with SPION

Fig 3 SPION Loaded sponge with arsenic (after adsorption)

SPION characterization by TEM
Before using (SPION emulsion)




Fig 4 TEM image of SPION

Fig 5 TEM image of SPION loaded on the sponge (before using)



20 nm

20 nm

C

Fig 6 TEM image of SPION loaded on the sponge(after As adsorption)

Fig 4 shows TEM images of the synthesized SPION that reveals particles are 6-15nm in size.
when the SPION is first synthesized and poured in the TMAOH solution and characterized by
the TEM, some of the images show that the nanoparticles are homogenous but others are not
dispersed very well. They are agglomerated and clustered.

Fig 5 shows TEM images of SPION dispersed on the sponge, the particles are also ~10nm.
SPION distribute on the sponge almost homogeneously, that’s because during the spraying by
nebulizer and nitrogen, there is an external force to push the nanoparticles, and in addition, we
use the ultrasonication on nanoparticles suspension prior nebulization to disperse agglomerates,
as it can also add an extra force to pull the liquid apart to form evacuated cavities or micro-
voids. ' The formation and destruction of these cavities can impose a shear force on
agglomerates, capable of overcoming the van der Waals force holding them together. However,
the ultrasonic applied forces are not strong enough to break the hard bonds of iron oxide
molecules.

After adsorption (Fig 6), the SPION show a tendency to agglomerated again since the absence
of external ultrasonic force for some time, makes the van der Waals force to raise affecting the
distribution again.



Effect of contact time
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Fig 7 The effect of contact time on the adsorption capacity (20°C), a). from 10min to 240min,
b). from 2min to 60min
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Fig 8 The effect of contact time on the adsorption capacity (70°C), a). from 10min to 240min,
b). from 2min to 60min

The contact time with aqueous toxic element oxyanions is one of the most important parameters
to be controlled for successful usage of adsorbents. The arsenic (V) aqueous system is contacted
with the adsorbent (SPION loaded sponge) in the range of 2 to 100 minutes and 1 to 4 hours.
The adsorption process for removing As (V) oxyanions from aqueous solution under 20°C
obtain ion exchange combined with the ligand exchange equilibrium at about 1hour as shown
in Fig 7 a, b. After that, contact time has no effect in arsenic oxyanion removal percentage. This
behavior can be attributed to the effect of diffusion resistance to reach the ion exchange moieties
of the adsorbent. In another hand, the most possibilities of the complexes formed in our case is,
As(V) is binding to two iron nuclei as adsorbed species. Extended X-ray absorption fine
structure (EXAFS)? and FTIR spectroscopy’ have shown As(V) to form bidentate inner sphere
surface complexes with iron hydroxide sites as time goes on.*

The effect of contact time on the desorption capacity under 70°C is shown in Fig 8a, b. Very
high adsorption rates were achieved at the beginning because of the great number of sites
available for the sorption operation. The adsorption process involves one of two types of



interactions. One is anion exchange of arsenic species corresponding to the protonated amine
groups present in the matrix of sponge*. Another process is the ligand exchange, provided by
the Fe(IIl) ions immobilized in the SPION as Equation 1 shows’. The adsorption process is
reversible process. Suppose the reaction is exothermic process. The increase in temperature
corresponds to introducing heat into the system. Le Chatelier's Principle® states that the system
will react to remove the added heat, thus the reaction must proceed in the reverse direction,
converting products back to reactants, here we see the desorption starts to occur as time goes
on. Conversely if the temperature of the system were decreased, the system would react in a
direction that opposed the removal of the heat. The forward reaction would thus occur to release
heat in an attempt to offset the heat that was removed from the system.

R — Fe(Ill) — OH + X — (R — Fe)X + Z (1)
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The initial arsenic oxyanion concentration in the aqueous solution is also a key parameter which
affects to the driving force of the adsorption system.” The effects of the initial arsenic
concentration (from 5ppm to 50ppm) on the adsorption capacity by the sponge loaded with



SPION under 293K and 343K are shown in Fig 9a,b. The increase of adsorption capacity when
the initial arsenic concentration increases, is due to an increase of the mass transfer driving
force. Adsorption capacity limit is reached when the increase of As (V) initial concentration do
not produce any further increase on the As adsorption. In this case, the surface of the sponge
loaded with SPION does not have free sites for the arsenic oxyanions uptake, being fairly
saturated.® It is probably another explanation that, as the concentration increased, a higher
probability of collision between adsorbate (arsenate) and adsorbent(sponge loaded with SPION)
surface happens, which could overcome the mass transfer resistance between the aqueous and
the adsorbent phases.’

The process of As(V) adsorption on SPION loaded sponge can occur by two different ways:
one is ion-exchange on the sponge protonated amine groups, another one is As(V) are bound to
iron (hydr)oxides by an inner-sphere ligand-exchange mechanism, in which the arsenic
oxyanion competes with and exchanges with surface=Fe-OH or =Fe-OH," groups at the iron
(hydr)oxide surface.* !° The increase of adsorption with concentration is due to the diffusion
process and based on the Fick first law. Normally, the ion exchange reactions are very fast
compared to the diffusion of the aqueous ions to the surface moieties. When the initial
concentration is higher, the arsenic oxyanions move from the solution to the surface of the
adsorbent, the amount of arsenic exchanged onto the sponge and that exchanged onto the
SPION increase with increasing initial As (V) concentration.

Effect of pH on Arsenic Adsorption Capacity
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The effect of pH on the As(V) adsorption by the blank and SPION-loaded sponge under both
20°C and 70°C is shown in Figure 10 a, b, pH ranging between 1 and 11. The results obtained
revealed that the adsorption of arsenate by both blank and SPION-loaded sponge under both
20°C and 70°C are pH dependent, this can be explained by the dependence of the As(V)
speciation on the pH.Compared with the observed results of pH effect on As(V) adsorption with
that of Munoz and Diego*> ", it shows the similar behavior in both 20°C and 70°C with the
adsorption of As(V) by blank sponge, Fe-loaded sponge, SPION alone and SPION-loaded
sponge. The highest adsorption was observed at pH around 3.6-4.0. Specifically, the maximum
adsorption of 20°C is under pH 3.6 while the highest adsorption of 70°C is under 4.0. This
similarity supports the conclusion that the arsenic species is the main reason which is
responsible of the adsorption.® The acidity of arsenate species (pKa = 2.2) can be responsible
of the observed adsorption, a relatively high rate of deprotonated species are present at pH value
3.6-4.0, therefore the maximum adsorption is present at pH=3.6-4.0. For 20°C, lower pH values
(1.0-2.0) and for 70°C, lower pH values (1.0-3.0), the competition of H+ species for arsenate
leads to a lower adsorption. The lower adsorption capacity at pH values below 3.6 is attributed
to the high concentration of H ions. In this situation, the concentration of H" ions far exceeds
the arsenic anions concentration in the solution, which enhance the competence of H, therefore
the H' reach the adsorbent surface sites. On the other hand, for both 20°C and 70°C, at pH >
5.0 the observed decrease on the As (V) adsorption is due to the increase of OH" species in
suppressing the process.

From the Fig 10a,b. under both 200C and 700C, it confirmed again that the adsorption of As(V)
is enhanced by loading SPION. Which demonstrate that there are two mechanism proposed



for As(V) adsorption on the SPION-loaded sponge. Not only the mechanism of ion-exchange
on the protonated amine groups (present in both blank and SPION-loaded sponges) is proposed,
but also the additional ligand-exchange mediated by the immobilized Fe** (only present in the
SPION-loaded sponge) has big impact on the As(V) adsorption.
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Fig 11. pH effect on As(IIl) adsorption by sponge-SPION under 20°C and 70°C

As shown in Figure 11, As (III) adsorption by sponge loaded with SPION at both 20°C and
70°C reveals to be independent of pH, what corresponds to the weak acidic properties of
arsenious acid (pKal = 9.2), leading to the reduced presence of deprotonated arsenite species
in the pH range of study. The higher As (III) adsorption capacity under 20°C than under 70°C
may indicate the possible use of temperature to drive the adsorption/desorption process.

Effect of temperature
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Fig 12 The effect of temperature on the adsorption capacity (70°C, 20°C, 10°C): a). pH=3.6,b)
pH=5.6, ¢) pH=2.1

The effect of temperature on the adsorption of As (V) was studied in the fixed bed mode by
evaluating the adsorption at the temperature 10°C, 20°C and 70°C under pH 3.6 as shown in Fig
12a. The observed values can be explained in terms of the thermodynamic parameters. The
adsorption phenomenon is more efficient with the decrease in temperature, which indicate an
exothermic process. Generally, an exothermic adsorption process signifies either physi- or
chemi-sorption'?. The process is controlled by the adsorbate-adsorbent interaction. The
breakthrough point for 10°C and 20°C is about 48 bed volume, but for 70°C, the breakthrough
point is about 26 bed volume. The adsorption of arsenate onto sponge-SPION followed at three
temperatures, 10°C, 20°C and 70°C, shows a fast arsenate uptake in all cases The observed
decrease in the adsorption capacity with an increase of the temperature from 10°C to 70°C may



be due to a tendency for the arsenate oxyanions to escape from the solid phase to the bulk phase
with an increase in the temperature of the solution'3.

The effect of temperature on the adsorption of As (V) was studied by evaluating the adsorption
at the temperature 10°C, 20°C and 70°C under pH 5.6 is shown in Fig 12b. As indicated before,
for both 20°C and 70°C, when pH is more than 5.0, the observed decrease on the As (V)
adsorption is due to the increase of OH" species that compete with deprotonated arsenate for
the anion exchange sites of the adsorbent, which is also confirmed by the column continuous
mode arsenate adsorption.

On the other hand, at pH<2.5(as shown in Fig 12c), iron desorbed is very significant due to
protons competition, nevertheless, at pH range 3-9 iron desorption is not quite important. Thus,
in this adsorption process, at the beginning of the arsenic adsorption, the iron desorbing does
not have significant impact on the As (V) adsorption since the ion exchange process increase
the pH value when the process begins. Then, after the continuous flow of arsenic solutions (pH
2.1) the ion exchange became saturated and then the solution in column became acidic
producing iron desorption from the sponge gradually, thus leading to a decrease on the arsenic
adsorption. Moreover, as the solution is under pH 2.1, the arsenic desorption occurred after
previous adsorption, thus producing at the column outlet a sharp increase of arsenic
concentration leading to a higher arsenic concentration than in the initial column incoming
solution. The final drop of the As(V) concentration at the column outlet is due to the
readsorption of part of the As(V) in column at the empty sites left by the previous As(V) release
and thus will reach the value of the input solution.

