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Resumen

Inmovilizacion de oxihidréoxidos bimetalicos sobre matrices
grafiticas pararemover arseniato y fluoruros del agua

El exceso de arsénico y fluoruro en el agua ha dado lugar a graves problemas de salud, por
lo que son considerados contaminantes prioritario para ser eliminado del agua potable por
la Organizacién Mundial de la Salud (OMS). Varias investigaciones han demostrado que
los 6xidos ceramicos han demostrado ser excelentes materiales adsorbentes para varios
aniones en soluciones acuosas. Ademas, la combinacién de estos 6xidos ha mostrado tener
un efecto sinérgico en cuanto a la capacidad de adsorcion de arsénico y fluoruro. Esto es
debido a que los Oxidos bimetalicos creados heredan las propiedades de los Oxidos
pristinos que lo conforman, como la elevada densidad de grupos OH. Por lo anterior, en
esta investigacion se sintetizaron oxidos bimetalicos de Zr-Fe y Ce-Fe por un método
hidrotermal asistido por microondas. Mediante el mismo método se modific6 carbon
activado (F400) con una solucion bimetalica de Ce-Fe, Ce-Mn y La-Zr. Se caracterizaron
los materiales sintetizados mediante FTIR, distribucion de carga y pKi's, XRD y XPS

ademas, se estudio la capacidad y cinética de adsorcion de los materiales.

Los resultados mostraron que el método hidrotermal fue bastante eficiente para formar
Oxidos bimetalicos con una alta capacidad de adsorcién. La capacidad de adsorcion de
arsénico de los oxihidroxidos bimetalicos sintetizados en este trabajo fue de hasta 179.8
mg g'. La excelente capacidad de adsorcién del Ce:Fe-P’s y ZrOx-FeOx se atribuy6 en
gran medida a la alta densidad de grupos OH en su superficie y a la excelente afinidad de
estos materiales por el arsénico. La morfologia del bimetal Ce:Fe-P’s fue de jerarquia
tridimensional en forma de flores, lo cual resulté en una mayor exposicion de los grupos
activos del oxihidréxido bimetalico dando como resultado una alta capacidad de adsorcion

de arsénico. Ademas que el pHpzc Y el pH de la solucién no tienen un efecto negativo en la
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capacidad de adsorcion de Ce:Fe-P’s y ZrOx-FeOx, debido a que la adsorcidén de arsénico
se lleva a cabo principalmente por intercambio de ligandos con los grupos OH del material

adsorbente.

Por otro lado, la presencia de carbon activado inhibe la formacién de 6xidos bimetalicos, ya
que solo uno de los 6xidos que se encuentra en solucién se ancla en la superficie del carbén
activado. Por ejemplo, cuando se tiene en solucién Fe y Ce el metal que se ancla sobre la
superficie del carbdn activado es el Fe. En este caso, se observé que el cerio tiene un efecto
en el tamafo de particula de los 6xidos de Fe, por lo tanto, actta como un agente
complejante. La morfologia, el pHpzc ¥ pH de la solucion influyen en la capacidad de
adsorcion de arsénico de los 6xidos bimetalicos anclados sobre el carbén activado. Los
carbones modificados con las soluciones metalicas mostraron capacidades de adsorcion
de arsénico y fluoruros de hasta 8.2 and 11 mg g, respectivamente. La caracterizacion
mostro que los grupos carboxilicos y fendlicos juegan un papel importante en el anclaje de
los 6xidos metalicos en la superficie del carbén activado, debido a que los cationes
metélicos (Ce o Fe, por ejemplo) se anclan a estos grupos funcionales mediante un

desplazamiento de un H*.

Finalmente, los resultados presentados en esta tesis doctoral demuestran el gran potencial
que tienen los oOxidos metalicos cuando estos forman oxihidroxidos bimetalicos y
posteriormente la modificacion de carbon activado con soluciones bimetélicas, para la
remocion de arsénico y fluoruros de soluciones acuosas. Esta investigacién logré un
importante avance en el desarrollo de materiales adsorbentes basados en oxihidroxidos
bimetalicos para la remocién de contaminantes prioritarios en agua. Debido a lo anterior se
obtuvo la patente: “Compuestos bimetalicos basado en Cerio y Fierro y composito

polimérico para la remocion de contaminantes del agua. IPICYT”, MX/a/2019/010551.
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Palabras clave: Oxidos bimetalicos, Carbén activado, Zirconio, Hierro, Cerio, Manganeso,

Lantano, Arsénico, Fluoruros.

Abstract

Immobilization of bimetallic oxyhydroxides on graphitic matrices
to remove arsenate and fluorides from water

The excess of arsenic and fluoride in the water has led to serious health problems, which is
why they are considered a priority pollutant to be eliminated from drinking water by the World
Health Organization (WHO). Various investigations have shown that ceramic oxides have
proven to be excellent adsorbent materials for various anions in aqueous solutions.
Furthermore, the combination of these oxides has been shown to have a synergistic effect
regarding the arsenic and fluoride adsorption capacity. This is because the bimetallic oxides
created inherit the properties of the pristine oxides that make it up, such as the high density
of OH groups. Therefore, in this research bimetallic oxides of Zr-Fe and Ce-Fe were
synthesized by a microwave-assisted hydrothermal method. Activated carbon (F400) was
modified by the same method with a bimetallic solution of Ce-Fe, Ce-Mn and La-Zr. The
synthesized materials were characterized by FTIR, charge distribution and pK,'s, XRD and

XPS, in addition, the adsorption capacity and kinetics of the materials were studied.

The results showed that the hydrothermal method was quite efficient to form bimetallic
oxyhydroxides with a high adsorption capacity. The arsenic adsorption capacity of the
bimetallic oxyhydroxides synthesized in this work was up to 179.8 mg g*. The excellent
adsorption capacity of Ce: Fe-P’s and ZrOx-FeOx was largely attributed to the high density
of OH groups on their surface and the excellent affinity of these materials for arsenic. The
morphology of the Ce: Fe-P's bimetal was of a three-dimensional hierarchy in the shape of
flowers, which resulted in a greater exposure of the active groups of bimetallic oxyhydroxide,
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resulting in a high arsenic adsorption capacity. In addition, the pHpzc and the solution pH do

not have a negative effect on the adsorption capacity of Ce: Fe-P’s and ZrOx-FeOx

On the other hand, the presence of activated carbon inhibits the formation of bimetallic
oxides, since only one of the oxides is anchored on the activated carbon surface. For
example, when Fe and Ce are in solution, the metal that is anchored on the activated carbon
surface is Fe. In this case, it was observed that cerium cannot be anchored in the activated
carbon has an effect on the particle size of the anchored Fe oxides, therefore, it acts as a
complexing agent. The morphology, pHezc and solution pH influence the arsenic adsorption
capacity of the bimetallic oxyhydroxides anchored onto activated carbon. The carbons
modified with the metallic solutions showed arsenic and fluoride adsorption capacities of up
to 8.2 and 11 mg g, respectively. The characterization showed that the carboxylic and
phenolic groups play an important role in the anchoring of metal oxides on the activated

carbon surface.

Finally, the results presented in this doctoral thesis demonstrate the great potential of the
functionalization of two metal oxides to form bimetallic oxyhydroxides and the modification
of activated carbon with nanoparticles of metal oxyhydroxides, for the removal of arsenic
and fluorides from aqueous solutions. This research achieved an important advance in the
development of adsorbent materials based on bimetallic oxyhydroxides for the removal of
priority contaminants in water. Due to the above, the patent was obtained: “Bimetallic
compounds based on Cerium and lron and polymeric composition for the removal of

contaminants from water. IPICYT”, MX/a/ 2019/010551.

Key words: Bimetallic oxides, Activated carbon, Zirconium, Iron, Cerium, Manganese,

Lanthanum, Arsenic, Fluorides.
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Structure of this thesis

Chapter I presents an overview of the problematic of arsenic and fluoride, priority

pollutants of water. Methodologies to control pollution, emphasizing on the adsorption
process. The physical and chemical characteristics of activated carbon are also presented
in this chapter, and the importance of tailoring this adsorbent to increase its affinity for anions

arsenic and fluoride. The methodologies to modify it with metallic oxyhydroxides.

Chapter II reports the synthesis of bimetallic oxyhydroxide, ZrOx-FeOX with high
arsenic adsorption capacity. Besides, the analytic techniques helped to elucidate the way

that those pristine metal ions interact with each other to form a bimetal oxyhydroxide with

high OH group density.

Chapter III reports the functionalization of cerium and iron to create a new bimetal
oxyhydroxide with a morphology of three-dimensional hierarchy. Besides, the analytic
techniques helped to elucidate the mechanism of formation of bimetal oxyhydroxide. Finally,
de adsorption studies show the high arsenic adsorption capacity of Ce:Fe-P's, due on its

high OH groups density.

Chapter IV discusses the Immobilization of metallic oxyhydroxides Ce®* and Fe?*

on graphitic matrices of activated carbon. Arsenic and fluoride adsorption capacity was
studied in this chapter with emphasis arsenic adsorption. The effect of the presence of two

metallic ions and activated carbon in the synthesis was discussed.
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Chapter V present the modification of activated carbon with Ce®* and Mn2* ions in

hydrolysis solution by hydrothermal synthesis. Fluoride adsorption capacity was evaluated
and effect of pH on adsorption capacity. In this chapter was discussed the anchoring

mechanism of metallic ions and effect of Mn?* on the morphology of cerium oxyhydroxide.

Chapter VI presents a comparison in terms of arsenic and fluoride adsorption

capacity of modified activated carbon with various bimetallic solutions (Ce-Fe, Ce-Mn, La-
Zr and Ce-Zr). Continuous adsorption study using La-Zr modified activated carbon packed

bed column is shown in the present chapter.

Finally, the general remarks and conclusions of this research are presented in

Chapter VII and Chapter VIII, respectively.
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CHAPTER I

Introduction

Currently, there is a serious problem in terms of pollution and water quality due to the
presence of heavy metals and toxic metalloids, which have adverse effects on the
environment and living organisms at low concentrations. Sometimes the contamination has
a non-anthropic origin that makes the problem much more difficult to identify and solve, as
is the case with arsenic and fluorine. Arsenic (As) is the twentieth most abundant element
in nature, and its mobilization is due to a combination of natural processes such as
weathering reactions, biological activity and volcanic emissions, as well as through a series
of anthropogenic activities, such as the use of pesticides, herbicides and preservatives for
wood [5-7]. Arsenic consumption in concentrations greater than 50 pg L can cause skin

changes, damage to the main organs of the body, arsenicosis and some types of cancer [6].

On the other hand, the water contamination by fluorides (F°) is mainly due to the water-
geological material interaction. It has been determined that the source of F-is found in the
fractured volcanic rocks, so that when the groundwater circulates through the fractures it
interacts with the vitreous matrix and with minerals such as topaz, as a consequence the F
quickly passes to the solution. Consuming water with high fluoride levels for long periods of
time represents a health risk. It is known that fluoride is an essential element for the dental
health of the population, but in high concentrations (> 1 ppm) it causes dental and skeletal

fluorosis [8].

Itis well documented that the presence of arsenic and fluoride in groundwater intended

for human consumption is a problem that affects millions of people around the world. High
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As and F concentrations have been found in natural underground sources that provide
drinking water for millions of inhabitants in countries such as: Bangladesh, West Bengal,
Argentina, China, Mexico, USA, Thailand, Ethiopia, Kenya, South Africa , Tanzania, Chile
and Japan [9]. Consequently, the World Health Organization (WHOQO) has established a
maximum allowable limit for arsenic and fluoride in drinking water of 10 g uL* (in 1993) and
1.5 mg L (WHO, 1991), respectively. However, complying with regulations can be critical
in many parts of the world, mainly in developing countries [10]. In addition, it should be noted
that the maximum permissible limits in water for these two contaminants will decrease to not
detectable for arsenic and to 0.7 mg L for fluorine in the coming years (US EPA; NOM-041-

SSA1-1993).

Due to the above, it is necessary to invest in the development of new materials and
more efficient technology for the removal of priority pollutants. There are several
methodologies available for the arsenic and fluorides removal, such as: coagulation-
flocculation [11,12], ion exchange [13], membrane filtration, reverse osmosis, precipitation
[14] and adsorption [15,16]. However, its effectiveness depends on the characteristics of the
test water, the volume to be treated and the target concentrations. Among the technologies
available for the control of arsenic and fluoride contamination, adsorption is considered a
promising process for the removal of these priority contaminants. Numerous studies have
reported the benefits of the adsorption process in the As and F- removal from aqueous
solutions [7,17-19]; the success of this process depends on the physicochemical properties
of the adsorbent materials, among which are organic and inorganic materials. In this sense,
carbon-based adsorbents (nanotubes, fibers, graphene, and granular activated carbons)
modified with metal oxyhydroxides have received a great deal of attention in recent years

due to their acceptable adsorption capacity and selectivity. However, there are still
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challenges to overcome to develop more efficient materials, for example capable of

removing more than 1.5 mg g of fluorides at concentrations less than 5 mg L' and more

than 1 mg g! of arsenic at a concentration less than 50 ug L [20,21].

In the last three years there has been a special interest in the use of powdered
bimetallic oxides (e.g. Fe-Ti, Al-Ce, Fe-Mn, Ce-Zr) for the As (V) and F removal from
solutions. aqueous, since they exhibit better adsorption performance due to their high
specific area and higher hydroxyl groups concentration compared to individual metal oxides
[22—24]; of these the Zr-Fe, Ce-Fe and Ce-Mn mixture has shown promising results.
However, the nanometric size of powdered bimetallic oxides limits their application in
continuous systems, which is why there is a need to support these bimetallic compounds in
a matrix. Activated carbon is a very versatile commercial material that is used in large-scale
water treatment, in addition, it has the great advantage that its surface can be modified to
make it a more related and selective material for various pollutants. For this reason, the
objective of this work is to take advantage of the qualities of activated carbon to anchor
bimetallic oxides of Ce:Fe and Ce:Mn on its surface, in order to produce a hybrid adsorbent

material with high As(V) and F- adsorption capacity.

1.1. Water contamination by Arsenic and Fluorides in Mexico and in the world

The main sources of arsenic and/or fluoride exposure for the human population are
food, water, soil, and air. The arsenic presence in water can be attributed to different sources
and dispersal processes. Among the main natural sources of arsenic emission to the

environment are volcanic eruptions (WHO, 2001), and the composition of the rocks that are
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part of the aquifers [25]. Anthropogenic sources of arsenic emission include industrial

mining, metal smelting, pesticides, wood preservatives and waste disposal (WHO, 2001).

On the other hand, the fluorides concentration in the water of an aquifer depends on
several factors, among which the fluorine concentration in the mineral, decomposition,
dissociation, dissolution, residence time and chemical reactions kinetics stand out. Some
studies indicate that the fluorine solubility in water differs according to the rock type [26].
The most common fluorine mineral in the earth's crust is fluorspar, which contains fluorite or
calcium fluoride, cryolite, and apatite; it is generally a compound of calcium, fluoride,

carbonates, and sulfates [27].

The presence of As(lll and V) and F in groundwater at high concentrations, has
generated concern by various regulatory bodies, because the ingestion of these chemical
elements are causing serious health problems throughout the world [5,28,29]. Among the
countries affected by the presence of high arsenic and/or F- concentrations in water are
(Figure 1.1): Taiwan, Mongolia, China, Argentina, Chile, Bolivia, Brazil, Mexico, Germany,
Hungary, USA [29], Bangladesh [30,31], India [32], Vietnam [33], and Thailand [34]. To
tackle the arsenic problem, the World Health Organization (WHO) lowered the maximum
allowable limit for arsenic in water from 50 to 10 pug L and its goal is to make it undetectable.
Regarding fluoride, the WHO establishes that the maximum permissible limit should be 1.5
mg L in drinking water, but due to previous studies, this concentration will decrease to 0.7
mg L in the coming years. On the other hand, in Mexico, the presence of arsenic and/or
fluorides has been recorded in the aquifers of the states of Aguascalientes, Coahuila,

Chihuahua, Durango, Guanajuato, Hidalgo, Jalisco, Sonora, San Luis Potosi and Zacatecas
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(Table 1.1), which exceed the maximum limit established by NOM-127-SSAI-1994 (50 pg L-

Yand 1.5 mg L of As and F, respectively (CONAGUA 1999)).

Table 1.1. Average arsenic and fluoride concentration in water for human use and
consumption.

Fluoride Arsenic
State Municipality concentration concentration
mg L? mg L*
Aguascalientes
Aguascalientes 2.12 -
Calvillo 1.95 -
Jesus Maria 2.80 -
Pabellon de Arteaga 1.95 -
Rincon de Ramos 2.20 -
Chihuahua
Camargo-Jiménez  Camargo 1.50 0.044
Jiménez 1.70 0.103
San francisco de Conchos 3.72 0.261
Delicias-Meoqui Aldama 2.40 0.085
Delicias 1.70 0.040
Julimes 5.90 0.143
Delicias-Meoqui La Cruz 2.70 0.800
Meoqui 5.30 1.130
Rosales 2.50 0.080
Saucillo 0.470
Comarca Lagunera
Coahuila Francisco |. Madero - 0.200
Matamoros - 0.510
San Pedro - 0.140
Durango
Tlahualilo 0.290
Valle del Guadina 3.23 0.064
Cd. de Durango 5.37 0.052
Guadalupe Victoria 1.86 0.040
Hidalgo
Zimapan - 0.090
Jalisco
Lagos de Moreno 2.40 -
San Juan de los Lagos 1.89 -
Teocaltiche 4.40 -

Gleason, 2010
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Figure 1.1. Diagram of arsenic and fluoride contamination in the world and in Mexico.

1.2. Chemistry and Toxicity of Arsenic and Fluoride

Arsenic is a metalloid that is present with different oxidation states (As®, As3, As*3,
As*®) in inorganic and organic forms (Vaclavikova et al., 2007). In natural waters the
inorganic forms of arsenic are generally found as dissolved species forming oxyanions.
Arsenite (As(lIl)) and arsenate (As(V)) are the two main species found in water (Hyun and
Gi, 2010; Rahman et al.,, 2014). The mobility and arsenic distribution depend on the
interactions of geochemical factors such as pH and oxidation-reduction reactions since
these control the arsenic oxidation states. Under oxidizing conditions (pHs<6), H2ASOy is
the dominant species; while at pH greater than 6, HASO.? predominates (Figure 1.2a).
Under reductive conditions (pHs>9) the dominant species is H3AsOs (Vaclavikova et al.,

2007).
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The arsenic presence in water affects millions of people in the world since this element

is highly toxic. As(lll) is 50 times more toxic than As(V) because As(lll) reacts with enzymes
of the human respiratory system and, in turn, As(lll) is 4 to 10 times more soluble in water
than As(V) (Jain and Ali, 2000; Seung-Hyun and Hun-Gi, 2010). However, As(lll) oxidizes
instantly when in contact with the air, in such a way that As(V) is the one of interest in water
treatment systems. Consumption of inorganic arsenic at low concentrations can cause
various symptoms of intoxication such as: gastrointestinal upset, vomiting, shock, seizures,
and coma. Chronic exposure to this pollutant, at concentrations of 50 ug L, is associated
with cancer of the lung, skin, internal organs, bladder, cardiovascular and neurological
diseases, complications in pregnancy (abortion and premature delivery) and death if
necessary. consumed in doses greater than 60 mg L. A well-known chronic disease due
to prolonged ingestion of arsenic-contaminated water is arsenicosis (Figure 1.2b), which is
characterized by hyperpigmentation and hyperkeratosis (Choong et al., 2007; Ferreccio et

al., 2000; Han et al. , 2002; Hughes, 2002).
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Figure 1.2. (a) Arsenic species diagram and (b) arsenic toxicity.
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On the other hand, fluoride (F) is the reduced state of fluorine that is the most

electronegative of all the elements of the periodic table (estimated standard power +2.85 V),
for this reason it is rarely found in nature in an elemental state. In agueous solution it is found
as a fluoride ion, which tends to form complexes with metal ions. The most representative
minerals that contain fluorine in their chemical composition are fluorite (CaF;), fluorapatite
[Cas(PO4)sF], cryolite (NasAlFs), villiaumite (NaF), topaz [Alx(SiO4)F2] and sellaite (MgF>)
(Nagendra, 2003). According to the speciation diagram of fluorine (Figure 1.3a), at pH
values less than 5, it associates with the hydrogen ion (H*) to form hydrogen fluoride (HF)
and at pH values greater than 5 it is found as a fluoride ion (F). The presence of fluoride at
levels from 0.5 to 1.0 mg L is beneficial for the production and maintenance of bones and
teeth, however, an intake of water with high fluoride concentrations (>1.5 mg L) can cause
bone fluorosis or dental (Figure 1.3b) (Fan et al., 2003). The excessive consumption of
fluorides can cause various diseases such as osteoporosis, arthritis, brittle bones, cancer,

infertility, brain damage, Alzheimer's syndrome, and thyroid disorder.
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Figure 1.3. (a) Fluoride species diagram and (b) fluoride toxicity.
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1.3. Methods to remove arsenic(V) and fluorides from water

Various treatment methods have been developed for the arsenic and/or fluorides
removal from water, such as sorption and ion exchange [35], precipitation [36], coagulation
and flocculation [37,38], reverse osmaosis [39,40], membranes [41], electrodialysis [36] and

biological processes [42].

Coagulation-precipitation methods involve the precipitation or co-precipitation of the
contaminant using coagulating agents such as salts of lime, aluminum, calcium, and
magnesium, as well as some polymers and chitin. The use of these reagents creates a
colloidal suspension to promote chemical dissolution and destabilization of particles to
create flocs. The resulting flocs are removed from the aqueous solution by sedimentation or
filtration. However, coagulation-precipitation has some disadvantages such as residual
concentrations of reagents used in the treated water and the formation of toxic sludge. These

disadvantages limit its application in the removal of contaminants from water.

In membrane techniques, a high-pressure flow is passed through a microporous
membrane. Depending on the type of membrane (ultrafiltration (UF), nanofiltration (NF) and
reverse osmosis (RO)) it will allow particles from 10 to 1X104 um to pass, which allows the
filtration of water. MF and RO have the disadvantage of being expensive technologies for
water purification, so their use is justified only when the removal of various compounds is
required. In addition, electrotreatments such as electrodialysis, membrane electrolysis and
electrochemical precipitation for the fluoride ad metals removal have also been investigated
less extensively. Although they are highly efficient in removing pollutants, they have the
disadvantage of being a technique with a high operating cost caused by the price of the

membranes and the high energy consumption.
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lon exchange is a technology that can be applied successfully and consists of

exchanging the contaminant to be removed from the solution at the same time as it is
replaced by a non-toxic compound in the resin. There are several exchange resins and they
are named depending on whether the ion type to be exchanged (cationic or anionic). A
polymeric resin exchanges negatively charged ions with the solution that immobilizes
fluoride or arsenic [13]. The disadvantage of this technique is the high cost of ion exchangers
since the problem of arsenic and fluorides ingestion continues mainly in marginalized

communities. Therefore, the application of these technologies continues to be little feasible.

On the other hand, adsorption is probably the most sustainable technique that can be
applied in the removal of both arsenic and fluorides in aqueous solutions [14,15]. Adsorption
is characterized by the use the adsorbent materials where arsenic or fluoride is concentrated
on their surface. However, the success of the operation depends on the arsenic and fluoride
concentration in the effluent, the volume of water to be treated and the adsorption capacity
of the adsorbent material. Various materials have been tested to remove these contaminants
and include activated carbon, metal oxides, activated alumina, fly ash, clay, minerals and

soils, natural materials, among others.

1.4. Adsorption process

1.4.1. Fundamentals of adsorption

Adsorption is a mass transfer process in which one or more substances (adsorbates)
present in a fluid, whether liquid or gaseous, accumulate in a solid phase (adsorbent) and
are removed from the fluid (Figure 1.4a) [43]. Adsorption is considered as a physicochemical
wastewater treatment process, which has gained importance due to the quality of the treated

effluents, which contain low concentrations of dissolved organic compounds and even metal
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ions [44]. Given the above, adsorption is considered one of the best techniques and one of

the most used for the removal of organic and inorganic contaminants from water [45]. The
recovery of costly toxic substances from wastewater is a further advantage of the adsorption
process. With the selection of a suitable adsorbent, the adsorption process can be a
promising technique for the removal of contaminants such as As and F- [20,21,46]. This
method will be inexpensive if the adsorbent material used is cheap and does not require any

additional pretreatment [47].

b) L@
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Figure 1.4. Schematic representation of the (a) adsorption process and its classification:

(b) physisorption and (c) chemisorption.

Adsorption can be classified into physisorption and chemisorption depending on the
nature of the forces that interact between the adsorbate and the adsorbent (Figure 1.4). The
attraction between the solid and the molecule by electrostatic forces is called physisorption.
However, when there is the formation of a chemical bond between the adsorbate and the

adsorbent, the term chemisorption is used (Bansal and Goyal, 2005). It is important to
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mention that physical adsorption (physisorption) is affected by various factors such as

temperature, pH, nature of the adsorbate and the adsorbent, among others (see Table 1.2).

Table 1.2. Factors that affect the physisorption process

Factor

Effect in the physisorption process

Temperature

pH

Adsorbent nature

Solvent nature

Adsorbent

specific area

Porous structure

The higher the temperature, the lower the adsorption. This is because the adsorbed
molecules have a higher vibrational energy and therefore can be desorbed from the

surface.

Regulates the degree of ionization of the species to be adsorbed. There is a low

adsorption of the solute when it is ionized (charged).

Some inorganic compounds or ions are adsorbed to a greater or lesser extent. So,

it is important to consider whether these are neutral or ionizable molecules.

The solvent has an important effect since it competes for the adsorption sites of the

solute.

The extent of adsorption is directly proportional to the specific area of the adsorbent

material

It is important to consider the size of pores in which molecules can access them.
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1.4.1.1. Nature of physisorption forces

Physisorption is carried out through an interaction between the adsorbate and the
surface of the adsorbent material and they always act as attractive forces between adjacent
atoms. These interactions can be Van der Waals-type forces caused by the interaction of

dipoles, quadrupoles, and dispersive forces (London forces) (Figure 1.5).

Chemical dipole moment is defined as the measure of the intensity of the attractive
force between two atoms (Figure 1.5a). It is the expression of the asymmetry of the electric
charge in a chemical bond [48]. When two molecules with dipoles move closer to each other,
they experience a repulsive or attractive force that depends on the charge on the dipole.
The dipole-dipole forces are then forcing of attraction between the positive and negative
sides of the molecules (Figure 1.5b). Although some molecules do not present a dipole
moment, they do have a quadrupole moment in which their interaction involves symmetric
molecules with atoms of different electronegativity, giving rise to dipole-quadrupole and

quadrupole-quadrupole interactions.

In London scattering forces are weak intermolecular forces that arise from interactive
forces between temporary multipoles in molecules without permanent multipole moment,
therefore, the formation of instantaneous dipoles takes place. A dipole moment is induced
when a molecule approaches another in which electrons are temporarily out of symmetry,
leading to a temporary attraction of the dipole [49] (Figure 1.5c). London scattering forces is
the only attractive intermolecular force at great distances, present between neutral atoms
and is the main attractive force between nonpolar molecules. Without London's forces, there
would be no attractive forces between the atoms of a noble gas, and they could not exist in

the liquid form. Hydrogen bridging force or hydrogen bonding is the predominantly attractive
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electrostatic force between an electronegative atom and a hydrogen atom covalently bonded

to another electronegative atom. When hydrogen binds to an electronegative atom, the
molecule becomes strongly polarized, leading to hydrogen with a positive charge that is
strongly attracted to the unshared electrons of another electronegative atom [48] (Figure

1.5d).

a) Dipole b) Dipole-Dipole
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Figure 1.5. Forces of attraction: (a) dipole, (b) dipole-dipole, (c) London dispersion and (d)

hydrogen bridge.

1.4.1.1.1. External sphere complexes

The ions in aqueous solution are mainly surrounded by six water molecules forming a
first solvation layer (Figure 1.6a). The ions with their solvation layer are attracted by non-
specific forces (electrostatic charges and preferential solvation) towards the surface.
However, the solvation sphere of the adsorbed cations does not undergo changes with these
types of interactions (Figure 1.6b). The solvation sphere has greater attraction for the
hydroxylated surface of the solid (S-OH) than for liquid water [50]. The coordinated water

molecules are gradually displaced by the ligand (L) as its concentration increases in the
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solution, until the MeL, complex is formed (n is coordination number). Depending on the
charge of the complex there will be an affinity for other species that are present in the
solution. When complexes are negatively charged, interaction of the anionic complex with

metal ions can be expected [51].

. Metal ‘ Oxygen % Hydrogen

Figure 1.6. (a) Solvation of the ion and (b) external sphere complex on the hydroxylated

surface.

1.4.1.2. Chemisorption

Chemisorption or chemical adsorption is carried out by a chemical reaction that involves the
electrons transfer between the adsorbent and the adsorbate. Chemical adsorption is an
irreversible process because the adsorbate chemically reacts with the surface through a
covalent or ionic bond between the atoms, with a short bond length and high energy (200
kJ mol1). Generally, in this process a monolayer is formed. Furthermore, the binding can be

specific to a particular site or functional group on the adsorbent surface [52].
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1.4.1.2.1. Inner sphere complex

An internal sphere complex is formed when the first hydration layer of the adsorbate
is replaced by a direct bond with the solid surface [53]. In the complexes of the internal
sphere, the hydroxyl groups on the surface act as ¢ donor ligands, which increase the
electron density of the coordinated metal ion [54]. Anions are ligands (L-) that can act as
donors of cordinated bonds because they have one or more atoms with only one pair of
electrons. The ligand replaces the specific reactive group (OH) located on the surface of the

adsorbent (R1), forming monodentate or bidentate internal sphere complexes (Figure 1.7).

S=O0H+L oS=L+0H (Rl

Transition metals are easily hydrolyzed and have a strong affinity for the hydroxylated
surface (S-OH). The aqueous complex is hydrolyzed forming a metallic hydroxy complex

(R2), which is physisorbed on the surface of the material (R3).

[M(H,0)6]%* + nH,0 & [M(OH),(H20)6_n]* ™" + nH,0* (R2)

= OH + [M(OH),(H20)6_n]*™" & = OH[M(OH),(H,0)6_] ™" (R3)

On the other hand, a metal complex can bind to the adsorbent material through a proton
shift (H +) (R4) [55]. When the first solvation layer of the adsorbate is replaced and the ion
forms a chemical bond with the surface of the solid, an internal sphere complex is said to

have formed [50].
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= OH + [M(H,0)6]*" & = (0),[M(H,0)6-]% ™" + nH;0 (R4)

Monodentate Bidentate

. Metal . Oxygen ¢ Hydrogen

Figure 1.7. Monodentate and bidentate internal sphere complexes.

1.4.2. Solid-liquid interface models

Several models have been developed to explain the surface reaction involved during
the adsorption process. These models are based on the charge of the solid when it comes
into contact with an aqueous solution. Positive or negative sites (surface ions) on the
material surface can occur when protons or hydroxyl ions are adsorbed on the material
surface [53,55]. On the other hand, when metal oxides are put in contact with an aqueous
solution, the water molecules occupy the vacant coordination sites via chemisorption (Figure
1.8a). The OH groups attached by two metal ions (doubly coordinated) are strongly polarized
by cations, releasing hydrogen, and resulting in an acid character. For individually
coordinated OH groups, they are basic in character because the polarization is much

weaker. In this case, the OH groups can be exchangeable for other anions (Figure 1.8b).
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Finally, new water molecules are physisorbed by hydroxyl groups, forming the oxide/water

interface (Figure 1.8c) [50].

Dry Solid

. Metal @ Oxygen @ Hydrogen

Hydroxylate surface Physisorbed water

Figure 1.8. Hydration mechanism of metallic oxide (modified from Dzombak & Morel,

1987).

1.4.2.1. Electric double and triple layer model

The ionization of a hydroxylated surface generates a charge to the solid, which is
balanced by a ions layer of opposite charge located in the aqueous phase. Counter ion
adsorption occurs until the interfacial region is electrically neutral. The surface charge
together with the counterions layer in the solution, make up the electric double layer (EDL)
[53]. Von Helmholtz, was the first to describe the electric double layer model and established

that two layers of opposite charge form an electrode/electrolyte interface, separated by a
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small distance (H). The structure of this model is analogous to the conventional flat capacitor

parallels (Figure 1.9a) [56]. However, the Helmholtz model did not consider ions to be mobile

in the solvent electrolyte.

The model proposed by Helmholtz was modified by Gouy (1910) and Chapman (1913)
considering the mobility of the ions in the electrolyte. Instead of the ions being very close to
the surface, the Gouy-Chapman model proposes a counterions distribution in a region with
a thickness much greater than H, named diffuse layer (Fig. 1.9b) [50]. Later, Stern (1924)
combined both models (Helmholtz model and Gouy-Chapman model) taking into account
the two regions (Helmholtz or Stern layer and the diffuse layer), in the so-called Gouy-

Chapman-Stern model (Figure 1.9c) [56].
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Figure 1.9. Representation of EDL according to the (a) Helmholtz model, (b) the Gouy-

Chapman model and (c) the Gouy-Chapman-Stern model (Modified from Burt et al., 2014).

