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Summary

This thesis is based on the development (synthesis) of different nanomaterials for
their application as adsorbent materials for the removal of pollutants from water
(inorganic anions, heavy metals and pesticides) and for the adsorption of methane gas. The
development of the different materials has been based on an extensive bibliographical
search of the state of the art of the materials currently used for this application, and it has
been tried to improve the efficiency of the process by using nanomaterials. Thus, magnetic
(magnetite) nanoparticles are synthesized by different methods. These are functionalized
with organic groups to adapt and/or improve their adsorption function or stabilize in
supports (polymers, zeolites, sponges, etc.) to improve their application on a real scale. In
addition, a new method for the formation of core-shell nanoparticles with a magnetite core
is developed. All the synthesized nanomaterials have been characterized in depth, using the
most advanced techniques for the characterization of nanomaterials. Techniques such as
electron microscopy, X-ray diffraction, among others, allow to know the characteristics
and properties of the materials (size, dispersion, crystallinity, structure, etc.) and thus
conclude their contribution to the efficiency of their application with adsorbent material.

As for the contaminants in water, the work focuses on fluoride, phosphates, nitrates,
cadmium, nickel and pesticides, obtaining outstanding results for the nanoparticles of Ce-
Ti @Fe30..

In the case of gas treatment, on the one hand has developed a new nanomaterial
based on magnetic nanoparticles stabilized in polyurethane sponges which present
interesting results for the adsorption of methane and great applicability on a real scale. In
addition, we have collaborated with the Institut Catala de Nanotecnologia for the
applicability of Metal Organic Frameworks in the oxidation of CO.

Another application that has been given to magnetic nanoparticles has been its use
to separate algae from wastewater treatment processes, in order to substitute the current
sedimentation processes.

With all this, the thesis offers a range of nanomaterials for different uses in
environmental engineering, with the possibility of investigating and developing on its
applicability on a large scale. To this end, different solutions are provided for the
improvement of the environment.






Resum

Aquesta tesi es basa en el desenvolupament (sintesi) de diferents nanomaterials per
a la seva aplicacio com a materials adsorbents per a I'eliminacié de contaminants en aigua
(anions inorganics, metalls pesats i pesticides) i per l'adsorcio de gas meta. El
desenvolupament dels diferents materials s'ha basat en una extensa recerca bibliografica
de I'estat de I'art dels materials utilitzats actualment per a aquesta aplicacio, i s'ha tractat
de millorar I'eficiencia del procés mitjancant I'is de nanomaterials. Amb aquest objectiu
s han sintetitzat materials magnétics per diferents metodes. En alguns casos, aquests han
estat funcionalitzats amb grups organics per adaptar i/o millorar la seva funcié d'adsorcio
o estabilitzar-los en suports (polimers, zeolites, esponges, etc.) per millorar la seva
aplicacid a una escala real en un futur. A més, es va desenvolupar un nou métode per a la
formacio de nanoparticules core-shell amb un nucli de magnetita. Tots els nanomaterials
sintetitzats s'han caracteritzat en profunditat, utilitzant les tecniques més avancades per a
la caracteritzacio dels nanomaterials. Tecniques com ara la microscopia electronica,
difraccio de raigs X, entre d'altres, permeten conéixer les caracteristiques i propietats dels
materials (mida, dispersio, estructura cristal-lina, etc.) i per tant concloure la seva
contribucio a I'eficacia de cada un dels materials adsorbents.

Pel que fa als contaminants en aigua, el treball se centra en el fluorur, el fosfat, el
nitrat, els metalls cadmi i niquel i pesticides, destacant I'obtenci6 de resultats excepcionals
per a les nanoparticules de Ce-Ti@Fe30a.

En el cas de tractament de gas, per una banda s'ha desenvolupat un nou
nanomaterial basat en nanoparticules magnetiques estabilitzades en esponges de poliureta
gue ha presentat resultats interessants per a l'adsorcié de meta. A més, s'ha col-laborat
amb la Institut Catala de Nanotecnologia per a I'aplicabilitat dels Metal Organic
Frameworks en I'oxidacié de CO.