The effect of bed volume
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The influences of the height of the sponge bed on the adsorption capacity are shown in Fig 13a,
b. More adsorbent (sponge with SPION) makes the depth of bed volume to be higher. When
the As(V) solution go through the column, it has longer time to contact with the adsorbent, in
addition, multiple layer of the sponge with SPION can adsorb the arsenic from the top to the

bottom one.

Adsorption isotherms
Langmuir isotherm

The experimental As(V) adsorption data have been subjected to Langmuir isotherm showed in
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Fig 14. Langmuir isotherm equation fitted well to the adsorption data.



C/Cx=1/K,C,+C/C, 2)

-C is the concentration of sorbate in the equilibrated solution, mmol/L

-Cx is the adsorption capacity in SPION, mmol/g

-Cm 1s the maximum adsorption capacity

-K is the adsorption equilibrium constant

The langmuir coefficients K, and Cy, can be determined from the intercepts and slopes of the
plots C/Cx vs C, which are linear.
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Fig 14 Langmuir model
The isotherm parameters for the adsorption As (V) onto the sponge with SPION at different
temperatures were obtained from the Langmuir model by using the linear fitting method.

Table 1 The isotherm parameters for Langmuir model

T(°C) 70°C 20°C
Cm(mmol/g SPION) | 40.65 47.52
Cm(mmol/g sponge) | 0.935 1.093
Log K,(L/mmol) 1.73 1.84

0 -11.463 -9.094
AG” (kJ/mol)
R? 0.9936 0.9793

The effect of isotherm shape can be used to predict whether an adsorption system is “favourable”
or “unfavourable” both in fixed-bed systems as well as in batch processes. The essential features
of the Langmuir isotherm can be expressed in terms of a dimensionless constant separation
factor or equilibrium parameter Ki, which is defined by the following relationship:

1

= 2
"1+ K,C, @



K1 indicate the type of isotherm, Cy is the initial concentration (mg/L), and K, is the Langmuir

constant.
Table 2 Equilibrium constants
Values of Kp Type of isotherm
Ki>1 Unfavorable
Ki=1 Liner
0<Ki<l1 Favorable
Ki=0 Irreversible
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Fig 15 plot of Ky against initial arsenic concentration at two temperatures.

Fig 15 with a relationship between K; and Co was presented to show the essential features of
the Langmuir isotherm. The Ky values indicate that adsorption is more favorable for the higher
initial As(V) concentration than the lower ones and also it indicate that adsorption is more
favorable for the lower temperature than the higher ones.

Freundlich isotherm

1
InC. =InK, +—InC 3
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Table 3 The isotherm parameters for Freundlich model

T(°C) 70°C 20°C
K{(mg/g) 3.582 4.413
1/N 0.588 0.583
N 1.701 1.715
R? 0.9943 0.9878

where C is the mass of arsenic adsorbed (mmol/g), C is the equilibrium arsenic concentration
(mg/L), and Krand 1/N are constants. K¢ can be used as an indicator of the adsorption capacity
at a specific solution phase concentration, and 1/N reflects the intensity of adsorption.

The Freundlich equation predicts multilayer adsorption on heterogeneous surface,
characterized by an exponential distribution of active sites. The values of the adsorption
intensity obtained in nature favourable of the adsorption of As(V) ions onto sponge with SPION
described by the Freundlich isotherm.

Thermodynamics Studies

The Gibb’s free energy change is calculated using K, obtained from Langmuir model and
showed in table 1. The equations are:

AG’=-RTInK, (4)
and
AG’=AH’ —-TAS" 5)

where R is universal gas constant (8.314 J mol'K™!) and T is the absolute temperature in K.

The negative values of Gibb’s free energy confirmed the feasibility of the process and the
spontaneous nature of adsorption with a high preference of As(V) by Forager sponge with iron
oxide nanoparticles. The decrease in the negative value of AG° with an increase in
temperature indicates that the adsorption process of As(V) on sponge becomes more favorable



at lower temperatures. But compared with the maximum adsorption capacity 0.93mmol/g in
343K, the maximum adsorption capacity in 293K is higher, 1.094mmol/g. This means under
lower temperature, it can get higher maximum adsorption capacity than that under higher
temperature.

The enthalpy change, A H° , and the entropy change, A S° , for the adsorption processes
were obtained from the intercept and slope of Eq. (5) and found to be 0.822kJ mol! and 0.0338
kJ mol! K!, respectively. The positive value of A H° indicates that the adsorption. Reaction is
exothermic. The positive value of A S° suggests that some structural changes occur on the
adsorbent, and the randomness at the solid/liquid interface in the adsorption system increases
during the adsorption process.

The dependence of separation factors on temperatures and bed volumes:

Fe-OH + H,AsO,” < FeHAsO,+H,O
logK =2.5+0.3

()

As indicated from the above equation, it was found that pK, <0 and the arsenic acid is a
relatively strong acid and the removal of As (V) by anion-exchange is possible. As the anion
exchange behavior, the equilibrium separation factor, ¢ , expressed as follows.

X
OH" Xow- HyAsO;

Ay as0; = b% 7
H,As0; " OH~
Where x and X are the equivalent fractions of ions under separation in sponge and solution
phases, respectively.
Table 4 separation factors

separation factor

Bed volume | 70°C 20°C
5 481.8 3061.2
8 545.8 11907.6
11 521.8 17861.9
13 529.6 26793.4
16 569.1 17861.9
19 560.1 107176.5
21 664.7 107176.5
24 625.8 21434.5
27 461.0 26793.4
29 141.1 8930.5
32 38.5 4121.2
35 14.9 1622.9
37 7.8 652.5
40 4.5 288.7
43 3.2 143.1
45 2.0 74.5
48 1.6 42.2




51 1.2 254
53 0.8 16.2
56 0.6 9.7
59 0.5 6.7
61 0.3 4.9
64 0.3 3.6
67 0.2 2.7
69 0.1 2.1
72 0.1 1.7
75 0.0 1.3
77 0.0 1.1
80 0.0 0.9
83 0.0 0.7

As can be seen from Table 3 that the separation factor has very strong temperature dependence.
Higher temperature leads to lower separation. The capacity of anion exchange is very strongly
at the beginning. As the experiment goes on, with the increase of bed volume fold, the anion
exchange capacity is going down sharply.

Table 4 Comparison of the result with Jose Munoz’s work

Fe loading | Maximium adsorption | Maximium adsorption
capacity(mmol Fe/g | capacity(mmol  As/g | capacity(mmol As/mmol
sponge) sponge) Fe)

Fe with | 0.250+£0.014 1.83 7.32

sponge

SPION  with | 0.0955+0.0029 1.094 11.455

sponge

After comparing the adsorption capacity of sponge loaded with SPION with that sponge loaded
with Fe(II), it is found that Fe(II) load sponge has a better adsorption capability for As(V) per
unit of sponge, it has a maximum adsorption capacity of 1.83mmol As/g sponge, and the SPION
loaded sponge only has the maximum adsorption capacity of 1.094mmol As/g sponge. However,
the SPION loaded sponge has a better adsorption capacity for As(V) per unit of Fe, it has the
maximum adsorption capacity of 11.455 mmol As/ mmol Fe while the Fe(IlI) loaded sponge
only has the maximum adsorption capacity of 7.32mmol As/mmol Fe. It is mainly because of
that the Fe(III) loaded adsorption capacity is mainly due to the acid groups in the sponge. But
the better adsorption capacity of SPION loaded sponge is because of not only the acid groups
but also the good properties of SPION which has a high surface-volume ratio.

Modeling of Arsenic Adsorption by a Ligand-Exchange Process.
A monodantate ligand-exchange mechanism, based on the Fe:As stoichiometry 1:1 previously

discussed, is proposed for the adsorption of arsenic(V) on the SPION loaded in the sponge, as
it has been considered for other iron-based materials. The corresponding reactions can be



written as follows
= Fe—OH + AsO,” +xH" <= FeH_,AsO,” + H,0

With an equilibrium constant

Where [A_s] indicates the amount of arsenic species adsorbed on the SPION in the
sponge(mmol/g), [Fe]indicates the amount of iron adsorbed on the sponge and not complexed
with As(mmol/g), [H i ]indicates the concentration of free protons in solution(mmol/g), and

[As]indicates the free concentrations of the corresponding AsOf ions in solution(mmol/g)

which have been calculated from the experimental values of total arsenic concentration and pH
of the solution using the pKa values given before.
From equation , defining Y(g/mmol)as

Y:T_BFL
Fe As]

Then
logY =logK —xpH
Y value at a given pH is estimated from the experimental data of arsenic adsorption by

considering the formation of monodentate Fe-As complexes on the sponge. [A_s] is calculated

from the differences in adsorption capacity between the SPION loaded and the blank sponge at

each pH. [F_'e]is calculated by subtracting the arsenic adsorption capacity and the iron desorbed

from the initial amount of Fe(III) in the SPION-loaded sponge. [As] in solution is determined
as indicated in the experimental part.
A plot of logY vs pH for As(V) is given in Fig 14. The values of x and logK obtained by the

least squares fit are shown in table 5. The model indicates that H,AsO* are the As(V) chemical
forms adsorbed on the Fe(Ill) loaded in the sponge in the pH range studied.