Stern and Grahame took up the original Gouy-Chapman model considering the finite

size of the ions. Stern and Grahame propose that counterions can approach a certain
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distance from the charged surface [50], giving rise to the concept of specific adsorption. In
addition, Steren proposed that ions desolvated at the interface, forming complexes with
surface groups, which can be treated as paired ions, without defining any specific bond
[55].Grahame proposed an internal region of two planes that separate the surface of the
diffuse layer (Figure 1.10). The area closest to the surface is called the inner Helmholtz
plane (IHP), where ion pairs are formed with surface groups. The outer zone is called the
outer Helmholtz plane (OHP), being the closest approximation that the ions of the diffuse
layer can have [57]. Solvated ions require a greater amount of energy to break their solvation
shells, therefore they only come close to OHP while remaining active bystanders or
indifferent electrolytes. On the other hand, the ions capable of penetrating up to IHP are

those that do not have the first complete solvation layer and behave as specific ions [50].
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Figure 1.10. Representation of the ETL Stern-Graham model.
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1.4.3. Adsorption equilibrium

During the adsorption process, solute molecules begin to adsorb onto the solid surface
at a certain rate while other molecules already adsorbed can desorb. As time increases, the
adsorption rate decreases, and the desorption rate increases until an equilibrium is reached
between both (Figure 1.11a). Equilibrium is known as the adsorption isotherm when
temperature and pH remain constant in a system [58]. Experimentally adsorption isotherms
are carried out by contacting a known mass of the solid with a solution containing a set
adsorbate concentration, once the concentration in solution is constant, it indicates that
equilibrium has been reached. Therefore, the concentration in the aqueous phase of the
adsorbate is measured and the adsorption capacity is calculated using the following mass

balance (Eq 1.1):

_ V(CoCo)
m

q, (Eq 1.1)

Where ge is the adsorption capacity of the solute (mg g), C, is the initial concentration
of the adsorbate (mg L), Ce is the concentration at equilibrium (mg L), m is the mass of

the adsorbent (g) and V is the volume of the solution (L).

To describe the adsorption capacity at equilibrium, different mathematical models
have been developed, with which the experimental data obtained can be adjusted. Among

the most common are the Langmuir and Freundlich models (Figure 1.11b) [43].
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Figure 1.11. (a) Adsorption equilibrium, the same number of molecules adsorbed onto

adsorbent and in the solution. (b) Langmuir and Freundlich isotherms.

1.4.3.1. Langmuir model

The Langmuir isotherm equation is the first theoretically developed adsorption
isotherm. Langmuir derives his equation using some assumptions [58] such as that
adsorbed entities (atoms or molecules or ions) are bound to the surface at defined sites.
Each site has capacity for only one absorbed entity. The energy state of each absorbed
entity is the same at all sites on the surface independent of the presence or absence of other
absorbed entities at neighboring sites. Therefore, the Langmuir model assumes that the
surface is perfectly smooth and homogeneous (monolayer formation) and that the lateral
interactions between the adsorbed entities are negligible (Figure 1.12). The Langmuir

isotherm is represented by the following formula:

- qmbce

= 1+bC, (Eq 1.2)

Where: ge is the adsorption capacity of the solute (Mgadsorbate/Jadsorbent (Mg g1)), b is the
Langmuir adsorption constant (L mg?), gqm is the maximum adsorption capacity (mg g*) and

Ce is the equilibrium concentration (mg L) [43].
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Figure 1.12. Langmuir model where the surface is perfectly smooth and homogeneous,
and the adsorbate form a monolayer formation on surface (modified from Soares et al.,

2016 [1]).

1.4.3.2. Freundlich model

The Freundlich isotherm describes the equilibrium on heterogeneous surfaces and
does not assume that the adsorption occurs in a monolayer but through multilayers since
there are interactions between adjacent adsorbed molecules (Figure 1.13). It can be

represented as:

1
q,=KeC,/" (Eq13)

Where: ge is the solute adsorption capacity (MQadsorbate/Jadsorbent (MY g1)), Ce is the
concentration at equilibrium (mg L?), K and n are the Freundlich constants for the

adsorption capacity and adsorption intensity, respectively [43].
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Figure 1.13. Freundlich isotherm, the equilibrium on heterogeneous surfaces through

multilayers.

1.4.4. Adsorption kinetics

For the adsorption equipment design, it is necessary to know not only the equilibrium
of the process, but it is also important to know the speed with which that equilibrium is
reached, that is, adsorption kinetics. Kinetics, in most adsorption processes on porous
solids, is usually determined by the diffusivity of the adsorbate molecules in the porous
system [59]. Every adsorption process in adsorbents can be described by a mechanism of
three consecutive stages that determine the adsorption kinetics as shown in Figure 1.14. In
the first stage, external mass transfer (particle diffusion) of solute is carried out from bulk
solution through the limiting layer to the surface of the adsorbent (Figure 1.14a). In the
second stage, the solute diffusion through the adsorbent solid matrix (intraparticle diffusion)
is carried out, associated with the interparticle mass transfer (diffusion through the pore
volume or surface diffusion, Figure 1.14b). In the third stage, the solute molecules are

adsorbed on the active sites (Figure 1.14c) [60].
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Stage 1. Particle diffusion

External film diffusion j

Stage 3. Adsorption

Figure 1.14. Stages of the adsorption process on activated carbon: (a) particle diffusion,

(b) interparticle diffusion and (c) adsorption.

1.5. Adsorbent materials used in the removal of arsenic (V) and fluorides

In general, the adsorbent materials commonly used for the removal of these
contaminants are activated carbons, zeolites, polymer resins, biosorbents and nanotubes.
In addition, metal oxides are also used in the removal of arsenic and fluorides, mainly iron
oxides [61,62], zirconium [63,64], lanthanum [65,66], cerium and manganese [67-69].
Activated carbon and carbon nanotubes have been modified with metallic oxides [20,70] in
order to increase their adsorption capacity, and recently, powdered bimetallic oxides have

shown excellent removals of As (V) and F [71,72].
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1.5.1. Activated carbon

Activated carbon (AC) is known as one of the best adsorbents due to its large specific
area, chemical stability, and various chemical functionalities, making it an ideal material for
the adsorption of polar and non-polar compounds in the liquid and gas phase. Activated
carbon consists of several disordered graphite layers, with multiple structural defects that
give it porosity [58,73]. Carbon atoms at the edges of graphitic layers are normally linked
with heteroatoms forming reactive groups (or active sites). These active sites are associated
with higher densities of unpaired electrons and, therefore, show a strong tendency to
chemisorb other heteroatoms [74]. To produce activated carbon there are natural and/or
synthetic precursors. As natural precursors are wood, coal, peat, coconut husk, rice husk,
etc.; while synthetic precursors are manufactured from various polymeric materials such as

nylon, cellulose, phenolic resins, rayon, etc. [60].

1.5.1.1. Textural and chemical properties

The porous structure of activated carbon is very complex, so many models have been
developed to explain the details of this structure. Norit model indicates that carbon is made
up of misaligned graphite layers (Figure 1.15a), some of these are removed by physical
activation processes that lead to the formation of pores of different sizes in activated carbon.
The Potato-Chip model (Figure 1.15b) describes the porous structure and activated carbon
surface area, roughly indicating how the shape of the spaces between the chips (pores)
depend on the shape and potatoes size (micro-deformed graphite layers). Because two
potatoes chips are not the same shape and size, each pore will have different sizes. It can

also be seen in this model that if another brand of potato chips (of different shapes and
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sizes) is used, the porous characteristics would change and a different microporous carbon

would be created [73].
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Figure 1.15. Structure of activated carbon, (a) Schematic representation of the Norit
model; (b) formation of pores of different size (potato chip model); (c) solute transport

through macropores to micropores (Branched tree model) and (d) pore size.

The Branched tree model (Figure 1.15c) shows the various pore sizes that can exist
within a porous carbon, which can range from micro to macropores. The model suggests
the transport of solute (adsorbate) through the macropores (the trunk) towards the narrower
pores (branches) [73]. Activated carbon pores are classified into micropores (<2nm),
mesopores (2 to 50nm) and macropores (> 50nm) which are represented in Figure 1.15d

(IUPAC) [75,76]. The adsorption energy depends on the type of pores in which the process
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is carried out. In micropores the adsorption is greater than in mesopores due to the

superposition of adsorption forces from the opposite walls of the micropores.

The adsorption capacity of an activated carbon depends not only on the textural
properties but also on the surface chemistry. Carbon atoms at the edges of graphite layers
are normally linked with heteroatoms that form reactive groups. Those reactive groups
located in the carbon layers together with the 1 system of the graphite basal plane are
responsible for the active sites in activated carbon [74]. Figure 1.16 shows the surface
groups present in activated carbon. The oxygen-containing groups (carboxyl, carbonyl,
lactone, hydroxyl, etc.) give acidic properties that allow the cations adsorption; while the
basic groups that are associated with chromene-type structures or pyrone-type structures

can be used as adsorption sites for anionic species [58].

Hydroxyl  Carbonyl
(o] CH
oH S oH

0]

0 o] OH 0]
Lactone CH) Quinone (l_, )\ I | |
¢ ¢ Q o Chromene R/ \OH A/C\B o C

H Carboxyl Hydroxyl Carbonyl | Lactone

]
>
o (9 Ok
. A 6]
c=0 Quinone
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Figure 1.16. Chemical structure of activated carbon and the different groups on its surface

(Modified from Céardenas-L6pez, et al., 2007 [2]).
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Activated carbon has several advantages in the removal of various pollutants,

however, it presents limitations for the removal of arsenic and fluorides from water. For the
As(V) and F removal, its main disadvantage is the low selectivity and adsorption capacity.
The versatility of the chemical surface of activated carbon not only has a great impact on its
adsorption properties, but also allows it to be adapted to specific applications. In addition to
the oxidation of the carbon, other chemical modifications are carried out to increase the
adsorption properties of the activated carbons. The active sites on activated carbon allow
its surface to be modified with a great diversity of metal oxides, which allows obtaining hybrid

adsorbent materials with greater selectivity and adsorption capacity [20,21].

1.5.2. Metal Oxyhydroxides

Metallic oxides are considered ceramic materials, which are made up of metallic and
non-metallic elements [77,78]. In agueous medium, the metal oxides surface forms hydroxyl
groups that act as coordination sites for dissolved cations [79]. The OH groups formed on
the metal oxide surface give it the property of adsorbing anions by exchange of ligands. Due
to this, the anions adsorption on metallic oxides in agueous medium has gained interest by
researchers due to their high capacities. The main characteristics of metallic oxides are their
surface chemistry (high OH groups density), the presence of one or more phases, high
specific area, and the presence of defects in their structure (vitreous or amorphous structure)

[78].

The metallic oxides studied for the arsenic and fluorides removal are La3*, Zr4*, Fe3",
Ce®*, Mn*, AI*, among others, which have shown excellent adsorption capacities
[20,70,72,80,81]. The most studied oxides for the arsenic and fluoride removal are iron and

aluminum, due to their low cost, availability, and chemical stability [53]. On the other hand,
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rare earths have been shown to be more efficient in removing pollutants. However, the high

costs of rare earths have led to the search for other alternatives such as incorporating them
in other less expensive metallic structures such as iron or manganese [82—85]. Incorporation

of a rare earth oxide into the structure of another metal oxide results in a bimetallic oxide.

1.5.3. Bimetallic oxides

In the last three years, there has been a special interest in applying bimetallic oxides
to remove fluorides and arsenic from water. This is due to the fact that not only the oxides
that make up the hybrid adsorbent inherit the advantages of pristine oxides (considerable
high specific area, adsorption capacity and selectivity), but they also show a synergistic
effect: greater specific area and active groups concentration, which results in a higher
adsorption capacity. Powdered bimetallic oxides such as Fe-Ce, Fe-Mn, Fe-Zr, Al-Ce, Al-
Mn, Mn-Ce and Fe-Al, have been used in the removal of As and/or F- showing a high
adsorption capacity. Table 1.3 shows a list of the bimetallic oxides used in the removal of

As and F, as well as the adsorption capacities, pH, and temperature.

Therefore, if bimetallic oxides can be anchored in activated carbon, hybrid adsorbents
with high adsorption capacities in continuous systems could be obtained. However, it is
important to consider that the magnitude of the increase in the reactive properties of
activated carbons modified with metallic oxides depends on a large number of variables,
such as: the size and type of metallic species in solution, modification processes, surface
chemistry and textural properties of activated carbons, etc. Due to this, the methodology

applied to modify carbon materials has to be evaluated from different points of view.
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Table 1.3. Bimetallic oxides and their ability to adsorb arsenic and fluorides.

q(mgg)

Adsorbent CemgL? pH T°C Ref.

As(lll) As(V) F
Fe,03/TiO2 77.76 99.5 60 6-7 [86]
Fes04-MnO: 2.1 1,4 0.8 7 25 [87]
Fe-Cu 122.3 82.7 35 7 25 [88]
Fe-Ce 2.42 2.11 7 25 [89]
Ce0,-Zr0> 110.7 145.35 35 6-7 [90]
Mn-Al 142.2 99.7 55 7 25 [91]
Fe-Zr 120 46.1 35 7 25 [92]
Ce-Ti 46 5 6 25 [93]
Zr-Ti 25 5 6 25 [94]
La-Ti 45 5 6 25 [94]
Li-Al 42.43 20 7 40 [95]
Ce-Fe 60.97 100 - 20 [96]
Ce(IV)-Zr(IV) 12.4 1.5 5.8 30 [97]
Mn-Ce 79.5 10 6 25 [98]
Fe20s/Al(OH)s 88.49 60 6.5 25 [99]
Al- Ce 62 10 6 25 [85]
Fe(lll)-Zr(1V) 7.51 6.8 20 [101]
Al-Mn 2.852 25 4-7 30 [81]

1.5.4. Modified activated carbon with metal oxides

The metal ions are classified into three classes A, B and Border line. Class A metal

ions refer to “strong acids” and Class B metal ions refer to “weak acids”. Ce, Zr is among
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the metals of class A, therefore, in aqueous solution they have an affinity for forming bonds

in the following preferential sequence with the ligands: F-> CI> Br> I-. The functional groups
that class A metal ions seek to form complexes are carboxyl, phenolic and carbonyl. This is
because class A metal ions seek oxygen to form binding sites, while class B ions prefer to
bind nitrogen and/or sulfur (Nieboer and Richardson, 1980). Fe and Mn are within the Border
line class; however, among the borderline metal ions, class B character increases in the
order Mn2*<Zn2*<Ni?*<Fe?*. However, studies have shown that Fe, Ce, and Zr tend to form

complexes with the acid groups of the activated carbon (Figure 1.17).

o) H20\ /OHz H20\ /OHz
{tow—om | (o W—on,
/ N\ /
OH, ©OH, OH, H,
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M= Ce, Fe, Zr...
OH,
¢ O
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OH, 0H2
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Figure 1.17. Possible interactions between oxygenated groups and oxides aquo-

complexes.

Recent studies have shown that arsenic (V) can be removed from water by hybrid
adsorbents such as CA impregnated with iron oxyhydroxide nanoparticles [20,70,102,103],
this due to its high selectivity and considerable arsenic adsorption capacity. Additionally,

several metal oxide nanoparticles have shown promising arsenic adsorption properties [79].
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For example, zirconium dioxide, titanium dioxide and manganese oxide can be used to

create new hybrid materials capable of removing arsenic from aqueous solutions [104]. On
the other hand, the removal of fluorides from water with activated carbon modified with
zirconium, cerium, manganese, iron and aluminum oxyhydroxides has been studied
[21,105,106]. These hybrid adsorbents (activated carbon-metallic oxides) have been shown

to have considerable selectivity and adsorption capacity for fluoride ions.

Several studies have reported the modification of activated carbon with metal oxides
for the removal of As and F- in aqueous solutions, however, no studies have been found
that indicate the immobilization or anchoring of bimetallic oxides on the surface of activated

carbons for the removal of these contaminants.

1.5.4.1. Methods to modifying activated carbon with bimetallic oxyhydroxides

Various methodologies have been used for the maodification of activated carbon with
metallic oxyhydroxides. Studies have shown that the characteristics of the material such as
morphology, particle size and crystalline phase are highly dependent on the oxyhydroxides
incorporation method on the carbon surface. The methods that have been used for the metal
oxides incorporation into activated carbon are impregnation, precipitation, evaporation, and

hydrothermal synthesis.

The metals impregnation on the internal activated carbon surface has emerged as an
alternative to remove of priority contaminants that are not very related to the activated

carbon surface chemistry [107]. Metal oxides are used to modify activated carbon taking

Esmeralda Vences Alvarez



Grupo .
@ Adsorcién Introduction Ckwpter I

advantage of its capacity to attract dissolved species such as metal anions and cations, as

well as neutral species and polymers [108]. The impregnation of activated carbon using
metal ions salts in solution is the most frequent method to dope activated carbon [109],
where the surface oxygenated groups act as nucleation centers for the oxyhydroxides
anchorage [110]. Velazquez-Jimenez impregnated activated carbon with zirconium and
oxalic acid to remove fluorides from the water. In the first instance, the CA was contacted
with a zirconium solution (0.1 to 15% of Zr) for 2 days. Subsequently, the material was
contacted with oxalic acid for 1 day. Modified carbon increased its fluoride adsorption
capacity 4.5 times compared to pristine activated carbon [21]. Huang and Vane,1989,
reported that impregnation with different iron salts can increase the arsenic adsorption

capacity of activated carbon by 10 times [111].

The use of precipitation to modify activated carbon with oxyhydroxides consists of
contacting the AC with a metal salt and gradually increasing the pH until the metal ions
precipitate on the surface of the AC. The particles obtained on the support depend to a great
extent on the precipitating agent and the synthesis conditions. Various works have used
NaOH as a precipitating agent until reaching a pH higher than 8.0, then the solution is heated
for a certain time [112-114]. However, other works use another type of precipitating agent
such as (NH4) 2C0O3. Deliyanni and Bandosz, 2011, modified activated carbon with iron by
precipitation [109]. Modified samples were prepared by contacting activated carbon with an
aqueous solution of iron (lll) nitrate. The precipitating agent (ammonium carbonate) was

added dropwise to the solution until a pH of 8 was obtained by vigorous mechanical stirring.
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Evaporation consists of the activated carbon impregnation with a metal salt (iron,
zirconium, cerium, platinum, etc.) followed by the complete evaporation of the solution.
Generally, the water is removed with the help of a rotary evaporator or a glass reactor and
under a N2 atmosphere to promote dehydration. In some cases, the solution can be heated
in a temperature range of 50 to 350 °C depending on the quality of particle distribution on

the carbo surface that is desired [113,115].

Forced hydrolysis has been used for the metallic oxyhydroxides synthesis; however,
there are few studies reporting its use for the activated carbons modification. Fierro et al.,
2009 and Arcibar et al., 2014, used this method to modify activated carbon with iron oxides.
The authors contacted the AC with a FeCls solution, the mixture was subjected to heating at
a temperature in a range of 80 to 110 ° C for 1 to 72 h [20,110]. The advantage of this
methodology is that when high temperatures and metal ion concentrations are used, small
nanopatrticles of oxyhydroxides can be anchored on the surface. The resulting material has
high adsorbent properties and excellent chemical stability, in addition, the percentage by
weight of the oxide that is on the carbon surface is low compared to the adsorbents modified

with other methodologies.

Many of these methodologies have the great disadvantage of the use of external
agents (precipitating agents) and therefore the formation of agglomerates on the carbon
surface. In addition, supplying energy to sources that are not uniform and can extend their
reaction time to more than 24 hours as in the case of forced hydrolysis. On the other hand,

hydrothermal techniques assisted by microwave have emerged as one of the most important
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tools for the processing of advanced materials, especially due to the formation of highly

homogeneous and monodisperse nanopatrticles [116].

1.5.4.1.1. Hydrothermal synthesis

Ceramic materials acquire their properties after a heat treatment that can range from
approximately 100 to 3000 °C. The formation of ceramic bimetallic oxides has generated
great interest, because it is possible to obtain materials with specific areas and active groups
concentration much higher than the individual oxides, these ceramics being more reactive.
Techniques that are increasingly efficient in energy terms have been implemented in oxide
synthesis processes as shown in Figure 1.18, which require equal or shorter treatment times
at relatively low temperatures for ceramic processes (between 100 and 200 °C). Within
these techniques is hydrothermal synthesis [117], which consists of carrying out a
homogeneous or heterogeneous chemical reaction in the presence of a solvent (aqueous
or non-aqueous) above room temperature and at a higher pressure at 1 atm in a closed

system [118].

The hydrothermal technique has several advantages such as: greater reaction kinetics
with a small increase in temperature, new meta-stable products are formed, production of
highly crystalline particles and with better control over their size [119]. The hydrothermal
pathway is very versatile for the materials synthesis and has been well established, carrying
out experiments below the supercritical temperature of water, that is, below 374 °C [120]. A
great variety of ceramic powders have been synthesized by hydrothermal methods. The
most common are oxide-type materials (ZrOz, CeO,, TiO2, SiO2, ZnO, FeOs, Al,O3, SnO,,

etc.) and the crystalline products prepared by this method can have a variety of shapes such
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as equiaxed (cubes, spheres ), elongated (fibers, filaments, nanobridges and nanotubes),

plates, nanoribbons and core-shell-type particles (CdS/ZznO) [121]. Also, flower-like
structures, hollow spheres and sea urchins can be obtained using a nucleating molecule

such as glycerol.

In recent years, there has been great interest in synthesizing and studying bimetallic
oxyhydroxides mixtures as nano-adsorbents, which individually were already known as good
materials for adsorbing contaminants in water, such as arsenic and fluorides. In addition, it
has been shown that there is a synergistic effect between bimetallic oxyhydroxides that
allows them to form nanostructures with a three-dimensional hierarchy, which have networks
that form meso and macropores, which avoids adsorbate diffusion problems, and also have
a specific area up to three times more larger than individual metal oxyhydroxide
nanoparticles. These characteristics of bimetallic oxyhydroxides provide a higher
concentration of active hydroxyl groups that result in a high arsenic and fluoride adsorption

capacity [24].

On the other hand, cerium and zirconium are highly reactive rare earth metal oxides,
which have been widely studied for their applications in catalysts, fuel cells, and gas sensors
[122]. Recently, it has been found that the incorporation of cerium or zirconium oxide in other
metallic adsorbents (Fe and Mn) significantly improves the arsenic and fluoride adsorption
capacity due to the fact that they present an increase in the specific area and hydroxyl
groups concentration. Cerium and zirconium in aqueous solutions can form tetranuclear or
octanuclear species, which have abundant hydroxyl groups that are involved in replacement

of ligands with arsenic species [123]. Xu et al., 2013 and Chen et al., 2016 have shown that
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Ce-Zr bimetallic nano-oxides are an ideal candidate to remove arsenic and fluoride, since

that it was achieved an adsorption capacity of up to 137 and 145 mg g* of As(V) and F,
respectively [24,124]. However, the colloidal form of these bimetallic hybrid adsorbents limits
their application in continuous treatment systems as mentioned above. Other studies show
that Ce-Fe and Ce-Mn are a promising adsorbent material to removal arsenic and fluoride

from water.
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Figure 1.18. Temperature-Pressure Diagram for various synthesis techniques for ceramic

materials.
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1.5.4.1.1.1. Hydrothermal synthesis assisted by microwave.

The use of microwaves under hydrothermal conditions (M-H) has been used for the
synthesis of inorganic materials, with controlled physical and chemical characteristics [125].
The main advantages of this method are rapid heating, reaction kinetics two orders of
magnitude lower, phase purity, higher yield and higher reproducibility [126]. Yurim et al.,
2014, modified activated carbon with iron oxides by microwave oven (MH). In the first 6 and
9 minutes of synthesis was observed the formation of FeOOH and Fe.Os, respectively. The
physicochemical characterization of the adsorbent material revealed an anchoring 20 %w
of iron distributed homogeneously on the activated carbon surface, with a particle size of 55
nm [127]. To obtain a highly efficient adsorbent material, one must have greater interest in
reflecting a true synergy between porous matrix and oxyhydroxides. For this, the textural
and chemical properties, such as specific area, pore size distribution and high OH groups
density, must be preserved. With these characteristics, the adsorbent material will have a
high efficiency in removing contaminants from water, such as arsenic and/or fluorides from
water. Due to all these advantages shown by the microwave oven-assisted hydrothermal
method, the motivation arises to synthesize a variety of bimetallic oxides with and without
the presence of activated carbon by this method. From the materials obtained, evaluate their
textural and chemical properties, adsorption capacity and kinetics, among other effects (pH

and anions).
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1.6. Motivation for this research

The high arsenic and fluoride concentrations in groundwater intended for human
consumption represent a serious problem worldwide due to its high toxicity. The great need
to comply with the maximum permissible limits for government organizations, gives a guide
to the search for new efficient adsorbent materials for the remove As and F- from water. In
recent years there has been great interest in synthesizing and studying nano-adsorbents
composed of bimetallic oxyhydroxides, which individually, that is, as metal oxyhydroxides,
were already known as good materials to adsorb arsenate and fluorides. Cerium, zirconium,
iron and manganese as metal oxyhydroxides have shown an acceptable adsorption capacity
for arsenic and/or fluorides, which increases when both oxides are mixed to form bimetallic
oxyhydroxides (Ce-Fe, Zr-Fe and Ce-Mn). The disadvantage of the use of bimetallic
oxyhydroxides for the removal of contaminants, is that these have been synthesized mainly
as nano-adsorbents in powder or colloids, so their direct application in water treatment
systems is not feasible, since granular adsorbent materials with good mechanical properties
are required that allow their application in continuous systems in packed beds. On the other
hand, the wide activated carbon properties such as its high specific area, chemical diversity,
and its ability to be modified, allow us to propose new alternatives for the application of
bimetallic oxyhydroxide nanopatrticles. It is worth mentioning that no report has been found
in the literature on the use of activated carbon modified with bimetallic oxyhydroxides
nanoparticles to remove As(V) and/or F- from water. Therefore, this research work proposes
to anchor bimetallic nano-oxyhydroxides in the graphitic sheets of granular activated
carbons. This with the aim of obtaining hybrid adsorbent materials with a high hydroxyl sites
concentration where it will be feasible to adsorb high arsenic (V) and fluoride concentrations

from water.
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1.7. Hypothesis

The anchoring of basic bimetallic nano-oxyhydroxides with a three-dimensional hierarchy in
granular activated carbon will raise the point of zero charge and will increase the active area
and the hydroxyl sites concentration of the hybrid adsorbent, thereby promoting more
hydrogen bonding interactions and exchange of ligands with toxic anions such as arsenic
and fluoride. In addition, these adsorbents can be used in continuous treatment systems

due to their size, chemical and mechanical stability.
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Figure 1.19. Schematic representation of the modification of granular activated carbon

(CAG) with bimetallic oxyhydroxides.

1.8. Objectives

1.8.1. General objective

Synthesize and anchor bimetallic oxyhydroxides with a three-dimensional hierarchy
on granular activated carbon and study the adsorption processes of As(V) and F on the

modified materials.
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1.8.2.

Specific objectives

Determine the hydrothermal synthesis conditions of bimetallic oxyhydroxides to
anchor them on the activated carbon surface and thus improve the As (V) and F

adsorption capacity.

Determine the chemical composition and distribution of inorganic elements in
bimetallic oxyhydroxides by means of energy dispersive X-ray microscopy (EDX)

and elemental mapping.

Determine the physicochemical characteristics of modified and unmodified activated
carbons to know their specific area, pore volume, surface charge, active groups and

crystalline phases using various characterization techniques.

Elucidate the anchoring mechanism of bimetallic oxyhydroxides by characterizing
the modified and unmodified material, which will allow the production of highly

selective adsorbent materials.

Study the adsorption process and kinetics of arsenic (V) and fluorides in water. The

above considering variables such as concentration, pH, presence of other ions.

Elucidate the adsorption mechanism of As (V) and F on materials modified with

bimetallic oxyhydroxides, through the physical and chemical characterization of the

materials and the adsorption process.
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CHAPTER II

Enhanced arsenic removal from water by a bimetallic material
ZrOx-FeOx with high OH density

Abstract

Arsenic in groundwater for human consumption has negative effects on human’s health
worldwide. Due to the above, it is essential to invest in the development of new materials
and more efficient technology for the elimination of such priority contaminants as arsenic.
Therefore, in the present work, it was synthesized an amorphous hybrid material ZrOx-FeOx
with a high density of OH groups, to improve the arsenic adsorption capacity of iron (FeOx)
and zirconium (ZrOx) that makes up the bimetallic oxyhydroxide. The spectra of FT-IR and
pKa's distribution suggest that in the synthesized binary oxides a new union between the
two metallic elements is formed by means of an oxygen (metal-O-metal). In addition, TEM
profiles suggest that there are chemical interactions between both metals since no individual
particles of iron oxide and zirconium oxide were found. According to the results the
adsorption capacity of the ZrOx-FeOx material increases 4.5 and 1.4 times with respect to
FeOx and ZrOx, respectively. At pH 6, the maximum adsorption capacity was 27 mg g1, but

at pH greater than 7, the arsenic adsorption capacity onto ZrOx-FeOx decreased 66%.

Key words: Bimetal oxides, zirconium, iron, adsorption, arsenic, assembly mechanism
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2.1. Introduction

Arsenic (As) is highly dangerous, due to its toxic and carcinogenic properties [128]
that have affected the health of human beings around the world. Sometimes the pollution
has a non-anthropic origin that makes the problem more difficult to identify and solve, such
as the case of arsenic. This element is found mainly in clayey rocks [129,130] and in some
geological formations [131]. However, water contamination by arsenic is primarily due to the
arsenic compounds desorbed from iron oxyhydroxides from natural rocks [132]. In addition,
the contamination of underground water by arsenic is also associated to the extraction of
values in mines, volcanic activities and geothermal streams [133]. High arsenic
concentrations (>50 pug L) have been found in water in various countries around the world,
including Mexico, due to the excessive exploitation of their aquifers [134,135]. Consumption
of inorganic arsenic at low concentrations can cause gastrointestinal discomfort, vomiting,
shock, seizures, and coma. A chronic disease well known for the prolonged intake of water
contaminated with arsenic (50 pg L) is Arsenicosis, which is characterized by
hyperpigmentation and hyperkeratosis [136—139]. Therefore, the World Health Organization
(WHO) and Environmental Protection Agency (EPA) have suggested 10 ug L of arsenic in
drinking water as the maximum permissible limit. [140]. However, this concentration will
decrease to undetectable in the coming years. Due to the above, it is essential to invest in
the elaboration of new materials and to offer more effective technology for the remove
priority pollutants. The technologies used in the removal of arsenic from water are: filtration
with membranes, electrodialysis, ion exchange with resin, alumina precipitation, and
adsorption [141]. However, adsorption has been considered as a widely efficient technology
due to its advantages in terms of costs and design. On the other hand, among the various
adsorbents that have been used to uptake various contaminants are metal oxides, bimetallic
oxyhydroxides and activated carbon [142]. However, it is important to consider that an

adsorbent must exhibit good mechanical strength and not be soluble in water, and must not
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cause harm to the human being [143]. Several studies have shown that iron oxides are quite

efficient for arsenic removal in aqueous solutions [144]. Moreover, zirconium oxide is
considered as a potential adsorbent due to its properties such as: virtually no thermal
conductivity, high resistance to acidic or basic solutions, as well as to oxidizing and reducing
agents [143,145-147]. Recently, the bimetallic oxides synthesis has taken a special interest,
because the synthesized compound can inherit the properties of the pristine metallic oxides.
Iron oxide has been synthesized with various oxides (tin, titanium, cerium, zirconium, copper
and manganese) by precipitation in order to form bimetallic oxides and improve their
adsorption performance [148-150]. The objective of this research was to synthesize ZrOx-
FeOx oxyhydroxides by the hydrothermal method assisted by a microwave. This method
produced a nanometric material with a more uniform morphology and particle size, to
increase the OH groups density of pristine oxides and hence the arsenic adsorption
capacity. In addition, a physicochemical characterization to analyze the morphology,
crystalline structure, pKa's and charge distribution of the metallic and bimetallic oxides was

conducted.

2.2. Experimental

2.2.1. Materials and chemical

Reagents with purity greater than 99% were used in experiments. Zirconium
oxynitrate hydrate (ZrO(NO3). - xH-0), ferrous sulfate heptahydrate (FeSOa - 7H,0), Arsenic

salt (NazHAsO4-7H20), sodium hydroxide (NaOH) and hydrochloric acid (HCI) were used.

2.2.2. Synthesis of Bimetallic Oxyhydroxides

The synthesis of the metal oxides was carried out as follows: To synthesize iron

oxyhydroxide, 2.8 g of FeSO, - 7H>0O was dissolved in 20 mL of deionized water to obtain a
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0.5 Miron solution. The iron aqueous solution was immediately introduced to the microwave

oven in a G30 vessel. Then, for the synthesis of the zirconium oxyhydroxides, a stock
solution of 0.5 M zirconium was prepared. Subsequently, 20 mL of the stock solution was
poured into a G30 vessel and introduced into the microwave oven. The bimetallic oxides,
2.8 g of FeSO4 - 7H,0 were mixed with 20 mL of the zirconium stock solution and the mixture
was introduced into the microwave oven. The synthetic products were rinsed with pure ethyl

alcohol for three times and dried at 80 °C in an oven for 12 hours.

The synthesis was carried out in an Anton Paar Monowave 400 microwave oven at 110 °C

for 30 min for FeOx and ZrOx-FeOx and at 150 °C for 3 h for ZrOx.

2.2.3. Physicochemical Characterization

2.2.3.1. Surface charge and pKy’s distributions

Potentiometric titrations were performed in an automatic titrator (Mettler-Toledo T70),
to determine the pHpzc and distribution of pKai's of the adsorbent materials. The pKa

distribution was obtained by using the program SAEIUS-pK-Dist © (1994) [151].

2.2.3.2. FTIR spectroscopy studies

To perform the infrared analyzes, the ZrOx-FeOx oxyhydroxides were dried for 12 h.
Subsequently, 0.03 g of oxyhydroxides were analyzed through ATR technique, subtracting
the presence of water and CO». For this analysis, an infrared Thertmo-Nicolet, Nexus 470

FT-IR E.S.P was used.
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2.2.3.3. XRD spectroscopy studies

Diffraction analyzes were carried out using a Bruker D8 Advance diffractometer, with
a time and step size of 2 s and 0.01°, respectively, and a blank support to identify the
crystalline phases of the ZrOx, FeOx and ZrOx-FeOx oxyhydroxides. X-ray diffractograms

were analyzed using the Hannawalt method.