Una altra aplicacié que s'ha donat a les nanoparticules magnetiques ha estat la

seva utilitzacio en la separacio de algues procedents de processos de tractament d’aigiies,
per tal de substituir el procés actual de decantacio.
Amb tot aixo, la tesi ofereix una gamma de nanomaterials per a diferents usos en
enginyeria ambiental, amb la possibilitat d'investigar i desenvolupar en la seva
aplicabilitat a gran escala. Amb aquesta finalitat, es proporcionen diferents solucions per
a la millora del medi ambient.
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Resumen

Esta tesis se basa en el desarrollo (sintesis) de diferentes nanomateriales para su
aplicacion como materiales adsorbentes para la eliminacion de contaminantes en aguas
(aniones inorgénicos, metales pesados y pesticidas) y para la adsorcion de gas metano. El
desarrollo de los diferentes materiales se ha basado en una extensa busqueda bibliogréafica
del estado del arte de los materiales actualmente usados para dicha aplicacion y, se ha
intentado mejorar la eficiencia del proceso mediante el uso de nanomateriales. Asi, se
sintetizan nanoparticulas magnéticas (de magnetita) mediante diferentes métodos. Estas, se
funcionalizan con grupos organicos para adaptar y/o mejorar su funcién de adsorcion o
bien, se estabilizan en soportes (polimeros, zeolitas, esponjas, etc) para mejorar su
aplicacion a escala real. Ademas, se desarrolla un nuevo método para la formacion de
nanoparticulas core-shell con un nucleo de magnetita. Todos los nanomateriales
sintetizados han sido caracterizados en profundidad, utilizando las técnicas mas avanzadas
para su caracterizacion. Técnicas como microscopia electronica, difraccion de rayos X,
entre otras, permiten conocer las caracteristicas y propiedades de los materiales (tamafio,
dispersién, cristalinidad, estructura, etc.) y asi concluir su aportacion a la eficiencia de su
aplicacion como material adsorbente.

En cuanto a los contaminantes en agua, el trabajo se centra en fluoruros, fosfatos,
nitratos, los metales cadmio y niquel y pesticidas, obteniéndose resultados destacado para
las nanoparticulas de Ce-Ti@Fe30a.

En el caso de tratamiento de gases, por un lado, se ha desarrollado un nuevo
nanomaterial basado en nanoparticulas magnéticas estabilizadas en esponjas de
poliuretano las cuales presentan resultados interesantes para la adsorcion de metano.
Ademas, se ha colaborado con el Institut Catala de Nanotecnologia para la aplicabilidad
de Metal Organic Framework en la oxidacion del CO.

Otra de las aplicaciones que se ha dado a las nanoparticulas magnéticas ha sido su
utilizacion en la separacion de algas procedentes de procesos de tratamiento de aguas
residuales, con el objetivo de sustituir el actual proceso de decantacion.

Con todo esto, la tesis ofrece un abanico de nanomateriales para diferentes usos en
ingenieria medioambiental, con la posibilidad de investigar y desarrollar sobre su futura
aplicabilidad a escala real. Con este fin, se aportan distintas soluciones para la mejora del
medio ambiente.
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1.1.World challenges for environmental pollution

The use and cost of energy affects each of us every day of our lives. Many issues
arise from the use of energy: greenhouse gas emissions, acid rain, climate change,
dependency on depleting supplies of fossil fuels, especially from politically unstable
regions of the world. Today, 80% of the world's electrical production comes from fossil and
nuclear fuels, and virtually all transportation is fueled by liquid petroleum (gasoline) [1].
The World Energy Council projects primary energy demand will triple by 2050, as
population grows to 8-9 billion and developing nations elevate living standards. The fossil
fuels are nonrenewable and are destined to run out, so economies will be forced to change
as these fuels are depleted. Rich nations will be insulated a bit longer, yet scarcity will
surely create geopolitical tensions. The emissions from the burning of fossil and nuclear
fuels create atmospheric, water, and land pollution and toxic waste. The United Nations
Intergovernmental Panel on Climate Change (IPCC) says this combustion is causing a
discernible change of the global weather and climate patterns that will affect all humanity
in decades to come [2].