When reaction is expressed as a function of the adsorbed species, the stability of the complexes
can be accurately evaluated:
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Figl6 Modeling of arsenic species adsorption on the SPION-loaded in the sponge: linear
relationship between log Y and pH for As (V).a) 20°C, b) 70°C

Table 5 Calculated Results from Fe-As Interaction Modeling Process Indicating the x and logK
Values by the Least-Squares Fit

pH range X logK R
20°C 1-8 0.398 4.198 0.842
70°C I-11 0.1061 1.023 0.379

As would be expected, As (V) adsorption on immobilized SPION is preferred under 20°C
against that the adsorption performed under 70°C. Reversibility of both process has already
been proved by corresponding arsenic desorption from the SPION-loaded sponge under 70°C.
It also has proved the concept that the adsorption-desorption process could be controlled by
changing the temperature. The regeneration and reusing of the adsorbent-SPION loaded sponge



will be possible after desorption. Alternatively, the sponge (which is an inexpensive material)
could be compacted into an extremely small volume and disposed as a hazardous waste.*
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Abstract

Development of new techniques for the clean removal of As(V) from aqueous matrixes is an
important issue due to the high toxicity of this element. The present article relates to a
reagentless recycled method for arsenic removal in water. In this paper, we develop a new
method for Arsenic adsorption-- desorption and sorbent regeneration with no reagents added
by taking advantage of the synergic thermo tunning of redox potential of the adsorption-
desorption system.
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1.Introduction

There is a growing interest in using low-cost methods and materials to remove arsenic from
industrial effluents or drinking water before it may cause significant contamination. A lot of
adsorbents and filters have been used for the treatment, including: ferric chloride[1], Fe(IlI)-
doped alginate gels[2], nanocomposite adsorbent based on silica and iron(I1I) oxide[3], and iron
oxide-coated polymeric materials[4], Fe(Ill)-loaded resins[5], Fe(Ill)-loaded sponge[6] are
used in arsenic treatment because of the Fe(Ill) affinity toward inorganic arsenic species and
consequent selectivity of the adsorption process.

In WO 2014122350A1 a filter for the treatment of liquid comprising a support made from a
polymer material having at least one functional group from the group formed by carboxyl and
thiol, loaded with SPION (SuperParamagnetic Iron oxide Nanoparticles)

In WO 2007/ 032860 a filter for eliminating described arsenic in water comprising a support of
polyacrylonitrile (PAN) loaded with iron hydroxide nanoparticles .

The paper Morillo , D, Valiente , M., Perez , G., "Advances in adsorption Arsenic with
Nanoparticles", Research Project, Master's Degree in Chemical Sciences and Technology ,
Universitat Autonoma de Barcelona , September 2009 , the use of a cellulose sponge as support,



in which SPION has dispersed , for removing arsenic in water.

The paper D. Morillo, A. Uheida, etcl. “Arsenate removal 3-mercaptopropanoic acid-coated
superparamagetic iron oxide nanoparticles” has been described the arsenic removal by using 3-
mercaptopropanoic acid-coated SPION as adsorbent.

There is, however, although the filter or adsorbent has very high quality and efficiency to treat
and adsorb arsenic, if they cannot be recovered and reused for several times, it is still very
expensive and it is not very practical. As there are a lot of weaknesses of using reagents to
recover the adsorbent or filter. Some new methods for adsorption-desorption recycled arsenic
treatment and adsorbent/filter regeneration is really needed.

Almost all of the traditional methods have the problems on adsorbent/filter regeneration. Once
the adsorbent/filter becomes exhausted, then, either the metals must be recovered, the
sorbent/filter be regenerated or disposed in a controlled dumping site for toxic substances which
use to be very expensive. Desorption and sorbent/filter regeneration is a critical step
contributing to decrease process costs. A successful desorption process must restore the
sorbent/filter close to its initial properties for effective reuse. In most of the published arsenic
sorption studies (some discussed earlier), desorption/regeneration was not included. Very few
desorption studies are detailed in literature. Furthermore, once arsenic is recovered in the pure
and concentrated form, the problem of its disposal of this concentrated arsenic product must be
addressed. This is a difficult and expensive task. Few attempts have been made to address the
handling of concentrated arsenic wastes. (Tuutijarv2006] has tried five different alkaline
solutions: NaOH, Na,COs3; Na,HPO4, NaHCO3 and NaAc for arsenate batch desorption and
regeneration. But this process also needs to spend a lot of alkaline solution which is very
expensive and is not feasible for industrial sense. Thus, in the present paper, we develop a new
method for arsenic adsorption-desorption and sorbent regeneration by taking advantage of the
synergic thermo tunning of redox potential for clean removal of the adsorption system.

The present work was aimed at investigating the reagentless method for arsenic (particularly
As(V) and As(11I)) adsorption-desorption and sorbent regeneration with no reagents added by
taking advantage of the thermodynamic properties and redox potential of the adsorption system.
This reagentless method could not only save a lot of reagent for recovering the sorbent, but also
the adsorbent could be recycled and reused, which is low-cost and practical.

One of the objectives of the present study includes not only the new methods for arsenic
adsorption-desorption by controlling the temperature or redox potential of reaction condition,
but also some theoretical study which can explain the mechanism of the adsorption-desorption
process. More importantly, we study effects of synergic thermo tunning and redox potential on
the adsorption-desorption process. The aim of this study is to provide a totally new concept and
reagentless method to recover the arsenic and regenerate the adsorbents for recycled arsenic
removal treatment.

The influence of temperature and redox potential on the adsorption-desorption rate has been



studied. In addition, the thermodynamic aspects for realizing the adsorption-desorption process
have been evaluated. Besides that, the application of oxidation of As(IIl) to As(V) and the
reduction of As(V) to As(II) in order to realize the adsorption-desorption process have been
characterized. More importantly, the thermodynamic aspects combined with the redox potential
effect for controlling the adsorption-desorption process have been developed.

2. Experiment section

2.1Reagents and Apparatus

Na,HAsO, .7H>0, FeCls. 6H,O, FeCl, 4H,O, were used as As(V), Fe(Ill), Fe(Il) sources. Zinc
powder and Tin foil used for the reduction purpose.Forager Sponge, supplied by Dynaphore
Inc. (Richmond,VA,U.S.A.) was used as the support for the SPION. Metal concentrations in
solution were determined by the Colorimetric technique. The wavelength used for analysis were
840 nm (As), 490 nm(Fe). Lewatit S-3428 resin was supplied by Purolite.

2.2 Preparation of the Adsorbents

2.2.1 Synthesis and characterization of nanoparticles

The synthesis procedure of SPION has been described elsewhere [14]. SPION are prepared in
our lab by mixing iron (II) chloride and iron (III) chloride in the presence of ammonium
hydroxide. First, deoxygenated the solution of NH4OH (0.7M) by nitrogen. Second,
deoxygenated the solution of 12mL HCI (0.1M) by nitrogen and mix FeCls- 6H>O with it. Third,
heat the NH4OH solution at 70 °C. Fourth, Add the FeCl;-6H,O solution into the NH+sOH
solution and react for 30min. Then, Add the FeCl,-4H;O in the previous solution with mechanic
agitation of about 3000rpm and waiting for 45min, the dark precipitate will be formed, which
consists of nanoparticles of magnetite. Last, wash it by MiliQ water which has been
deoxygenated and centrifuged four times( 3 times for 3 min and 5000rpm, 1 time for 10 min
and 4500rpm) and preserve it by 50mL 0.1M TMAOH.

2.2.2 Clean of the Forager sponge

An initial conditioning of the sponge consisting on the conversion into its acidic form by
consecutive treatment with 1.0mol/L HCI, double distilled water, and HCI solution at pH 2.5
was carried out in a glass preparative column. A portion of this conditioned sponge was
separated, dried during 24 h, and stored in a desiccator for its use

2.2.3 Loading of SPION on the sponge

The sponge was loaded with SPION by using the nebulizer. The SPION-loaded sponge was
dried during 24 h, and stored in a desiccator for its use. The SPION loading capacity was
0.0955%0.0029mmol Fe/ g sponge

2.3 Characterization

The SPION, sponge loaded with SPION before using and after using have been characterized
by TEM to see the particle size and dispersion. SPION are highly dispersible in solutions. With
particle sizes of from 6-20 nm, they offer a large surface area and superparamagnetic properties.
2.4 Temperature influence

The adsorbent has been used to adsorb the arsenic in the water, the results show that the
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adsorption capacity is influenced by the temperature. The adsorption capacity is decreasing as
the temperature increases. That means as temperature increases, the desorption is starting to
occur. Lower temperature helps the adsorbent adsorb the arsenic and higher temperature helps
the adsorbent to desorb the arsenic. So, the inventor adsorbs the arsenic by using the adsorbent
under room temperature and desorbs the arsenic under 70°C.

2.5 Redox potential effect on adsorption- desorption

The potassium dichromate has been used to oxidize the As(III) to As(V) and use the Zn powder
or Sn foil to reduce the As(V) to As(Ill). Since the adsorbent has much higher adsorption
capacity of As(V) than that of As(IIl), the adsorbent can adsorb the arsenic by oxidizing all of
the As(I1I) to be As(V) and desorb the arsenic by reducing the As(V) to be As(III).

2.6 column continuous mode

The column continuous mode has been made in order to do the adsorption-desorption recycled
processing. The adsorbent could be put inside the column. Once the wastewater which contains
the arsenate and arsenite pass through the column, the arsenate and arsenite is loaded on the
adsorbent and the clean water goes out. After loading, the arsenate and arsenite could be eluted
by passing the hot water (70°C) or hot water combined with Sn. Therefore the adsorbent can be
reused.

Above all, the desorption process can be happened by reducing with the help of higher
temperature and the adsorption process can be happened by oxidizing under room
temperature(if the temperature is lower, for example,10°C, then the adsorption capacity will
higher than that under room temperature, but we consider about the room temperature is normal
and easy to control).

Once finishing the desorption process, the adsorbent can be used again for adsorbing arsenic
under room temperature. And then desorb the arsenic by using the Zn powder under 70°C again.
To repeat this adsorption-desorption process for several cycles, then the adsorbent will be
useless. But the recycled method and process is really amazing since it can be saved a lot of
money for reuse the adsorbent.

2.7 Adsorption-desorption

The batch mode and column mode have been used to do the adsorption-desorption process. As
for the batch mode, the arsenic is adsorbed by the adsorbent in a stoppered plastic bottle with
the help of agitating. The desorption process is occurred either by putting the plastic bottle in
the high temperature atmosphere or with the help of Zn powder or Sn. In the column mode, the
arsenic is adsorbed by adsorbent inside the column by passing the wastewater through the
column. The desorption process could be realized by passing the hot water or with the help of
Sn.



3 Results and discussion
3.1 The concept of redox potential part:
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Fig 1 Effect of oxidation state on arsenite and arsenate adsorption, adsorbent dosage 50mg,
pH=3.6, contact time 1hour, the initial concentration 1-100ppm.