2.2.3.4 Transmission Electron Microscopy (TEM)

TEM analyzes were achieved using a FEI Tecnai F30 microscope at 300 kV. The
samples were supported on a copper grid. In addition, EDS analysis (EDAX system) and
scanning electron microscopy (STEM) were performed in dark field. The high-resolution
transmission electron microscopy (HRTEM) technique was used to obtain high resolution

images.

2.2.4. Adsorption Experiments

2.2.4.1. Adsorption Isotherms

To perform the adsorption isotherms, 2 mg of metal and bimetallic oxyhydroxides were
contacted with 0.03 L of As(V) solution with an initial concentration of 0.025 to 10 mg L? in
polypropylene conical tubes at pH 7 and 25 °C. The aqueous solution was analyzed at a
wavelength of 188.98 nm by ICP-OES (vary 730-ES) to determine the arsenic concentration.

The adsorption capacity was determined by the mass balance (Eq. 1).
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_ V(Co-Ce)
qe_ T

where g (mg g?) is the adsorption capacity, V (L) is the volume, Co (mg L?) is the initial

concentration, C. (mg L) equilibrium concentration and m (g) is the mass of the adsorbent.

The experimental adsorption data obtained were adjusted to the Langmuir (Eg. 2) and

Freundlich (Eq. 3) models, based on the correlation coefficient (R?).

g, *b*Ce
Q.= 1+ b'C, Eq. 2
1
9= KeCo /1 Eq. 3

In the Eq 2 and Eq 3 the adsorption capacity at equilibrium (mg g?), and the maximum
adsorption capacity to form a complete monolayer on the surface (mg g?) are represented
with the following symbology: ge, Ce and gm respectively. b (L mg?) is the Langmuir constant.

Kr and 1/n are the Freundlich model constants.

2.2.4.2. Adsorption Kinetics

A standard As(V) solution of 2 mg L at pH 7 was prepared. Then, 30 mL of the stock
solution was added to 13 polypropylene tubes of 50 mL that contained 2 mg of the adsorbent
material and placed at 25 °C and 120-130 rev/min in an incubator. About 10 mL aliquot was
withdrawn of each sample at different times, namely, 0.5, 1, 5, 10, 20, 40, 60, 90, 120, 180,
240 and 300 minutes and the pH variation was recorded all time. An ICP-OES was used to

determine the As concentration in the water samples as described above.
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2.2.4.3. Effect of anions on adsorption capacity

Effect of anions such as fluorides (F~), chloride (CI7), sulfate (S0Z7), nitrate (N0O3),
phosphate (P0Z~) and carbonate (C037), that are normally found in groundwater, on the
adsorption capacity of arsenic in bimetallic oxyhydroxides was determined. Synthetic water
was prepared containing a concentration of 1, 5, 10 and 30 mg L of each anion (F~,Cl™,
S02~, NO3, PO2~ y C02™), in the presence of 2 mg L* of As(V). Co-adsorbing anions effect

experiments were carried out in batch systems.

2.3. Results and discussion
2.3.1. Physicochemical Characterization

2.3.1.1. Textural Properties

The textural properties of ZrOx, FeOx and ZrOx-FeOx are shown in Table 2.1. The
pore size and surface area of the materials were calculated from N, adsorption-desorption
isotherms at 77 K (Micrometrics ASAP 2020). Surface area was estimated from the BET
isotherms, and the pore size distribution was obtained by using the density functional theory
(DFT). Zirconium and iron oxyhydroxides have a surface area of 181 and 21 m? g%,
respectively, while that of ZrOx-FeOx was 49 m? g1, 88 % less than that of ZrOx, with less
than 20 % of micropores, 36 % of mesopores and 57 % macropores. Accordingly, it can be
suggested that ZrOx acted as a support, while FeOx penetrates into its pores and anchors
on its hydroxyl groups, forming the bimetal ZrOx-FeOx. The nitrogen adsorption isotherms
(Figure 2.1) are type IV and showed a hysteresis loop similar to H1, which is characteristic

of mesoporous materials [152].
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Table 2.1. Surface area and pore volume of studied materials.
m? g1 cm3 gt nm
Sample Average
SgeT Vmic Vimes Vmac pore
diameter
ZrOx 181 0.036 0.212 0.004 5.89
FeOx 21 0.001 0.050 0.018 11.78
ZrOx-FeOx 49 0.007 0.077 0.002 8.04
200 [
—ZrOx
| —FeOX
160 —ZrOx-FeOx

Quantity Adsorbed (cm?®/g STP)

120
80 |

40 |

0 0.2

0.4
Relative Pressure (P/P,)

0.6

0.8 1

Figure. 2.1. The nitrogen adsorption isotherms

2.3.1.2. Surface charge and pK,’s distributions

Point of zero charge (PZC) specifies the total surface electric charge of metal

oxyhydroxides. As known the PZC is located at the pH at which the positive and negative

electric charges of a material are balanced, i.e. the electric charge is neutral. The adsorbent
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has a positive surface charge when the pH is below the pHpzc, attracting anions like arsenic

species. In contrast, the material will have a negative charge, when the pH solution is greater
than the pHpzc attracting cationic species. The distribution of the surface charge of ZrOx,
FeOx and ZrOx-FeOx oxyhydroxides is shown in Figure 2.2a. The pHpzc of the FeOx and
ZrOx is 7.2 and 7.8, respectively, indicating that at the working pH of 7 the material
possesses an almost neutral charge. On the other hand, bimetallic oxyhydroxides showed
a pHpzc of 7.2, which is similar to the pHpzc of the pristine metal oxides with which the
bimetallic oxyhydroxide was formed. However, its surface charge density is much higher as
will be explained below. The pHezc of iron oxides can be between 7.5 and 9.5 for goethite
and hematite, between 6.0 and 7.1 for magnetite [153] and 6.5 for amorphous zirconium
oxide [154]: these differences can be related to the OH groups concentration, which is also
associated to the synthesis method, for example iron oxides can be synthesized by
precipitation with either sodium hydroxide or potassium hydroxide. Also, in the present
study, the presence of goethite was favored depending on the synthesis parameters, as

observed in the XRD results (Figure 2.4).
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Figure 2.2. Point of zero charge (a) and pKj's distribution (b) of FeOx, ZrOx, and ZrOx-

FeOx.
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Figure 2.2b shows the intensity and pKa's distribution, which illustrates the chemical changes

on the surface of ZrOx, FeOx and ZrOx-FeOx as a function of pH. The peaks that are
observed in 8 < pKay < 11 and 3 < pKa < 7 can be attribute at OH groups and the metal
species, respectively. The presence of OH groups is associated with hydrolysis of iron and
zirconium where iron species such as: Fe(OH)s, Fe?* and Fe(OH)s~ have a pK, of 6, 5.5 and
11.9, respectively [155,156]. In the case of zirconium the peaks at pKa 5.1 and 9.7 are
associated to the presence of Zr(OH)s* and Zr(OH)4, respectively. When the bimetallic
oxyhydroxide is formed it can be seen that the peaks in the pKai's between 3.5 and 8
underwent a shift and an increase in the intensity of the peaks at pKa 5 and- 8, indicating
interaction between the two pristine metals. In addition, it can be seen that the intensity of
the peak attributed to the OH groups increase (9 < pKa < 11), indicating an increase on these
groups on the surface of the ZrOx-FeOx. Accordingly, these adsorbents will have a higher

adsorption capacity for arsenic species.

2.3.1.3. FTIR spectroscopy studies

The vibrational frequencies of iron (Fe) bonds to zirconium (Zr) were analyzed in order
to elucidate the interaction between both metal ions. The FT-IR spectra of FeOx, ZrOx and
ZrOx-FeOx are shown in Figure 2.3. The Fe spectrum showed bands at 582 and 664 cm!
that are characteristic of goethite and arise due to the vibration of bending gamma and 8-OH.
The symmetrical Fe-O stretching is indicated by a band at 613 cm [157]. The band in 810
cm is attributed to the vibration of O-H [153], and the doublet at 1150 cm* and the band at
1050 cm* correspond to O-H flexion vibrations and to Fe-O stretching, respectively [153].
The ZrOx spectrum showed a band at 830 cm™ related to symmetric (OZrO) and asymmetric
(OzrO) vibrations of ZrO,, which according to the literature is present in the region between

800 and 850 cm [158]. The vibration of Zr-OH is attributed to the presence of band 1348
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cm? [159]. The FT-IR spectrum of ZrOx-FeOx showed a wide band in 3608 cm which is

associated to OH groups [142]. Broadband and weak band at 580 cm? and 615 cm?,
respectively, are attributed to the bond-forming between Fe and OH groups of Zr (Zr-O-Fe)
[160,161]. Besides, the band at 1100 cm™ is attributed to the flexion vibrations of hydroxyl
groups in metal oxides (Zr-OH, Fe-OH). This anion can drive the spatial arrangement of the

[FeO3(OH)s] octahedra double chains common in FeOOH [153].
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Fig 2.3. FT-IR spectra of ZrOx, FeOx, and ZrOx-FeOx.
2.3.1.4. XRD spectroscopy studies

The polymorphic phases of ZrOx, FeOx and ZrOx-FeOx were identified by XRD
studies. Figure 2.4 shows the XRD patterns for ZrOx, where the peaks 17.54, 24.38, 28.31,
31.22, 34.2, 41.48 and 49.9 at 26 angles can be attributed to the monoclinic structure of
zirconium dioxide (ZrOz). While the peaks 17.54, 24.38, 28.31, 34.2, 45.38, 49.9, 61.41 and
65.24 at 26 angles correspond to the monoclinic zirconium oxide (Zroe3202). For both
compounds the associated pattern was verified by the cards # 01-078-0047 and # 01-081-
1315, respectively. In addition, the shape of the ZrO diffractogram indicates that it is a highly

amorphous material. On the other hand, FeOx showed the presence of monoclinic
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Fe(S04)(H20) (iron sulphate hydrate) with the highest peak and orthorhombic FeOOH

(Goethite). Their patterns were found in the cards # 01-081-0019 and # 01-076-7156,
respectively. Finally, XRD patterns for the bimetallic oxide ZrOx-FeOx are show in Figure
2.4, where the peaks in 17.58, 24.45, 28.61, 32.69 and 50.89 at 26 angles correspond to
ZrOz. On the other hand, the same sample showed compounds of FeO(OH) and

Fe(S04)(H20) at 28 angles of 17.58, 21.59, 32.86, 36.69, 43.39, 50.41 and 26.37, 29.11,

45.71, respectively.

Intensity

ZrOx:FeOx

10 15 20 25 30 35 40 45 50
2 Theta

® Goethite (FeO(OH))

¥ Iron Sulfate Hydrate (Fe(SO,)(H,0)
= Zirconium Dioxide (ZrO,)

+ Zirconium Oxide (Zr; 43,0,)

55 60 65 70

Figure 2.4. XRD patterns of ZrOx, FeOx and ZrOx-FeOx with a step of 0.02° 26 at 10 s

per step. The symbols show the crystalline phase of each oxide.
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2.3.1.6. Transmission Electron Microscopy

Figure 2.5 shows the HAADF images of ZrOx-FeOx with its EDS spectrum. ZrOx-
FeOx shows agglomerated particles and flat cube shapes (Figure 2.5a and 2.5c). EDS
analysis (Figure 2.5b and d), marked with a square on the most amorphous area of the
sample, shows the elemental composition of sulfur, oxygen, zirconium, and iron. The
presence of sulfur can be attributed to the precursor of iron oxides (FeSOg). Figure 2.5¢c
shows in a rectangle the most solid zone of the ZrOx-FeOx sample in which the EDS
analysis (Figure 2.5d) was performed showing a higher iron and zirconium oxides
concentration than in the more amorphous zone. This can be attributed to an agglomeration
of iron and zirconium species. When a high-resolution transmission electron microscopy
was performed on the ZrOx-FeOx morphologies, a short-length crystalline arrangement that
is characteristic of the nanostructured materials was observed. The high-resolution image
of ZrOx-FeOx in two areas of the same sample is shown in Figure 2.6, where the lattices in
the ZrOx-FeOx are observed. FTIR analysis showed a characteristic ring pattern of
polycrystalline materials with a crystal size less than 10 nm [151]. Therefore, the bimetallic
oxide is expected to have better surface interactions compared to materials with larger

crystals that would have less grain boundaries.

Figure 2.7 shows the HAADF image of ZrOx-FeOx and its respective EDX spectrum
and profile at different points of the bimetallic oxide particle. It was observed in the ZrOx-
FeOx EDX that in the whole region of the particle the presence of both metals existed, which
suggests the formation of bimetallic oxides. However, the profiles show that it is not an alloy
because the profiles of both elements do not follow the same pattern, which suggests that
between both metals there are chemical interactions, since no individual particles of

zirconium and iron oxides were found in sample ZrOx-FeOx.
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Figure 2.6. HRTEM images of morphologies of ZrOx-FeOx and its Fourier

transforms (insets).
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Figure 2.7. Micrograph, EDX and profiles of different points of a ZrOx-FeOx particle.

2.3.2. Assembly Mechanism of Bimetallic Oxide.

It is suggested that the increase in the amount of the hydroxyl group on the surface of
binary oxides is due to the formation of a new bond between zirconium and iron through an
oxygen atom as shown in Figure 2.8. This M-O-M bond (M=metal) would increase the

arsenic adsorption capacity, due to an increase of polarity of these mixed oxides [143].
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Figure 2.8. lllustration of bimetallic oxyhydroxide (ZrOx-FeOx).

To elucidate both the formation of bimetallic oxyhydroxide and its high arsenic adsorption
capacity, it is essential to comprehend how the crystalline structure of both metals is
modified. Zirconium has three main crystalline phases: monoclinic, tetragonal, and cubic.
XRD analysis indicated a zirconium oxide monoclinic structure and an orthorhombic
structure for FeOOH. However, it should be considered that the crystalline structures of
different materials can have linear, punctual, interfacial and volume defects, especially when
they come from non-pure materials. Punctual defects (see Figure 2.9a) play a key role in
the development of bimetal oxides because vacancies (lack of an atom) can occur in the
crystal lattice of the metal oxides that make it up. Therefore, one atom of the same material
(autointerstitial atom) or another (interstitial atom) will fill the vacancy or the interstices of the
lattice, forming the bimetallic oxide. According to Chaudhry et al., (2017), crystalline defects
are generated due to the replacement of Zr** ions in FeOx and therefore cause a reduction
in the degree of crystallization compared to pure Fe>Os. Therefore, it is considered that the
presence of Zr** in the FeOOH crystal lattice generates a quite amorphous bimetallic

oxyhydroxide, due to the deformation of the crystalline phases, with a high density of
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available OH groups, which can increase the arsenic adsorption by ligand exchange with

these groups (Gupta et al., 2009; Chaudhry et al., 2017). The schematic representation of
the proposed crystalline structure of iron and zirconium when forming a bimetallic oxide is

shown in Figure 2.9b.
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Figure 2.9. (a) Punctual defects in crystalline structures: vacancies and interstitials. (b)
Proposed schematic representation of the crystalline structure of iron and zirconium when

forming a bimetallic oxide (Modified figure from [3]).

2.3.3. Adsorption Experiments

2.3.3.1. Adsorption Isotherm

It can be observed in Figure 2.10 that the equilibrium adsorption capacity (qe)
increases significantly with the increase in arsenic concentration in the equilibrium (Ce) in
the initial stage where more active sites are available, then as the materials get saturated,
the isotherms slope becomes lower and finally nearly reach equilibrium. The arsenic
adsorption isotherm of bimetal oxide was compared with the isotherms of the pristine oxides

that make it up (FeOx and ZrOx). In the case of FeOx and ZrOx, it is observed that ge

Esmeralda Vences Alvarez



Y, Chapter 11

remains constant and/or without significant changes at a Ce greater than 1 and 2 mg L,

respectively. On the other hand, the arsenic adsorption capacity of ZrOx-FeOx increases
even at Ce higher than 2 mg L1, which indicates that this material has a high affinity for

arsenic and therefore, a high adsorption capacity.

60| + Zrox-FeOx ¥
A ZrOx
® FeOx

50
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C,mglL"
Figure 2.10. Adsorption isotherms of As(V) of FeOx, ZrOx and ZrOx-FeOx at pH 7 and 25

°C.

The arsenic adsorption isotherms of FeOx, ZrOx and ZrOx-FeOx (Fig 9) were adjusted
to the Langmuir and Freundlich models, and their respective computed parameters are
reported in Table 2.2. The adsorption intensity (n) values less than 2, suggest a high affinity
of arsenic for the adsorbents [159]. Moreover, the experimental data were best fitted with

the Langmuir model according to the correlation coefficient R2.

The maximum adsorption capacity (gmax) of FeOx and ZrOx was 13.8 and 44.8 mg g

1, respectively, according to the Langmuir model (Fig 9). The above suggests that adsorption
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forms a monolayer. The bimetallic oxyhydroxides ZrOx-FeOx have a maximum arsenic

adsorption capacity of 62.7 mg g, being 4.5 and 1.4 times greater with respect to FeOx and

ZrOx, respectively. The adsorbent capacity of the hybrid adsorbent presented in this work

was superior to that reported by Ren at al., (2011) [162] (gmax = 46.1 mg g1), who prepared

Zr-Fe bimetallic oxides by precipitation and found the presence of ferrihydrite, but not the

crystalline phase of zirconium, in their XRD results. This suggests that the synthesis method

influences the physicochemical characteristics of the hybrid material having a favorable

impact on the adsorption capacity of arsenic. On the other hand, it is important to mention

that the Freundlich and Langmuir models are used only to compare the performance

between adsorbent, however, they cannot be used to describe the contaminant adsorption

mechanism [159].

Table 2.2. Langmuir and Freundlich parameters for the arsenic adsorption onto FeOx,

ZrOx and ZrOx-FeOx.

Langmuir Freundlich
Sample
dmax (Mg g%) b (L mg™) R? n R?
FeOx 0.89 0.18 0.89
ZrOx 0.99 0.34 0.94
ZrOx-FeOx 0.93 0.38 0.97

2.3.3.2. Effect of pH on the Arsenic Adsorption Capacity of the ZrOx-FeOx

The arsenic uptake was determinate at different pH. Adsorption experiments were

performed at pH 5 to 9 to study the effect of pH on the arsenic adsorption capacity onto

ZrOx-FeOx oxyhydroxide. These pH values were selected since they include the natural and
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industrial waters. The results show that at pH 5 and 6 the highest adsorption capacity (27.3

mg g, in both cases) is obtained, which decreases as the pH increases (Fig 2.11). The
above is related to the pHpzc of the material, which is 7.2 (see Fig 1A), therefore at pH 5 and
6 the ZrOx-FeOx is positively charged and consequently attracts the arsenic anions.
Moreover, at pH 8 and 9 a low adsorption capacity is observed. This is because at pH> 7
the surface of the material is negative charge and therefore increases the electrostatic

repulsions between arsenic and ZrOx-FeOx.
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Figure 2.11. Relationship between the Point of Zero Charge and pH on the As(V)

adsorption capacity of ZrOx-FeOx.

2.3.3.3.  Effect of Co-adsorbing anions

The effect of anions such as fluorides (F~), nitrate (NO3 ), chloride (Cl™), phosphate
(PO%7), sulfate (SOZ™) and carbonate (C03™), normally found in groundwater, on the arsenic
adsorption capacity in ZrOx-FeOx is shown in Figure 2.12. The results indicated that 1 mg
L! of competing anions F~, Cl~, SO2~, NO3, PO?~ and C02~ reduced the As(V) adsorption

capacity 16.5%. Moreover, the As(V) adsorption decreases 52, 71 and 81% when increasing
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the anions concentration at 10, 30 and 50 mg L™, respectively. According to Ren et al.,

(2011), phosphate causes the greatest reduction in the arsenic uptake: the molecular size
and structure of phosphate and arsenic is very similar. For example, considering that the
groundwater of some wells of the city of San Luis Potosi, Mexico, have an average
concentration of 15.2, 25.6 and 1 mg Lt of CI~, SO2~, and C03~, respectively [163], the
arsenic adsorption of ZrOx-FeOx will be 5.9 mg g%, at 2 mg L* of initial concentration, which

is very considerably and similar to that reported by other works that did not contemplated

the presence of anions.
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Figure 2.12. Effect of the presence of adsorbing anions on the arsenic adsorption
capacity: mixture of 1, 5, 10, 30 y 50 mg L-1 of each anion (F~, Cl~, SO?~, NO3, PO?~ and
bicarbonates (HC03~ and H,C0%™)) in the presence of 2 mg L of As(V) at pH 7(x0.2) and

25 °C.

2.3.3.4. Adsorption Kinetics

Adsorption kinetics were performed to study the arsenic adsorption rate on ZrOx,
FeOx and ZrOx-FeOx, as well as the time required to reach equilibrium (Figure 2.13). The

adsorption process is carried out in the first instance on the most accessible places, i.e.
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external surface and macropores. At this rapid stage, ZrOx-FeOx removed about 47% of the

maximum capacity in the first 5 min. ZrOx and FeOx removed 18 and 61% of the maximum
capacity at the same time, respectively. In the next stage dominates the intraparticle
diffusion, therefore, the process becomes slower. FeOx and ZrOx-FeOx require about 40
min to reach equilibrium that could be considered fast, whereas ZrOx requires more than 90
min, which could be associated with the morphology and/or structure of the material. ZrOx
requires more than 90 minutes to reach the equilibrium, because it has the highest surface
area (181 m? g?) attributed to more micropores (see Table 2.1), therefore it requires more
time for As(V) to diffuse within the porous structure and reach the active sites. Meanwhile,
FeOx and ZrOx-FeOx require less time because these are more mesoporous (see Table
2.1) and their surface area is much smaller (21 and 49 m? g?), therefore, the diffusion
restrictions are lessen and the active sites are reached faster than in ZrOx. As known, the
adsorption processes is carried out in seconds, when only exist electrostatic interactions
[164], however, the arsenic adsorption process onto the adsorbents studied in this research
takes minutes to reach equilibrium, which indicates that the adsorption takes place in

particular sites [162].
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Figure 2.13. Adsorption kinetics of FeOx, ZrOx and ZrOx-FeOx oxyhydroxides at pH 7, 25

°C and As(V) initial concentration of 2 mg L.
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2.4. Conclusions

The results showed that the bimetallic oxides synthesized through the hydrothermal
synthesis process, assisted by a microwave oven, are very efficient materials to remove
arsenic from water. This methodology allows obtaining much smaller, homogeneous, and
amorphous particles with a high density of OH groups in a short synthesis time. The spectra
of FT-IR and the distribution of pKa's suggest that in the binary oxides (ZrOx-FeOx) a new
union between the two metallic elements is formed by means of an oxygen (metal-O-metal).
In addition, the substitution of the zirconium(IV) ion in the FeOx could induce defects in the
crystals, thus increasing the surface area and the concentration of the hydroxyl groups. Due
to the above, the bimetallic oxide of ZrOx-FeOx has a high arsenic adsorption capacity of
up to 62.72 mg g*. In addition, the particles of ZrOx-FeOx have a nanometric size, therefore,
the active sites are much more accessible, thus achieving 40% removal of the initial
concentration of arsenic in the first 5 minutes. On the other hand, the adsorbent material
ZrOx-FeOx can remove arsenic (27.3 to 10 mg g*) even when there are variations in the
solution pH from 5 to 9, in addition, an adsorption capacity of about 20 mg g is maintain
even in the presence of 1 mg L* of coexisting anions such as F~, Cl~, S02~, NO3, PO2~ and

bicarbonates (HC03~ and H,C03").
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CHAPTER III

New bimetallic adsorbent material based on cerium-iron nanoparticles

highly selective and affine for arsenic(V)

Abstract

Bimetallic oxides have shown great interest in pollutant adsorption processes. Bimetallic
oxides, in addition to inheriting the oxides properties that make them up, have a high OH
groups density, which makes them highly promising adsorbents. In this work, a bimetallic
oxide of cerium and iron (Ce: Fe-P's) was synthesized for the arsenic removal from water.
The Ce: Fe-P’s were characterized by various techniques (SEM, FTIR, XRD and XPS) and
the adsorption capacity and kinetics as well as the effect of pH and the presence of
coexisting anions were determined. The results showed that Ce: Fe-P's has an excellent
adsorption capacity (179.8 mg g* at Ce = 1 mg L*) even at low concentrations (120 mg g+
at Ce = 37 pg L1). Adsorption kinetics reached equilibrium in the first minute with an
adsorption rate of 0.123 mg min (that is, in the first minute Ce: Fe-P's removed 80% of As
initial concentration). Regarding the effect of pH, the arsenic adsorption capacity decreased
up to 19% at pH above 7, attributed to the material's pHPZC, which is 6.8. On the other
hand, the arsenic adsorption capacity of Ce:Fe-P’s decreased 21% in the presence of 10
mg L* of each of the following anions F~, Cl~, SO?~, NO3, PO?~ and C02~. Ce:Fe-P's has
been shown to be an excellent adsorbent material with low pH interference and coexisting

anions, for which it has the patent number MX/a/2019/010551.

Key words: Bimetal oxides, cerium, iron, adsorption, arsenic
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3.1. Introduction

The extraordinary increase of anthropogenic activities has created a great demand for
natural resource, specialty water. Therefore, it is necessary to dig deeper wells to supply
this vital liquid, which ends in the dissociation of various minerals, resulting in naturally
occurring water contamination. Among the priority pollutants is arsenic, due to its very high
toxicity [165]: this is found mainly in clay rocks [166,167] and in some geological formations
[168]. Moreover, the arsenic contamination in groundwater is mainly due the desorption of
arsenic compounds from natural rocks [169]. High arsenic concentrations have been
reported in water mainly in Mexico, United States, China, Pakistan, India and Bangladesh,
Argentina, Poland, Canada, Hungary, Japan and Korea, due to excessive exploitation of
their aquifers [170,171]. On the other hand, developing countries tend to have a growing
number of industrial factories, which unfortunately damage the environment. Arsenic is used
mainly as an insecticide and herbicide or preservative for wood [172], in addition to being
used in medicine, electronics and industrial manufacturing [173,174]. In the environment,
arsenic and its compounds are mobile since they can dissolve in rain and contaminate lakes,
rivers, and groundwater. Arsenic contamination in groundwater is a great danger to public
health in various countries of the world [173,175,176]. The long-term ingestion of arsenic-
contaminated water (50 pg L*%) can cause arsenicosis, which is characterized by
hyperpigmentation and hyperkeratosis [177-180]. Therefore, the Word Health Organization
(WHO), Environmental Protection Agency (EPA) and other health-related regulatory
agencies have recommended an arsenic concentration of 10 pg L* as the maximum
permissible limit in drinking water [181]. Due to the above, it is necessary to invest in the
development of new and more efficient materials to remove priority pollutants such as
arsenic from water. Among the various technologies for the arsenic removal from water,
adsorption has emerged as the most promising technology due to the low costs and the

simplicity of design. On the other hand, among the various adsorbent materials used for the
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removal of numerous contaminants are activated carbon, colloidal oxides and bimetallic

oxyhydroxides [182]. Various studies have shown that iron oxide is an efficient adsorbent
for arsenic in water [183]. In addition, cerium is one of the most abundant and least
expensive rare earths. Among the advantages that cerium oxide present are its low solubility
in acid solutions and the null dissolution during the elimination of contaminants from water
[184]. Thus, cerium oxide has been considered as one of the most promising alternative
adsorbents for anions removal, such as: fluoride [185], dichromate [186] and arsenate
[187,188]. Recently, the synthesis of mixed metallic oxides as adsorbents has gained more
attention, since the result compound can inherit the advantages of the original materials.
Iron oxide has been synthetized in combination with various oxides (i.e. cerium, copper,
manganese, titanium, zirconium and tin) in order to form bimetallic oxides and improve their
adsorption performance of contaminats [189-191]. In recent studies the bimetallic oxides of
Ce-Fe have been studied giving good arsenic adsorption capacities, even higher than 90
mg g* [192-196]. Generally, these bimetallic oxides have been synthetized by precipitation
and solvothermal processes, giving good results. However, methods of synthesis that allow
a better control, such as the hydrothermal method assisted by a microwave oven, have
proven to obtain not only mixes of bimetallic oxides but also bimetallic oxides with superior
adsorption capacities. Due to the above, the objective of this research is to find the optimum
synthesis conditions to develop bimetallic oxyhydroxides of iron and cerium (CeOx-FeOx)
with three-dimensional hierarchy of nanometric size with an elevated OH density to improve
the ligands exchange between anionic species of As(V) and the hybrid adsorbent and the

adsorption kinetics.
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3.2. Methods and Materials

3.2.1. Chemical materials

The reagents for the oxides and bimetallic oxides synthesis were cerium nitrate
hexahydrate (Ce(NO3)s-x6H20) and ferrous sulfate heptahydrate (FeSO4-7H20). Sodium
arsenate (Nax:HAsO4-7H20) was used for the preparation of arsenic solution, hydrochloric
acid 0.1 M (HCI) and sodium hydroxide 0.1 M (NaOH) were used to adjust the solutions pH,
all of which were of analytical grade with a purity higher than 99% from Sigma-Aldrich (USA).

The solutions were prepared with desionized water (18 MQ/cm).

3.2.2. Experimental design and synthesis of adsorbent materials

The molar ration of cerium, lanthanum and/or iron was varied in the G30 vials used
in a microwave oven (Monowave 400, Anton Paar) to synthesize bimetallic oxyhydroxides,

as shown in Table 3.1.

Table 3.1. Solutions used to synthesize the bimetallic oxyhydroxides adsorbents

Design Molar Ration (MR)

Ce:Fe 1.0 |11 1213|214 |21(23|24|3:1|32|34|41)|42)|43|0:1

The microwave oven was programmed to start at room temperature and then
increase it up to 110 °C within 5 min, then this was kept isothermal for 30 min. After the
synthesis process ended, the supernatant was decanted, and the solids obtained were
washed with deionized water to eliminate the remaining solution, and then these were rinsed
three times with ethanol to ensure a better drying of the oxyhydroxides. Finally, these were

dried for 12 h at 80 °C in an oven.
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3.2.2. Physiochemical characterization

The surface charge distribution and the point of zero charge (pHpzc) of each adsorbent
were obtained by means of an automatic titrator (Mettler-Toledo T70). 100 mg of sample
were dispersed in 50 ml of a 0.1 M NaCl aqueous solution as electrolyte and stirred for 12
h to ensure that the equilibrium was reached. Subsequently, the solution pH was adjusted
to 3 with 0.1 M HCI. Then, a titration was carried out with 0.1 M NaOH under a nitrogen
atmosphere to avoid CO: interferences. The pK, values, from the surface charge

distribution, were obtained with the program SAEIUS-pK-Dist © (1994).

The surface area, pore volume and pore-size distribution of Ce-P’s, Fe-P’s and Ce:fe-
P’s were determined by N, adsorption-desorption isotherms at 77 K in a Micrometrics
Accelerated Surface Area and Porosimetry Analyzer 2020. The surface area was calculated
using the BET equation and the pore size distribution was determined by using the density

functional theory (DFT), protocol established in this equipment.

For infrared analysis, a Thermo-Nicolet device, Nexus 470 FT-IR E.S.P., was used.

The atmospheric water and CO; were always subtracted.

The morphological and structural characteristics of samples were studied by scanning
electron microscopy (SEM) by an ESEM FEI-QUANTA 200, and X-ray Diffraction (XRD) by
a Bruker D8 Advance diffractometer. The diffractograms analysis was carried out by using

the Hannawalt method.
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X-Ray photoelectron spectroscopy (XPS) was performed in a VG-Microtech Mutilab

3000 spectrometer using an Al Ka radiation (1253.6 eV). The deconvolution of the XPS
peaks for Cls, O2p, Fe2p, Ce3d and S2p was done by least squares fitting using Gaussian-

Lorentzian curves, while a Shirley line was used for the background determination.

3.2.3. Arsenic (V) adsorption test

30 mL of As(V) solution at different concentrations (from 0.05 to 20 mg L*) were added
in conical polypropylene tubes containing 2 mg of Ce-P’s, Fe-P’s or Ce:Fe-P’s at pH 7 and
25 °C (pH was adjusted with 0.1 M NaOH or HCI). The concentration of arsenic in solution
was determined by ICP-OES (varian 730-ES) at a wavelength of 188.98 nm. The adsorption

capacity was determined by a mass balance (Eq. 1).

V(Co—Ce
g = Lo (Eq. 1)

where q is the adsorption capacity in mg g, V is the volume in L, Co and C. are the
initial and in equilibrium concentrations in mg L, respectively and w is the mass of the

adsorbent in g.

Adsorption kinetics were performed as following: a stock solution of 5 mg L of As(V)
was prepared at pH 7. The initial pH was adjusted with 0.1 M HCI or NaOH. Subsequently,
30 mL of the stock solution were added to 13 polypropylene falcon tubes of 50 mL containing
2 mg of the adsorbent material, which were then placed in an incubator at 25 °C and 120-

130 rev/min. Test tubes were taken at different times (30 seconds, 1, 5, 10, 20, 40, 60, 90,
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120, 180 and 240 minutes) and the solution was analyzed to determine the remaining As(V)

concentration as explained in the previous section: the solution pH was also recorded.

To evaluate specific velocity constants, the pseudo-first and pseudo-second kinetic
equations were applied [197,198]. The linear form of pseudo-first-order kinetic rate equation

can be presented as follows:

In(qe —qr) = In(qe — k1)t (Eq. 2)

where g: and ge are the adsorption capacities (mg g) at equilibrium and t time (min),
respectively, and ki (min™") is the pseudo first-order rate constant computed from the slope

of the linear plot of In(ge— qy) Vvs. t.