Then, one of the issues that the planet is facing recently is the environmental
pollution, increasing with each passing year and inflicting grave and irreparable injury to
the world. Air, water, and soil are the basic kinds of the environmental pollution [3]. Hence,
environmental pollution is a subject of increasing worldwide public health concern. For
instance, all living organisms need water to survive. And, a direct impact on humans has
been observed when the polluted water poisons the plants and animals. The main causes of
water pollution are sewage, industrial wastes, oil spills and the use of pesticides in
agriculture [4].

Air, like other components of the environment such as water, and soil, was created
clean. However, decline of the air quality has been observed by the human activities.
Terrible consequences to health and safety of humans, animals and plants occur when there
is a release of substances or pollutants to air due to those activities. Air pollution is
responsible for adverse environmental effects such as acid rain, smog and greenhouse

gases. Exhaust gases from engines of vehicles and planes are one of the major causes of air
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pollution. They are operated by burning fossil fuels such as gasoline, diesel, natural gas,
and jet fuels. Therefore, the exhausted gases are generated and discharged to the
environment through the exhaust pipes of the vehicles/ planes. Several substances come
from those exhausts such as; water vapor; nitrogen; carbon dioxide; some hydrocarbons
from un-burnt fossil fuels; carbon monoxide from incomplete fuel combustion; nitrous
oxide; ozone; and some tiny solid particles (atmospheric particulate matter, PM) [5].

Moreover, soil contamination as part of land degradation is caused by the presence
of chemicals (human-made) or other alteration in the nature soil environment. The most
common chemicals involved are petroleum hydrocarbons, polynuclear aromatic
hydrocarbons (such as naphthalene and benzo(a)pyrene), solvents, pesticides, lead, and
other heavy metals. Contamination is correlated with the degree of industrialization and
intensity of chemical usage [6]. The concern over soil contamination stems primarily from
health risks, from direct contact with the contaminated soil, vapors from the contaminants,
and from secondary contamination of water supplies within and underlying the soil.

Herein, this work focus, mainly, on water and air remediation by the development
of novel technologies. In addition, due to the need of alternative source of energy, this work
also includes a starting research on the harvesting of microalgae from wastewater treatment

as source of biogas production.

1.2.Water pollution and remediation

Water is one of the four essential elements of life [7, 8]. As a result of the tremendous
increase in the population, industrialization, and other environmental impacts, the
contamination of water became a serious problem overall the world [9, 10]. In addition,
large amount of wastewater had been generated due to the enormous demand of fresh water
in the field of agriculture, domestic, and industrial sectors. Hence, 70 %, 8 %, and 22 %
decrease of the fresh water occurred by supplying the previous sectors, respectively, and
increase of the pollutants in the wastewater produced [11]. Various pollutants have been

registered as water hazardous such as organic, inorganic, and biological contaminants [12].
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For this reason, the water will not be safe for drinking due to the harmful effects on the
human beings [13, 14]. To that end, water decontamination is a critical issue to decrease
and eliminate the side effects of those pollutants as well as to compensate the clean water

demand due to the growth of populations.
1.2.1. Contaminants of emerging concerns

The contaminants of emerging concerns (CECs) are chemical compounds which
have been in the environment for a while, but for which concerns are recently recognized as
significant water pollutants [15]. The CECs are natural or synthetically occurring
substances not commonly monitored in the environment and having known or suspected
undesirable effects on humans and the ecosystem [16]. Various contaminants are emergent,
well known and need to eliminate from water. Encompassed by nutrients, fluoride, heavy
metals, pharmaceutical, personal care products, pesticides, and microbial pollutants that
have diverse effects on the human health [17]. This section describes the occurrence and
adverse effects of fluoride, nutrients, heavy metals, persistent organic pollutants, and

microalgae in water.