Modifying the redox potential, therefore transforming between arsenite and arsenate, in order
to control the adsorption-desorption is attributed to the significant difference adsorption
capacity of SPION loaded sponge for As(V) and As(Ill), as shown in Fig 1. The adsorbent of
SPION loaded sponge has much higher adsorption capacity for the As(V) adsorption than that
for the As(Ill), as consequence of different acid properties of arsenate and arsenite. Many
studies aiming at elucidating the structure of arsenate complexes adsorbed on iron oxide
nanoparticles have been done. Extended X-ray absorption fine structure (EXAFS)' and Fourier
Transform Infrared Spectroscopy (FTIR) 2 have shown As(V) and As(IIT) to form monodentate
and bidentate inner sphere surface complexes with iron (hydr)oxide sites in co-precipitated and
adsorbent solids.? In the case of As(V), the possible chemical structures which arsenate may
form on the iron oxide surface upon chemical adsorption are different, such as monodentate,
bidentate mononuclear, bidentate binuclear. Although there is no consensus regarding to the
structure of the complex of arsenate bonding with iron oxide nanoparticles being monodentate
or bidentate, Some literature reports confirmed and demonstrated that arsenic complexes were
formed via the hydroxyl groups at the iron oxide surface. This is a very tight bond, and once
the bond is formed, removal of the arsenic is difficult. In the case of As(IIl) adsorption by iron
(hydr)oxides, both bidentate binuclear-bridging complexes(Fe-O-As(OH)-O-Fe) and
monodentate complexes have been observed. A monodentate complex is one in which a single
oxygen atom from the arsenite oxyanion coordinates a single structural Fe** at the iron
(hydr)oxide surface, which is not thermodynamically stable and the bond is easy to be broken.

By changing the redox potential, the transform between As(V) and As(III) will lead the
adsorption-desorption process and recycled use of the adsorbent. At the same time, the thermo
tunning can help the adsorption-desorption to be much more significant and much quicker.
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Fig 2 redox potential-different time-desorption

The experiment of redox potential effect on desorption has been carried under 20°C(shown in
Fig 2). The adsorbent (sponge loaded with SPION) was used for adsorb the arsenate, which
make the surface and porous of the adsorbent is full of arsenate (10.34mg arsenic/g adsorbent).
Then, 50mg of Tin foil was used as the reduction reagent for desorption, and the aqueous
solution pH 3.6 with the contact time from 10-300min. As time goes on, Sn could transform
the arsenate to arsenite, which has weak bond to the iron oxide nanoparticles, therefore desorb
from the adsorbent. That means the Tin change the redox potential, which could help to realize
the desorption process. Arsenate (As(V)) react with Sn in buffered aqueous solutions to
produce arsenite (As(IIl)).® The electron transfer reactions can be described in terms of

thermodynamics through the use of standard electrode potentials.’

3.2 Further proof of redox potential part
The potassium dichromate (K2Cr207) could oxidize the arsenite to arsenate by changing the solution
redox potential.

Table 1 oxidation rate of As(IIl) to As(V) by potassium dichromate

Initial concentration | Concentration of | After oxidation, | Conversion rate

of arsenite(ppm) potassium concentration of
dichromate(mmol) arsenate(ppm)

94913 1.33 87.192 91.87%

96.317 1.33 88.615 92.00%

Table 2 reduction rate of As(V) to As(Ill) by Zn powder

Arsenate loaded
the

on

After reduction,
arsenic left in

the

the

the
the

After reduction,
arsenic left in

Conversion

rate




sponge(ppm) sponge(20°C)ppm sponge(70°C)ppm
18.569 4.119 1.239 93.33%
18.931 3.780 1.827 90.35%

The oxidizing agent (potassium dichromate) could convert ~92% of arsenite to arsenate (as
shown in Table 1). Meanwhile, the reducing reagent (Zn powder) could reduce the arsenate to
arsenite (as shown in Table 2) by changing the redox potential, the conversion rate could be
~90%, which is very high and could help the desorption to happen. The arsenate could be much
more adsorbed due to its acidity that provides high proportion of deprotonated species presents
in the media at the pH of study, thus leading to a major contribution in the adsorption capacity.
The sponge-SPION provide more probability to interact with arsenate and react by ligand
exchange to the adsorption system. Thus arsenate has much higher adsorption rate than arsenite.
By changing the redox potential, therefore transforming the arsenite to be arsenate, could help
the adsorption to occur.

3.3 The synergic thermo tunning of redox potential part:

Table3 Combination of temperature effect with redox potential effect for desorption

After adsorption After desorption | After desorption
(20°C+ reduction) (70°C+ reduction)
adsorbent Sponge Sponge- sponge Sponge- sponge Sponge-
(ppm) SPION(ppm) SPION SPION
concentration | 18.569 21.398 3.780 9.165 1.239 7.571
concentration | 18.931 21.243 3.532 9.482 1.827 7.323

Table 3 the synergic thermo tunning of redox potential part: shows that in the bed mode, both
of the temperature and redox potential have significant effect on arsenic adsorption-desorption.
It could be combined the temperature effect with redox potential in order to get the better and
stronger desorption process without adding reagents. It shows that in the bed mode, the
adsorbent in the column could firstly adsorb the arsenic and then, the arsenic which are loaded
in the adsorbent could be eluted by hot water with the help of Sn. After elution, the adsorbent
could be reused to adsorb the arsenic again. Which means, the adsorption-desorption recycled
process could be realized and the adsorbent could be reused for several times.

3.4 Column Experiment part
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Fig 4 Column mode —different dosage effect on elute concentration. Initial stock solution
concentration=250ppm, T=293K, 1g sponge loaded with SPION, pH=3.6.(Adsorption capacity of
4g sponge-SPION=100.06mg As/g sponge, Adsorption capacity of 1g sponge-SPION=99.14mg
As/g sponge)

The observed data in Fig 4 shows the adsorption capacity obtained using 4g adsorbent(sponge

loaded with SPION) or 1g adsorbent is the same, which indicates the homogeneity of the
adsorbent prepared.

Elution curve of column 2
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Fig 5 comparison of different methods for desorption

Table 4 comparison of recovery rate by using different methods for desorption

No heating-NaCl | Heating+Reduction | Reduction Heating+NaNOs

total elute,
mg 86.29 95.79 101.47 93.08




recovery,% 92.80 94.22 96.52 85.64

The comparison of different methods for desorption, the temperature with the help of NaNOs,
the reduction-tuning methods, the thermo tuning of redox potential way as well as the NaCl as
desorption reagent for desorption have been evaluated as shown in Fig 5. In the case of NaCl
at room temperature (no temperature effect and no redox conditions), the 92.80% recovery rate
is due to the strong affinity of the Cl for Fe(IIl) present in SPION, helping thus the release of
adsorbed arsenate. However, in the desorption step, the effect of the anions NO* or CI-, which
could compete with the arsenic oxyanions therefore could help the desorption process, show
lower recovery rate, which is 85.64% and 92.80% than those by the redox potential tuning
effect, which is 96.52% and 94.22%, respectively. Which means that redox potential tuning has
stronger impact on the desorption process.
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Fig 6 elution by different methods with different competing anions

Fig 5 and Fig 6 shows that the temperature and redox potential have significant effect on elution,
which make the desorption to be very efficient. From the Figures, it is clear to see that the
desorption is efficient and complete. The complete desorption process is attributed to the
thermo tuning effect combined with the redox potential function. Furthermore, this completely
desorption results in very “clean ” sponge loaded with SPION, which is fully prepared for the

next cycle of adsorption. The recovery proportion is almost 100%.
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Fig 7 Different loading

The several times repeated loading of arsenic on the adsorbent are shown in Fig 7. As can be
seen from the data presented in Fig 7, the sponge loaded with SPION as adsorbent under study
demonstrate very good adsorption capacity, which the arsenic adsorption in the column can
repeat for several cycles., therefore the recycled function of the adsorbent and the reuse
processes are realized. The adsorbent regeneration and arsenic recovery is mainly due to the
synergic thermo tuning of redox potential effect.

3.5 Cycled column experiment part:
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Fig.8 means that the adsorption and desorption process can repeat.

Experiment 1, elute by heating

1) Load As(v) 250ppm on the column(1g sponge+spion), collect the elute in six 50ml tubes.
2) Elute the column by 50ppm As(v) solution, by heating to 70°C, collect the elute in four



50ml tubes.

3) Reload As(v) 250ppm on the column, collect the elute in six S0ml tubes.

4) Elute the column by 50ppm As(v) solution, by heating to 70°C, collect the elute in four
50ml tubes.
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Fig.9 means that the desorption effect of the three methods

Experiment 2, elute by Sn-redox

1) Load As(v) 250ppm on the column(1g sponge+spion), collect the elute in six 50ml tubes.

2) Elute the column by 20ppm As(v) solution, by passing the Sn-redox column(80g),collect
the elute in four 50ml tubes.

3) Reload As(v) 250ppm on the column, collect the elute in four 50ml tubes.

4) Elute the column by 20ppm As(v) solution, by passing the Sn-redox column,collect the
elute in four 50ml tubes.
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Fig.10 means that at the elution step, when we add 1 ml of As solution, we can have 0.13mg,
0.09mg,and 0.17mg of As eluted from the column material. So when we use Heating+Redox
method, the elution will better.

Experiment 3, elute by heating+Sn-redox

1) Load As(v) 250ppm on the column(1g sponge+spion), collect the elute in six 50ml tubes.
2) Elute the column by 20ppm As(v) solution, by passing the Sn-redox column(80g), and heat
to 70°C, collect the elute in four S0ml tubes.

3.6 Real waste water
Table 5: The original concentration of different elements in real waste water

ppm
Fe 979
Al27 773.5
Mg 26 715.5
Zn 198.5
Cu 194.8
Mn 55 74.2
Ca44 39.9
Si28 347
Na 23 14.1
Co 59 7.0
As 3.1
Li7 2.8
Ni 2.2
Cd114 2.1
Sr 88 1.8
Ba 138 1.5
Ti 47 1.4
Cr52 1.3
V5l 1.3
Sb 123 1.3
Mo 95 1.3
Ag 107 1.0
Se 82 0.4
Pb 0.2

The real waste water sample is from a river called “Rio Tinto” from Huelva, Andalucia (Spain)
and was proporcioned by AGQ Mining and Bioenergy, a Spanish company. The real waste
water sample has a high concentration of iron which has to be eliminated before arsenic removal.