The pseudo-second-order-kinetic rate equation assumes that the driving force on
adsorption capacity (ge — qv), is proportional to the available fraction of active sites. The linear

expression can be represented as follows:

t 1

1
= + —t (Eq. 3)
ac k20 qe

where k: is the pseudo-second-order rate constant of sorption (g-mg=t-min), ge is the
amount of analyte adsorbed at equilibrium (mg™-g™), and q:is the amount of analyte

adsorbed (mg-g™) at any time t (min).
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The effect of co-existing anions such as: chloride (CI™), sulfate (S0Z7), nitrate (NO3),
phosphate (P0Z~) and carbonate (CO%™), which are normally found in groundwater, were
considered on the arsenic adsorption capacity of bimetallic oxyhydroxides. To study this
effect, a synthetic water was prepared with 1, 5, 10, 30 and 50 mg L* of each anion (Cl~,
S0Z~, NO3, POZ~ and €03~ ), in the presence of 5 mg L of As(V): these experiments were

performed in batch systems.

3.3. Results and discussion.

3.3.1. Experiments design

The experimental design results showed that with an initial As concentration of 5.6 mg
L the hybrid Ce-Fe materials with a molar ratio (MR) of 2:3 and 2:4 presented the highest
arsenic adsorption capacity, 81 and 79 mg g, accordingly, as reported in Figure 3.1a.
Moreover, it was observed that the arsenic adsorption capacity of Ce:Fe-P’s increases
approximately 8 times with respect to the pristine oxides that make it up (7.9 and 8.9 mg g-
! for Fe-P’s and Ce-P’s oxides, respectively). The high adsorption capacity of the Ce:Fe
(2:3) and Ce:Fe (2:4) materials is mainly due to the high density of OH groups on their
surface. The density of OH sites is very low in the case of Ce:Fe (1:1), however as the
concentration of cerium and/or iron increases, so does the intensity of the broad band from
1250 to 950 cm™ in the FTIRs attributed to OH groups (Figure 3.2). However, it reaches a
point where the concentration of cerium or iron is very high that these cations occupy the
OH groups to form Ce-O and/or Fe-O bonds and therefore, the density of OH groups start
to decrease as seen in Figure 3.2. That is why the appropriate concentrations of both metals
must be sought (i.e., 2:3 and 2:4 Ce:Fe ratios) to obtain materials with a high OH groups

density and hence a high adsorption capacity. Arsenic, according to the literature and as
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explained in section 3.4.2, is adsorbed by means of ligand exchange with the OH groups of

the adsorbent material [199].
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Figure 3.1. (a) Effect of cerium and iron concentrations in the synthesis of hybrid materials
and in their arsenic adsorption capacity when using an initial concentration of 5.6 mg L* of
contaminant. (b) Arsenic adsorption capacity and (c) Ce and Fe content of three replicas

of bimetallic oxyhydroxides Ce:Fe-P’s (2:3) to demonstrate the synthesis reproducibility.

Also the synthesis and adsorption capacity of the hybrid material Ce:Fe-P’s (2:3) was
fully reproducible as shown in Figure 3.1b and c where the average cerium and iron content
of these three replicates was 28.5 and 6.3 %W, respectively. Therefore, a high cerium
content causes a synergistic effect in terms of adsorption capacity due to the higher density
of OH groups, as will be discussed below. It is important to mention that from this point on,

only the blanks and sample Ce:Fe-P’s(2:3), called Ce:Fe-P’s, were studied.
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Figure 3.2. FTIR of synthesized materials at different molar ratios of Ce:Fe.
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3.3.2. Materials characterization

3.3.2.1. Surface area and pore volume distribution

Chapter I1T

The BET surface area and pore volume of Ce-P’s, Fe-P’s and Ce:Fe-P’s are reported
in Table 3.2 in supplementary material. Ce-P’s and Fe-P’s had a surface area of 1 and 21
m? g1, respectively. However, the Ce:Fe-P’s reported only 6 m? g1, 72% less than Fe-P’s,
which is attributed to the decrease in the volume of mesopores and macropores of 69 and
44%, respectively (Figure 3.3a). Moreover, Ce-P’s are non-porous since the CeO; structure
is highly crystalline, as will be discussed later in the XRD and SEM results. The nitrogen
adsorption isotherms of the studied materials were type IV, and the hysteresis of the

isotherms corresponds to type H3, characteristic of solids with laminar pores (Figure 3.3b).

Table 3.2. Surface area, pore volume and average pore diameter of studied materials.

m?/g cms/g nm
Sample Average pore
B ET area Vmicro Vmeso Vmacro .
diameter
Fe-P’s 21 0.0011 0.0503 0.0185 11.7
Ce-P’s 1 0.0004 0.0002 0.0000 2.7
Ce:Fe-P’s 6 0.0000 0.0155 0.0103 3.1

On the other hand, the materials Fe-P’s, Ce-P’s and Ce:Fe-P’s presented a pore
diameter of 11.7, 2.7 and 3.1 nm, respectively. Fe-P's has a higher proportion of meso and
macropores (0.0503 and 0.0185 cm? g, respectively) than Ce-P's which only presented
micro and mesopores (0.0004 and 0.0002 cm? g%, respectively), and a very small surface

area due to its high crystallinity as reported by SEM and XRD analyzes. Finally, it was
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observed that Ce:Fe-P's have an average pore diameter and surface area between that of

Fe-P's and Ce-P’s, and lack micropores.
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Figure 3.3. (a) Pore size distribution from Nz adsorption with BJH model and (b) N2

adsorption isotherms for Ce-P’s, Fe-P’s and Ce:Fe-P’s.

3.3.2.2.  Structure and morphology studies of synthesized materials

The scanning electron microscopy studies of Ce-P’s, Figure 3.4a, show octahedral
structures that agree with the observed morphology for pure ceria reported by Hakuta et al.,
1998. Moreover, Figure 3.4b shows Fe-P’s particles in form of flowers, which can be
attributed to the interaction between goethite and iron sulfate [201,202], and Figure 3.4c
reports Ce:Fe-P’s in the form of urchins and fibrils. These last morphologies of Ce:Fe-P’s
were very different to those shown by the blanks, therefore they can be attributed to the
interactions between cerium and iron atoms. Moreover, their respective EDS showed the
presence of Ce and Fe, while Cu and Al come from the grid and pin. The elemental mapping
reported 34% of Fe and 8% of Ce (Figure 3.5) in a ratio of 1:4.25, like that found by acid
digestion (1:4.5). A good distribution of oxygen and sulfur was also observed, which may

suggest the interaction of sulfate ions with the bimetallic oxide structure of Ce:Fe-P’s as
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observed in the XRD analyzes. Furthermore, the particle size of Ce:Fe-P's, determined by

laser diffraction, was between 578 and 818 nm (Figure 3.6).
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Figure 3.4. SEM images of (a) Ce-P’s, (b) Fe-P’s and (c) Ce:Fe-P’s , and their respective

EDS analysis.
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Figure 3.5. Elementary mapping of bimetallic oxyhydroxides (Ce:Fe-P’s).
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Figure 3.6. The particle size of the Ce:Fe-P's by laser diffraction using a zettameter
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3.3.2.3. Surface charge distribution studies.

As known the point of zero charge (pHerzc) is the pH at which the positive and negative
charges of a material are balanced, that is, the surface charge is neutral. At pH lower than
pHezc the surface of the adsorbent is positively charged; therefore, it attracts anions. On the
contrary, when the pH is higher than the pHezc, the surface is negatively charged attracting
cations. The pHpzc of Fe-P’s was 7.2 (see Figure 3.7a), which indicates that at the working
pH (pH = 7) the charge of the material is more less neutral. According to the literature, the
pHezc of iron oxides is between 5.5 to 9.0 [203], and between 7.5 to 9.2 specifically for
goethite [204—-206]. Therefore, the pHpzc value of Fe-P’s is attributed in part to the presence
of goethite as shown in the XRD analyzes (Figure 3.8). On the other hand, the pHpzc of Ce-
P’s was 8.1, which was similar to that reported in the literature by De Faria and Trasatti,
1994; Limbach et al., 2008; Speed, 2016, whom reported that the pHpzc of CeO- in deionized

water was equal to 8.0, however, Phanichphant et al., 2016, reported a pHpzc of 6.95. These
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differences can be explained by the presence of several components or groups on the

nanoparticles surface of cerium oxides due to also to their different oxidation states, since
these particles were usually obtained from different sources [211,212]. On the other hand,
the hybrid Ce:Fe-P’s showed a pHpzc of 6.8, similar to that of pristine iron oxide. However,
something to highlight is the remarkable increase of positive and negative active sites with
respect to iron oxyhydroxides, which accounts on the arsenic adsorption capacity, as will be

discussed later.
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Figure 3.7. (a) Surface charge distribution and (b) pKa's distribution for each material. (c)

FT-IR of Fe-P’s, Ce-P’s and Ce:Fe-P’s.
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The pKy's distribution in Figure 3.7b, were associated with the chemical changes on
the surface of pristine and bimetallic oxyhydroxides. The pKa, from 5.0 to 6.0 and 9.0 to 10.0
can be related to Fe(OH); and Fe(OH)4, respectively [213]. In the case of Ce-P’s the pK,
values between 3.5-4.5, 5.5-6.5 and 8.0-9.0 can be associated to CeO,, Ce-OH and
Ce(OH),, respectively [214]. In the case of the bimetallic oxyhydroxides (Ce:Fe-P’s) the
pKa's peaks between 3.5 and 7 decreased in intensity, while the pKa between 7.0 and 8.5
showed a remarkable intensity rise, indicating an outstanding increase in OH groups
concentration (OH-Ce-O-Fe-OH), which is expected to show a much higher As(V)

adsorption capacity than the blanks (FeOx, CeOx).

3.3.2.4. FTIR, XRD and XPS studies.

To compliment the materials characterization, FT-IR studies were conducted (Figure
3.7c¢). The spectrum of Fe-P’s showed low intensity bands at 589 and 664 cm attributed to
vibrations of the symmetric stretch of Fe-O [215-217]. The band at 810 cm is attributed to
the vibration of OH [218], whereas the doublet at 1150 cm* and 1050 cm* correspond to
vibrations of OH bending and stretch of Fe-O, respectively [218]. The Ce-P’s spectrum
showed a band at 819 cm™ which is characteristic of Ce-O vibrations [219], whereas the
bands at 1040, 1300 and 1450 cm are attributed to the characteristic peaks of CeO;
[220,221]. In the case of Ce:Fe-P’s, the FT-IR spectrum showed an adsorption band at 1600
cm ! which is attributed to OH. An small band at 790 cm and a broad band at 660 cm™ are
attributed to the Ce-O-Fe bond that is formed by the OH of the individual oxides (Fe-OH and
Ce-OH) [101,222]. According to the pKa distribution studies, the Ce:Fe-P’s have a high
density of OH groups (see Figure 3.10). These groups contribute to the formation of bimetallic

oxyhydroxides (Ce-O-Fe), characteristic of the synthesized metal oxides Ce-OH and Fe-OH
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observed at 1080 cm™ [223]. The peak at 950 cm™ was attributed to the bending vibration of

Ce—OH or Fe—OH [224]. Also the band at 1030 cm is attributed to Fe-O [218]. On the other
hand, the low intensity bands at 1180 and 880 cm* are characteristic of SO4> complexes (M-

SO4; M = Ce and/or Fe) [225].

Furthermore XRD studies identified the polymorphic phases of Ce-P’s, Fe-P’s and
Ce:Fe-P’s as shown in Figure 3.8. The diffraction patterns of Ce-P’s showed peaks at 26
angles of 28.21°, 33.16°, 47.54°, 56.31°, 59.02°, 69.35°, 76.53°, 79.21°, 88.57° and 95.45°
that are attributed to the cubic structure of cerium dioxide (CeO,), according to the reference
standard PDF 01-081-9325. In addition, the diffractogram shape indicates that this metal
oxide is crystalline [226—228]. On the other hand, Fe-P’s showed two phases, the monoclinic
phase of Fe(S04)(H20) (hydrated iron sulphate) and the orthorhombic phase of FeOOH
(Goethite). Their patterns were corroborated with PDF files 01-081-0019 and 01-076-7156,
respectively. Additionally, Figure 3.8 shows the XRD patterns for the hybrid Ce:Fe-P’s,
where most of the peaks correspond to a monoclinic structure of Cez(SOa4)z (H20)s.
Furthermore, the same sample showed the structure of the orthorhombic compound of
Fe(SO4):H at 28 angles of 27.1°, 28.48°, 39.91°, 40.24°, 45.99°, 51.42°, 56.69°, 59.04°,
61.22° and 78.57° (PDF 01-073-3970). It is important to point out that the three peaks with
the highest intensity correspond to Cez(S04)s (H20)s at 28 angles of 11.1°, 27.1° and 28.48°
(PDF 01-089-6404), which is associated with the high concentration of cerium in the

bimetallic oxyhydroxide (see Figure 3.1c).
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Figure 3.8. XRD patterns of Ce-P’s, Fe-P’s and Ce:Fe-P’s with a step of 0.02° 20 at 10 s

per step. The symbols show the crystalline phase of each oxide.
Furthermore, XPS analyzes were performed to elucidate the possible structure of

Ce:Fe-P's and to confirm the crystalline phases reported by XRD analysis. The complete

XPS spectra in the C 1s region referenced at 284.6 eV was realized (see Figure 3.9).
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Figure 3.9. The complete XPS spectra in the C 1s region referenced at 284.6 eV.

Figure 3.10 shows the XPS spectra in the Ce 3d, Fe 2p, O 1s and S 2p, region. The
XPS peaks of Fe 2ps» and Fe 2py, for Ce:Fe-P's are shown in Figure 3.10a. The Fe 2pasp
peak is narrower and has high intensity, therefore, its area is greater than Fe 2p12, which
may be associated with Fe 2ps having four-state degeneration while Fe 2p12 has only two.
A satellite peak at 719.69 eV is clearly observed, which does not overlap the Fe 2ps, and/or
Fe 2pi» peaks. Fe 2ps2 peaks at a binding energy (BE) of 711.4 and 713.34 eV are
associated with FeOOH and FeSOs, respectively [229-231], which were reported by the
XRD analyzes (Figure 3.8). The peak at 711.4 eV binding energy of Fe 2ps;» is also
associated with FeSO,4 7H»0. This is corroborated with the oxygen spectrum (Figure 3.10c)
and S 2p (Figure 3.10d), where the presence of FeSO4 7H,0 (168.9 eV) and FeSO.* (169.8
eV) is also observed [229,230,232,233]. All these results are consistent with the XRD

studies.
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Figure 3.10. XPS spectra in the C 1s region referenced at 284.5 eV for: (a) Fe 2p, (b) Ce

3d, (c) O 1s and (c) S 2p of Ce:Fe-P’s.

Moreover, the XPS of cerium is associated with Ce 3ds, and Ce 3ds, peaks at 880-
893 eV and 896-915 eV, respectively (Figure 3.10b) [234]. The peaks corresponding to the
levels Cesp; at a BE of 884.2 and 890.1 eV and the peaks corresponding to the levels Cesp
at a BE of 903.0 and 908.9 eV have been assigned to a mixture of the final states Ce 3d°
4f2 O 2p* and Ce 3d° 4f' O 2p° for Ce(IV). On the other hand, the peaks corresponding to
the Ces;, levels at a binding energy of 881.9 and 887.1 eV and the Cegs levels at a BE of
900.7 and 905.9 eV are assigned to Ce 3d°® 4f2 O 2p°® and Ce 3d°® 4f O 2p® for Ce(lll)
[235,236]. Therefore, the XPS of Ce:Fe-P's indicates the existence of both oxidation states
of cerium (Ce** and Ce®*) on the sample surface. This is confirmed with the oxygen spectrum
(Figure 3.10c) and S 2p (Figure 3.10d), where the CeO, bond is shown at a binding energy

of 530.6 eV (Figure 3.10c) [237]. On the other hand, the binding energy at 532.76 and 530.6
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eV can be attributed to the union of cerium with iron through oxygen as Ce-O-Fe and

CeFeOs, respectively, which confirms the formation of bimetallic oxides (NIST XPS
Database). Studies indicate that the higher ratio of Ce®/Ce*" can generate a charge
imbalance, oxygen vacancies and unsaturated chemical bonds on the surface of cerium

oxide promoting a bond with other cations (i.e. Ce-O-Fe).

3.3.3. Synthesis mechanism of Ce:Fe-P’s

As known, metal ions (M*) in agueous medium are covered by a solvation sphere,
forming hexacoordinated aquo-complexes such as [Fe(OH.)s]** [238]. The formation of
metal oxyhydroxides is carried out by the neutralization of this aguo-complex by a
mechanism of condensation reactions given by two steps called initiation and propagation.
Initiation is considered as the first step in which the hydroxy complex [M(OH)(OH,)s]** is

formed, either by an acid-base reaction or by an increase in temperature (Figure 3.11a) [4].

In the second step, propagation occurs as soon as a hydroxylated (OH) species
appear, and then condensation is conducted leading to oxygenated bridges between
complex cations (Figure 3.11b). This means that the hydroxy-ligand (OH) formed can act as
a nucleophile and reacts with another aquo-complex by removing an aquo-ligand (H-2O).
Subsequently, an oxo-bond (M-O-M) characteristic of the metal oxides is generated,
because the hydroxyl-ligand undergoes a deprotonation [4]. The process ends until the
minimum energy state is reached thermodynamically. Therefore, the hydroxyl-ligand loses

its nucleophilic character and iron, for example, loses its electrophilic character [4].
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Figure 3.11. Mechanism of condensation reactions given by two steps called (a) initiation

and (b) propagation and condensation [4].

Ce can exhibit different electronic states [Xe] Ce 4f° (Ce**), [Xe] Ce 4f' (Ce®*) with
mixed or intermediate valence. Therefore, Ce 4f° electron has the ability to adopt a different
state in bimetallic compounds providing different properties and crystalline structures [239].
The physical and chemical properties of bimetallic compounds between Ce and a transition
metal are highly related to the behavior of the 4f and 3d electrons of Ce and transition metals,
respectively [240]. Xiaorui Sun, 2017, simulated the Ce-Fe crystal structure and indicated
that the binary compound can adopt two crystalline forms: Ce;Fe;.. and CeiFes.. In CeiFe.

e, €ach Ce atom is coordinated to four Ce atoms and twelve Fe atoms, while each Fe atom
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is coordinated to six Ce atoms and six Fe atoms, forming a distorted icosahedron. In CeiFes.

e, Ce is coordinated to eighteen Fe atoms, and Fe is coordinated to three Ce atoms and nine
Fe atoms (the Fe atoms form a tetrahedral) [240]. The Fe in the tetrahedral are connected
to each other sharing the vertex, forming the structural frames. However, this occurred under
ideal conditions, without the presence of other intermediate compounds. In our case, the
synthesis solution contained SO,% and NOs™ due to the precursor solutions, and according

to FT-IR, XRD and XPS studies, SO4? plays an important role in the bimetallic structure.

The SO.% ions form direct bonds with rare earth atoms (Ce, La, Th, Gd, etc.) that
involve their four oxygen atoms. The number of SO present in the lanthanide coordination
sphere is relatively small despite its high degree of hydration. Water molecules fill the
cavities formed within the three-dimensional framework of lanthanides polyhedral and SO,
tetrahedral [241]. The main function of SO4? groups in the structure of rare earth sulfates is
to create bridges, however, the individual oxygen atoms of these structures also comply this
function [241]. Regarding cerium, structural studies of a variety of hydrated Ce(lll) and
Ce(lV) sulfates have shown that the coordination sphere around the cerium ion reflects its
oxidation state [242]. Ce(IV) and Ce(lll) sulfates contain cerium at 8 and 9 coordinate sites,
respectively. Therefore, the cerium sulfate structures consists of cerium(lll) ions in irregular
coordination to eight oxygens from sulfate ions and one from a water molecule. The sulfate
ions bind the cerium ions thus forming a three-dimensional matrix within which are the sites
for the hydrated hydrogen ions [242]. In addition, there may be changes in the coordination
number (CN = 9 to CN = 8) because SO4> can generate vacancies, some of which are filled
with additional water molecules and others are lost [241]. Within these vacancies of the
lanthanides, transition metals can be introduced, this because cerium in addition to being
an oxidant, the ion Ce(lV) for example can facilitate the O—O bonds formation process

through an internal sphere pathway [243]. On the other hand, the bimetallic oxyhydroxide of

Esmeralda Vences Alvarez

88



@ ﬁﬁigfﬂon Chapter III

Ce-O-Fe can be formed by joining water at Ce(lll), which would position itself well to Ce(lll)

for electrophilic attack to give rise to the formation of OH groups in the bimetallic compound,
this was visualized by Codola et al., 2015 [244]. In addition, cerium does not simply behave
as an oxidant of the external sphere, but can form an intermediate of Fe-O-Ce of internal

sphere [244].

3.3.4. Arsenic adsorption test

The experimental data of the As(V) adsorption isotherms for Fe-P’s, Ce-P’s and
Ce:Fe-P’s were adjusted by the Langmuir and Freundlich models (Figure 3.12a). Although
it is important to mention that the Freundlich and Langmuir models are used only to
quantitatively describe the data and to compare the performance of adsorbents, but they do

not provide information to elucidate the arsenic adsorption mechanism [21].

The results showed that the experimental data adjusted better by the Langmuir model;
the corresponding parameters and the correlation coefficients are reported in Table 3.3. Itis
important to highlight the massive difference in Qmax among the one for Ce:Fe-P’s, 179.78
mg g%, and that of the blanks Fe-P’s and Ce-P’s, 13.1 mg g and 3.15 mg g, respectively.
This indicates that the bimetallic oxyhydroxide Ce:Fe-P’s has about 14 and 57 times more
As adsorption capacity than Fe-P’s and Ce-P’s, accordingly, which is a large difference. This
can be attributed to the noticeable increase in the hydroxyl groups concentration as already
discussed. According to the literature, the adsorption capacity of the hybrid adsorbent
reported in this work is superior to that reported by Yu Zhang, et al., 2003 (Qmax = 70.4 mg
gl), Tina Basu et al., 2013 (Qmax = 55.5 mg g?), Bo Chen, et al., 2013 (Qmax = 91.74 mg g

1), Uttam Kumar Sahu, et al., 2016 (32.12 mg g*) and Zhipan Wen, et al., 2018 (Qmax =
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164.94 mg g') who reported the synthesis of a bimetallic oxide of Ce-Fe synthesized by

precipitation with NaOH or by the solvothermal method using ethanol and NaOH (see Table
3.4 for details) [192-196]. This indicates that the synthesis method greatly influences the
physicochemical characteristics of the hybrid material, and hence its arsenic adsorption
capacity. It is important to mention that recently, Zhipan Wen et al., 2020, obtained Ce-Fe
bimetallic oxides, by the modified inverse micelles method, with an adsorption capacity of
281 and 175 mg g but at an arsenic equilibrium concentration of 100 and 15 mg L%,
respectively [71], while in the present work an adsorption capacity of 179.78 mg g* was
obtained at an As equilibrium concentration of just 3 mg L that shows the great affinity of

the adsorbent material.

Table 3.3. Langmuir and Freundlich isotherm parameters for arsenic adsorption onto Fe-

P’s, Ce-P’s and Ce:Fe-P’s.

Langmuir Freundlich
Sample
Qma (Mg g™*) b (Lmg™?) R k N R2
Fe-P’s 13.1 36.56 0.83 11.683 0.200 0.83
Ce-P’s 35 2.77 0.94  2.057 0.368 0.88
Ce:Fe-P’s 179.8 55.84 0.93 171.850 0.160 0.89

Figure 3.12b reports the As adsorption isotherm for Ce:Fe-P’s at low equilibrium
concentrations (from 5 to 40 ug L?) that are within those established for drinking water. A
very considerable adsorption capacity of 120 mg g* at 40 ug Lt indicates the high affinity of

the hybrid adsorbent for As.
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Table 3.4. Comparison of As(V) adsorption capacities between Ce-Fe-P's and other

reported adsorbents.

Bimetallic Adsoption
Ref. adsorbents Capacity, mg/L pH/temperature Synthesis Method
mg/g
Zhang, et o
-F 704 .0az20° P
al.. 2003 Ce-Fe 0 5.0a20°C recipitation
8 ; o .
asue Ce-Fe 55 5 45 70430 °C Precipitation and drying
al., 2013 at 100 °C
Thermostatic oven
assisted  precipitation
Chen, et Ce-Fe- a o and calcination at 353,
al., 2013 CTAB* oL.74 22 55a25°C 373 and 673 K (80, 100
and 400 °C) for 12, 12
and 4 h, respectively.
Autoclave-assisted
Sahu, et a o s o
Ce-Fe 32 30 3.0a25°C precipitation at 180 °C
al., 2016
for 5h
Solvothermal with
Wen, et .
Ce-Fe 164.94 50 %.0a25°C glycerol assisted by
al., 2018
autoclave

Hydrothermal synthesis
This work Ce-Fe 179.78/120  3/0.035 87.0a25°C assisted by microwave
oven at 110 °C

*CTAB = Cetyltrimethylammonium bromide surfactant

ajnitial pH

Adsorption kinetics were performed in order to evaluate the arsenic adsorption rate in
Fe-P’s, Ce-P’s and Ce:Fe-P’s (Figure 3.12c). In the first stage of just 3 minutes, Ce:Fe-P’s
removed 80% of the initial arsenic concentration, 5 mg L, which is considered very fast
(0.123 mg mint). On the other hand, Fe-P’s and Ce-P’s removed only 30 and 2% of the

initial arsenic concentration at the same time, respectively. These results indicate that the
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high and exposed concentration of hydroxyl groups on Ce:Fe-P’s no only results in a very

high As adsorption capacity but also in substantial fast rate, which is ideal in water treatment

systems. In the next stage, the intraparticle diffusion takes place and the process becomes

slower. Fe-P’s require 20 min to reach equilibrium while Ce:Fe-P’s require only 3 minutes,

which indicates that the As adsorption process onto Ce:Fe-P’s is specific [245]. It is

important to consider that the rapid As adsorption by Ce:Fe-P’s is also attributed to their

particles size (between 578 and 818 nm).
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Figure 3.12. (a) Arsenic adsorption isotherm for metal oxyhydroxides Fe-P’s, Ce-P’s and

bimetallic Ce:Fe-P’s at pH 7 and 25 °C. (b) Arsenic adsorption isotherm for Ce:Fe-P’s at

low concentrations at pH 7 and 25 °C. The solid lines represent the Langmuir model and

the dotted line the Freundlich model. (c) Adsorption kinetics of Fe-P’s, Ce-P’s and Ce:Fe-

P’s at pH 7, 25 °C and initial As concentration of 5 mg L. (d) Relationship between the

surface charge distribution and arsenic adsorption capacity of Ce:Fe-P’s at different pH

values.
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In addition, two kinetic models were used to describe the adsorption rate of As (V)
onto Fe-P's, Ce-P's and Ce: Fe_P's. According to the correlation coefficients (R?), both
pseudo first and second order models describe the experimental data of the studied
materials (see Table 3.5). The adsorption rate constants (ki) were 0.309, 28.22 and 2.77
(min?) for Fe-P's, Ce-P's and Ce: Fe_P's, respectively. The adsorption rate constants (kz)
were 0.012, 3.5x10% and 0.144 (g mg*! min?), for Fe-P's, Ce-P's and Ce: Fe P's,
respectively. The high arsenic adsorption rate onto Ce-P's is attributed to the easy access
to its active sites, due to low surface area (1 m? g*). On the other hand, it is observed that
Ce:Fe-P's has a higher adsorption rate with respect to Fe-P's, which is due to its
mesoporous and macroporous structure with a surface area of 6 m? g* (see Table 3.2). Low
values of k; and k; from Fe-P's is attributed to its mesoporous structure and a surface area
of 21 m? g%, which indicates that arsenic does not have de same accessibility to its active
sites, as in the case of Ce-P's and Ce:Fe-P's. In our study, the experimental data fit both
pseudo first and second order models, indicating that the adsorption rate is not limited by
concentration or intraparticle diffusion [246]. Also, the theoretical values of ge obtained by

both the pseudo first and second order models agree with the experimental value of ge.

Table 3.5. Kinetic constants for As(V) adsorption onto Fe-P’s, Fe-P’s and Ce:Fe-P’s.

Equation parameters Fe-P’s Ce-P’s Ce:Fe-P’s
Pseudo first-order

ki (min?) 0.309 28.22 2.77

ge (Ma/Q) 31.46 3.27 65.55

R? 0.95 0.97 0.99
Pseudo second-order

k> (g/(mg-min)) 0.012 3.5x108 0.144

ge(mMga/g) 33.66 3.27 66.2

R? 0.95 0.97 0.99
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3.3.4.1. Effect of pH and co-existing anions on the arsenic adsorption capacity

Adsorption experiments were performed at different pH values (5, 6, 7, 8, 9) with
Ce:Fe-P’s, considering the pH of naturally occurring waters (pH 6 to 8) at an initial arsenic
concentration of 5 mg L. Figure 3.12d shows that the highest adsorption capacity was
obtained at pH 5, 6 and 7 (70.72, 68.86 and 72.98 mg g1, respectively), and this decreases
to 58 mg g* as the pH increases to 9. The above is strongly related to the pHpzc of this
material, which was 6.8, therefore, at pH 5 and 6 the material is positively charged and
consequently attracts As(V) species that are anions. At pH 7 the material is more less
neutral, but the high density of OH groups in the material contributes to the arsenic
adsorption capacity on Ce:Fe-P’s. However, as the pH increases (> 7) the surface of the
material becomes more negative, increasing the electrostatic repulsions between arsenate
and Ce:Fe-P’s. This explains the lower adsorption capacity of the material at pH 9. However,
it is important to notice that the effect of pH on the arsenic adsorption capacity on Ce:Fe-P’s
was not very noticeable, since this only decreases to 58 mg g (20%) at pH 9, being this

adsorption capacity still considerable high.

Moreover, the effect of co-existing anions such as, chloride (Cl™), sulfate (S027),
nitrate (NO3), phosphate (P0O2~) and carbonate (C03~), which are normally found in
groundwater, on the arsenic adsorption capacity of Ce:Fe-P’s is shown in Figure 3.13. The
results showed that the arsenic adsorption capacity was affected 21% by the presence of
10 mg L of each competing anion (Cl~, SO2~, NO3, PO?~ y CO3~ ). Moreover, the arsenic
adsorption capacity of Ce:Fe-P’s decreases 78 (16.88 mg g*) and 82% (13.68 mg g*) when

increasing the concentration of each competing anion to 30 and 50 mg L™, respectively,
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which is similar to that reported by others adsorbent materials but without the presence of

anions [247]. Among these co-existing anions, phosphate the greatest decrease in arsenic
adsorption capacity: both phosphate and arsenic are in the same major group, and the
molecular structure of the phosphate ion is very similar to that of the arsenic ion, therefore,

the phosphate strongly competes with arsenic for the active sites of Ce:Fe-P’s [245].
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Figure 3.13. Effect of co-existing anions chloride (CL™), sulfate (S02™), nitrate (NO3),
phosphate (P0Z~) and carbonate (C0Z%7) in the arsenic adsorption capacity of Ce:Fe-P’s

when using 5 mg L* of arsenic at pH 7 and 25 °C.

3.3.5. Arsenic adsorption mechanism onto Ce:Fe-P’s

To determine the arsenic adsorption mechanism onto Ce:Fe-P’s, pKy's distribution by
titration and FT-IR analysis were conducted after the adsorbent material was contacted with
an arsenic solution with an initial concentration of 5 mg L*. The pHpzc of Ce:Fe-P’s changed
from 6.8 to 3.8 due to the presence of arsenic on the materials surface (Figure 3.14a). It has

been reported that metal oxides reduce their pHpzc after the anions adsorption process due
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to a specific interaction by ligand exchange [248]. In addition, the pK, attributed to OH groups

of Ce:Fe-P’s disappeared, due to a ligand exchange mechanism, and three new pKjy's were
observed between 2.5 and 11.5 (Figure 3.14b). This is closely related to the three pKa values

of arsenic(V) (pKa1 = 2.24, pKaz = 6.96 and pKas = 11.5) [249,250].

Finally, the FT-IR analysis of saturated Ce:Fe-P’s (Figure 3.14c) shows a wide band
at 815 cm* due to the As-O vibration [247]. In addition, the bands at 1180 and 1430 cm™*
disappeared, and there is a decrease in the intensity of the 1100 cm! band assigned to the
vibrations of hydroxyl groups in metal oxides (Ce-OH, Fe-OH). In addition, a doublet
between 1450 and 1400 cm* corresponding to vibrations of OH groups are observed. The
above suggests an interaction of arsenate with Ce:Fe-P’s. Therefore, it is suggested that
arsenic could form monodentate, mononuclear bidentate and binuclear bidentate inner
sphere complexes by exchange of ligands with the OH groups of Ce:Fe-P’s, as illustrated

in Figure 3.15.
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Figure 3.14. (a) Surface charge distribution, (b) pKa's distribution and (c) FT-IR of Ce:Fe-
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Figure 3.15. Proposed arsenic adsorption mechanism on Ce:Fe-P’s.
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3.4. Conclusions

The Ce-Fe-P’s presented a remarkable arsenic adsorption capacity of 179.78 mg g
(at 3 mg/L, pH 7 and 25 °C) which required only 3 minutes to achieve equilibrium reaching
a removal of 80% of the initial arsenic concentration of 5 mg L. Even at low As(V)
concentrations, for instance at 37 upg L%, Ce:Fe-P’s presented a very considerable
adsorption capacity of 120 mg g*. On the other hand, the adsorption capacity was slightly
affected by the solution pH. The presence of co-existing anions such as chloride, sulfate,
nitrate, phosphate and carbonate decreased the adsorption capacity in 20% at pH 9 and

21% in solution containing 10 mg L of these competing anions.

XPS results demonstrate that the binary oxides of Fe and Ce formed a union between
the two metallic elements by means of an oxygen (Ce-O-Fe). SO.+% could generate
vacancies in Ce facilitating the formation of Fe-O-Ce. Also, As(V) can occupy one of the
vacancies generated by SO.* in the crystal lattice of Ce-O-Fe. Moreover, the high
coordination number of Fe and Ce (Ce NC=9 and Fe NC=9), allows the formation of a high
density of OH groups where arsenate is adsorbed through ligand exchange. All these factors
are reflected in the high arsenic adsorption capacity of Ce:Fe-P’s. On the other hand, XPS
and XRD studies show the presence of FeSO4 7H,0, FeOOH, Cez(S04)3(H2)s, Fe(S04):H

and CeO..

Finally, the bimetallic oxyhydroxide of Ce-Fe, which is in the process of being patented
(MX/a/2019/010551), has the potential to be used as it is or in combination with other

materials to efficiently remove As(V) from aqueous solutions.
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CHAPTER IV

Immobilization of metallic oxyhydroxides Ce®" and Fe?* on

graphitic matrices to remove arsenate from water

Abstract

For an adsorbent material to be highly efficient in removing arsenic, it is important that
its surface has a high OH groups density. Due to this, metallic oxyhydroxides were anchored
on the surface of an activated carbon (AC). The anchorage was carried out by a microwave-
assisted hydrothermal method using F400 carbon and Fe?* and Ce®* ions in the hydrolysis
solution. The characterization indicated that a very low Ce content (0.63% w) is anchored
on the surface AC and that it also acts as a morphological modulator of the Fe particles
anchored on the AC surface. The presence of cerium in the synthesis of AC-Ce:Fe increased
the iron content 1.6 times with respect to AC-Fe. The iron presented an acicular particles
morphology. AC-Ce:Fe showed an adsorption capacity of 5.6 mg g* and pH does not have
a significant effect on the arsenic adsorption capacity, due to the increase of OH groups on
the AC surface. However, the presence of anions such as (F~, Cl~, SO?~, NO3, PO~y CO%~
) have a significant effect on the adsorption capacity of the material with a decrease of 46%

in the presence of 5 mg L of each anion.

Key words: Bimetal oxides, cerium, iron, activated carbon, adsorption, arsenic
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4.1. Introduction

In the last years, water pollution has increased due to the discharge of various pollutants
from the industrial sector and geogenic factors. Among the most interesting pollutants to
remove from water is arsenic [251]. Water contaminated by arsenic in a natural way is mainly
due to the minerals presence such as Realgar (AsS), Oropimenta (As.Ss), Arsenolite
(As203), Claudetile (As203), Domeykite (CusAs), Leollingite (FeAs,), Scorodote (FeAsO4
2H,0), etc [252]. Arsenic has two main oxidation states As (lll) and As (V). Where As (V) is
less toxic than As (lll) and appears according to the solution pH as H;AsO,, H,AsO, y
HAsO03~ [253]. According to the World Health Organization (WHO), 14 countries in Latin
America have been affected by arsenic contamination from water [254]. The water
consumption contaminated by arsenic with a concentration higher than the limit established
(10 pg L1 by the WHO and USEPA (United States Environmental Protection Agency) can

affect the health of at least 4 million people [254].

Therefore, the search for highly efficient technologies for the arsenic removal from water
continues. Currently, it is known that metallic and bimetallic oxides have physical and
chemical properties that allow them to be applied in various areas. Metal oxides such as Fe
[255], Zr [256], Ce [257], Mn [258], have been used to remove arsenic from water, due to
the high capacity of these oxides. On the other hand, efforts to find much more efficient
adsorbent materials for removing arsenic from water have studied bimetallic oxides.
Bimetallic compounds have the advantage of inheriting the properties of the individual
oxides that make them up. Among these properties the one with the highest hierarchy is the
high OH groups density [259]. Cerium has been used as a highly efficient adsorbent in the
removal of arsenic from water, due to its large surface/volume ratio and remarkable
selectivity to arsenic [260,261]. On the other hand, ferric oxides also have a high affinity for

arsenic and are preferably used for the removal of arsenic from water due to their low cost,
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ease of synthesis, and respect for the environment [262—264]. Therefore, Ce-Fe bimetal has

been shown to have excellent arsenic removal capacity since the combined property of

cerium and iron oxides shows a higher affinity for arsenic [265—-268].

Although bimetallic oxides have shown excellent adsorbents, their application in continuous
systems is difficult. For this reason, an attempt has been made to anchor bimetallic oxides
on the surface of a support to help their application in continuous systems [269]. Activated
carbon has shown to be a promising material for anchoring various cations on its surface,
due to the oxygenated groups diversity that it has on its periphery and its defects. Hybrid
materials possess both the carbon properties (high surface area) and bimetallic oxide, which
has a high affinity for arsenic [265]. However, reports have indicated that, when trying to
anchor a bimetallic oxide on the surface of activated carbon, one of these has more of a
complexing agent effect [269]. Therefore, one of the oxides will only have an effect on the
morphology and particle size of the oxide that is able to anchor on the activated carbon
surface [269]. In the present work, activated carbon was contacted with a solution of Ce, Fe
and Ce:Fe. The metal oxides were hydrothermally synthesized using a microwave oven to
generate a highly efficient material for the arsenic removal. The hydrothermal synthesis
process has the ability to anchor oxyhydroxide nanoparticles within the pores of activated
carbon [270,271]. The hydrothermal method allows for higher vyields and better
reproducibility due to the fact that microwave heating is fast and homogeneous
[270,272,273]. In this work, cerium had a synergistic effect on the formation of oxyhydroxide

as a morphological regulator similar to that presented by Delgado et al., 2019.

Esmeralda Vences Alvarez



Y, Chapter 1V

4.2. Experimental

4.2.1. Materials and chemicals

The materials using to development this research were reactive grade with a purity
higher than 99%. Cerium nitrate hexahydrate (Ce(NOs)s - x6H20), ferrous sulfate
heptahydrate (FeSO. - 7H20), hydrochloric acid 0.1N (HCI), sodium hydroxide 0.1N (NaOH),
arsenic salt (NazHAsO4-7H,0) were used. The solutions were prepared in double desionized

water with a resistance of 18 MQ/cm.

4.2.2. Synthesis and characterization of adsorbent material

The modification of activated carbon (AC) was performed using the following method:
0.1 g of activated carbon (AC) was contacted with a solution of Ce-Fe for 2 hours at 25 °C
and 130 rpm. Subsequently, the mixture, AC and the Ce-Fe solution was introduced in a

microwave oven for 30 minutes at 110 °C.

For the synthesis, the microwave oven was programmed in the following way: the
microwave oven was brought from room temperature to 110 °C by means of a heating ramp
of 5 min and maintained at 110 °C for 30 min. After the synthesis, the supernatant was
decanted, and the modified activated carbon was washed with deionized water to eliminate

the remaining. Finally, the modified activated carbon was dried for 12 h at 80 °C in the oven.

The surface charge distribution (pKa's) and the point of zero charge (pHezc) of each
adsorbent were obtained by means of an automatic titrator (Mettler-Toledo T70). A 0.1 g
sample was dispersed in 50 ml of 0.1 M NaCl as a bottom electrolyte and stirred for 12 h to
ensure equilibrium was reached. Then, a titration was carried out with 0.1 N NaOH under a
nitrogen atmosphere to avoid CO; interferences. The distribution of pKa was obtained with

the program SAEIUS-pK-Dist © (1994).
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Infrared analyzes (Thertmo-Nicolet, Nexus 470 FT-IR E.S.P) were performed to

identify the possible interactions that occur between the AC and Ce and Fe oxyhydroxides.
The samples for the analysis were dried for 12 h and analyzed by the ATR technique. The
powder materials dried in the stove at 80 °C were analyzed by X-ray diffractometry (XRD)
using a Bruker D8 Advance diffractometer (CuKa radiation A = 1.5406 A, 35 kV and 25 mA,
with step time of 2 s and step size of 0.01°) and a zero-background holder to identify the
compounds and phases of the oxihydroxides of Ce-AC, Fe-AC and Ce:Fe-AC. The analysis

of diffractograms was carried out by using the Hannawalt method.

4.2.3. Adsorption experiments

The adsorption isotherms were made in the following way: 30 mL of As(V) solution
at different concentrations (0.05 to 10 mg L of As) was be added in conical polypropylene
tubes containing 30 mg of adsorbent material at pH 7 and 25 °C (pH will be adjusted with
NaOH and/or 0.1 N HCI). The arsenic concentration in the solution was determined by ICP-

OES (varian 730-ES) at a wavelength of 188.98 nm.

Adsorption kinetic was development using a stock solution of 2 mg L of As (V) at
pH 7. Subsequently, 30 mL of the stock solution was added to 13 polypropylene falcon tubes
50 mL containing 30 mg of the adsorbent material and placed at 25 °C and 120-130 rev/min
in an incubator. Samples were taken at different times (30 seconds, 1, 5, 10, 20, 40, 60, 90,

120, 180 and 240 minutes).

The effect of co-existing anions such as: chloride (Cl™), sulfate (S037), nitrate (NO3),
phosphate (P0Z?~) and carbonate (C03~), which are normally found in groundwater, on the

arsenic adsorption capacity on adsorbent material. Synthetic water will be prepared that will
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contain a concentration of 5, 10, 30 and 50 mg L'* of each anion (Cl~, S02~, NO3, PO}~ and

C0%™ ), in the presence of 2 mg L of As. The coexisting anion effect experiments were
performed in batch systems. The arsenic concentration in the solution was determined by

ICP-OES (varian 730-ES) at a wavelength of 188.98 nm.

4.3. Results and discussion.

4.3.1. Effect of the cerium and iron concentration on the activated carbon surface in
the arsenic removal.
The following results provide the optimum iron and cerium concentration needed to obtain
the highest arsenic adsorption capacity by modified activated carbons. Figure 4.1 shows the
arsenic adsorption capacity (q, mg g*), for each modified activated carbon with different
molar ratios (MR) of Ce:Fe. The AC-Ce:Fe with an MR of 5:1 showed a greater adsorption
capacity in comparison with the AC-Ce:Fe with an MR 8:1 (4.7 and 3.6 mg g1, respectively).
The low arsenic adsorption capacity of AC-Ce:Fe (8:1) can be attributed to a decrease in
exposed active sites due to pore clogging. In this design, it was observed that cerium plays
an important role in the capacity of arsenic adsorption, since as the concentration of cerium
increased (from 0.25 to 1.25 M) the capacity was higher, however, at cerium concentrations
higher than 1.25 M, the capacity of arsenic adsorption decreases. Therefore, it was
determined that an increase in the concentration of cerium and/or iron in the synthesis
process does not guarantee an increase in the adsorption capacity of the AC. In the next
experiments, the AC-Ce:Fe was evaluated with a RM of 5:1, since this was the optimal ratio

to obtain a high capacity of arsenic adsorption.
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Figure 4.1. Effect of the cerium and iron concentration during the AC modification and

consequently its arsenic adsorption capacity (q, mg g2).

4.3.2. Adsorbent material characterization

4.3.2.1. Physical properties

Scanning electron microscopy (SEM) studies were conducted to obtain information
about the activated carbon morphology modified by a hydrothermal synthesis process
assisted by a microwave oven. Figure 4.2 shows the micrographs of AC-Fe, AC-Ce and AC-
Ce: Fe at 2500 and 200000x as well as their EDS analysis. In Figure 4.2a shown that the
AC-Ce:Fe has a morphology of acicular particles, characteristic of goethite with a particle
size of 20 nm. The point analysis by EDS detector reveals that the weight percentage of C,
0, Al, Si, S, Ce and Fe was 31.64, 40.47, 0.5, 0.59, 2.09, 0.34 and 24.37 %W, respectively.
The low percentage obtained from Ce, is due to a low content in the sample (0.63%W). The
presence of Al and Si is due to the bituminous origin of activated carbon. The micrographs
corresponding to AC-Ce (Figure 4.2b) reveal a uniform distribution of cerium nanoparticles
on activated carbon with a size of approximately 10 nm. In addition, a very amorphous
cerium morphology on activated carbon was observed. In the micrographs of AC-Fe (Figure
2c), iron nanoparticles were observed on activated carbon with acicular and rhombohedral

morphology characteristic of goethite and hematite, respectively, being the phases identified
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in XRD. The size of the iron particles ranges between 70 and 80 nm. The EDS point analysis

shows a weight percent of C, O, Al, Si, S and Fe of 62.92, 20.

%W, respectively.
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Figure 4.2.- SEM images of the surface of (a) AC-Fe, (b) AC-Ce y (c) AC-Ce:Fe and their

respective EDS.

It was also observed that the iron particles in AC-Ce:Fe are smaller with respect to the AC-

Fe particles, which can be attributed to the fact that the sulfate ion could act as a complexing

agent, that is, after forming the nucleation center on the activated carbon surface, crystal

growth could be controlled by the presence of this anion [274]

Esmeralda Vences Alvarez



Y, Chapter 1V

N2 adsorption isotherms at 75 K for modified carbons are shown in Figure 4.3a. These
isotherms are type |, which are typical of microporous adsorbents according to the IUPAC
[275]. H4 type hysteresis loops were observed in all isotherms, which indicates that the
material has porous structures in the form of sheets but very narrow, indicating the additional
presence of micropores. This fact is common in real porous materials since they present the

combination of pores, micro, meso and macropores [276,277].
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Figure 4.3. (a) N> adsorption isotherms at 75 K and (b) pore distribution of modified

carbons.

Table 4.1 shows that the surface area of AC was 978 m? g** and decreased 11 and
17.5% when contains Fe and Ce, but when the AC is modified with Ce:Fe the surface area
falls about 23.3%. The increase of mesopore volume in AC-Fe and AC-Ce was 4.5y 4 time
more, respectively, than pristine AC. This can be attributed to partially blocked micropores
that create more mesopores between aggregates. In de case of AC-Ce:Fe can see that the
micropores and macropores decrease around of 23% with respect to AC. However, Figure

4.3b can see that AC-Fe and AC-Ce:Fe have an increase mainly in the ultra-micropores with
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effective pore radius less than 0.6—0.7 nm and super-micropores showing radius of

approximately 0.7—-2 nm.

Table 4.1. Physicochemical Characterization of nonmodified and modified activated carbon.

m?/g cmd/g nm
Sample

SBET Vmic Vmes Vmac P.D.*
GAC 978 0.308 0.034 0.142 2.52
GAC-Fe 870 0.267 0.154 0.013 2.53
GAC-Ce 814 0.253 0.136 0.014 2.57
GAC-Ce:Fe 750 0.233 0.039 0.109 2.52

*Poro Dimeter

4.3.3. Chemical properties.

The iron and cerium content in the modified and unmodified activated carbon is shown
in Figure 4.4a. The Fe content for AC was 0.42% w, which is attributed to the bituminous
origin of the AC (F400). The iron-modified carbon (AC-Fe) presented 2.17% w of Fe, this
low iron content is due to the relatively low concentration of iron solution (0.25M). On the
other hand, the carbon modified with cerium (AC-Ce) showed an iron content of 0.42% w,
associated to the AC and 1.8% w of Ce. The content of cerium in the AC-Ce is quite low
considering that the concentration of the cerium solution was 1.25M, however, the low
content of Ce can be attributed to the fact that the condensation temperature of the cerium
oxyhydroxides is higher than 160 °C and the synthesis was carried out at 110 °C. Finally,

the content of cerium in AC modified with the Ce:Fe (5:1), was quite low (0.63% w), while
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that of Fe was 3.62% w, being 1.6 times greater than that anchored in the AC-Fe. The above

can be attributed to the fact that the Fe condensation is directed by the addition of ions such
as Ce in the material during the synthesis process, being the reason why the concentration
of Ce:Fe is the factor that controls the Fe percentage in the modified carbon [278].
Furthermore, if we consider the presence of HNOs by the reaction: Ce(NOs); + 3H20 =
Ce(OH)s + 3HNOs3, carried out in the cerium solution, the AC could undergo an oxidation
and therefore an increase in the groups oxygenated favoring the Fe anchorage on the AC

surface, which is reflected in the increase of iron content in Ce:Fe-AC.

Figure 4.4b shows the charge distribution of AC, AC-Ce and AC-Fe. Point of zero charge
(pHpzc) of AC (F400) was 9.0, indicating the predominance of basic groups. When the AC
was modified with iron (AC-Fe) the pHpzc shifted to 7.8. This displacement in the pHpcz is
attributed to the fact that as the iron anchors on the AC surface an increase in the acidity is
obtained, decreasing the AC pHezc after being modified [279]. The AC modified with cerium
(AC-Ce) showed a pHpzc of 8.0, which is due to the pHpzc of CeO: is between 7 and 8. On
the other hand, the material modified with bimetallic oxyhydroxide (Ce:Fe) showed a pHpzc
of 7.9, this being very similar to the pHpzc of AC-Ce and AC-Fe. The pHpzc reduction in the
modified materials can be due to the acidic conditions that were found during the synthesis
process (pH = 2 to 5), which, accompanied by the large amount of chemisorbed oxygen,

favored the formation of acidic groups when oxidizing the carbon graphitic sheets [280].

The metal oxides surface consists mainly of hydroxyl groups that determine the
chemistry and reactivity of the surface [281]. Figure 4.4c shows the pK, distribution obtained
by SAEIUS software. AC-Fe showed an increase in the phenolic groups (8 <pKa <11) from
0.067 to 0.1 mmol g%, attributed to the OH- groups of iron oxyhydroxides anchored on the
activated carbon surface. A slight increase in carboxyl groups is also observed (3 <pKa <6),

which is attributed to the acidic conditions present during the synthesis process. In AC-Ce,
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the concentration of carboxyl groups decreased, because Ce is considered a strong acid,

therefore, it prefers binding to the carboxylic and phenolic groups of AC. In addition, the OH-
groups concentration was 3 times higher than that of AC-Fe. On the other hand, the carbon
modified with Ce:Fe showed an increase in the OH groups density characteristic of metal

oxyhydroxides.

The changes in the vibrational frequencies of the cerium bonds with the functional
groups of the AC surface were studied by FTIR to elucidate the interaction of the metallic ion
with the AC surface. The FT-IR of the AC, AC-Fe, AC-Ce, AC:Ce-Fe are shown in Figure
4.4d. The AC spectra showed low intensity bands at 1550 cm! corresponding to the vibration
of C=0 (carboxylic groups), in 1500 and 1130 cm that indicate the vibration of -C=C and C-
O of the aromatic and lactonic groups, respectively. The bands in the region of 3720 to 3580
cm? are attributed to the O-H vibrations. When the AG was modified with Fe, showed low
intensity band at 620 cm* bands, which are attributed to the Fe-O vibrations. When AC was
modified with Ce (lll), the FT-IR spectrum showed vibration bands in 1200 and 928 cm,
which are attributed to the union of the Ce with the OH of the metal oxyhydroxide. It also
shows a high intensity peak in the 620 cm regions, which is attributed to the Ce-O. In
addition to the characteristic bands of pristine activated carbon. On the other hand, when
modifying the AC with the Ce:Fe oxyhydroxides, the bands in the region 1200 and 620 cm™
characteristic of the union Fe-OH and Fe-O, respectively, were observed. The results
indicated that the iron oxyhydroxides have a greater interaction with the OH of the carboxylic

and phenolic groups to form a complex.
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Figure 4.4. (a) Content of cerium and iron in modified activated carbon and unmaodified. (b)
Surface charge distribution and y (¢) pKa's distribution of pristine activated carbon and
modified activated carbon, using 0.1M NaCl as electrolytic support. (d) FT-IR of AC, AC-Fe,

AC-Ce and AC-Ce:Fe.

Figure 4.5 shows the XRD pattern of the activated carbon before and after the
synthesis process. The AC diffractogram shows a characteristic amorphous behavior of the

carbon materials with peaks at 26° and 44° (PDF Card-00-056-0160), which correspond to
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the planes (002) and (100), respectively [280]. The activated carbon is of bituminous origin;

therefore, it presents isomorphic impurities such as goethite, hematite, alumina and silica
[282]. However, the characteristic peaks of goethite were more evident (PDF Card-00-029-
0713), due to the iron content of the pristine activated carbon. The diffraction pattern of AC-
Ce showed low intensity peaks characteristic of CeO- at 28°, 33°, 46° and 58°. The low
intensity of the peaks is due to the low percentage of cerium that was anchored on the
surface of the AC (1.8 %W). The AC-Fe diffractogram shows the peaks corresponding to
the hexagonal Hematite structure (PDF Card-01-071-0469) [283]. The intensity of the peaks
in 21°, 34°, 36° and 41° of goethite detected in the AC diffractogram increased after the
synthesis process, and two peaks at 53° and 58° are appreciated attributed to the same
orthorhombic goethite structure (PDF Card-00-029-0713). On the other hand, the AC-Ce:Fe
diffractogram shows the characteristic peaks of goethite and three peaks of very low

intensity attributed to the presence of CeO..

C: Grafito  G: Goethita H: Hematita E: CeO,

GG G c GAC-Ce-Fe

Intensidad

2 theta

Figure 4.5. XRD patterns of GAC.GAC-Ce, GAC-Fe and GAC-Ce-Fe with a step of 0.02 °

20 at 10 s per step. The letters show the crystalline phase of each material.
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XPS analyzes were performed to discover the possible structure of Ce:Fe, formed
during the hydrothermal process on the activated carbon surface. Figure 4.6 shows the
complete XPS spectra referenced at the C 1s level at 284.6 eV. The binding energy of the
Fe 2p region, corresponding to AC-Ce:Fe was 711 eV in good agreement with 711 and 711.
15 eV for Fe?* and Fe®* in FeSQO, - 7H,0 [284] and FeOOH, respectively, (Fe 2ps.) [285].

Which agrees with XRD studies.
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Figure 4.6. XPS full spectra referenced to C 1s level at 284.6 eV for AC-Ce:Fe

The XPS spectra in the C 1s region referenced at 284.6 eV (Figure 4.7a) showed the
characteristic peak of C = C (284.6 eV) that corresponded to the sp? carbon bond, also
showed the CO bonds at 285.6 eV and carbonyl groups (C = O) at energies of binding of
286.6-287.7 eV. The XPS peaks of Fe 2ps» and Fe 2py, for the standard AC-CeFe sample
are shown in Figure 4.7b. Of the two peaks, the Fe 2ps;» peak is narrower and with high
intensity, therefore, its area is greater than Fe 2pis, this may be associated with Fe 2ps;
degeneration of four states, while Fe 2p12 has only two. Several researchers have studied
the maximum position of Fe 2ps, which is between values of 710.6 and 711.2 eV [284]. The

Fe 2ps;2 peak has associated satellite peaks. In the sample, a satellite peak of Fe 2ps, was
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observed, which is generally approximately 8 eV higher than the main peak of Fe 2pz, [284].

The binding energies of Fe 2ps, and Fe 2pi, of the Fe particles anchored in the AC are
obtained 710.68 eV. A satellite peak is clearly observed at 719.3 eV, which does not overlap
the Fe 2ps;; and/or Fe2pa; peaks. Also, there appears to be another satellite peak at 732.98
eV, which may be a satellite peak for Fe 2p1.. Fe 2ps;z peaks at a binding energy of 710.7
and 712.6 eV are associated with FeOOH and Fe»(S0Oa4)s, respectively [284,286]. This is
stated with the oxygen spectrum (Figure 4.7c) and S (Figure 4.7d), where the Fe-O bond
(530 eV) and the presence of FeSO, (168.3 eV) and SO4* (169.6 eV) are observed,

respectively [284,287,288].

a) C1s C=C spz b)

c-0
c=0

290 289 288 287 286 285 284 283 282 740 735 730 725 7V20 715 710 705 700

Counts/s

c) |O1s d) S2p
— 2py,
=== 2py,

FeSO,7H,0

4 2 2 2 :
5% 5% 53 % 530 52 826 o0 472 170 168 166 164 162 160

Binding Energy (eV)

Figure 4.7. XPS spectra (a) in the C 1s region referenced at 284.6 eV, (b) O 1s, (¢) S 2p

and (d) Fe 2p for AC-CeFe
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4.4,  Anchorage mechanism of Ce-Fe in activated carbon

In the first instance, the species distribution in the precursor solutions of metal
oxyhydroxides should be considered. Prior to the hydrothermal synthesis process, the AC
and the reactive solution were kept in agitation for 2 h, with the aim of favoring the diffusion
of the species in the porous matrix of the activated carbon. The species diagrams (Figures,
Annexe A-1) show the formation of ion pairs, which are susceptible to formation in
concentrated solutions [289]. This saturation of the aqueous medium prevents the metal
cations (M*) from presenting their complete solvation sphere, associating with opposite
charge ions (SO4%) to form different chemical complexes called ion pairs. The ion pairs
FeSO,4 and FeHSO4* could be present on the activated carbon surface before the synthesis
process. Itis also important to mention that the solutions were not found in anoxic conditions,

so during the synthesis process Fe?* could be oxidized to Fe3*.

Figure 4.8 shows how surface oxygenated groups can be part of the condensation reaction
of cerium and iron. The delocalized electrons in the graphitic structure and mainly the
electrons found in the oxygenated activated carbon surface groups can act as nucleation
centers for the aqguo-complex [M*(OH)e)]*® [290]. This can generate a covalent bond
between the activated carbon surface and the metallic particles, allowing the anchoring of
the oxyhydroxides of Ce:Fe [291]. Once the nucleation centers are formed, the
aquocomplexes continue their deprotonation forming hydroxy complexes [M*(OH)(OH.)s)]*?
that favor crystal growth. When the activated carbon (F400) was contacted with the acid
solution (pH 2-3) of the metal ions, the surface oxygenated groups were protonated (Figure
4.8a), giving it a positive surface charge (pH <pHezc), therefore, Anions such as SO, and
HSO, will be attracted by electrostatic interactions. Likewise, the [M(H20)g]**
acuocomplexes present are deprotonated and attracted in the form of hydroxy complexes

[M(OH)(H-0)s]?* by the oxygenated groups of the AC, becoming specific ions (Figure 8b).
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The delocalized electrons in the graphitic structure and mainly the pairs of free electrons

present in the oxygenated surface groups of the activated carbon carry out a nucleophilic
attack on the specific ions [280], eliminating H.O and SO4%. This allowed the anchoring of
the metal particles by forming a covalent bond with the activated carbon surface of the O-
M* type. It is important to consider that the cerium percentage anchored in the AC is quite
low (0.63% w) compared to the iron percentage present in AC (3.62% w), therefore, there

will be a greater anchoring of [Fe(OH)(H2.O)s]?* on the activated carbon surface.
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Figure 4.8. (a) Dissociation of Activated Carbon and (b) Nucleophilic attack of the surface

oxygenated groups of activated carbon on the metal aquo-complex (Fe and Ce).
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4.5. Adsorption experiments

Figure 4.9a the arsenic adsorption isotherms of AC, AC-Ce, AC-Fe and AC-Ce:Fe are
shown. The Langmuir and Freundlich models were adjusted to the adsorption equilibrium
data (Table 4.2). The Langmuir model presented the best mathematical fit by better
describing the experimental data of all the materials. Although these models only indicate
adjustment parameters, their interpretation is congruent, indicating the formation of a
monolayer of arsenate molecules on the surface of the AC, AC-Fe, AC-Ce and AC-Ce:Fe.
The presence of this monolayer is due to the formation of a chemical bond between the
adsorbate and adsorbent, which forms an internal sphere complex through the exchange of
ligands. In addition, the gmax Langmuir parameter can be interpreted as the maximum
coverage for the formation of this monolayer. Adsorption capacity of AC is due to its
bituminous origin, which involves the presence of metal oxides such as Al, Si, Mn and Fe,

being related to arsenic.

Table 4.2. Langmuir and Freundlich parameters for the As(V) adsorption onto AC, AC-

Fe, AC-Ce and AC-Ce:Fe.

Langmuir Freundlich
Simple Omax,
b R? K n R2
mg g
GAC 2.84 0.20 099 054 058 0.97
GAC-Fe 1.18 1.02 099 053 037 0.95
GAC-Ce 8.52 299 078 524 032 0.81

GAC-Ce-Fe 5.60 321 095 340 035 0.92
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Figure 4.9. (a) Arsenic adsorption Isotherms at pH 7 and 25 °C. The solid line
corresponds to the Langmuir model and the dotted line to the Freundluich model. (b)
Adsorption kinetics of GAC, GAC-Fe, GAC-Ce and GAC-Ce-Fe at pH 7, 25 °C and As(V)

initial concentration of 2 mg L.

The AC-Ce:Fe showed an adsorption capacity (qmax) Of 5.6 mg g, this can be
associated with a higher content of hydroxide groups provided by the oxyhydroxides

anchored on the AC surface. From the adsorption isotherms, it was determined that the AC-
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Ce-Fe material had the maximum adsorption capacity, at pH 7, 25 °C and Ce =2 mg L%,

with a gmax value of 4.6 mg g* while AC and AC-Fe only reached 0.84 and 0.80 mg g%,
respectively. Therefore, the increase in the adsorption capacity of AC-Ce:Fe was 5.5 times
greater than AC. However, the carbon modified with cerium (AC-Ce) obtained an adsorption
capacity of 6.78 mg g, this being 1.5 higher than that of AC-Ce:Fe. This is due to the
increase of OH groups on the surface of the GAC and to the fact that cerium has a high
affinity for arsenic. On the other hand, the characterization indicated that the pHpzc (Figure
3A) of the AC-Ce:Fe is lower (pHpzc = 7.2) than the pHpzc of AC (pHpzc = 9), However, an
increase in the positive groups of the modified material. The experimental pH was lower
than the pHpzc of the modified material, indicating a positive surface favoring the adsorption
capacity. However, the high adsorption capacity of AC-Ce:Fe suggests that the exchange
of ligands between the iron-cerium species and the arsenic is not prevented by electrostatic
attractions between activated carbon and adsorbate. Thus, the high content of OH groups
on the modified material (Figure 4.3C), plays an important role in the As(V) adsorption. The
low adsorption capacity of AC and AC-Fe was due to the exchange of ligands it is favored
mainly by the presence of OH groups found on the surface of metal oxides (M-OH) for the
formation of the internal sphere complex, and not by the phenolic groups of activated carbon

(C-OH).

The adsorption kinetics was carried out in order to evaluate the speed of arsenic
adsorption, as well as the time necessary to reach equilibrium. Figure 4.9b shows the
kinetics of arsenic adsorption on GAC, GAC-Fe, GAC-Ce and GAC-Ce-Fe. The GAC-Ce-
Fe material removed 50% of the initial concentration of arsenic in the first 90 minutes, while
the GAC-Fe and the GAC removed only 40 and 30% of the initial arsenic concentration. On
the other hand, the GAC-Ce presented the fastest adsorption kinetics in the first 90 min by

removing 80% of the initial concentration of arsenic. After 90 minutes a slight desorption of
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arsenic from GAC-Ce was observed. The adsorption kinetics of GAC-Ce-Fe removed 90%

of the initial concentration of As at a time of 5 h. In addition, from this time the adsorption
kinetics of GAC-Fe was greater than that of the GAC, removing 10% more arsenic in 5 h.
However, the kinetics were considered slow because it took more than 1 h for materials to

reach equilibrium.

4.5.1. Effect of solution pH and co-anion presents in the solution on the arsenic

adsorption capacity.

Figure 4.10a shows the effect of pH on the arsenic adsorption capacity for AC-Ce:Fe.
The results showed that the pH does not have a significant effect on the arsenic adsorption
capacity of AC-Ce: Fe. The pHpzc of the AC-Ce: Fe is 7.9 the material is positively charged
therefore it will attract anions such as arsenate. Likewise, if we consider that at pH 5 the
FeOH." species was present in 95% (see Figure 4.10b), electrostatically attracting the
H>AsO4 species, at pH 9 the active sites will be 90% FeOHs*, 50% FeOH and 50% FeO-,

which form internal sphere complexes with HAsO4?%.