The pretreatment of the sample is bubbled with air for 4 hours, oxidizing the Fe" to Fe*", the
pH of the real waste water (originally 2.45), is changed to be 3.6 by adding NaOH. The
precipitation is removed by using a filter, obtaining “iron-free” wastewater. But at the same
time, the arsenic is also precipitated by iron precipitation. So the “iron-free” wastewater was
doping by 60ppm arsenate solution, therefore the obtained the real wastewater using for our
study is wastewater simulation, which contains inorganic arsenic species, meanwhile has other
ions interferences.

After treating the wastewater, the arsenic is adsorbed and the results are shown below in the
Table 6. As expected, The first sample demonstrate that the method performs well because almost
all the arsenic present in the first S0mL has been adsorbed in the SPION loaded sponge despite other
elements presented in the sample can be adsorbed too (ICP show that interfering elements such as
Zinc or Copper are present in a higher concentration than arsenic), the removal efficiency is very
good at the beginning (97.82% removal). However, if passing more volume of the real waste water,
the removal percentage of the arsenic species is sharping down since the interference ions, which
compete with the arsenic oxyanions to be adsorbed. Therefore, the removal of the interference ions
before adsorbing the arsenic species is very necessary and important. The method will perform
better if instead of one column is used creating a system of columns interconnected.
Table 6 Real waste water absorption results

Sample Real Concentration (ppm) Removal percentatge (%)

Initial

concentration 45,29

After passing

through the resin |44,32

1 0,99 97,82

2 22,66 49,97

3 36,05 20,39

4 39,37 13,08

5 39,63 12,50

6 4426 2,28

7 43,26 4,49

8 43,99 2,87

9 43,78 3,34
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Abstract

Selenium is a toxic element with a relatively high mobility in the natural waters. In this work
we study the kinetics of adsorption of Se(IV), and Se(VI) on Yy-Al,O; through batch
experiments of room temperature and high temperature. Results show that under 20°C, the
maximum adsorption for selenate and selenite on y-Al,O3 nanospheres was achieved at pH 2 in
6 hours, the adsorption of selenium presents an anion exchange behavior, decreasing at higher
pH values. In the case of Se (VI) the sorption decreases as the percentage of the aqueous species
HSeO4 decreases. While for 70°C, the maximum adsorption was attained in 14 hours. The
kinetic studies show that they are fitted very well to the pseudo-second order, this suggests that
selenium ions were adsorbed onto the aluminum nanosphere surface via chemical interaction.
The adsorption of y-Al,Os; nanosphere for selenate and selenite were fitted very well to
Frendlich isotherm model, which is indicated that the y-Al>O3; nanosphere as adsorbent was
multilayer coverage by selenium. The AH value of Se (IV) and Se (VI) between 20°C and
70°C were -13.955 KJ mol'and -3.927 KJ mol shows that lower temperature favor removal
of selenium.

Key words: Selenite, Selenate, kinetic, y-Al.O3; nanosphere

INTRODUCTION

Selenium is a natural trace element present in the Earth’s crust. It is an essential nutrient which
plays an important role in biologic and physiologic body functions. However, when certain
levels are attained, selenium is highly toxic and the effects depend on various factors, including
the oxidation state of the element. The World Health Organisation (WHO) has recommended
the maximum contaminant level (MCL) of 40 pg I for total selenium in drinking water® .

Selenium can exist in different oxidation states, elemental selenium (Sey), selenite (SeOs%),
selenide (Se*) selenato (SeO4*) and organic selenium. Selenite and selenate are found to be
thermodynamically stable under the pH and redox conditions that are found in most aqueous
media and are the predominant forms'.

Although multiple methods have been reported for selenite and selenate removal, such as



precipitation®, ion exchange®, membrane filtration 7, reverse osmosis®, chemical reduction with

%10 microalgae-bacterial treatment ''; adsorption has received more attention due to its high

iron
concentration efficiency and simple procedure that overcome most of the drawbacks of other

techniques.

Numerous adsorbents have been use in selenium adsorption. The adsorbent that have been used
included activated alumina'?!3, clays'*, iron nanoparticles suspension'®, goethite and hematite'®
and Fe-loaded activated carbons!’. Adsorption of Se by metal oxides such as iron oxides and
aluminum oxide has been demonstrated and shown as promising method for selenium
removal'>'®!? Aluminum and iron are present in most of them, because Al- and Fe-oxides have
high surface areas and point zero charge®. In our study, we choose y—Al,O3 which is a different
type of Al-oxides because of morphological characteristics such as particle/pore size, shape and
structure. It has hollow structure which provide them low density, high specific surface area,
and closely packed interpenetrating networks®!. The aim of this work is to investigate the
feasibility and effectiveness of hollow-structured aluminum nanparticles in the sorption of
Se(IV) and Se(VI) ions from acidic aqueous solution. The adsorption mechanism and sorption
properties were studied under static mode of operation.

2 Experimental section

2.1 Reagents and Apparatus

The Se(VI) and Se(IV) source was sodium selenate and sodium selenite, Na;SeO4, Na,SeOs,
ACS reagent from Aldrich(Milwaukee, USA). KAI(SO4). 12H»0, Urea, NaAc and HAc were
ACS reagents from Panreac S.A. (Barcelona, Spain). Selenium concentration in solution was
determined by the ICP-MS technique. In all the experiments, the initial and final pH was
measured, pH was controlled by using a Crison pH meter micropH 2002 (Barcelona, Spain)
with a combined glass electrode.

2.2 Preparation and characterization of the adsorbents

The Y-ALO; hollow nanospheres adsorbents were readily prepared in our lab by mixing the
aluminium potassium sulfate dodecahydrate(KAl(SO4).12H,0) and Urea(CO(NH>),) in
distilled water and stirred. The resulting solution was putted into a microwave vessel for heating.
The pH of the resulting solution was adjusted with sodium hydroxide to 9.0. The obtained white
precipitate was sepearated and washed by ethanol. The product was dried in the oven for 12h.
Finally, the resulting form of the material synthesized(r-AIOOH) was converted into nano-r-
Al O3 by calcinating it in the muffle. We characterized the samples by scanning electron
microscope (SEM ZEISS EVO@ MA 10, Oberkochen, Germany) to see the particle size and
structure.

2.3 Selenium adsorption

2.3.1 Effect of contact time

Experiments to determine selenium adsorption in different contact time were carried out at 2-
1440mins in batch conditions.

2.3.2 Effect of initial concentration

Experiments to determine selenium adsorption capacity in different initial concentration were
carried out at 2-100ppm in batch conditions.

2.3.3 Effect of pH



Experiments to determine selenium adsorption in different pH were carried out at pH 2.0-11.0
in batch conditions by using stoppered polystyrene tubes. Corresponding agitation was carried
out in a rotary rack shaker during 18 h (this contact time was confirmed in separate experiments).
Once the equilibrium was reached, samples were taken and filtered through 0.22um pore size
filters. Selenium concentration in solution was determined by ICP-MS. Experiments were
repeated for the different conditions a minimum of two times.

2.3 Kinetics on Se(IV ) and Se(VI)Adsorption

The sorption rate was measured by shaking stoppered polystyrene tubes containing 0.005 g of
the adsorbents and 25 mL of a 1 ppm selenate solution in a rotary rack shaker during different
time periods. After the corresponding time, the sample was filtered and the Se(IV) and Se(VI)
content measured by ICP-MS. The saturation degree is calculated by comparison with the initial
Se(IV) and Se(VI) concentration in the solution to evaluate the minimum time for complete
saturation of the adsorbents.

3 Results and discussion

3.1 Characterization of adsorbent material--SEM-EDX analysis

Adsorbent (i.e. Y-Al:O3; nanosphere) shape and size impact the adsorption capacity of the
adsorbent. SEM images of fresh Y-Al,Os nanospheres indicate that the material is composed of
individual, hollow-spherical particles ranging in size from 200 to 400nm that form aggregates
and chains (Figla). This small Y-Al,O; nanospheres provides a larger surface area for
contaminant adsorption. Energy Dispersive X-ray (EDX) analysis data (Figlb) show that the
main compositions of the sample are Al and O, which confirms the nanosphere composition.
The SEM images of Y-Al,O3 nanospheres after adsorption for the selenium was shown in Fig
Ic. The adsorption of selenium on the Y-Al>O; nanospheres did not influence the structure of
the nanoparticles.

EHT =10.00 kv
WD = 4.8 mm




EHT = 10.00 kV
WD = 48mm

Fig 1 SEM image of Y-Al,Os nanospheres a) before adsorption of selenium b) EDX analysis c)
after adsorption of selenium

3.2 Comparison of AIOOH, y-Al:Os, modified y-AlO; for selenium adsorption

AIOOH hierarchically nanostructured hollow microspheres?' with nanoflake-like porous
surface textures was fabricated in our lab by chemically induced self-transformation of
metastable solid particles of amorphous aluminum oxyhydroxide produced in situ within
hydrothermal reaction mixtures containing aluminum sulfate and urea.?* The hollow structured
Y-AIOOH microsphere has first been used for selenium adsorption to see how it behaves and
how much the adsorption capacity of the y-AIOOH microsphere is. AIOOH hierarchically
nanostructured microspheres are used as the precursor and template for the preparation of } -
AI203 hierarchically nanostructured nanospheres by thermal transformation of AIOOH at
600°C in microwave, and the morphology is well preserved during the thermal transformation
process. This process produce intact hollow sphere spheres of Y-Al,Os;. The comparison
between the adsorption of selenate and selenite by Y-AIOOH microsphere and Y-AlOs;
nanospheres has been studied and the results are shown in Fig 2. The y-Al:O3; nanospheres has
much higher adsorption capacity for adsorbing selenate and selenite than that of y-AIOOH



microsphere. Therefore, in the following work, we usey-AlO3; nanospheres as the adsorbent
for selenate and selenite adsorption.
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Fig 2 Comparison of Selenium adsorption by AIOOH and by Yy-AlOs
3.3 pH effect on adsorption.