The effect of co-existing anions such as, chloride (Cl™), sulfate (S0Z7), nitrate (NO3),
phosphate (P0OZ?~) and carbonate (C03~), which are normally found in groundwater, on the
arsenic adsorption capacity in AC-Ce:Fe is shown in Figure 4.10c. The results showed that
the arsenic adsorption capacity is affected by the presence of competing anions when a
concentration was obtained from 5 mg L* of each anion (Cl~, SO2~, NO3, PO?~ y C0%™).
The arsenic adsorption capacity on the AC-Ce-Fe, decreases 46% in the presence of 5 mg
L of each anion and this decreases to one more when increasing the concentration of
anions at 10, 30 and 50 mg L (64, 66 and 74%, respectively). Among the anions, phosphate

causes the greatest decrease in the capacity of arsenic adsorption, which may be due to the
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strong competition for the active sites of the adsorbent (AC-Ce-Fe) between phosphate and

arsenic. Both phosphate and arsenic are in the same major group, and the molecular
structure of the phosphate ion is very similar to that of the arsenic ion. Therefore, the
phosphate ions present compete strongly for the active sites of AC-Ce:Fe, with the arsenic
ion (Figure 8D) [292,293]. In Figure 4.10d it is observed how phosphate adsorption capacity

increases with form decreasing arsenic capacity.
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Figure 4.10. (a) Effect of pH on the As(V) adsorption capacity of GAC-Ce:Fe at arsenic
initial concentration. (b) Iron species diagram. (c) The effect of co-existing anions such as,
chloride (C17), sulfate (S0%7), nitrate (NO3 ), phosphate (P02~) and carbonate (C037), in the
arsenic adsorption capacity on the Ce-Fe (Co =0, 1, 5,10, 30 and 50 mg L of each anion
in the presence of 2 mg L of arsenic at pH 7 and 25 ° C ). (d) Phosphates adsorption

capacity on the GAC-Ce:Ce.
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4.6. Conclusions

The hydrothermal synthesis process allows to anchor satisfactorily iron oxyhydroxides
on the surface of the activated carbon at the time of synthesis for 30 min, obtaining a material
with an iron content of 3.62% w. The presence of Ce during the synthesis allows to increase
the iron content in the activated carbon from 2.17 (AC-Fe) to 3.62% and consequently
increase the OH groups density. In addition, the presence of the Ce3* ion during the
synthesis of iron oxyhydroxides reduces the Iron particles size anchored on the activated
carbon surface up to 30 nm, also controls the iron oxyhydroxide morphology by forming
crystalline habits in the form of interconnected fibrils, which allow to obtain material with a
high adsorption capacity. X-ray diffraction reveals the presence of goethite and hematite,
with thermodynamically more stable phases of iron. On the other hand, XPS shown two
oxidation states by Fe and the species of FeSO,4, due to precursor solution for the
oxihydroxides formation. The arsenic adsorption capacity on AC-Ce:Fe was 5.6 mg g7,
being higher than other activated carbons modified with iron oxyhydroxides reported in the
literature. The presence of anions affects the arsenic adsorption capacity on the AC-Ce-Fe
46% at a concentration of 5 mg L of each anion. The above is attributed mainly to the
presence of phosphates. Also, the pH does not have a significant effect on the arsenic
adsorption capacity of the hybrid adsorbent material. It is important to mention that the AC
modified with cerium, shows a high arsenic adsorption capacity than the AC-Ce:Fe, due to
less obstruction of active sites. This is because AC-Ce has a particle size of 10 nm, smaller
than AC-Ce:Fe (20 nm patrticle size), which indicates that it has a greater surface area and

a greater availability of sites active, therefore a higher arsenic adsorption capacity.
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CHAPTER V

Modification of activated carbon with Ce3* and Mn?* ions in

hydrolysis solution by hydrothermal synthesis to remove fluoride

from agueous solutions

Abstract

Metal oxides have high fluoride adsorption capacities, which is why they have been
anchored on the various supports surface for continuous application. Activated carbon (gAC)
has shown to be a highly efficient support for the anchorage of Ce and Mn oxides,
considering that the efficiency of the material depends largely on the surface-active sites of
the anchored oxyhydroxides. To generate a greater quantity of active sites in the adsorbent
material, an attempt has been made to anchor two metals on its surface, since this will
provide a higher density of OH groups. Therefore, in the present work cerium and
manganese were anchored on the gAC surface and the Mn?* influence on the fluoride
adsorption capacity was evaluated. EDS analyzes show that the percentage of Ce3*
anchored on the gAC increases up to 17% by mass in the presence of Mn?*. Furthermore,
the Ce particle size decreases by 80%, which suggests that Mn acts as a capping agent.
However, adsorption experiments show that Mn?* does not have a positive effect on fluoride
adsorption capacity. The gAC modified with Ce and Ce:Mn showed an adsorption capacity
of 11 and 8.3 mg g-1. The solution pH affects the fluoride adsorption capacity in both
materials by 10%. Additionally, through various characterization techniques (FTIR, XRD,
XPS) the anchoring mechanism of Ce and Mn oxyhydroxides on the gAC surface was

elucidated.

Key word: Fluoride, cerium, manganese, activated carbon, anchored mechanism.
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5.1. Introduction

Fluorine is considered an essential element for dental health, as it prevents tooth
appearance decay in children is development teeth. Thus, the dentists recommend using
fluorine (0.8 to 1.0 mg L?) in order to strengthen the tooth enamel. However, the World
Health Organization (WHO), considers fluoride intake at concentrations higher than 1.5 mg
L to be dangerous, which is the maximum permissible limit [294]. Groundwater pollution by
fluorides is a problem that affects to people around the word. When the water passes
through soils by percolation, it dissolves various compounds, including fluorine, results in
fluoride concentrations in aquifers, which increase in cesium, lithium, chlorine, bromide
presence and in thermal and underground waters [295,296]. Exposure to high fluoride
concentrations often occurs when drinking groundwater, one of the main drinking water
sources, and it can cause dental and skeletal fluorosis or neurological damage in severe
cases, increased susceptibility to kidney disease and cancer, as well as affectation in brain
development and the reduction of the intellectual coefficient of school-age children
[294,297]. Fluoride is present at least 25 countries, within which fluoride concentrations up
to 30 mg L can be found in groundwater [294,298,299]. In Mexico fluoride concentration in
water is above the permissible limit (1.5 mg L) by the Official Mexican Standard, NOM-
127 _SSAI-1994, mainly in the states of Aguascalientes, Chihuahua, Durango, Guanajuato,

Mexico, Jalisco; San Luis Potosi, Sonora and Zacatecas [300].

The chemical precipitation and coagulation, membranes, ion exchange and adsorption
have been used as methods for the removed fluorides from water. Moreover, adsorption is
the method most widely used by researchers to remove various pollutants from water. The
use of adsorption in removal contaminants such as fluoride from water is due to the great
advantages that this method has (design flexibility and simplicity and easy operation and

maintenance). Currently, various adsorbent material has been studied, which include
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activated and impregnated alum [301,302], clays, minerals and plants [303,304], activated

carbon, nanotubes [305,306], rare earth oxides [307], polymeric and resins materials
[308,309]. It is also knows that the incorporation of some metal oxides such as iron (llI),
manganese (Il, 1V), lanthanum (lll), alum (ll1), zirconium (IV) or tin (IV) on the adsorbent
surface can significantly increase the fluoride adsorption capacity [310-312]. However,
these metallic oxides have been studied in colloidal or nanoparticles form, which make their
application in continuous systems completely difficult. Therefore, it is important anchored
these nanoparticles with high fluoride adsorption capacity onto a support, that allows the
application of these adsorbent materials. Granular activated carbon (gAC) is a poor
adsorbent to remove fluorides from water, but it can provide a stable support to achieve high
dispersion of metallic phases that are powerful fluoride adsorbents and can also inhibit
sintering or massive precipitation of the active metal particles. When this carbonaceous
material is impregnated with metallic oxides, it has been reported that the adsorption
capacity improves by a factor of 3-5 [312]. The control over the carbon surface area and the
size distribution of the charges metallic phases are key factors to increase the fluoride
adsorption capacity. In addition, some works have studied in the cations influence as Mn?*
on the modification of activated carbon with other cations as Fe?*. The presence of Mn?* in
the hydrolysis solution has a synergistic effect in the oxide particles anchorage onto surface
activated carbon, as it regulates the morphology of the anchored metallic particles [313].
Therefore, the objective of this research is to improve the fluoride adsorption capacity of
granular activated carbon, modifying with Ce3* and Mn?* ions in hydrolysis solution by
microwave-assisted hydrothermal synthesis method. On the other hand, evaluate the Mn?*

ion presence in the synthesis process to modify activated carbon with Ce?* ions.
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5.2.  Experimental

5.2.1. Synthesis of adsorbent materials

Granular activated carbon was contacted with a Ce:Mn solution, during 24 h at 25 °C
y 130 rpm. Continuously, gAC impregnated was introduced in microwave at 150 °C for 30
minutes. The modified material was wash with enough desionized water and dry in heating
stove at 80 °C for 12 h. The gAC was modified with different molar relation (MR) of cerium-

magnesium.

5.2.2. Characterization of adsorbent material.

Determination of the cerium and manganese content onto activated carbon was
performed by acidic digestion in the microwave. 40 mg of sample was contacted with 20 mL
of acid aqueous solution (HNO3:H2SO4, 5:1). They were placed in teflon container, after the
containers were closed hermetically tightly sealed heated at 10 °C/min from room
temperature to 150 °C where they kept for 40 min. Later, the samples were diluted at 50 mL

and analyzed by Plasma coupled atomic emission spectroscopy, ICP-AES (Varian 730-ES).

Charge Distribution and Point of Zero Charge (PZC) of modified material and pristine
were determined through potentiometric titrations. For it, 30 mg of sample was mixed with
25 mL of 0.1M NaCl aqueous solution through magnetic stirring by 12 h. To the sample was
add 0.1M HCI drop by drop up that the aqueous solution has a pH of 3. Subsequently, for 3

minutes the solution was gasified with and titrated with 0.1N NaOH aqueous solution.
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5.2.3. Adsorption Experiments

Adsorption isotherms were performed as follows for both the gAG and modified gAC:
30 mL of fluoride solutions at different concentrations (1ppm at 80 ppm) were added in 0.03g
of adsorbent at 25 ° C and pH 7 (the pH was adjusted by adding NaOH or 0.1N HCI). Once
the samples reached equilibrium, the final fluoride concentration was measured with a
selective ion electrode (Thermo Electron Corp), using a TISAB Il regulatory buffer. The
adsorption isotherms were adjusted to the Langmuir and Freundlich models through the

STATISTICA program.

To perform the adsorption kinetics, a stock solution of fluorides was prepared at a
concentration of 20 mg / L at pH 7. Subsequently, 30 mL of the stock solution was mixed
with 0.03 g of the adsorbent material and placed in an incubator at 25 °C and 130 rev/min

Samples were taken at different times (0.5 to 270 minutes).

5.3.  Results and discussion
5.3.1. Effect of manganese and cerium concentration in activated carbon to remove

fluoride.

The following results gave us the concentration of cerium and manganese anchored
on the surface of granular activated carbon (gAC), optimal for obtaining the highest fluoride
adsorption capacity at fluoride initial concentration of 20 mg L%, pH 7 and 25 °C. The design

was based on a previously conducted studies [314,315].

In Figure 5.1a, the results obtained from the nanoparticles synthesized in the presence

of gAC are shown, where we can see that the particles with a 1:1 molar ratio (MR) of Ce:Mn,
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had a fluoride adsorption capacity of 24 mg g, when increasing the content of Mn (Ce:Mn

1:2) the fluoride adsorption capacity increased 1.5 times (36.5 mg g1), with respect to the
Ce:Mn 1:1 material. The nanoparticles with an MR of Ce:Mn 1:4 and 2:1 showed a low
fluoride adsorption capacity between 17 and 18 mg g, respectively. On the other hand, the
fluoride adsorption capacity was evaluated of the activated carbon modified by Ce and Mn.
In Figure 5.1b we can see that the gAC modified with Ce:Mn (1:1, MR) showed an adsorption
capacity of 9.42 mg g, when the content of Mn is increased the adsorption capacity was
10.7 mg g* (gAC-Ce:Mn (1:2)), however, this decreased to 7.9, 2.9 and 4.3 mg g+ for
adsorbent materials gAC-Ce:Mn (1:4), gAC-Ce:Mn (1:8) and gAC-Ce:Mn (1:14),
respectively. On the other hand, by modifying activated carbon with a MR of Ce:Mn 2:1, a
fluoride adsorption capacity of 9.12 mg g* was obtained, this being similar to that obtained

by gAC modified with Ce:Mn 1:1 and 1:2.

Figure 5.1c shown that the Mn?* has an effect in the fluoride adsorption capacity, due
depending to the manganese concentration the fluoride adsorption capacity of hybrid
material increases or decrease. The activated carbon modified with a MR of Ce:Mn, 1:8 and
1:14, both were not efficient to fluoride removal. While the gAC modified with low manganese
concentration were greater efficient in the fluoride removal from aqueous solutions. The
hybrid material gAC-Ce:Mn(2:1) was compared whit gAC modified uniquely with cerium
(gAC-Ce) and manganese (gJAC-Mn), using the same concentrations used to modified the
gAC-Ce:Mn (2:1). Figure 5.1c shown that the gAC-Mn has a less adsorption capacity (1 mg
g!) similar than the pristine gAC (0.7 mg g?) [316]. However, we can see that the gAC-Ce
has a high adsorption capacity compared with gAC-Ce:Mn, thus the manganese presence
has a negative effect in the fluoride removal. This can be associated with the pores clogging
due to the possible clusters formation due to an increase in Ce on the gAC-Ce:Mn surface

of 51.55% w (gAC-Ce, 34.7% w) according to the EDS analysis. Therefore, the active sites
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of the hybrid material will be less exposed for adsorption to take place efficiently. Therefore,

for the following experiments, the modified gAC with an RM of Ce:Mn 1:2 was used since it
was the material that obtained a greater adsorption capacity with respect to the other

materials. Said material shall be represented as follows: gAC-Ce:Mn.
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Figure 5.1. Effect of Ce3* and Mn?* concentration on the adsorption capacity (q), (a) of
nanoparticles in the presence of gAC, (b) of modified gAC with Ce:Mn and (C) Fluoride
adsorption capacity of gAC-Ce:Mn (2:1), gAC-Ce, gAC-Mn and GAC. Adsorption
experiments were carried out in batch with an initial fluoride concentration of 20 mg L at

pH 7 and 25 °C. Adsorbent dose was 30 mg and solution volume 30 mL
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According to the literature, the anchoring of metal oxides is a process controlled by

mass transfer. During hydrothermal precipitation, metal cations within the pores begin to
condense through inorganic polymerization [317], decreasing the metal concentration within
the pores. At this point, the concentration gradient between the solution inside and outside
the pores becomes the driving force that promotes the migration of metal cations and their
subsequent anchorage on the activated carbon surface [313,318,319]. This correlation
between the concentration of the solution and the amount of the cation anchored on the
carbon surface will take place as long as the anchored particles do not obstruct the diffusion

of the cations in the pores.

Figure 5.2 shows the cerium and manganese content for each of the modified carbons,
in it we can see that the gAC-Ce: Mn 1:1 showed a high content of cerium (9.5% w). On the
other hand, increasing the manganese concentration decreases the mass percentage of
cerium 41 and 64% (gAC-Ce: Mn 1:2 and 1:4, respectively) with respect to gAC-Ce:Mn 1:1.
In addition, the null content of Mn?* in the modified materials indicated that it did not
participate in the fluoride adsorption process, however, it could probably affect the size and
morphology of the cerium particles anchored on the activated carbon surface [313]. This,
because the presence of Mn?* generates a crystallization microenvironment that modulates

the growth of cerium oxyhydroxide crystals [313].

In Table 5.1 we can observe that the gAC with 5.6% w of Ce obtained the highest
fluoride adsorption capacity with respect to the gAC with 9.4 and 3.4% w of Ce. This
indicates that not necessarily a higher concentration of cerium generates a greater capacity.

of fluoride adsorption, because the concentration of active sites plays an important role.
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Table 5.1. Percentage of Ce and Mn anchored in the gAC and its adsorption capacity.

gAC % Wde %W de q

modified Ce Mn mg g?
Ce:Mn 1:1 9.5 0.0 9.4
Ce:Mn 1:2 5.6 0.1 10.7
Ce:Mn 1:4 3.4 0.0 7.9

5.3.2. Physicochemical Characterization

5.3.2.1. Textural proprieties of activate carbon unmodified and modified.

N2 adsorption-desorption isotherms from the adsorbent materials correspond to the
IUPAC type | isotherm (Figure 5.2a). This isotherm is characteristic of microporous
materials, having mainly narrow micropores with a diameter less than 1nm. The type |
isotherm is known not to form hysteresis; However, it can be observed that the isotherm of

the samples presents a slight hysteresis type H4, typical of microporous activated carbons.

The results of the specific area determined by the Brunauer—Emmett —Teller equation,
and the pore size distribution, calculated by the density functional theory, are condensed in
Table 5.2. When gAC is modified with cerium, manganese and cerium-manganese, its area
(978 m? g!) decreases by 40, 358 and 208 m? g%, respectively, which may be due to the
anchoring of the oxyhydroxide nanoparticles. On the other hand, the mesopore volume
decreased 4.2, 36.7 and 20.8% for gAC-Mn, gAC-Ce and gAC-Ce: Mn, respectively. This
indicates that the oxyhydroxide nanoparticles are small enough to clog the micropores and
create mesopores, thus decreasing the surface area. The mesopores in gAC-Mn, gAC-Ce
and gAC-Ce: Mn increased, 3.9, 2.6 and 3.1 times with respect to the mesopores of the
pristine gAC. Also, the macropores decreased approximately 94% when the gAC was

modified with the oxyhydroxides (Ce, Mn, and Ce:Mn).
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Table 5.2. Specific area and pore size distribution of granular activated carbon

unmodified (gAC) and modified (JAC-Mn, gAC-Ce and gAC-Ce:Mn).

m3/g cm3/g nm
Sample

SBET Vmic Vmes Vmac PD*
gAC 978 0.308 0.034 0.142 2.52
gAC-Mn 938 0.295 0.131 0.009 2.36
gAC-Ce 620 0.195 0.087 0.008 2.31
gAC-Ce:Mn 770 0.244 0.105 0.010 2.34

*PD = Pore Diameter

-=gAC - gAC-Ce — gAC-Mn — gAC-Ce:Mn
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Figure 5.2. (a) N2 adsorption-desorption isotherms and (b) size pore distribution from the
granular activated carbon (gAC) unmodified and modifies with manganese (gAC-Mn),

cerium (gAC-Ce) and Ce:Mn (gAC-Ce:Mn).
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Figure 5.2b shown that the modified gAC exhibited an increase in the cumulative pore

volume from micropores with size between 0.5 to 2 nm, which suggests that the Mn ion plays
an important role in controlling the size and distribution of cerium oxyhydroxide particles
anchored in the gAC porous structure. According to the results obtained, it can be said that
the gAC porous structure facilitated the diffusion of cerium nanoparticles, avoiding a high
pore blocking and a reduction in the specific area of the gAC due to the formation of

ultramicroporous (<0.7 nm).

3.3.2.2. Activated carbon modified morphology by Scanning Electron Microscopy

(SEM).

Scanning electron microscopy studies were performed to obtain information about the
morphology of activated carbon modified with Mn, Ce and Ce:Mn by the microwave-assisted
hydrothermal process, in addition to examining particle size and distribution of the Ce and
Mn oxyhydroxide anchored on the activated carbon surface. The activated carbons
micrographs and their elemental chemical analyzes of dispersed energy spectroscopy
(EDS) are shown in Figures 5.3. In the case of gAC-Mn (Figure 5.3a), the presence of
manganese particles, which is confirmed in the EDS. The punctual analysis by the EDS
detector reveals that the weight percentage of C, O, Al, Si, S, K and Fe was 39, 27, 8, 9, 1,
1 and 15, respectively. The element Mn was not detected, due to a low content in the sample
(0.1%), according to the XRD analysis where no crystalline phases of Mn were detected.

The presence of Fe, Al and Si is due to the bituminous origin of activated carbon.

The micrographs corresponding to gAC-Ce (Figure 5.3b) reveal a uniform distribution
of cerium nanoparticles on activated carbon with particle size between 50 and 100 nm, as

well as characteristic cubic morphology of CeO., this being the phases identified in XRD.
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These particles are mainly found in the relocations of activated carbon, where unsaturated

carbon atoms are expected to be more reactive [320]. In the EDS point analysis (Figure 3B)
it shows a weight percentage of C, O, Al, Si and S of 49, 11, 2, 2 and 1, respectively. The

weight percentage of the Ce of 35 is due to anchored cerium oxyhydroxides.

(a) gACMn_BSE Elemento % W
C K 39
O K 27
AlK 8
Fe K SiK 9
S K 1
Fe K K K 1
5 6 7 8 Fe K 15

(b) gAC-Ce_BSE

Elemento % W
C K 49
0O K 1
AlK 2
SiK 2
S K 1
Cel 35

(C) gAC-Ce:Mn_BSE .
Elemento % W

C K 31
O K 13
AlK 1
S K 2
Cel 52
Mn K 1

Figure 5.3. (a) SEM and EDS images of the gAG-Mn, (b) SEM and EDS images of the

gAG-Ce and, (c) SEM and EDS images of the gAG-Ce:Mn.

Figure 5.3c shows the chemical composition contrast of gAC-Ce:Mn by the
backscattered electron technique. This micrograph suggests a homogeneous coating of
cerium oxyhydroxides and was corroborated by the EDS analysis, which revealed 52 and
13% by weight of Ce and O, respectively. Sulfur came from the manganese source used for
the synthesis of the material, which was not completely removed after washing. In addition,
we can observe a much smaller particle size due to the presence of Mn?* who acted as a

complexing agent. Therefore, the Mn participated in the size (10 to 20 nm) and morphology
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of the cerium nanoparticles anchored on the surface of activated carbon. The results

obtained by SEM in this study agree with the cerium oxide dispersed characterization on

activated carbon for desulfurization performed by Zheng Yan et al., 2012 [321].

5.3.2.3. Surface charge and pK, distribution

The surface charge distribution of gAC, gAC-Mn, gAC-Ce and gAC-Ce:Mn is shown
in Figure 5.4a. The pHpzc of the gAC is 10 which indicates the predominance of the basic
groups. By modifying the gAC with manganese (gAC-Mn) the pHpzc changed to 8.5, which
may be associated with the acidic conditions in the material synthesis process. In the case
of materials modified with Ce and Ce:Mn they showed a similar pHpzc with a value of 6.0
and 5.6, respectively. This shift in the pHpzc is reported by Lodeiro et al. [25], who indicate
that the pHpzc of activated carbon decreases as the anchoring of metal oxides on activated
carbon increases due to an increase in acidity. Further, they reported that the adsorption
capacity depending on the content of metal oxide on activated carbon surface, is
independent of the material charge. In addition, the reduction of the pHpzc could be due to
the acidic conditions that were found during the hydrothermal synthesis process,
accompanied by a large amount of chemisorbed oxygen, which favored the formation of acid

groups by oxidizing the graphite sheets of carbon [322] .

On the other hand, the pKj's intensity and distribution are presented in Figure 5.4b,
where chemical changes in the surface of commercial and modified activated carbon are
illustrated. The gAC-Mn and gAC-Ce: Mn, presented an increase in the phenolic groups
(8<pKa<11) of 0.18 and 0.12 mmol g%, respectively. In the case of gAC-Ce:Mn the increase
in phenolic groups can be attributed to the OH groups of the Ce oxyhydroxides anchored on

the activated carbon surface. In addition, the acidic conditions present during the synthesis
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process generated carboxy groups (3<pKa<6). The high intensity peaks at 7<pK,<8, of the

activated carbons gAC-Ce and gAC-Ce:Mn are attributed to the presence of cerium

oxyhydroxide, the pKa between 7<pK,<9 can be associated to Ce(OH) ?* y Ce(OH) 2 *, while

the peak to 10.5<pK,<11.5 is attributed to the presence of Ce(OH)3[323].

gAC-Ce

pH

— gAC-Mn

— gAC-Ce:Mn

T ELELEERR]

DAY AVETJAY

3 4 5 6 7 8 9 10 11

pK,

R\

Figure 5.4. a) Charge distribution (PZC) and (b) distribution of pK, for the gAC, gAC.Mn,

gAC-Ce and gAC-Ce: Mn.

5.3.2.4. Fourier-transform infrared spectroscopy, X-Ray Diffraction (XRD) and X-ray

photoelectron spectroscopy (XPS)

The changes in the vibrational frequencies of the cerium bonds with the functional

groups on the gAC surface were studied to elucidate the interaction of the metal ion with the

gAC surface. Fourier-transform infrared spectroscopy (FT-IR) of the gAC, gAC-Mn, gAC-

Ce, gAC-Ce:Mn are shown in Figure 5.5a. The spectra of the gAC showed bands of low

intensity in 1550 cm* that corresponds to the vibration of C=0 of the carboxylic groups, at

1548 and 1130 cm? that indicate the vibration of -C=C and CO of the aromatic and lactonic
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groups, respectively. Bands in the 3720 to 3580 cm* regions are attributed to O-H vibrations

[324-326]. Mn(ll)-modified gAC (JAC-Mn), bands were observed at 3335 to 2280 cm* which
are attributed to the O-H vibrations of the carboxylic groups. The bands in the region 1380
to 1060 cm corresponding to the vibrations of the -C-O of the lactonic groups and the bands
in 1650 and 875 cm corresponding to -C=C and -C-H, respectively. Bands were also
observed in the region 627 to 576 cm corresponding to the vibrations of the sulfate ions,
which is attributed to the adsorption of these ions in the synthesis process, since the
precursor of Mn(Il) was MnSO,4 [327]. The presence of high intensity bands of oxygenated
groups is mainly due to gAC oxidation due to acidic conditions during the microwave oven
assisted hydrothermal synthesis process. When gAC was modified with Ce(lll) (JAC-Ce)
and Ce:Mn (gAC-Ce:Mn), the FT-IR spectrum showed a vibration band at 520 cm* which is
attributed to the union of cerium with the carboxyl groups (Ce-0). This was compared with
the FT-IR of CeO; nanoparticles which shows a high intensity peak in the 550 cm regions
attributed to Ce-O binding [328]. The results indicated that the Ce (lll) ions have a greater

interaction with the OH of the carboxylic and phenolic groups to form a complex.

In order to identify the polymorphic phases of Mn, Ce and Ce:Mn anchored in activated
carbon, the X-ray diffraction technique (XRD) was used. Figure 5.5b shows the XRD
patterns for activated carbon (gAC), gAC-Mn, gAC-Ce and gAC-Ce:Mn. The International
Center for Diffraction Data software and the PDF-2010 database were used to identify the
crystalline phases. The diffraction pattern of the gAC shows a characteristic amorphous
behavior of carbon materials with 26° and 44° peaks (PDF Card-00-056-0160) [322].
Characteristic peaks of goethite were also identified (PDF Card-00-029-0713), due to the
iron content of pristine activated carbon (0.41%), which because it is of bituminous origin

presents these isomorphic impurities, in addition to hematite, alumina and silica [329].
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Figure 5.5. (a) Fourier Transform Infrared (FTIR) and (b) X-ray diffraction (XRD) of gAC

unmodified and modified. The symbols show the crystalline phase of graphite, goethite,

hematite and cerium oxide, in a step size of 0.02 ° 26 in 10s per step.

The diffraction pattern of gAC-Mn did not show a change compared to GAC, which

indicates that the conditions of hydrothermal synthesis by microwave did not favor the

anchoring of any manganese phase on the gAC surface. The diffraction patterns of gAC-Ce
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and gAC-Ce:Mn show peaks corresponding to the cubic structure of cerium (PDF Card-01-

080-5548). The diffraction pattern of gAC-Ce showed characteristic peaks of CeO; at 28 °,
33°,47°,56°59°69° 76° 79 °and 89 °. (PDF Card-01-080-5548). Estos resultados
indican que después de modificar el carbén activado con cerio mediante un proceso
hidrotermal, el 6xido de cerio es la fase principalmente formada [315,321]. In addition,
diffractograms indicate that the effect of the Mn(ll) ion is not related to the formation of new
crystalline cerium phases, or the presence and quantity of these phases is so small that they

cannot be detected by XRD.

The C 1s XPS spectra in the region referenced at 284.6 eV to gAC-CeMn (Figure 5.6a)
showed the bond C=C peak at 284.6 eV corresponding to the sp? carbon bond. The gAC-
Ce:Mn showed C-O bonds at 285.6 and carbonyl groups (C=0) at binding energy of 287.7
[330,331]. Figure 5.6b shows the Ce XPS spectra for the GAC-CeMn. The peaks at 917 and
898.4 eV (u ”’and v’ ”, respectively) are the main lines for the Ce 3ds, and Ce 3ds; states,
respectively, and correspond to the Ce** ion (3d*° 4f° configuration). Each of the main lines
has two satellites at 907.7 eV (u "), 901 eV (u) and 889.5 eV (v "), 882.4 eV (v) located near
the lower junction power side due to the states of union that arise from the transfer of one
or two electrons from a full or 2p orbital to an empty Ce 4f orbital. The peaks at 904.1 eV
(u) and 885.7 eV (V') are the initial electronic state 3d'° 4f! of the Ce3* ions [332—-334].
Therefore, the presence of all these peaks for gAC-CeMn indicates the coexistence of Ce**
and Ce?* on the surface of activated carbon. Figure 5.6¢c shows the O-Ce-(OH), and CeO;
bonds at a binding energy of 530.3 eV [332]. In addition, it is important to highlight the
presence of sulfates on the surface of the material (Figure 5.6d). The peaks at binding
energy of 168.3 and 169.5 eV correspond to M-SO4 (M = metal) and SO.%, respectively

[335-339].
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Figure 5.6. XPS spectra in the (a) C 1s region referenced at 284.5 eV for: (b) Ce 3d, (c) O

1s, (d) S 2p, of gAC-Ce:Mn.

5.3.3. Mechanisms for anchoring metal oxides.

The speciation diagrams of Ce3* and Mn?* show the formation of ionic pairs (Figures,
Annexe A-2), which are susceptible to forming in concentrated solutions [340]. This
saturation of the aqueous medium prevents the metal cations (M*) from presenting their full
solvation sphere, associating with ions of opposite charge (SO4?) to form different chemical
complexes called ionic pairs. The ionic pairs MnSO4 and CeSO.* could be present on the

surface of the activated carbon before the synthesis process.

Figure 5.7 shows how the surface oxygenated groups can be part of the cerium and
manganese condensation reaction. When the activated carbon (F400) was contacted with

the metal ions acidic solution (pH 2-3), the surface oxygenated groups were protonated
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(Figure 5.7a), giving it a positive surface charge (pH <pHepzc), therefore, anions such as

S04%* and HSO4 will be attracted by electrostatic interactions (Figure 5.7b). These anions
stabilize the positive charge on the gAC surface and then the cerium and manganese
aqueous complexes can bind with the gAC oxygens. The delocalized electrons in the
graphitic structure and mainly the electrons found in the activated carbon oxygenated
surface groups can act as nucleation centers for the aqueous complex [M*(OH2)e)]3* [317].
Once the nucleation centers have been formed, the aqueous complexes continue their
deprotonation, forming hydroxy complexes [M*(OH)(OHy)s)]?* that favor crystal growth
(Figure 5.7c). This allowed the anchorage of the metallic particles by forming a covalent

bond with the activated carbon surface of type O-M* [311].

Crystal growth begins with the neutralization of the aqueous complexes, followed by
the formation of hydroxides M(OH).° via condensation of hydroxo complexes. Hydroxides
can be unstable and generate oxyhydroxides (MOx(OH)..2x) by spontaneous dehydration.
The reaction takes place through oxolation in the solid phase with the removal of water from
the hydroxo ligands. The M(OH),° stability is related to the charge generated by the water
molecules (3(H20)). Therefore, the more negative the 5(H.O), the more feasible it is to obtain
the M(OH).°. However, if §(H20) is greater than zero, M(OH).° will be unstable and will form
a MOy(OH).2x in aqueous solution. Usually, elements with +2 valence, such as Mn,
precipitate as hydroxides, and those with +3 valence, in the case of Ce, form oxyhydroxides
(the final stage of their evolution is the oxide). Based on the above, if §(H20)<0 in the hydroxy
complex, the ligands (H20 and OH-) will be quite negative and therefore weakly polarized
by the cation, forming a stable Mn(OH),°. This means that the metal-oxygen bond will be
strongly ionic (Figure 5.7d) On the other hand, if §(H20)> 0 the Mn (OH).° complex will be
unstable, allowing the oxygen of the hydroxylands to bind covalently with the cation, forming

a highly polarized complex (Figure 5.7e).
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Figure 5.7. (a) gAC surface oxygenated groups in acidic and basic medium. (b)
Adsorption and stabilization of the surface charge by anions. (c) Crystal growth and

M(OH).° adsorption. (d and €) Metal ion partial charge.

Finally, the dipole generated in the cerium complexes (Figure 5.8a) favored crystal

growth on activated carbon, conserving the dipole between the cationic part of the crystal

and its ligands. Once this new dipole is present, the electrostatic interaction between the

positive partial charge of the cerium crystal and the manganese hydroxides is favored, which

prevents the growth of the crystal in this plane of cerium-manganese interaction (Figure

5.8b). The absence of manganese particles in the characterization analyzes of the new

adsorbent material suggests that Mn species are only adsorbed on the crystal during the M-

H process but are removed during the washing of the material with deionized water (Figure

5.8c).
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Figure 5.8. (a) Electrostatic attraction and repulsion between manganese hydroxy
complexes and cerium oxide in the propagation process (modified from Gutiérrez Martinez
et al, 2016). Anchoring mechanism of: (b) Ce:Mn and (c) removal of manganese from the

particles surface.

In addition, through characterization analyzes, it was possible to identify that the main
functional groups involved in the Ce(lll) ions anchorage in commercial activated carbon
(F400) are carboxylic and phenolic groups. Ce(OH); is anchored in the carboxyl and

phenolic groups through the displacement of H+ ions, forming a tetrahedral structure (Figure
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5.9). In addition to this, reports have been found that indicate the affinity of rare earths such

as lanthanum for carboxyl and phenolic groups [341-343]. Ce can exhibit different electronic
states [Xe] Ce 4f0 (Ce4+), [Xe] Ce 4f1 (Ce3+) with mixed or intermediate valence. Therefore,
Ce 4f0 electron has the ability to adopt a different oxidation state in bimetallic compounds
or when it form complex with different funtional group as carboxillic and phenollic groups

that are presente in activated carbon structure (Piro et al., 2014).

H

O C// OCe OH
“OH, CeOH3—> OCe OH CeOH3—- OCe—OH OH

9,
O me(OH)S

O- Ce—OH Ce(OH); O- Ce O Ce OH

Figure 5.9. Anchoring mechanism of Ce(lll) onto surface oxygenated groups of gAC.

5.3.4. Adsorption experiments.

5.3.4.1. Adsorption isotherms and kinetic of gAC-Ce and gAC-Ce:Mn.

The model parameters and correlation coefficients are shown in Table 5.3. The
experimental data fit the Langmuir model better for all samples. Figure 9a shows the
adsorption isotherms of gAC, gAC-Mn, gAC-Ce and gAC-Ce:Mn. The gAC can remove
fluorides which is possible due to its bituminous origin, which involves the presence of other
metal oxides, such like Al, Fe and Si that are related to the F-ion. In addition, the adsorption
experiments were carried out at a pH lower than its pHpzc therefore, the carbon is positively
charged favoring the fluoride electrostatic attraction and therefore its adsorption. The
activated carbon modified with Mn showed a lower adsorption capacity with respect to gAC,

probably as a result of the dissolution of iron, aluminum and silicon oxyhydroxides during
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hydrothermal treatment [313]. When modifying activated carbons, it is observed that their

adsorption capacity increases; This is attributed to the presence of Ce(lll) which has a high
affinity for fluoride and makes the adsorption process more efficient. The cerium content,

specific area and point zero charge (PZC) influence the materials adsorption capacity.

Table 5.3. Langmuir and Freundlich parameters for the fluoride adsorption on activated

carbon unmodified (gAC) and modified (JAC-Ce:Mn).

, Langmuir Freundlich
Material
gmgg? b(Lmg? R? Kr n R?
gAC 2.30 0.02 0.97 0.15 0.66 0.96
gAC-Mn 1.29 0.08 0.96 0.19 0.41 0.91
gAC-Ce 11.02 0.62 0.97 4.08 0.26 0.91
gAC-Ce:Mn 8.31 0.49 0.98 2.90 0.27 0.93

The Qmax parameter of Langmuir can be interpreted as the monolayer coverage and
in addition the value of the maximum adsorption capacity of the adsorbent is obtained. From
the adsorption isotherms (Figure 5.10a), it was determined that Qmax was 11.02 and 8.31
mg g to gAC-Ce and gAC-Ce:Mn, respectively. The adsorption capacity of gAC-Ce:Mn is
25% lower with respect to gAC-Ce. The above indicates that Mn really does not play any
role in the fluoride adsorption capacity. However, the carbons modified with Ce and Ce:Mn
increased 4.8 and 3.6 times, respectively, their adsorption capacity with respect to the
pristine gAC. Although the pHpzc of the gAC-Ce:Mn is similar to the pHpzc of the gAC-Ce
(5.7 and 6.0 respectively), the adsorption capacity of the gAC-Ce is greater, which can be

attributed to a greater exposure of OH groups [316].
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Figure 5.10. (a) Fluoride adsorption isotherms on gAC, gAC-Mn, gAC-Ce and gAC-Ce:
Mn, at pH 7 (x 0.2) and 25 ° C. The solid line indicates the Langmuir model. (b) Fluoride
adsorption kinetics at fluoride initial concentration (Co) of 20mg L, pH 7 and 25 °C.
Adsorption isotherms of (c) fluoride and (d) arsenic on CAG-Ce:Mn and GAC-Ce in the
presence of both contaminants at pH 7 (x 0.2) and 25 ° C. The solid line indicates the

Langmuir model.

The adsorption capacity of materials depends to a great extent on their
physicochemical properties. The adsorption capacity is highly dependent on the OH groups
density available on the adsorbent material surface. The gAC-Ce:Mn has a greater quantity

of particles anchored on the activated carbon surface, thus making the diffusion of the
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pollutant more difficult. Furthermore, considering that the presence of hydroxyl groups

decreases the positive charge of cerium [323], there may be a greater electrostatic repulsion
between the adsorbent material and the adsorbate due to the presence of adjacent groups.
On the other hand, if it is considered that the solvated Ce?* forms a aqueous complex with
an internal sphere Ce(H.0)¢3* [323]. The addition of another water molecule in Ce(H20)q%*
can alter the coordination of its water molecules Ce(H20)10%*, therefore, the solvation of the
species Ce(OH),*, Ce(OH),* and Ce(OH)s will form the following complexes
[Ce(OH)(H20)g]?*, [Ce(OH)2(H20)7]* and [Ce(OH)3(H20)g], respectively with an coordination
number of up to 10 [323]. Thus, gAC-Ce has a high adsorption capacity since fluoride is
adsorbed on the adsorbent material by exchanging ligands with the hydroxyl groups.
However, there are reports where the quaternary cerium coordinated with 16 or up to 30
fluorides (CesFis and CegFso) can be obtained [344]. The presence of Mn?* generates a
crystallization microenvironment that modulates the oxyhydroxide crystals growth, which
suggests an inhibition of cerium species, that is, a low OH groups density on the material
surface that can coordinate in Ce3* and therefore a lower density of OH groups available for
the fluoride adsorption. The presence of Mn has an influence on the particle size, but not on

the adsorption capacity.

The adsorption kinetics was performed to assess the fluoride adsorption rate, as well
as the time needed to reach equilibrium, the results are shown in Figure 5.10b. The activated
carbon modified with Ce:Mn and Ce removed on 30 and 40% of the initial fluoride
concentration in the first 30 minutes, respectively. The gAC and gAC-Mn removed only 10%
of the fluoride initial concentration at the same time. The carbonaceous materials require
approximately 60 minutes to reach equilibrium. This is attributed to the high porosity present

in the materials. The gAC-Ce and GAC-Ce:Mn removed 50 and 40%, respectively, of
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fluoride initial concentration in 2h. The adsorption rate of gAC-Ce and gAC-Ce:Mn was 0.11

and 0.1 mg min, respectively. Nagendra Rao and Karthikeyan, 2012 reported that with a
dose of 2 g/L of lanthanum oxide 35% of fluoride is removed in 1h and increasing the dose
to 5 and 6 g/L removes 92 and 96% [37]. In the case of the present work, only one dose of
adsorbent of 1 g/L was used. On the other hand, Velazquez et al., 2013 reported a 90%
removal of fluorides in 1h using activated carbon modified with zirconium and oxalic acid
[36]. Alagumuthu & Rajan, 2010, used zirconium impregnated in walnut shell reaching a
removal of 80.33% in a time of 3h [345]. Given the above, we can say that the highest
removal rate occurs in the first 2 hours for the materials under study (JAG-Ce and gAC-

Ce:Mn).

In addition, the isotherms were performed in the presence of arsenic (0.5to 15 mg L
Linitial concentration) and fluoride (0.1 to 5 mg L initial concentration) at pH 7 and 25 ° C
for 24 hours. From the adsorption isotherms, the maximum fluoride adsorption capacity
(Qmax) on the gAC-Ce:Mn and gAC-Ce (Figure 5.10c) was determined and the results
showed a Qmax Of 8.2 and 15.2 mg g%, respectively (Table 4), indicating that gAC-Ce is a
material with highest affinity for fluoride ions. On the other hand, the maximum arsenic
adsorption capacity (Qmax) on gAC-Ce:Mn and gAC-Ce (Figure 9d) was 11.05, 8.47 and
14.65 mg g, respectively (Table 4), being again the GAC-Ce who had the highest arsenic
adsorption capacity. The above indicates that the activated carbon modified with Ce:Mn
does not show a synergy in the adsorption capacity of both pollutants, therefore, the gAC-
Ce adsorbent material has proven to be a highly adsorption efficient material of fluorides

and arsenic.
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Table 5.4. Langmuir parameters for the arsenic and fluoride adsorption in the gAC-Ce:Mn

and gAC-Ce.
i Arsenic Fluoride
Material
gmgg® b(Lmg? R? gmgg?* b (Lmg? R?
gAC-Ce:Mn  11.05 1.12 0.94 8.20 0.48 0.98
gAC-Ce 14.65 0.26 1.00 15.80 0.09 1.00

5.3.4.2. Effect of solution pH about the fluoride adsorption capacity.

Adsorption experiments were performed at different pH (5, 6, 7, 8, 9) using gAC-Ce:Mn
and gAC-Ce to study the impact of pH on the fluoride adsorption capacity. Figure 5.11 shows
that the highest adsorption capacity is obtained at pH 5 and 6 in both materials (7.7 and 10
mg g* for gAC-Ce:Mn and gAC-Ce, respectively) which decreases with pH increasing. The
above is strongly related to the pHpzc, in Figure 5.11 can observed that at pH less than 5.6
and 6.0 (pHpzc of gAC-Ce:Mn and gAC-Ce, respectively) the material is positively charged
and consequently attracts fluoride ion . However, as the pH increases (> 8.9) the hybrid
material surface becomes more negative, indicating an increase in electrostatic repulsions
between the F- and the modified activated carbons. Moreover, the results indicate that the
pH from aqueous solution does not have significant effect on the fluoride adsorption
capacity. The above indicates that the adsorption capacity is a function of the metal oxide

content in the activated carbon, regardless of the load of the material [346].
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Figure 5. 11. Surface charge distributions of the materials studied at 25 ° C (dotted (gAC-
Ce:Mn) and solid (JAC-Ce) line) and effect of pH on the fluoride adsorption capacity

(square (gAC-Ce:Mn) and circle (QAC-Ce) symbols).

5.3.5. Fluoride adsorption mechanisms onto gAC-Ce:Mn.
5.3.5.1. Determination of the point of zero charge (PZC) and pKi's distribution of

the gAC-Ce and gAC-Ce:Mn loaded with fluorides.

Figure 5.12a shows the charge distribution for gAC-Ce and gAC-Ce: Mn in the
presence and absence of fluorides. The pHpzc for gAC-Ce and gAC-Mn was 6.0 and 5.6,
respectively, however, after the fluoride adsorption process at 25 °C, the pHpzc became
more positive, increasing its value to 6.6 and 7.7 for gAC-Ce + F and gAC-Ce:Mn + F,
respectively. According to the research carried out regarding the study of Metal oxide
surface chemistry, they have reported that once the anion adsorption process is carried out
due to a specific interaction by ligand exchange, a reduction in pHpzc is observed [347],
however, in heterogeneous materials with different surface functional groups, such as

activated carbon, this behavior is very different, so the pHpzc increases after the adsorption
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process due to a reduction in the density of oxygenated groups acids, mainly carboxylic and

OH groups.
- = gAC-Ce —gAC-Ce +F = gAC-Ce:Mn gAC-Ce:Mn +F
a) ., b) 1
_ . .--"t,,. Q 0.8 - ::.:
3 '.‘-\ 3 ::
o b 4 5 6N T 10 2 4. i
E 0.2 } "o £ i
E " < 04 - i
- —04 - \.o. & : : ‘-.
S N, 02 A e S
\"."‘ . :'.. : 4 .
'06 B 0 l__. ’If '.I . 'I - _lo. |.
pH 3 4 5 7 8 9 10 M1
-0.8 pKa
c) 14 d) )
o 1.2 4 r
3 1 i &P @ L ¥
£ N . | 30H: o
E 08 - ! O*Ce\—QI;h IF = O—Ce\—F
< 06 ' O H ' F
= 04 ' 9 9
=) o, @\ !
0'§ 1 » / ’\ 1 ]\ O O-Ce\—Q_I;I, 3F 30H, O O‘CE\—F
3456 7 8 9 10 11 OH, F

pK,

Figure 5.12. (a) Load distribution (PZC) and distribution of pKa for GAC-Ce: Mn (b) and

GAC-Ce (c) before and after the fluoride ion adsorption process. (d) Fluoride adsorption

mechanism on the material modified with Ce (lII).

Figure 5.12b and 5.12c shows the changes in surface chemistry of gAC-Ce and gAC-
Ce:Mn after the fluoride adsorption process. The results showed a reduction in the peaks
corresponding to the pKa of carboxyl, lactonic and phenolic groups, which is associated with
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the increase in the pHpzc of the fluoride-loaded adsorbent materials. This result suggests

that the acid oxygenated groups of activated carbon also play an important role in fluoride
adsorption. In addition, the reduction in the density of phenolic groups (8<pKa< 11), Ce(OH)3
(10.5<pKa<11.5) and peaks attributed to Ce(OH) ?*y Ce(OH) »* (7<pKa<8), was mainly
attributed to the exchange of ligand between fluoride ions and OH surface groups of cerium
oxyhydroxide during adsorption. Based on our results, a simple fluoride adsorption
mechanism can be proposed on gAC-Ce and gAC-Ce:Mn, where fluoride ion displace an

OH group from cerium oxyhydroxide as indicated in Figure 5.11d [326].

5.4. Conclusions

The hydrothermal synthesis process allows to successfully anchor iron oxyhydroxides
on the surface of activated carbon at a synthesis time of 30 min, obtaining a material with a
cerium content of 9.5% w. The significant presence of Mn in the modified material,
gAC.Ce:Mn, was not observed. In addition, the presence of the Mn?* ion during the cerium
oxyhydroxides synthesis reduces the cerium particles size anchored on the activated carbon
surface, obtaining sizes between 10 and 20 nm, which allows to obtain material with a high
adsorption capacity. X-ray diffraction reveals the presence of CeO., but no crystalline phase
of manganese, which is confirmed by XPS. The fluoride adsorption capacity on the gAC-
Ce:Mn was 8.31 mg g, however, the adsorption capacity of the gAC-Ce was 11.03 mg g,
this being greater than that obtained by the gAC-Ce:Mn. This suggests that the presence of
a complexing agent to control particle size does not guarantee an increase in adsorption
capacity in the case of Ce3* anchored on the gAC surface. On the other hand, functional
groups such as; carboxylic and phenolic play an important role in anchoring Ce3* on

activated carbon surface and the adsorption of fluoride ion does not depend to a large extent
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on the adsorbent material surface charge, because the adsorption is carried out by

displacing of OH groups from cerium oxyhydroxides.
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CHAPTER VI

Bimetallic oxyhydroxides anchored on graphitic matrices for their

application in the removal of arsenic and fluorides from water.

Abstract

The search for a suitable support for the anchoring of bimetallic oxides has aroused interest
in recent years. Activated carbon modified with bimetallic solutions has shown to be a
promising material for the contaminants remove from water such as arsenic and fluorides.
In this work, granular activated carbon was used as a support to anchor metal oxyhydroxides
on its surface from a bimetallic solution of Ce-Fe, Ce-Mn, Ce-Zr and La-Zr. The arsenic and
fluoride adsorption capacity of the hybrid adsorbent materials was evaluated. The material
with the highest adsorption capacity for both pollutants was used in packed bed columns. In
addition, it was characterized by FTIR, XRD, point of zero charge and pKj's distribution, to
evaluate the chemical composition of the hybrid adsorbent material. The results showed that
Ac-CeZr and Ac-LaZr showed a similar adsorption capacity for both pollutants. However,
Ac-LaZr was used to evaluate its efficiency in packed bed columns. The characterization
showed that the Ac modified with the LaZr bimetallic solution has a high OH groups density.
Therefore, Ac-LaZr was shown to be more efficient in removing arsenic from water at low
concentrations. The results of the packed bed column showed an adsorption capacity of As

and F of 38 and 270 pg g, respectively, after having processed 0.5 L.

Keywords: activated carbon, lanthanum-zirconium, arsenic, fluorides, packed bed columns
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6.1. Introduction

Human activities have caused water bodies to be contaminated with many elements,
an example of these is metals. Of these, arsenic and fluorides have the highest priority due
to their effects on human health at low concentrations. According to the world health
organization (WHO) the maximum permissible limit for As and F-is 0.01 and 1.5 mg Lt in
water for human consumption, respectively, which in the near future will become
undetectable and 1.0 mg L, respectively [348]. Due to the risk presented by this type of
inorganic pollutant, much more efficient materials and technologies must be developed for
the removal of arsenic and fluorides at concentrations lower than the maximum limit
established by the WHO. Among the various technologies used for the removal of these
pollutants is the adsorption process. Adsorption is considered one of the most promising for
the elimination of various inorganic pollutants from water, due to its simplicity of design, easy
handling and maintenance, as well as its high removal capacity. Various adsorbent materials
have been used for the removal of arsenic and fluoride, where the metal and bimetallic oxide
particles have been of great interest in recent years, due to their excellent adsorption
capacity [349-354]. However, their disadvantage is their size, since their recovery is difficult
after being used, which is why it is necessary to look for a support that allows us to retain
the nanoparticles without losing their appreciable adsorption capacity. Among the various
supports, activated carbon is considered an excellent candidate due to its mechanical
properties and low cost. Therefore, in this work granular activated carbon was used as a
support to anchor metal oxyhydroxides on its surface from a bimetallic lanthanum-zirconium
solution. The arsenic and fluoride adsorption capacity of the hybrid material (Ac-LaZr) was

evaluated continuously, using packed bed columns.
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6.2. Experimental

Reagents with purity greater than 99% were used in experiments. Zirconium
oxynitrate hydrate (ZrO(NOs): - xH20), ferrous sulfate heptahydrate (FeSO, - 7H20), cerium
nitrate hexahydrate (Ce(NOs)s - 6H.0), Lanthanum nitrate hydrate (Ce(NOs3)s - xH20),
manganese sulphate hydrate (MnSOa4 - XH20), arsenic salt (Na;HAsO4-7H-0), fluoride salt

(NaF), sodium hydroxide (NaOH) and hydrochloric acid (HCI) were used.

6.2.1. Synthesis of bimetallic oxyhydroxides

The activated carbon was contacted with the bimetallic solutions of Ce-Fe, Ce-Mn, Ce-Zr
and LaZr at a molar ratio of 5: 1, 2: 1, 1: 1 and 1: 1, respectively, for 12 h at 25 ° C and 120
rpm. Subsequently, the material was synthesized by hydrothermal method assisted by
microwave. The synthesis was carried out in an Anton Paar Monowave 400 microwave oven

at 110 °C for Ac-CeFe, Ac-CeZr and Ac-Lazr and 150 °C for Ac-Ce:Mn during 30 min.

6.2.2. Physicochemical characterization of hybrid adsorbents materials

Potentiometric titrations were performed in an automatic titrator (Mettler-Toledo T70),
to determine the pHpzc and distribution of pKai's of the adsorbent materials. The pKa

distribution was obtained by using the program SAEIUS-pK-Dist © (1994) [151].

The pore size and surface area of adsorbent material was calculated from N
adsorption—desorption isotherms at 77 K (Micrometrics ASAP 2020). Surface area was
estimated from the BET isotherms, and the pore size distribution was obtained by using the

density functional theory (DFT).

To perform the infrared analyzes (FTIR), the ZrOx-FeOx oxyhydroxides were dried for

12 h. Subsequently, 0.03 g of adsorbent material were analyzed using KBr pellets and
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subtracting the presence of water and CO.. For this analysis, an infrared Thertmo-Nicolet,

Nexus 470 FT-IR E.S.P was used.

The particle size and morphology of the anchored oxyhydroxides particles were
determined by scanning electron microscopy (SEM, FEI XL 30SFEG). Diffraction analyzes
were carried out using a Bruker D8 Advance diffractometer, with a time and step size of 2 s
and 0.01°, respectively, and a blank support to identify the crystalline phases of the
oxyhydroxides anchored onto activated carbon surface. X-ray diffractograms were analyzed

using the Hannawalt method.

6.2.3. Adsorption Experiments

The adsorption isotherms were performed using 30 mL of As(V) and fluoride solution
at different concentrations (1 to 20 and 0.05 to 5 mg L of F- and As, respectively), the
solution was be added in conical polypropylene tubes containing 30 mg of adsorbent
material at pH 7 and 25 °C for 24 h (pH will be adjusted with NaOH and/or 0.1 N HCI). The
arsenic concentration in the solution was determined by ICP-OES (varian 730-ES) at a
wavelength of 188.98 nm. The fluoride concentration was measured by an Orion
potentiometer coupled with a fluoride ion selective electrode. The adsorption capacity was

determined by the mass balance (section 2.2.4.1).

A standard As(V) and F solution of 2 and 10 mg L, respectively, at pH 7 was
prepared. Then, 30 mL of the stock solution was added to 13 polypropylene tubes of 50 mL
that contained 30 mg of the adsorbent material and placed at 25 °C and 120-130 rev/min in
an incubator. About 15 mL aliquot was withdrawn of each sample at different times, namely,

0.5, 1, 5, 10, 20, 40, 60, 90 and 120 minutes and the pH variation was recorded all time.

Esmeralda Vences Alvarez



Y, Chapter VI

Adsorption columns: The arsenic and fluoride adsorption was carried out in a column

7 cm high and 0.9 cm internal diameter. The activated carbon packing volume was 4x10-3
cm?. A solution was prepared with a fluorides and arsenic concentration of 10 and 0.5 mg L

L, respectively, which was passed through the adsorption column with a flow of 0.13 mL min-

1

6.3. Results and discussion
6.3.1. Evaluation of the adsorption capacity of different carbon-based adsorbent

materials.

Different activated carbons (Ac) modified with bimetallic solutions were evaluated by
hydrothermal synthesis assisted by microwave oven. The Ac were modified with bimetallic
solutions of cerium-iron, cerium-manganese, cerium-zirconium, and lanthanum-zirconium,
which were identified as follows: Ac-CeFe, Ac-CeMn, Ac-CeZr and Ac-LaZr, respectively.
The value of the maximum adsorption capacity of the adsorbent (Qmax) was obtained by
fitting the Langmuir model, which can be interpreted as monolayer coverage. Table 6.1 and
Table 6.2 show the experimental data obtained in the fluoride and arsenic adsorption
experiments, respectively, adjusted to the Langmuir and Freundlich models, based on the

correlation coefficient (R?).

Figure 6.1 shows the fluoride (Figure 6.1a) and arsenic (Figure 6.1b) adsorption
isotherms of the different adsorbent materials (Ac-CeZr, Ac-LaZr, Ac-CeFe and Ac-CeMn).
The Ac modified with CeFe showed a lower adsorption capacity for arsenic and fluoride,
with respect to the rest of the materials. This may be associated with the fact that Fe does

not have a high affinity for the fluoride ion.
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Table 6.1. Langmuir and Freundluich parameters of modified carbons in the fluoride

adsorption.
Fluoride

Samples Langmuir Freundluich

g, mg/g b R? K n R?
Ac-CeZr 11.2 1.07 0.99 5.24 0.32 0.96
Ac-LaZr 10.7 1.66 0.98 5.69 0.29 0.95
Ac-CeFe 4.9 0.33 0.92 1.49 0.39 0.88
Ac-CeMn 1.7 0.31 0.95 2.20 0.41 0.91

Table 6.2. Langmuir and Freundluich parameters of modified carbons in the arsenic

adsorption.
Arsénico
Muestra Langmuir Freundluich
g, mg/g b R? K n R2
Ac-CeZr 3.30 5.25 0.89 2.71 0.25 0.89
Ac-LaZr 3.35 4.67 0.89 2.67 0.25 0.89
Ac-CeFe 1.18 7.07 0.92 0.96 0.18 0.92
Ac-CeMn 2.66 4.89 0.98 2.08 0.29 0.98

Activated carbons modified with CeZr and LaZr showed the highest adsorption
capacity for both fluorides (11.19 and 10.67 mg g*, respectively) and arsenic (3.30 and 3.35
mg g1, respectively), being this 2.2 and 2.8 times higher, respectively, than that obtained by
Ac-CeFe. This can be attributed to the Ac-CeFe losing its efficiency in the presence of other
anions [355]. Regarding the carbon modified with CeMn, it was observed that its fluoride
and arsenic adsorption capacity was 1.6 and 2.3 times greater, respectively, than that

obtained by Ac-CeFe. The high removal of arsenic and fluorides by Ac-CeZr and Ac-LaZr is
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attributed to the fact that the union of both metallic oxyhydroxides increased the OH groups

density favoring the arsenic and fluoride capacity. Furthermore, according to research
conducted, rare earth oxides impregnated in porous materials were found to be significantly

effective in improving the fluoride selectivity and adsorption capacity [353,356,357].

| @ Ac-CeZr 3 Ac-LlaZr & Ac-CeFe A Ac-CeMn |
3.5

b)

As(V)

0'8.0 04 08 12 16 2.0
C.,mgL"

Figure 6.1. (a) Fluoride and (b) arsenic adsorption isotherms on Ac-CeZr, Ac-LaZr, Ac-
CeFe and Ac-CeMn, at pH; 7 (£ 0.2) and 25 °C. The solid line indicates the Langmuir

model.

The adsorption kinetics were performed to evaluate the fluoride (Figure 6.2a) and
arsenic (Figure 6.2b) adsorption rate, as well as the time required to reach equilibrium. The
activated carbon modified with CeMn and CeZr removed 40 and 30% of the fluoride and
arsenic initial concentration, respectively, in the first 20 minutes. The LaZr-modified Ac
removed 30 and 15% of the initial concentration of fluorides and arsenic, respectively, at the
same time. On the other hand, Ac CeFe only removed 20% of arsenic and fluoride initial

concentration. Carbonaceous materials require approximately 60 minutes to reach
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equilibrium. However, it is considered that the kinetics is fast because the F- and As (V)

initial concentration decreases up to 60 and 57%, respectively, in 2h for the Ac-CeZr, 60
and 50% for the Ac- LaZr, 48 and 50% for Ac-CeMn, and 36 and 36% for Ac-CeFe,
respectively. Arsenic species adsorption by amorphous zirconium oxide nanoparticles
require approximately 24 hours to reach equilibrium according to the study carried out by

Cui et al., 2012 [358].
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Figure 6.2. (a) Fluorides and (b) arsenic adsorption kinetics of the adsorbent materials at
pH 7, 25 °C and fluorides and arsenic initial concentration of 10 and 25 mg L,

respectively.

6.3.1.1. Surface charge and pKy’s distribution of adsorbents materials

In Figure 6.3a shows the charge distribution of Ac, Ac-CeFe, Ac-CeZr, Ac-CelLa and
Ac-CeMn. The point of zero charge (pHpzc) of the Ac (F400) was 9.0, indicating the

predominance of basic groups. When Ac was modified with cerium-iron (Ac-Fe) the pHpzc
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shifted to 7.9, while the CeMn modified carbon had a much more acidic pHpzc of 5.7. This

shift in the pHpzc is attributed to the fact that as the CeFe and CeMn are anchored on the
surface of the Ac, an increase in acidity is obtained, decreasing the pHpzc of the activated
carbon after being modified. Therefore, the reduction of the pHpzc in the modified materials
may be due to the acidic conditions that were found during the synthesis process (pH = 2 to
5), which accompanied by the large amount of chemically absorbed oxygen, favored the

formation of acid groups when oxidizing the graphitic sheets of carbon.
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Figure 6.3. (a) Point of zero charge (pHpzc) and (b) surface distribution (pKa’s) of

unmodified and modified carbons.

The Ac modified with cerium-zirconium and lanthanum-zirconium (Ac-CeZr and Ac-
Lazr) showed a pHpzc of 9.5 and 9.8, respectively, which contributes to the fact that the
pHezc reported in the literature of CeO., lanthanum hydroxide and (hydr)oxide of zirconium
is 8, 8.8 and 8.6 respectively [359—-365]. Therefore, when these oxides are anchored to the

oxygenated functional groups of Ac, the material remains basic at a pHpzc greater than 8.
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Ac-CeZr and Ac-LaZr have a greater positive charge on the pH of adsorption experiments

of arsenic and fluorides (pH = 7). These conditions are favorable for the adsorption of
fluorides, due to the electrostatic attraction between the positively charged adsorbent, the

anions F and As (V).

The metallic oxides surface is mainly constituted by surface hydroxyl groups that
determine the chemistry and reactivity of the surface [366]. Figure 6.3b shows the pKj
distribution obtained by the SAEIUS software. Ac-CeFe and Ac-CeMn showed an increase
in the phenolic groups (8 <pKa <11) with respect to Ac from 0.08 mmol g to 0.25 and 0.3
mmol g, respectively, attributed to the OH groups of the iron and cerium oxyhydroxides
anchored on the activated carbon surface. A slight increase in carboxyl groups (3 <pKa <6)
is also observed, which is attributed to the acidic conditions present during the synthesis
process. In Ac-CeZr and Ac-LaZr, a displacement of the peaks associated with carboxylic
groups is observed, because Ce, Zr and La are considered strong acids, therefore, it has
preference to from a bond with carboxylic and phenolic groups of activated carbon.
Furthermore, the OH groups concentration in Ac-LaZr and Ac-CeZr was 2 and 4 times
higher, respectively, with respect to Ac-CeFe and Ac-CeMn. These results justify the high
adsorption capacity of the CeZr and LaZr modified carbons. An important factor to consider
for obtain a highly efficient adsorbent material is that the metallic oxides have a very good
distribution on the support material surface. These studies show that a high OH groups
density results in a high adsorption capacity due to an increase in positive sites. Ac-LaZr
and Ac CeZr showed a OH groups concentration of 0.57 and 1.23 mmol g, respectively,
and a fluoride and arsenic adsorption capacity of 11.2 and 3.30 mg g* and 10.7 and 3.35
mg g?, respectively. Therefore, the OH groups concentration of Ac-CeZr was double
compared to Ac-LaZr, however the fluorides and arsenic adsorption capacity was similar.

The high OH groups density plays an important role in the arsenic and fluoride adsorption
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capacity. However, it should not be forgotten that an excess of these groups can ultimately

be detrimental to the fluoride adsorption capacity due to electrostatic repulsion between
adjacent ions (Figure 6.4) as in the case of Ac-CeZr. Due to this, to continue with the present
study, it was chosen to work with the carbon-based material, Ac-LaZr, in addition to the low

cost of lanthanum compared to cerium.
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Figure 6.4. Schematics represent of electrostatic attraction and repulsion onto adsorbent

material with high OH group density.

6.3.2. Characterization physicochemical of Ac-LaZr

SEM was performed to know the morphology and distribution of the oxyhydroxides
anchored on the adsorbent material surface. Furthermore, the changes in the vibrational
frequencies of the La (lll) and Zr (IV) bonds with functional groups on the Ac surface were

studied to elucidate the interaction of metal ions with the carbonaceous surface. XRD was
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carried out to know the crystalline phase of the oxyhydroxide present on the activated carbon

surface.

The surface morphology of Ac-LaZr is shown in Figure 6.5. The bright regions
correspond to the Zr-containing particles, confirmed by EDS analysis (45.31%). The
physicochemical characterization indicated that the carbon modified with zirconium-
lanthanum shows an agglomerated morphology of the metal in certain areas of the activated
carbon (Figure 6.5a) and the EDS analyzes indicate the null presence of lanthanum on its
surface (Figure 6.5b). The presence of Al (0.83%) was noted in the modified activated
carbon due to the main components of activated carbon, in addition to elements C (12.49%)

and O (41.46%).

3.904 b) zrL  Elemento  Wt%
3.12k C K 13
oK 41
b4 2.34k AlK 1
ZrL 45
1.56k
0.78k
Al k ZrL
' 0.00k
0.0 1.7 3.4 5.1
eV

Figure 6.5. (a) SEM and (b) EDS micrograph of LaZr-modified Ac.

N2 adsorption isotherms at 75 K for modified carbons are shown in Figure 6.6a. These
isotherms are type |, which are typical of microporous adsorbents according to the IUPAC
[275,367]. H4 type hysteresis loops were observed in both isotherms (Ac and Ac-LaZr),

which indicates that the material has porous structures in the form of sheets but very narrow,
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indicating the additional presence of micropores. This fact is common in real porous

materials since they present the combination of pores, micro and mesopores [276,277].

\

[ — Ac - - Ac-LaZr
a) / b)
0.02
9 - G 0.02
E g E‘ 0.015
o 5 0015 (| 3,
—_— 8. 001
7 2. 5
[ -_— ) ] 0.005
oo 8« 001 | E v N -
o = c E 0 <
'c(D [TENTS) 04 0808 1 121416 18 2
< E l Pore Width, nm
2 100 | S 0005 |
E £ 9y
1 A gD
g 0 1 1 1 1 O ll' v 1 ! 1 1 1 L f ‘-u = LN
0 02 04 06 038 1 0 2 4 6 8 1012141618 20
Relative Pressure, P/Po Pore Width, nm

Figure 6.6. (a) N2 adsorption isotherms at 75 °K and pore distribution of (b) micropores,

mesopores, (c) super-micropores and ultra-micropores of modified carbons.

Table 6.3 shows that the surface area of Ac was 978 m? g* and decreased 26% when
is modified with LaZr. The Ac-LaZr adsorbent material can see that the micropores and
macropores decrease 26 and 38%, respectively, with respect to AC (Figure 6.6b). This can
be attributed to the presence of the zirconium particles, which are small enough to penetrate
down to the micropores. However, Figure 4.3c can see that AC-LaZr has an increase mainly
in the ultra-micropores with a pore width between 0.6 to 0.7 nm and super-micropores with

a pore width of 0.7 to 1 nm.
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Table 6.3. Physicochemical Characterization of nonmodified and modified activated carbon.

m3g? cm3g? Nm
Muestra
Pore
SBET Vmic Vmes Vmac diameter
Ac 975 0.3509 0.2041 0.0145 2.38
Ac-LaZr 719 0.2589 0.1264 0.0111 2.25

The FTIR spectra of Ac and Ac-LaZr are shown in Figure 6.7a. Ac spectra showed low
intensity peaks around 1211 and 1126-846 cm™ that indicate the vibration of carbonyl C=0,
CO and -OH, lactones and phenolic groups, respectively. A band at 3600-3720 cm™ can be
associated with the groups of silanol (Si-OH) and adsorbed water. Due to its bituminous

origin, activated carbon F400 may contain Si, Al, and Fe in its structure.

A Graphite"‘ki" ZrO, monoclinic
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Figure 6.7. (a) FTIR and (b) XRD of the Ac and LaZr-modified Ac.
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When Ac was modified with lanthanum and zirconium, the FTIR spectra showed absorption

bands in the 460-672 cm™ region that were attributed to Zr-O and ZrOOH bonds in
coordinate complexes [357,368]. The weak band at 460 cm indicates that Zr (IV) can be
found in a monoclinic and tetragonal phase of ZrO; [369]. A weak vibration band at 1060
cm* was related to Z-O of the zirconyl groups [352]. Furthermore, a broad band centered at

1382 and 1510 cm™ was attributed to Zr-OH bonds [366,370,371].

X-ray powder diffraction was performed to identify the polymorphic phases of ZrO-
found in the FTIR and EDS analysis when the Ac was modified with lanthanum-zirconium.
Figure 6.7b shows the XRD patterns for GAC-LaZr, where two peaks at 26 angles of 26.58
and 43° correspond to monoclinic structures. The monoclinic phase is described as a
distorted fluorite structure, each Zr#* ion is coordinated triangularly by seven oxygen ions in
the foreground and tetrahedrally in the background. On the other hand, the peak
corresponding to angle 26 between 35-36.5° is attributed to tetragonal zirconia structures
[356]. In the tetragonal phase, the Zr#* ion is surrounded by eight oxygen ions, four of them

at a distance of 2.455 A and the other four at a distance of 2.064 A [372].

6.3.3. Adsorption experiments

The adsorption experiments showed that the Ac modified with LaZr, has an adsorption
capacity of 10.67 and 3.35 mg g of fluorides and arsenic, respectively. The adsorption
kinetics showed that in the first 40 minutes, 75% of the initial concentration of arsenic and
45% of the initial concentration of fluorides were removed (Figure 6.8a). Furthermore, a
100% arsenic removal efficiency was observed in the first 60 minutes, thereby reaching

equilibrium (Figure 6.8b).
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Figure 6.8. Effect of arsenic and fluoride on the adsorption capacity of GAC-LaZr.
Adsorption kinetics at pH 7 and 25 ° C. Initial concentration of (a) fluorides and (b) arsenic

of 5and 0.5 mg g, respectively, of GAC-LaZr.