The pH level of the aqueous solution is an important variable for the selenium adsorption
process, due to the speciation of the chemical functional groups present on the adsorbent surface.
So, the effect of the aqueous solution pH on the removal efficacy of the aluminum nanoparticles
for selenium was studied between pH 2.0 and 11.0 (acetic/acetate media) under temperature
20°C and 70°C, respectively (Fig 36a, b). Either under 20°C or 70°C, the results obtained
revealed that the adsorption of both Se (IV) and Se (VI) are pH dependent. The observed pH
effect revealed the adsorption of Se (IV) and Se (VI) is maximum at pH 2. The sorption of
selenium presents an anionic behavior, decreasing at more alkaline pH values. In the case of Se
(VI) the sorption decreases as the percentage of the aqueous species HSeO4 decreases. For
sorption edge coincides with the predominance of HSeO3*

Selenate adsorption primarily occurs under acidic conditions, as shown in Figure 3.36. In the
pH range studied, the dominant selenate species is SeO4-, since the pK2 for selenious acid is
2%, With an increase in pH, SeO4*- adsorption rapidly decreased. At pH 3.6, the total percent
of adsorption was 91%. When pH was higher than 8.0, very little adsorption was recorded.
Because too much acid was required to reduce the pH lower than 3.6 and to maintain a constant
ionic strength, lower pH experiments were not conducted. Se (IV) species in aqueous solution
include selenious acid (H>SeOs), biselenite (HSeO* ) and selenite (SeOs*). Between pH 3.5
and 9.0, the biselenite ion is the predominant ion in water. Above pH 9.0 selenite species
dominate, and as the pH decreases below pH 3.5, selenious acid dominates. Se(IV) sorption
decreases at alkaline pH due to the decrease of the fraction of aqueous species of HSeO5~.>*
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Fig3.pH effect on selenium adsorption, initial concentration: 1ppm, using 0.005g aluminum
nanosphere as adsorbent. 25mL, 18h. a) 20°C b) 70°C

3.4 Initial concentration effect on selenium adsorption

These experiments are planned to assess the effect of the initial selenate and selenite
concentration on the sorption process and estimate the maximum aluminum nanosphere
adsorption capacity for both species. The adsorption of selenium oxyanions by Y-Al,O3
nanospheres is determined in a proper initial selenium concentration range at pH 2. The effects
of the initial selenium concentration (from 2ppm to 100ppm) on the adsorption capacity by the
Y-AlO;3 nanosphere are shown in Fig 4. The increase of adsorption capacity when the initial
selenium concentration increases can be explained in terms of diffusion resistance. Adsorption
capacity equilibrium is reached when the surface of yY-Al,Oz nanosphere does not have free
sites for the selenium oxyanions uptake, being saturated.'” It is probably another explanation
that, as mentioned before, a higher probability of collision between adsorbate (arsenate) and



adsorbent(sponge loaded with SPION) surface happens as initial concentration increases, which
could overcome the mass transfer resistance between the aqueous and the adsorbent phases.!!
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Figd. Se (VI) and Se(VI) initial concentration effect on selenium adsorption, initial
concentration:  ppm, using 0.005g aluminum nanoparticle as adsorbent. 25mL, 18h.

3.5 Adsorption Isotherm modeling.

In these experiments the effect of the initial Se (IV) and Se (VI) concentration on the sorption
of Se (IV) and Se (VI) was studied in order to estimate the maximum loading capacity of y-
AlO3 nanoparticles. The obtained results are not fitted to Langmuir isotherm, fitted to the well-
known Freundlich isotherm model, as shown in Fig5. The experimental observation are in good

agreement with the Freundlich model®
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Fig5 Freundlich isotherm model for the adsorption of Se (VI) and Se(IV) by y-ALO;
nanosphere
Table 1 Freundlich parameters

logks I/n R?
Se(IV) -0.76 0.59 0.9177
Se(VI) -0.58 0.65 0.9249

Regarding the corresponding correlation coefficient values obtained, the Freundlich isotherm
fits the data showing that the adsorption process not rely on a specific sites adsorption
mechanism where adsorbate molecules in the multilayer of the surface not occupy specific sites
on the adsorbent. The adsorbent (here is Y-Al,O3 nanospheres) is not homogeneous and it is
heterogeneous.

3.6 Evaluation of thermodynamic parameters
The influence of the temperature on the equilibrium constant k con be described by the
following relationship:

k1 AH 1 1
I (35) = 205 (5 =25 ) oo (1)
And K can be calculated by the equation:
S Qo =3 O 2)

Table2 Differential enthalpies of complexation for hypothetic nanoparticles with selectivity
dependent on temperatures

343K-293K | K(T2)/K(T1) | Ln(K2/K1) AH,KJ/mol | LogKf | 1/n
Se(IV) 0.434 -0.835 -13.955 -0.765 | 0.590
Se(VI) 0.791 -0.235 -3.927 -5.776 | 0.653




It was observed from Table 2 the AH value shows that lower temperature favor removal of
selenium within the defined range of study. The reaction could be attributed to the fact that the
adsorption of selenium oxyanions onto the surface of the y-Al,O3 nanosphere could be favored
by elimination of water molecule previously bonded to the surface of the adsorbent favoring
increasing in entropy factor. The negative value of AH confirms the exothermic nature of the
adsorption process. The AH value of Se (IV) and Se (VI) between 20°C and 70°C were -14.0
KJ mol'and -3.9 KJ mol! shows that lower temperature favor removal of selenium.

3.6 Variation of contact time

The variation of contact time is one of the most important parameters in determining the
adsorption potential of an adsorbent material. Adsorption of selenium by aluminum
nanospheres was studied within a time period of 2-4320min (2min to 72h). As shown in Fig 6,
the equilibrium adsorption of selenium can be obtained in 6h under 20°C at pH 2, the adsorption
of selenium presents an anion exchange behavior. The reason could be attributed to the
availability of high surface area as well as porous structural features facilitating easy removal
of selenium. Apart from this, surface hydrophilicity could be a factor responsible for anion-
surface functional group interaction which is entropically favorable. While for 70°C, the
maximum adsorption was attained in 14 hours.
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Fig6 Variation of contact time period, pH=3.6, conc. of Se(IV) or Se(VI): 1ppm; adsorbent
dose:5mg.a)20°C, b) 70°C

3.7 Adsorption kinetics

Adsorption of selenium oxyanions on Y-Al:O; nanospheres is a complex process. The
adsorption mechanism during the present adsorption process involve the potential rate
controlling steps such as mass transport, pore diffusion and chemical reaction processes. Indeed,
the speed of adsorption is strongly influenced by several parameters such as the status of the
solid matrix that has generally heterogeneous reactive sites, and the physical-chemical
conditions under which the adsorption take place.*

In order to understand kinetics process and predict the mechanism involved during the present
adsorption process, the adsorption data was analyzed and two kinetic models were used to fit
the experimental data, namely, pseudo first-order (shown in Fig7) and pseudo-second-
order(shown in Fig 8). The correlation coefficients for Lagergren irreversible first-order model
obtained were low. Therefore, the reaction involved in the present adsorption system is not of
the first-order. The calculated ge by this model differs significantly from those measured during
the experiment. The kinetic studies show that they are fitted very well to the pseudo-second
order, which showed the best fit to the experimental data with the highest squared correlation
coefficients (R* = 0.999) and the theoretical Qe give acceptable values when compared to the
experimental ones. This suggests that selenium oxyanions were adsorbed onto the aluminum
nanosphere surface via chemical interaction, which is probably involving valency forces
through sharing or exchange of electrons between sorbent and sorbate, and provides the best
correlation of the data.
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Table 3 Pseudo-second order kinetic constants for the adsorption of selenium oxyanions on Y-

Al,O3
K>(g/mg min) Qe (mg/g) R?
Se(IV) 20°C 0.054 4.29 1
Se(VI) 20°C 0.058 4.16 0.9998
Se(IV) 70°C 0.053 4.33 0.9996
Se(VI) 70°C 0.048 4,55 0.9985

The analysis of tabular data(shown in Table 3) reveals that values of both q., exp and qe.cal for
pseudo second order kinetic model are close to each other with relatively higher correlation
coefficient (R2) value. The adsorption kinetics can be conveniently represented by the pseudo

second order model.

3.8 Comparison of adsorption capacity between Y-Al;O3 and modified y-Al,O3
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Since some studies on 3-mercaptoproponic acid (3-MPA) coated SPION have been done in
order to modify the change the aggregation properties of SPION and link the the thiol groups
to SPION surface in order to improve the adsorption capacity of SPION. In our case, we try to
modify  the Y-AlOs; nanosphere by using the diethylammonium  N,N-
diethyldithiocarbamate(DDC), since this organic reagent has the thiol group, which also could
bond with Y-Al,Os nanosphere, therefore make the nanospheres to be less aggregated and
increase the surface area. Thus, it should improve the adsorption capacity of Y-Al,Os
nanosphere for selenium adsorption. The results of comparison of adsorption capacity
betweenyY-Al,O3 nanosphere and DDC modified Y-Al>O; nanosphere has shown in Fig 9. It has
demonstrated that DDC modified Y-Al,O3 nanosphere has higher adsorption capacity for
selenate. However, during the pH range of 2.8-6.0, the Y-Al:O; nanosphere has higher
adsorption capacity for selenite than adsorption capacity of DDC modified Y-Al,O3 nanosphere
for selenite. When pH>6.0, the phenomenon is opposite, the Y-Al,Os nanosphere has lower
adsorption capacity for selenite than that of DDC modified y-Al,Os nanosphere for selenite.
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Field of the Invention

The present invention relates to a reagentless recycled method for arsenic removal in water. In
our invention, we develop a new method for Arsenic adsorption-- desorption and sorbent
regeneration with no reagents added by taking advantage of the synergic thermo tunning of
redox potential of the adsorption-desorption system.

State of the art

Arsenic is abundant in our environment with both natural and anthropogenic sources which is
considered to be one of the major problems in pollution because of their high toxicity and the
consequent risks for human health(Ernest O. Kartinen Jr., Christopher J. Martin,1995; Le
Zeng,2004; Sushilraj Kanel, Jean — Mark Greneche, Andheechulchoi, 2006). Several countries
have to deal with the problem of arsenic contamination of groundwater, used for drinking water,
such as Bangladesh and India, China, United States, Mexico, Australia, Greece, Italy, Hungary,
etc.