On the other hand, the breaking curves show the adsorption profiles for F- and As (V)
present in the studied solution (Figure 6.9a). It was observed that the concentration of
fluorides in the effluent remained at a constant value in the first 0.14 L. This corresponds to
a fluoride adsorption efficiency of approximately 85%. After treating 0.14 L, the fluoride
concentration in the effluent began to gradually increase at a rate of 0.47 mg L™* every hour,
reaching the saturation point of the column after 0.31 L. In addition, it was observed that
arsenic did not broke into the treated volume in which the F-saturated completely. The
results of the packed bed column showed an adsorption capacity of As and F- of 38 and 270
ug g1, respectively, after having processed 0.5 L. The results indicate that the adsorbent

material has a higher affinity for arsenic than fluorides. A high arsenic and fluoride removal
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efficiencies from the water can be associated with the fact that it was worked at a pH of 7,

being lower than the pHpzc of activated carbon modified with Zr-La (9.8), where its surface
is positively charged. Fluoride is adsorbed through electrostatic interactions, this being a
much faster process than the one that occurs when adsorption is carried out through specific

sites such as arsenic.

In Figure 6.9b it was observed that the arsenic concentration in the effluent was kept
at a constant value in the first 3 L. This corresponds to an arsenic adsorption efficiency of
approximately 100%. After treating 3 L, the arsenic concentration in the effluent began to
increase gradually at a rate of 4.95 ug L™ every hour, reaching the saturation point of the
column after 10.6 L. The results obtained in this study indicate that the adsorbent material
has excellent adsorption capacity for both pollutants, especially arsenic. The high arsenic
removal capacity is due to the fact that the concentration of this pollutant is 20 times lower
than that of F-, however, even with the low As (V) concentration present in the solution, Ac-

LaZr is capable of removing 464 ug g*.

a) [—.—F ——As (V) ] b)
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Figure 6.9. (a) Breakdown curves for arsenic and fluorides in a packed bed column at pH

7 and EBCT for 10 min. (b) Breakdown curves for arsenic.
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According to the literature, when zirconium is adsorbed on carbon surfaces, Lewis

acid sites are generated [8, 9], so that the zero charge point of carbons modified with Zr
oscillates at 3.28 [373], Sin However, the presence of lanthanum favors an increase in pHpzc
on the surface of the material, in addition, an increase in the density of active sites of Ac-
LaZr (0.4346 mmol g1) can be observed in Figure 1B with respect to pristine Ac . Therefore,
ZrLa-modified Ac has a positive charge at the pH of the adsorption experiments (pH 7).
These conditions are favorable for fluoride adsorption due to the electrostatic attraction
between the positively charged adsorbent and the anionic F-. In addition, the high density
of OH groups that the material presents plays an important role in the arsenic adsorption. It
is well documented that arsenic is adsorbed onto the material by exchanging ligands with

OH groups.

6.4. Conclusions

The adsorption isotherms showed that the materials Ac-CeZr and Ac-LaZr have a high
adsorption capacity of 11.19 and 10.67 mg g%, being these more than 2 times high compared
to Ac-CeFe and Ac-CeMn. On the other hand, it was concluded that the presence of fluorides
significantly affects the arsenic adsorption capacity of Ac-CeFe. In the case of Ac-CeMn, the
presence of arsenic has a very low effect on its fluoride adsorption capacity. The adsorption
kinetics indicated that the kinetics are fast because the initial concentration of F- and As (V)
decreases to 60 and 57%, respectively, in 2h for Ac-CeZr, 60 and 50%, respectively, for Ac-
LaZr. The arsenic and fluoride adsorption capacity of activated carbon can be substantially
increased, with the anchoring of nanoparticles highly efficient in the removal of these

contaminants. The high adsorption capacities of Ac-CeZr are mainly due to the presence of
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OH groups as indicated by the charge distribution and the XPS studies. Not all materials

have high crystallinity and the presence of sulfates in Ac-CeFe and Ac-CeMn was observed,
indicating that the particles are made up of more than one crystalline phase. However, the
low crystallinity of the materials contributes to increasing the adsorption capacity of activated

carbon.

Activated carbon modified with La:Zr has been shown to have an excellent arsenic
and fluoride adsorption capacity of 4.4 and 9.3 mg g-1, respectively at an initial concentration
of 5 and 15 mg g, respectively. Furthermore, it was observed that the presence of both
contaminants does not significantly inhibit the adsorption capacity of both contaminants. The
results of the packed bed column showed an adsorption capacity of As and F- of 38 and 270
ug g1, respectively, after having processed 0.5 L. The results indicate that the adsorbent
material has a higher affinity for arsenic than fluorides. The good efficiencies in removing
arsenic and fluorides from the water can be associated with the fact that it was worked at a
pH 7, being lower than the pHPZC of activated carbon modified with Zr-La (9.8), where its
surface is positively charged and the high content of OH groups on the surface of the

material.
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CHAPTER VII

General Discussion

7.1. Final Remarks

The adsorption process has been widely used for the remove arsenic and fluoride from
water. Among the adsorbent materials used to remove arsenic and fluorides from water we
find activated carbon, biosorbents, metallic oxyhydroxides and bimetallic oxides. Iron in its
various forms (oxyhydroxide, hydroxide, goethite, hematite, and iron oxide) has been further

explored to develop efficient arsenic removal technologies.

Materials based on rare earth elements have been proposed for the removal of arsenic
and fluoride given their capacity and high specific affinity for these pollutants, of which
lanthanum (La) and cerium are typical representatives. Cerium and lanthanum are
inexpensive and relatively harmless rare earths [374]. CeO- has the ability to have a redox
cycle between its two oxidation states (Ce3* and Ce**), because cerium has a high oxygen
storage capacity and oxygen ion conductivity [375]. Generally, this property improves the
performance of transition metal catalysts used in wastewater treatment. On the other hand,
the high arsenic and fluoride capacity that has cerium is due to the presence of high affinity

of surface hydroxyl groups.

Zirconium oxide (ZrOy) is another adsorbent material that has attracted the attention
of researchers because it is non-toxic, moisturizing, and has high porosity. ZrO, is more
stable compared to other oxides such as titanium oxide [376] and aluminum oxide [377] and

it should be noted that it has a high affinity for the arsenic and fluorine species.
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Bimetallic oxyhydroxides have been designed with the oxides, in order to increase the

hydroxylated surface. The distinguishing advantage of bimetallic oxides is that they inherit
the properties of the pristine oxides that make them up. Bimetallic oxides such as Fe(lll)-Sn
(IV) [378], ZrOx-FeOx, Ce (IV) doped iron oxide [379] and Fe-Mn have shown notably
greater arsenic adsorption capacity than any of pure oxides. On the other hand, the metal
oxides of Ce-Mn, Ce-Zr and La-Zr have shown a high affinity for fluorine and arsenic.
Therefore, current research on adsorbent materials for the removal of arsenic and fluorides
has focused on designing bimetallic combinations. However, to achieve their application in
continuous systems, these bimetallic oxides have been anchored on the activated carbon
surface. Various studies have shown that activated carbon is an excellent candidate for the
bimetallic oxides anchoring on its surface. The advantages of using activated carbon as a
support are its high surface area, versatility and low cost. In addition, the oxygenated groups

of activated carbon act as active centers for crystal nucleation and growth.

A much more efficient and simple method was used to synthesize the adsorbent
materials. The microwave-assisted hydrothermal method has the advantage of performing
a more homogeneous synthesis of the particles, in comparison with other methods. The
hydrothermal-microwave method resulted in a fast nucleation rate due to more
homogeneous heating. Furthermore, particles with a homogeneous size and morphology
were obtained without forgetting that the synthesis time was much shorter compared to other

methods.

In the first instance, bimetallic oxides of ZrOx-FeOx and Ce: Fe-P's were synthesized to
remove arsenic from water. According to the characterization of the materials, Ce: Fe-P's
has an area 8 times smaller than that of FeOx-ZrOx (6 and 49 m? g1, respectively). The N»

adsorption-desorption isotherms of the materials showed type IV isotherms with a hysteresis
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of H3, which indicates that they are mesoporous materials. The morphology of the materials

shows that the Ce: Fe-P's bimetallic oxyhydroxides show a hedgehog and fibril shape, while
the ZrOx-FeOx showed a morphology of agglomerated particles and flat cube shapes. The
XRD standards for bimetallic oxide ZrOx-FeOx show the crystalline phase of ZrO, and
compounds of FeO(OH) and Fe(S04)(H20). In the case of Ce:Fe-P's, it presented a
monoclinic structure of Cez(S0.)3(H20)s and the structure of the orthorhombic compound of

Fe(S04)2H, which was confirmed by XPS studies.

The charge distribution showed that ZrOx-FeOx and Ce: Fe-P’s have a pHpzc of 7.2
and 6.8, this being similar for both materials. Furthermore, the OH groups density for both
materials were higher than that of the pristine oxides (2.4 and 14 mmol g-1 for ZrOx-FeOx
and Ce: Fe-P’s, respectively). According to these results, bimetallic oxyhydroxides have a

high potential for their application in the arsenic adsorption from water.

Regarding the adsorption capacity of both materials and according to the OH groups
density, Ce: Fe-P's shows a greater arsenic adsorption capacity (179.8 mg g*) compared to
ZrOx-FeOx (62.7 mg g?) being this approximately three times greater. The high arsenic
adsorption capacity of Ce: Fe-P's can be attributed to its morphology and the high active
groups density that it presents in its crystalline structure. On the other hand, the kinetics
shown that the arsenic adsorption on Ce: Fe-P’s is much faster than that on ZrOx-CeOx.
The Ce:Fe-P’s reaches equilibrium in the first minute, while the ZrOx-CeOx requires 40
minutes, which is attributed to the porous structure of the material and the availability of the
active sites where the adsorption process is completed. It is important to mention that when
the adsorption takes seconds, it is electrostatic adsorption. Therefore, the arsenic adsorption

on the adsorbent materials is carried out by ligand exchange, that is, by specific adsorption.
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Studies have been carried out where Ce-Fe bimetallic oxide particles have been

synthesized by various synthesis methods. Wen et al., 2015 [380] synthesized magnetic
mesoporous Ce-Fe bimetallic oxides with an adsorption capacity of 103 mg g*. Wen et al,
2020 [381] manufactured micelles of mesoporous Ce-Fe bimetallic oxides. Ce-Fe calcined
at 350 °C showed an arsenic adsorption capacity of approximately 150 mg g* at an
equilibrium concentration of 3 mg L. However, in both works the Ce-Fe adsorbent materials
required more than 10 minutes to reach equilibrium according to the adsorption kinetics.
Table 7.1 shows a comparative table of the work carried out with the bimetallic
oxyhydroxides studied in chapters Il and Ill of this research. Where it can be observed the
high advantages of both the simple method used in the production of materials, as well as
the high efficiency of the materials in removing arsenic from water, mainly the bimetallic
oxyhydroxide Ce:Fe-P’s. Although it is observed that the adsorption capacity is similar to
other materials, it is important to consider the material dose and the arsenic concentration
used to achieve the maximum capacity. A highly efficient material must be able to remove

arsenic and/or fluorides even at low concentrations.

An important aspect to consider in the application of bimetallic oxyhydroxides in
continuous systems for the contaminates remove, is how these materials will be used. It has
been reported that metal oxides can anchor on the activated carbon surface due to its high
oxygenated groups content within its structure. The oxyhydroxide of Ce:Fe-P's was
anchored on the activated carbon surface (F400), due to that presented a high arsenic
adsorption capacity. The synthesis of Ce: Fe-P's was carried out by the microwave-assisted
hydrothermal method. In this case, the activated carbon was contacted with the bimetallic
solution for 2 h at 25 °C and 120 rpm, to guarantee the ions diffusion in the carbon porous
structure, and they were synthesized at 110 °C for 30 min. The synthesis method of this

material proved to be adequate to achieve a good oxyhydroxides distribution.
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Table 7.1. Ce-Fe and Zr-Fe bimetallic oxides for the removal of Arsenic
Adsorption Ce H/
Ref. Composition Bimetallic capacity, /’ P Morfology Synthesis method
malg mg/L temperature
Yu Zhang, et o C
al.. 2003 Ce-Fe 70.4 5.020°C | - Precipitation
Basu y Agglomerate L :
Ghosh, et al., Fe203y CeO2 Ce-Fe 2.1 4.5 7.0/30 °C with irregular Precipitation aond drying at
100 °C
2013 shape
Bo Chen. et Ce-Fe- Thermostatic oven assisted
al 201’3 a-Fe203y CeO2 CTAB* 91.74 17 5.5/25 °C Circulars precipitation and calcination
N at 80 - 400 ° C) for 4 to 12.
Uttam Kumar Circular and Autoclave-assisted
Sahu, et al., FeO2y CeOz, Ce-Fe 32 30 3.0/25°C precipitation at 180 ° C for
aggregates
2016 5h
Three-
Zhipan Wen, i ) R dimensional Solvothermal with glycerol
et al., 2018 a-FeOOH Ce-Fe 164.94 50 6.0/25°C (3D) hierarchical assisted by autoclave
flower spheres
Zongming S .
Ren, et al., Ferrihidrita Zr-Fe 46.1 15 7.0/25 °C Rough and Precipitation and drying at
porous structure 65 °C
2011
Saif Al Irregular and Impregnation and calcination
Chaudhry, et Ferrihidrita 1ZBOCS 45.05 400 27 °C rreg Preg °
circular structure at 300 °C
al., 2017
Xiaomin Dou, y-FeOOH y i Amorphous ) C
etal, 2018 | (Zr(OH)4-nH20) Fe-zr 5 structure Co-precipitation
Cex(S04)e (MO)s Y | copeprs | 170781120 | 3/0.035 | 7.0a25°c | Flatshape with
E. Vences- FeOOH flowers .
Hydrothermal synthesis
Alvarez y J. Flat cube e [ it
R. Rangel- . ) shapes and asstls'.l io t g ngg)wa_ve ;)ven
e FeOOH y ZrO2 ZrOx-FeOx 62.72 5 7.0a25°C agglomerated a or 30 minutes
particles.

*CTAB = Cetyltrimethylammonium bromide surfactant
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The design of experiments showed that the molar ratio of Ce: Fe of 5:1 anchored on

the activated carbon surface obtained the highest adsorption capacity. The characterization
indicated that the AC-Ce:Fe has a acicular particles morphology, characteristic of goethite
with a particle size of 20 nm. The area of activated carbon decreased from 978 to 870 m? g
L when it was modified with the cerium-iron metallic solution, having a greater effect on the
micropores. The reduction of micropores was 24% with respect to pristine carbon, which
indicates the existence of particles with a size smaller than 2 nm capable of obstructing the
micropores (Figure 4.3b). On the other hand, the chemical characterization indicated the
absence of cerium on the activated carbon surface. The acid digestion showed that the AC-
Ce:Fe has 3.62% w of Fe being this 1.6 times higher with respect to the carbon modified
only with Fe. In addition, 0.63% w of Ce was observed on the carbon modified with Ce:Fe.
The presence of Ce®" in the modification of activated carbon can contribute to the

morphology and size of the iron particles.

The AC-Ce:Fe showed an arsenic adsorption capacity of 5.6 mg g, this being 32
times lower with respect to the adsorption capacity obtained with the Ce:Fe oxyhydroxide
particles (179.8 mg g*). This can be attributed to the presence of Ce and that the OH groups
of the bimetallic oxide are more available compared to AC-Ce:Fe. According to the
adsorption kinetics, Ce:Fe-P’s requires one minute to reach equilibrium, while AC-Ce:Fe
requires 5 hours to remove 90% of the initial arsenic concentration. On the other hand,
activated carbon modified with cerium (AC-Ce) showed an arsenic adsorption capacity of
8.52 mg g* (Figure 4.9), which is attributed to the particle size smaller than 5 nm, which
gives a greater availability of OH groups for arsenic adsorption. The exchange of ligands
between the hydroxyl groups formed on the surface of cerium oxide and the arsenic species
is responsible for the removal of arsenic. At high solution pH, deprotonation of hydroxyl

groups produces stronger electrostatic repulsion between adsorbent and arsenic. A pH of
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the solution greater than the pHpzc of the AC-Ce would affect the diffusion of arsenic towards

the adsorption sites in the adsorbent and finally would cause a more significant influence on
the removal of As (V). The presence of both metals within the carbonaceous matrix is
important since, according to the arsenic adsorption results obtained by the materials
studied in this work. The union of both metals shows a synergy in terms of adsorption
capacity. Iron, for example, has been widely studied and recognized for its great affinity for
arsenic. Cerium has numerous advantages as an adsorbent material when it is in
amorphous or hydroxylated form. CeO, shows a low adsorption capacity (3.5 mg g*) while
cerium modified carbon showed a 2.4 times higher capacity (8.52 mg g*). Li et al., 2012
[382], showed that amorphous hydrated cerium oxide has an excellent adsorption capacity
of up to 100 mg g at an equilibrium arsenic concentration of 10 mg L. In the case of our
work, crystalline cerium oxides with an octahedral structure were obtained, which drastically
reduces the formation of OH groups. However, cerium showed an affinity for arsenic. On the
other hand, an advantage of having the presence of Ce (IV) in the structure of our material
is that cerium causes the partial oxidation of As (lll) to As (V) on the adsorbent surface.

Therefore, the converted As (V) can then be more easily adsorbed [383].

On the other hand, a new carbon-based adsorbent material was synthesized for the
removal of fluorides from water. In this study, the intention was to anchor Ce-Mn
oxyhydroxides on the activated carbon surface. When modifying the activated carbon with
the bimetallic cerium-manganese solution in the same way as with the AC-Ce:Fe, only one
of the metals was anchored in the carbonaceous matrix. Recent studies have shown the
effect that some cations such as Ce3* and/or Mn?* have on the anchoring of metallic
oxyhydroxides on the activated carbon surface. The presence of Ce3* or Mn?* during
hydrothermal hydrolysis, at a specific metal cations concentration, promotes the formation

of a particular morphology. Furthermore, they can act as capping agents for particle size
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control. In the case of carbon modified with cerium-manganese. It was obtained a much

smaller particle size (10 to 20 nm) compared to carbon modified only with cerium (50 to 100
nm). The fluoride adsorption capacity of gAC-Ce:Mn was 8.31 mg g, this being less than
that obtained by cerium-modified carbon (gAC-Ce, 11.02 mg g). The results show that the
presence of Ce and Mn for the synthesis of AC-Ce:Fe and gAC-Ce:Mn, respectively, did not
have a positive influence on the removal of arsenic and fluorides, respectively. The cerium
supported in the graphitic matrix of the carbon was shown to have a high affinity and
efficiency in removing arsenic and fluorides from water. Also, pH does not have a significant
negative effect on fluoride adsorption capacity. This can be attributed to the fact that if it is
considered that the solvated Ce3* forms a non-aqueous complex with an internal sphere
Ce(H20)¢%* [323]. The addition of another water molecule in Ce(H20)¢** can alter the
coordination of its water molecules Ce(H.0)10°%*, therefore, the solvation of the species
Ce(OH).*, Ce(OH),* and Ce(OH); will form the following complexes [Ce(OH)(H.0)s]?",
[Ce(OH)2(H20);]* and [Ce(OH)s(H20)s], respectively with an coordination number of up to

10 [323].

Furthermore, the adsorption capacity of gAC-Ce could be studied in the presence of
both contaminants (As and F°). The results showed that the arsenic and fluoride adsorption
capacity of gAC-Ce was 15.8 and 16.65 mg g, respectively, while for gAC-Ce:Mn it showed
an arsenic and fluoride adsorption capacity of 8.2 and 11 mg g, respectively. Therefore, it
can be concluded that the presence of Mn does not have a positive effect on the adsorption

capacity of both pollutants (As and F-) on gAC-Ce:Mn.

Exploring another type of adsorbent, it was found that when activated carbon is
modified with a lanthanum-zirconium bimetallic solution (Ac-LaZr), it has a fluoride

adsorption capacity (10.7 mg g*) greater than that obtained by gAC-Ce:Mn (8.31 mg g?).
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Ac-LaZr was shown to be an adsorbent material with a high potential for the removal of

arsenic and fluorides with an adsorption capacity greater than that of materials above-
mentioned. This can be attributed to an increase in the positive sites of the material (0.45
mmol g*) and pHpzc, with respect to AC-Ce:Fe and gAC-Ce:Mn. Ac-LaZr exhibits a highly
fine agglomerated particle morphology. On the other hand, the EDS showed the absence of
lanthanum on the activated carbon surface. However, the monoclinic and tetragonal
presence of zirconium gives the material high potential for application in packed bed
columns. The adsorption columns showed a breaking point for fluoride and arsenic of 0.15
and 2.5 L of treated volume, respectively. The saturation point was at 0.3 and 3 L of treated
volume for arsenic and fluorides, respectively (Figure 6.9). The Fluoride and arsenic
adsorption capacities obtained in the commune were 38 and 270 ug g™, respectively. The
adsorbent material, Ac-LaZr has proven to be a widely effective material for the removal of
arsenic and fluorides. This high adsorption capacity of the material (Ac-LaZr) is attributed to
the fact that the presence of lanthanum in the synthesis process can enhance the positive
charge of the Zr ions to allow a better attraction of contaminants. Because carbon modified
with Zr has a low fluoride adsorption capacity (2.67 mg g) according to the study carried
out by Velzquez et al., 2014. To increase the fluoride adsorption capacity of the material

synthesized by these authors, added a complexing agent such as oxalic acid.

Although the adsorption capacity of the adsorbents studied through this research were
comparable to various materials tested for the removal of the same contaminants in aqueous
solutions, more research is needed to design an adsorbent that can meet the standards and
treatment settings of water. Finally, it is important to mention that the presence of a
complexing agent or other cations in the solution to synthesis of new adsorbent materials
does not guarantee an increase in the adsorption capacity. In order for both metal ions to

anchor in the crystalline structure and to have a positive effect on the adsorption capacity, it
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is necessary to investigate and evaluate new methods for the synthesis of bimetallic oxides

in the presence of activated carbon.
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Final Conclusions, perspectives, and scientific

products

8.1. Final Conclusions

The synthesis method used in this work has resulted in the generation of bimetallic
oxides from bimetallic solutions, with a morphology with a three-dimensional (3D) hierarchy
depending on the oxides mixture and an excellent selectivity to the removal of arsenic from
the water. The bimetallic oxides ZrOx-FeOx and Ce: Fe-P’s synthesized showed a high
adsorption capacity (62.7 and 179.8 mg g*) compared to the pristine oxides that make them
up. It was observed that the arsenic adsorption capacity in both adsorbent materials is not
the same, this is due to the fact that some metal oxides show a higher selectivity for arsenic,
as is the case with cerium. Furthermore, the morphology and crystalline structure of the
material are an important factor in having excellent adsorbent materials. For the
contaminants remove such as arsenic and fluoride, a material with a high OH groups density
is required. It was concluded that the pHpzc and the arsenic solution pH do not have a
significant influence on the adsorption capacity of bimetallic oxides. However, the presence
of coexisting anions affected the adsorption capacity of the ZrOx-FeOx and Ce: Fe-P's,
mainly the presence of PO.%, due to the similarity it has with As (V). The bimetallic oxides,
ZrOx-FeOx and Ce: Fe-P’s, have been shown to be potential candidates for the removal of

arsenic from water.
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However, the particle size of ZrOx-FeOx and Ce:Fe-P's limits their application in

continuous systems. Due to the above, the bimetallic oxides of Ce:Fe-P's and gAc-Ce:Mn
were anchored for the arsenic and fluorides adsorption, respectively, on the graphitic matrix
of using the same synthesis method. The results indicated that activated carbon is an
excellent candidate for use as a support for oxides, due to its high density of acid groups on
its surface. However, when synthesizing bimetallic oxides within the activated carbon
structure, only one of the oxides is anchored in the oxygenated groups, while the other acts
as a capping agent, regulating the particle size and morphology. Therefore, the arsenic
adsorption capacity of AC-Ce:Fe (5.6 mg g!) is 32 times lower compared to Ce:Fe-P's. The
fluoride adsorption capacity of gAc-Ce: Mn (8.31 mg g) is 16.8 times lower compared to
Ce:Mn-4 h (140 mg g?) reported in the literature. However, AC-Ce:Fe and gAc-Ce:Mn are
adsorbent materials with a high adsorption capacity. Comparing the As (V) and F- adsorption
capacity of various materials of bimetallic oxides anchored on the activated carbon surface,
it was observed that Ac-LaZr was one of the materials with the best adsorption capacity. Ac-
LaZr showed high selectivity for both As (V) and F- (3.4 and 11 mg g, respectively), at low
concentrations. The Ac-LaZr was applied in packed bed columns, where a higher selectivity
was observed for As (V) followed by F-. The breakdown curve showed that due to a higher
fluorides concentration, it presented a breakdown and saturation point at 0.5 and 0.3 L of
treated volume, respectively. On the other hand, the arsenic breakdown curve showed a
breakdown and saturation point at 2.5 and 3.0 L of treated volume. Ac-LaZr, showed a

continuous fluoride and arsenic adsorption capacity of 38 and 270 ug g™*.

Finally, metallic, and bimetallic oxides show to be adsorbent materials with a high potential
for the removal of pollutants from water. However, it is important to study the anchoring of
these materials on various supports, in order to find the support that allows to preserve at

least 60% of the adsorption capacity of metallic and bimetallic oxides.
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8.2. Perspectives

Arsenic and fluoride contamination is a subject that has been studied for decades due
to the serious effect that these contaminants have on human health. In order to reduce the
concentration of arsenic and fluorides within the maximum permissible limits by
governmental regulations such as WHO, EPA and NOM-MEX, various adsorbent materials
have been investigated. In this research work, bimetallic oxides synthesized by Microwave-
assisted hydrothermal synthesis were synthesized and studied. The oxides produced in this
doctoral thesis managed to exceed the adsorption capacity reported in the literature
(Chapter | and II). However, once the activated carbon was modified with the bimetallic
solutions, only one of the oxides was anchored. Therefore, in future works it is necessary to

evaluate different methods to achieve bimetallic oxide anchoring.

Another important point to consider is to delve into the anchoring mechanisms of
oxyhydroxides on the surface of activated carbon. According to the studies carried out in
this thesis, oxygenated groups play an important role in the anchoring of metallic
oxyhydroxides. The oxyhydroxides use as nucleation center the oxygens of the oxygenated
groups of activated carbon such as carboxylic and phenolic. However, to know in greater
detail which of the oxygenated groups tends to bind more easily to metal ions, the X-Ray
Absorption spectroscopy techniques as Extended X-Ray Absorption Fine Structure (EXAFS)
and X-ray should be considered. Absorption Near Edge Structure (XANES). These
techniques. The results of these techniques would help to further support the anchoring

mechanisms of oxyhydroxides on the surface of activated carbon.

Evaluate the effect of organic matter and temperature on the adsorption capacity of

bimetallic oxides and carbons modified with bimetallic solutions. The effect of organic matter

Esmeralda Vences Alvarez
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and coexisting anions should be considered in packed bed columns. In addition, to further

evaluate the effect of phosphates on the adsorption capacity of adsorbent materials.

On the other hand, study the anchoring of bimetallic oxides in polymeric supports and
natural adsorbent materials in batch and continuous systems. Finally, carry out a
pretreatment to activated carbon to increase the acid groups and thus achieve a greater
anchoring of oxyhydroxides and a higher density of OH groups. The main reason why a
carbon pretreatment must be carried out is to achieve an excellent oxyhydroxide distribution

on the carbonaceous matrix.

8.3. Scientific Products

8.3.1. List of publications

Vences-Alvarez, E., Flores-Arciniega, J.L., Flores-Zufiga, H., Rangel-Mendez, J.R. (2019).
Fluoride removal from water by ceramic oxides from cerium and manganese solutions.

Journal of Molecular Liquids, 286, 110880

Vences-Alvarez, E., Lopez-Valdivieso, A., Chazaro-Ruiz, L.F., Flores-Zufiiga, H., Rangel-
Mendez, J.R. (2020). Enhanced arsenic removal from water by a bimetallic material ZrOx-
FeOx with high OH density. Environmental Science and Pollution Research, 27, 33362—

33372

Esmeralda Vences-Alvarez, Cesar Nieto-Delgado, Jose Rene Rangel-Méndez (2020).
Charper 3. Metal Oxyhydroxide Composites for Halogens and Metalloid Removal. Green
Adsorbents to Remove Metals, Dyes and Boron from Polluted Water. Environ. Chemistry f.

Sustainable World, 49, ISBN: 978-3-030-47399-0.

Esmeralda Vences Alvarez



@ ﬁﬁigfﬂon Chapter VIII

Vences-Alvarez, E., Chazaro-Ruiz, Rangel-Mendez, J.R. (2022). New bimetallic adsorbent

material base dan cerium-iron nanoparticles highly selective and affine for arsenic(V).

Chosphere, 297,134177.

L.E. Rios-Saldafia, F. Perez-Rodriguez, E. Vences Alvarez, C. Nieto-Delgado, Rangel-
Mendez, J.R. (2022). Synthesis af a granular composite base on polyvinyl alcohol-Fe:Ce
bimetallic oxide particles for the selective adsorption of As(V) from water. Journal of Water

Process Engineering, 48, 102621.

J.R. Rangel Méndez, E. Vences Alvarez, F. Perez-Rodriguez, L.E. Rios-Saldafia.
Compuestos bimetélicos basado en Cerio y Fierro y composito polimérico para la remocion

de contaminantes del agua. IPICYT. Patente: MX/a/2019/010551.

8.3.2. Attendance to conferences

Nationals:

Carbon Science & Technology in The Fight Against COVID-19. The American Carbon

Society. Virtual Conference, 2020.

Oxihidréxidos de La-Zr soportados sobre carb6n activado para su aplicacion en columnas
de lecho empacado para remover As(V) y fluoruros del agua. 3er. Congreso de la

Asociacion Mexicana de Carbono (AMEXCARB 2019) San Luis Potosi, México, 2019.

Anclaje de oxihidroxidos bimetalicos sobre matrices grafiticas para su aplicacion en la
remocion de arsénico y fluoruros del agua. 3er. Congreso de la Asociacidon Mexicana de

Carbono (AMEXCARB 2019). San Luis Potosi, México, 2019.

VII Congreso Interdisciplinario de Posgrados. San Luis Potosi, México, 2018
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Efecto de la sustitucion de agua de pozo por agua residual tratada en la capacidad de

adsorcion de oro en carbén activado. 2do Congreso de la AMEXCarb 2017. San Luis Potosi,

México, 2017.

Columnas de lecho empacado (GAC) para la remocidn de colorantes del agua. XIV Semana

Nacional de Ciencia y Tecnologia San Luis Potosi, México, 2017.

V Congreso Interdisciplinario de Posgrado (CONIP). San Luis Potosi, México, 2016

Remocidn de fluoruros del agua mediante un adsorbente hibrido: Carbon activado-Lantano.

ler. Congreso de la Asociacion Mexicana de Carbono (AMEXCARB 2015). San Luis Potosi,

México, 2015.

Internationals:

Materiales hibridos nanoestructurados y multifuncionales como electrodos para celdas
solares. Cuarto Taller Latinoamericano del Materiales de Carbono (TLMC4), San Luis

Potosi, México, 2021.

Oxihidroxidos bimetalicos anclados en matrices grafiticas para remover arsénico y fluoruros
del agua en reactores bach y en continuo. Cuarto Taller Latinoamericano del Materiales de

Carbono (TLMC4), San Luis Potosi, México, 2021.

Effect of arsenic on the fluoride removal by a hybrid adsorbent Ce:Mn-carbon. XVI Jornadas

Cientificas de Instituto Universitario de Materiales. Alicante, Espafia, 2020
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Effect of arsenic on the fluoride removal by a hybrid adsorbent Ce:Mn-carbon. 8%

International Conference on Carbon for Energy Storage and Environment Protection

(CESEP’19). Alicante, Espana, 2019

Hydrothermal synthesis of a hybrid adsorbent Ce:Mn-Carbon for fluoride removal from
water. The World Conference on Carbon (Carbon2019). Lexington, Kentucky, United States,

2019

Material hibrido basado en oxihidréxidos bimetalicos (Ce:Fe)-GAC con capacidad elevada
para remover As(V) en agua. Tercer Taller Latinoamericano de Materiales de Carbono

(TLMC3). Mencién Honorifica. Bogota, Colombia, 2018.

Novel hybrid material adsorbent based on bimetal oxyhydroxides (Fe:Ce)-GAC for superior

As(v) removal. The World Conference on Carbon (Carbon2018). Madrid, Esparia, 2018.
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carbon surface: Speciation diagrams of the species Ce and Fe.

ANNEXES

A-1. Mechanism of formation of metallic oxyhydroxides (Ce, and Fe) on the activated
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Figure A-1.1. Speciation diagrams of Fe (lll).
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Figure A-1.2. Speciation diagrams of Fe (ll).

Esmeralda Vences Alvarez



Grupo
1 Adsorcion

7] \

012 3 456 7 8 9101112 13 14
pH

— Ce%*

— Ce(OH),

— Ce(OH),
Ce(OH),

— CeOH*

— Ce(OH)4(s)

Log Conc.

Figure A-1.3. Speciation diagrams of Ce (lll).
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Figure A-1.4. Speciation diagrams of Fe (llI), Fe (Il), Ce (lll), SOs* and N*.
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ANNEXES

A-2: Mechanism of formation of Ce and Mn oxyhydroxides on the activated carbon
surface: Speciation diagrams of the species Ce and Mn.
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Figure A-2.1. Speciation diagrams of Ce (lll).
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Figure A-2.2. Speciation diagrams of Mn (ll).
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