Thus, there is a growing interest in using low-cost methods and materials to remove arsenic
from industrial effluents or drinking water before it may cause significant contamination. In
natural water, arsenic is primarily present in inorganic forms and the dominant arsenic species
are arsenate—As(V) and arsenite-As(III)( R.S. Harisha, K.M. Hosamani , R.S. Keri, S.K.
Nataraj, T.M. Aminabhavi,2010)

The adsorbents and filters have been used for the treatment, including: ferric chloride(M.J.
Haron, W.M.Z. Wan Yunus, N.L. Yong and S. Tokunaga,1999), Fe(Ill)-doped alginate gels(X.
Meng, S. Bang and G.P. Korfiatis,2000), nanocomposite adsorbent based on silica and iron(I1I)
oxide(J.H. Min and J.G. Hering,1998), and iron oxide-coated polymeric materials(I. Peleanu,
M. Zaharescu, I. Rau, M Crisan, A. Jitianu and A. Meghea,2002), Fe(Ill)-loaded resins(Dmitri
Muraviev, Ana Gonzalo, and Manuel Valiente,1995), Fe(Ill)-loaded sponge(José Antonio
Muiioz, Anna Gonzalo, Manuel Valiente, 2008) are used in arsenic treatment because of the
Fe(IlI) affinity toward inorganic arsenic species and consequent selectivity of the adsorption
process.


http://www.sciencedirect.com/science/article/pii/0011916495000895
http://www.sciencedirect.com/science/article/pii/0011916495000895

In WO 2014122350A1 a filter for the treatment of liquid comprising a support made from a
polymer material having at least one functional group from the group formed by carboxyl and
thiol, loaded with SPION (SuperParamagnetic Iron oxide Nanoparticles)

In WO 2007/ 032860 a filter for eliminating described arsenic in water comprising a support of
polyacrylonitrile (PAN) loaded with iron hydroxide nanoparticles .

The paper Morillo , D, Valiente , M., Perez , G., "Advances in adsorption Arsenic with
Nanoparticles", Research Project, Master's Degree in Chemical Sciences and Technology ,
Universitat Autonoma de Barcelona , September 2009 , the use of a cellulose sponge as support,
in which SPION has dispersed , for removing arsenic in water.

There is, hower, although the filter or adsorbent has very high quality and efficiency to treat
and adsorb arsenic, if they can not be recovered and reused for several times, it is still very
expensive and it is not very practical. As there are a lot of weaknesses of using reagents to
recover the adsorbent or filter. Some new methods for adsorption-desorption recycled arsenic
treatment and adsorbent/filter regeneration is really needed.

Almost all of the traditional methods have the problems on adsorbent/filter regeneration. Once
the adsorbent/filter becomes exhausted, then, either the metals must be recovered, the
sorbent/filter be regenerated or disposed in a controlled dumping site for toxic substances which
use to be very expensive. Desorption and sorbent/filter regeneration is a critical step
contributing to decrease process costs. A successful desorption process must restore the
sorbent/filter close to its initial properties for effective reuse. In most of the published arsenic
sorption studies (some discussed earlier), desorption/regeneration was not included. Very few
desorption studies are detailed in literature. Furthermore, once arsenic is recovered in the pure
and concentrated form, the problem of its disposal of this concentrated arsenic product must be
addressed. This is a difficult and expensive task. Few attempts have been made to address the
handling of concentrated arsenic wastes. Tuutijarvi T, 2006 has tried five different alkaline
solutions: NaOH, Na,COs3; Na,HPO4, NaHCO3 and NaAc for arsenate batch desorption and
regeneration. But this process also needs to spend a lot of alkaline solution which is very
expensive and is not feasible for industrial sense. Thus, in our invention, we develop a new
method for arsenic adsorption-desorption and sorbent regeneration by taking advantage of the
synergic thermo tunning of redox potential for clean removal of the adsorption system.

The present invention relates to a reagentless method for arsenic (particularly As(V) and As(I1I))
adsorption-desorption and sorbent regeneration with no reagents added by taking advantage of
the thermodynamic properties and redox potential of the adsorption system. This reagentless

method could not only save a lot of reagent for recovering the sorbent, but also the adsorbent

could be recycled and reused, which is low-cost and practical.

The inventor has studied the adsorption properties of As(V) and As(Ill) the influence of
temperature and redox potential on the desorption rate. In addition, the inventor has studied the
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thermodynamic aspects for realizing the adsorption-desorption process. Besides that, the
oxidation of As(IIl) to As(V) and the reduction of As(V) to As(Ill) in order to prove the
concept of redox potential for adsorption-desorption have been studied . More importantly, the
thermodynamic aspects combined with the redox potential effect for controlling the adsorption-
desorption process have been studied.

Detailed Description of the invention

The present invention relates to a reagentless method for arsenic (particularly As(V) and As(I1I))
adsorption-desorption and sorbent regeneration with no reagents added by taking advantage of
the thermodynamic properties and redox potential of the adsorption system.

In this work, the inventor has done the research on the effect of thermal tunning on arsenic
adsorption and also studied the mechanism of thermodynamic properties of this adsorption
system. Furthermore, the inventor has done some study on redox potential of As(IIl) oxidation
and As(V) reduction.

One of the objectives of the present study includes not only the new methods for arsenic
adsorption-desorption by controlling the temperature or redox potential of reaction condition,
but also some theoretical study which can explain the mechanism of the adsorption-desorption
process. More importantly, we study effects of synergic thermo tunning and redox potential on
the adsorption-desorption process. The aim of the invention is to provide a totally new concept
and reagentless method to recover the arsenic and regenerate the adsorbents for recycled arsenic
removal treatment.

It is accordingly an object of the present invention to provide a highly capacity and
efficiency adsorbent capable of selectively absorbing arsenic from aqueous solution.

It is another object of this invention to provide an adsorbent of the aforesaid nature in the
form of an open-celled sponge loaded with controllable size of nanoparticles.

It is a further object of this invention to provide a method of capable of adsorption-
desorption recycling process by taking advantages of thermo tunning effect.

It is a still further object of this invention to provide a method of capable of aforesaid
adsorption-desorption recycling process by using the concept of redox potential.

It is a yet another object of the invention to provide a method of capable of aforesaid
adsorption-desorption recycling process by synergic thermo tuning of redox potential.

These objects and other objects and advantages of the invention will be apparent from the

following description.

The inventor use the adsorbent to adsorb the arsenic in the water, the results shows that the
adsorption capacity is influenced by the temperature. The adsorption capacity is decreasing as
the temperature increases. That means as temperature increases, the desorption is starting to
occur. Lower temperature helps the adsorbent adsorb the arsenic and higher temperature helps
the adsorbent to desorb the arsenic. So, the inventor adsorbs the arsenic by using the adsorbent
under room temperature and desorbs the arsenic under 70°C.

More importantly, the inventor use the potassium dichromate to oxidize the As(Ill) to As(V)



and use the Zn powder or Sn to reduce the As(V) to As(Ill). Since the adsorbent has much
higher adsorption capacity of As(V) than that of As(Ill), the adsorbent can adsorb the arsenic
by oxidizing all of the As(III) to be As(V) and desorb the arsenic by reducing the As(V) to be
As(11D).

The inventor make the column mode in order to do the adsorption-desorption recycled
processing. The adsorbent could be put inside the column. Once the wastewater which contains
the arsenate and arsenite pass through the column, the arsenate and arsenite is loaded on the
adsorbent and the clean water goes out. After loading, the arsenate and arsenite could be eluted
by passing the hot water (70°C) or hot water combined with Sn. Therefore the adsorbent can be
reused.

Above all, the desorption process can be happened by reducing with the help of higher
temperature and the adsorption process can be happened by oxidizing under room
temperature(if the temperature is lower, for example,10°C, then the adsorption capacity will
higher than that under room temperature, but we consider about the room temperature is normal
and easy to control).

Once finishing the desorption process, the adsorbent can be used again for adsorb arsenic under
room temperature. And then desorb the arsenic by using the Zn powder under 70°C again. To
repeat this adsorption-desorption process for several cycles, then the adsorbent will be useless.
But the recycled method and process is really amazing since it can be saved a lot of money for
reuse the adsorbent.

In the first embodiment, the invention is directed to a method to adsorption-desorption
arsenic treatment in aqueous solution. Especially inorganic arsenic species, arsenite and
arsenate. Wherein the arsenate is adorbed by the adsorbent(sponge-SPION) under the pH=3.6
condition under 20°C and the loaded arsenate is desorbed by the reducing agent under 70°C.

In the second embodiment, once the adsorbent is regenerated again(since the desorption
make it clean), the adsorbent can adsorb the arsenate for the second time. The oxidant may help
to change the arsenite to be arsenate, in order to be adsorbed easily.

In the third embodiment, the invention is directed to a reagentless method to adsorption-
desorption recycled arsenic treatment by adjusting the temperature of the adsorption-desorption
process condition.

In the fourth embodiment, the invention is directed to a reagentless method to adsorption-
desorption recycled arsenic treatment by changing the redox potential of the adsorbate
condition.

In the fifth embodiment, the invention is directed to a reagentless to adsorption-desorption
recycled arsenic treatment by synergic thermo tunning of redox potential.

In an embodiment of the invention, the temperatue could be tunned between 50C to 950C,
the reducing reagent could be Zn or Sn and the oxidant could be potassium dichromate and
potassium permanganate.



1. Methodology

1.1 Synthesis of iron oxide nanoparticles.

Magnetite nanoparticles are prepared in our lab by mixing iron(I) chloride and iron(III)
chloride in the presence of ammonium hydroxide. First, deoxygenated the solution of NH4OH
(0.7M) by nitrogen. Second, deoxygenated the solution of 12mL HCI (0.1M) by nitrogen and
mix FeCls- 6H,0 with it. Third, heat the NH4OH solution at 70 °C. Fourth, Add the FeCls-6H,O
solution into the NH4OH solution and react for 30min. Then, Add the FeCl,4H,O in the
previous solution with mechanic agitation of about 3000rpm and waiting for 45min, the dark
precipitate will be formed, which consists of nanoparticles of magnetite. Last, wash it by MiliQ
water which has been deoxygenated and centrifuged four times( 3 times for 3 min and 5000rpm,
1 time for 10 min and 4500rpm) and preserve it by SO0mL 0.1M TMAOH.

1.2 Pre-treatment of the Forager sponge

Forager Sponge, an open-celled cellulose sponge which contains a water-insoluble polyamide
chelating polymer. (formed by reaction of polyethyleneimine and nitrilotriacetic acid), was
kindly supplied by Dynaphore Inc. (Richmond,VA,U.S.A.). This material is claimed to contain
free available ethyleneamine and iminodiacetate groups to interact with heavy metals ions by
chelation and ion exchange.

An initial conditioning of the sponge consisting on the conversion into its acidic form by
consecutive treatment with 1.0mol/L HCI, double distilled water, and HCI solution at pH 2.5
was carried out in a glass preparative column. A portion of this conditioned sponge was
separated, dried during 24 h , and stored in a desiccator for its use.

1.3 Loading of nanoparticle on the sponge

The sponge was loaded with iron oxide nanoparticles by using the  nebulizer. The SPION-
loaded sponge was dried during 24 h, and stored in a desiccator for its use. The SPION loading
capacity was 0.0955%0.0029mmol Fe/ g sponge.

1.4 Characterization

We have synthesized the iron oxide nanoparticles for 5 times. And Each time, prepare three
kinds of sample, including 1/100, 1/250, 1/1000(0.1mL SPION on 10mL TMAOH, 0.1mL
SPION on 25mL TMAOH, 0.1mL SPION on 100mL TMAOH). We characterized the samples
by TEM to see the particle size and dispersion. Iron oxide nanoparticles are highly dispersible
in solutions. With particle sizes of from 6-20 nm, they offer a large surface area and
superparamagnetic properties.

1.5 Adsorption-desorption

We have used the batch mode and column mode to do the adsorption-desorption process. As
for the batch mode, the arsenic is adsorbed by the adsorbent in a plastic bottle with the help of
agitating. The desorption process is occurred either by putting the plastic bottle in the high
temperature atmosphere or with the help of Zn powder or Sn. In the column mode, the arsenic
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is adsorbed by adsorbent inside the column by passing the wastewater through the column. The
desorption process could be realized by passing the hot water or with the help of Sn.

Brief description of the figures.

The temperature effect part:

Example 1: Figla,b,c,d, thermo tunning effect on adsorption-desorption: shows the changing
of temperature for the adsorption-desorption process.

Under 20°C, as time goes on, the adsorption is happened remarkedly, The adsorption process
obtains equilibrium at about 1h. After that, contact time has no effect in heavy metal removal
percentage. Under 70°C, the desorption occurs as contact time increases. Very high adsorption
rates were achieved at the beginning because of the great number of sites available for the
sorption operation, desorption equilibrium were then gradually achieved as time goes on.

Example2: Fig2, thermo tunning effect: shows that in the bed mode, the temperature also has
significant effect on arsenic adsorption, 100C has better adsorption capability of the adsorbent
than that under 200C condition, the 700C has the lowest adsorption capacity for arsenic removal.
Which reveals, as temperature goes down, it will help the adsorbent to adsorb the arsenic, in
opposite, as temperature rise up, it will prevent the adsorbent to adsorb the arsenic. The thermo
tunning effect is very obvious. The effect of temperature could be explained in the
thermodynamic aspect. The adsorption phenomenon is more efficient with the decrease in
temperature. The process is controlled by the adsorbate-adsorbent interaction.

Example 3: Modeling of Arsenic Adsorption by a Ligand-Exchange Process.

A monodantate ligand-exchange mechanism, based on the Fe:As stoichiometry 1:1
previously discussed, is proposed for the adsorption of arsenic(V) on the SPION loaded in the
sponge, as it has been considered for other iron-based materials. The corresponding reactions
can be written as follows

= Fe—OH + AsO,” +xH" <= FeH_,AsO,” + H,0

With an equilibrium constant

Where [A_s] indicates the amount of arsenic species adsorbed on the SPION in the
sponge(mmol/g), [Fe]indicates the amount of iron adsorbed on the sponge and not complexed
with As(mmol/g), [H B ]indicates the concentration of free protons in solution(mmol/g), and

[As]indicates the free concentrations of the corresponding AsOf ions in solution(mmol/g)

which have been calculated from the experimental values of total arsenic concentration and pH
of the solution using the pKa values given before.
From equation 1 , defining Y(g/mmol)as



|A_s|
Y =1L 1
Fe As] @

Then
logY =logK —xpH

Y value at a given pH is estimated from the experimental data of arsenic adsorption by
considering the formation of monodentate Fe-As complexes on the sponge. [A_s] is calculated
from the differences in adsorption capacity between the SPION loaded and the blank sponge at

each pH. [F_'e]is calculated by subtracting the arsenic adsorption capacity and the iron desorbed

from the initial amount of Fe(III) in the SPION-loaded sponge. [As] in solution is determined

as indicated in the experimental part.

A plot of logY vs pH for As(V) is given in Fig 3a,b. The values of x and logK obtained
by the least squares fit are shown in table 1. The model indicates that H,AsO* are the As(V)
chemical forms adsorbed on the Fe(Ill) loaded in the sponge in the pH range studied.

When reaction is expressed as a function of the adsorbed species, the stability of the
complexes can be accurately evaluated:

=Fe—-OH + H,AsO, < FeHAsO, + H,0O
logK =0.50%0.02(200C)
logK =0.12£0.03(700C)

Table 1 Calculated Results from Fe-As Interaction Modeling Process Indicating the x
and logK Values by the Least-Squares Fit

pH range X logK R
20°C 1-8 0.398 4.1975 0.8424
70°C 1-11 0.1061 1.0231 0.3791

Log K under 200C is much higher than that under 700C, which means the capability of
adsorption under 200C is much stronger than that under 700C.

The thermo tunning of redox potential part:

Example 4: Fig 4 Changing the redox potential, therefore transforming between arsenite and
arsenate, in order to control the adsorption-desorption: shows that the adsorbent has very good
capacity for the As(V) adsorption and much lower capacity for the As(Il). By changing the
redox potential, the transform between As(V) and As(III) will lead the adsorption-desorption
process and recycled use of the adsorbent. At the same time, the thermo tunning can help the
adsorption-desorption to be much more significant and much quicker.

Redox potential part

Example5:

The potassium dichromate could oxidize the arsenite to arsenate by changing the redox
potential.



Table 2 oxidation rate of As(III) to As(V) by potassium dichromate

Initial concentration | Concentration of | After oxidation, | Conversion rate

of arsenite(ppm) potassium concentration of
dichromate(mmol) arsenate(ppm)

94.913 1.33 87.192 91.87%

96.317 1.33 88.615 92.00%

The Zn powder could reduce the arsenate to arsenite by changing the redox potential.

Table 3 reduction rate of As(V) to As(Ill) by Zn powder

Arsenate loaded on | After reduction, the | After reduction, the

the sponge(ppm) arsenic left in the | arsenic left in the
sponge(200C)ppm sponge(700C)ppm

18.569 4.119 1.239

18.931 3.780 1.827

The synergic thermo tunning of redox potential part:
Example 6: Fig 5 the synergic thermo tunning of redox potential part: shows that in the bed
mode, both of the temperature and redox potential have significant effect on arsenic desorption.
It could be combined the temperature effect with redox potential in order to get the better and
stronger desorption process without adding reagents. It shows that in the bed mode, the
adsorbent in the column could firstly adsorb the arsenic and then, the arsenic which are loaded
in the adsorbent could be eluted by hot water with the help of Sn. After elution, the adsorbent
could be reused to adsorb the arsenic again. Which means, the adsorption-desorption recycled
process could be realized and the adsorbent could be reused for several times.
The real model of continuous mode for treating the real waste water
Example 7: Fig 6 the continuous waste water which contains 50ppm As(V) pass through the
column. At the beginning, the arsenic is adsorbed on the adsorbent until the saturation is reached;
Once the saturation reached, the waste water continue to pass through the column, but we
change adsorption condition, for example, to change the temperature or redox potential, then
the adsorption change to be desorption and the striping solution is starting to be highly
concentrated arsenic solution. Fig 6.1 shows that the adsorption-desorption process could be
repeated, therefore the adsorbent could be used for several times by changing the temperature
or redox potential. Fig 6.2 investigate the comparison of the effect of temperature and redox
potential on desorption, it shows that temperature with redox potential has the best effect on the
desorption process. Fig 6.3 shows that at the elution step, when we add 1 ml of As solution, we
can have 0.13mg, 0.09mg,and 0.17mg of As eluted from the column material. So when we use
Heating+Redox method, the elution will be the best.
Claims
1- The method for arsenic adsorption-desorption recycled process could be controlled by
thermo tunning, or redox potential, or synergic of both.  As the temperature goes up, The
adsorption process can be changed to desorption process. And vice versa. In addition, the
change of the redox potential can help the adsorption process transformed to be
desorption process and vice versa.

2- If'the claim 1 method is controlled by thermo tunning, the temperature could be between



10C to 990C.

3- According to claim 2, the adsorption can be done under room temperature and the
desorption can be done under 700C.

4- According to claim 1, the redox potential can be changed by reducing agent and oxidant.

5- According to claim 4, the reducing agent could be the one which has lower standard
redox potential than that of arsenic, for example, Zn or Sn, and the oxidant could be the
one which has higher standard redox potential than that of arsenic, for example,
potassium dichromate or potassium permanganate.

6-According to claim 1, the redox potential could also be changed by external voltage.

7-According to claim 1, the synergic of lower temperature with higher redox potential could
lead to very strong adsorption capacity. On the opposite, the synergic of higher temperature
with lower redox potential could lead to desorption.

8-According to claim 7, the synergic of 100C with oxidant make the adsorption process and
the synergic of 700C with reducing reagent make the desorption process.

9 — The adsorbent could be any kind of adsorbent which has the good capacity for arsenic
adsorption.

10-The adsorbent could be made by sponge--a polymeric material having at least one
functional group formed by carboxyl and thiol.

11- The adsorbent could be made by sponge loaded with the SPION which is loaded on the
sponge by liquid spray method.

12 - The sponge of claim 10, wherein said sponge are an open-celled cellulose sponge which
contains a water-insoluble polyamide chelating polymer, eould be provided by cleanway

company.

13 -The SPION according to claims 11, wherein said SPION has an average particle size
between 15 nm and 100 nm.
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Fig 1 The effect of contact time on the adsorption capacity , a). from 10min to 240min, 20°C,
b). from 2min to 60min, 20°C, ¢). from 10min to 240min, 70°C, d). from 2min to 60min, 70°C,
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relationship between logY and pH for As(V). a) 20°C, b) 70°C
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Fig4 changing of redox potential, therefore transforming between the arsenite and arsenate,
in order to control the adsorption-desorption.
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Elution curve of column 2
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Fig.6.a means that the adsorption and desorption process can repeat.
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Fig.6.c means that at the elution step, when we add 1 ml of As solution, we can have 0.13mg,
0.09mg,and 0.17mg of As eluted from the column material. So when we use Heating+Redox
method, the elution will better.
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