Fluoride

Fluoride is an essential element for human beings and ranks 13" in the abundance
of the element sand that constitutes about 0.1% of the Earth’s crust [18]. A beneficial effect
to the human body is produced when the fluoride was ingested with the permissible limit
for the maintenance of the healthy bone, in addition to the calcification of dental enamel
[19]. Because fluoride can enter the human body through drinking water, food, industrial
exposure, cosmetics, drugs, etc. [20], is one of the major inorganic contaminants in the
world. Adverse effects due to the excessive of fluoride can lead to various diseases [21, 22]
as such as dental and skeletal fluorosis [23]. Moreover, fluorosis is endemic in several parts
of the world, particularly India, and China are the worst affected [24].

The fluoride contaminant could be found in groundwater, surface water, and

industrial wastewater discharges. High concentration level of fluoride in ground water
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could be attributed to the deposition of natural minerals, such as fluorite in the earth, and
discharges from the industrial facilities [25-30]. Hence, World Health Organization (WHO)
sets the maximum contaminated level (MCL) of fluoride in drinking water to be 1.5 mg/L
[31]. Accordingly, great challenge and various technologies have been used to maintain the
fluoride level below the MCL (as it is described in Section 1.2.2).

Nutrients

Nutrients, such as nitrogen and phosphorus, are essential for plant and animal
growth and nourishment, but the overabundance of certain nutrients in water can cause
several adverse health and ecological effects [32]. Harmful effects of eutrophication, a
reduction in dissolved oxygen in water bodies caused by an increase of mineral and organic
nutrients, to many lakes and surface waters could occur due to the excessive release of
nitrate and phosphate [33]. Thus, these contaminants are among the most problematic
pollutants which highly affect the water all around the world.

Phosphorus is found as phosphate (PO4>) in nature and present as orthophosphate,
polyphosphate and organic phosphate in water. Orthophosphates are usually applied to
agricultural or residential land as fertilizer which will then be carried into surface waters
with storm runoff and melting snow. In addition, phosphates can also be found in various
consumer products such as baking powders, toothpastes, cured meats, evaporated milk, soft
drinks, processed cheeses, pharmaceuticals and water softeners. Besides, phosphates are
also found abundant in the wastewater from laundering agents for examples shampoo and
detergents [34]. Additionally, phosphorus is also a constituent of extremely toxic
compounds, such as orthophosphate insecticides and military poison nerve gases [35].
Also, phosphorus is essential for food production that the human needs where it is a
common constituent of manure, and organic wastes in sewage and industrial effluent [32,
36]. Phosphorus tends to attach to soil particles and, thus, moves into surface-water bodies
from runoff. Besides, the phosphine compound which is a toxic gas can be formed from the
interaction of the white phosphorus with water, and then moved into air. Additionally, the
white phosphorus in the contaminated water could built up in the fishes bodies, which will

be harmful to the human body [37]. Adverse effects to the human body could be liver, heart
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or kidney damage, stomach cramps, vomiting, drowsiness, and even death due to the
consumption of high concentration of phosphorus by drinking or eating [38]. Owing to
these adverse effects of phosphate, the Environmental Protection Agency (EPA) set a MCL
of phosphate in drinking water as 0.15 mg PO43-P/L [39]. Various technologies have been
reported for phosphate removal from water such precipitation, reverse osmosis, adsorption,
and biological methods (further information in Section 1.2.2).

Besides to phosphorus, nitrogen, in the forms of nitrate, nitrite or ammonium/
ammonia, is also a nutrient needed for plant growth. In general, about 78 % of the air that
we breathe is composed of the nitrogen (N2) gas molecule which is very stable and readily
being broken down into nitrates and nitrites in the atmosphere. Therefore, increasing of
nutrients level in water could occurred due to the high concentrations of phosphates and
nitrates in wastewater effluents and from agricultural runoff. Subsequently, the algal
blooms disrupt the normal aquatic ecosystem functioning. The huge population of algae
will use up all the dissolved oxygen in the water, unable any flora and fauna to live.
Besides, the massive lumps of algae also block sunlight from penetrate through the water
for the photosynthesis of aquatic plants. This is called the eutrophication phenomenon. In
terms of high turbidity, low dissolved oxygen concentration, unpleasant odor and bad
flavor, the eutrophication will deteriorate the water quality [40]. Besides decreasing the
water quality, the eutrophication will significantly increase the cost of surface water
treatment. The worst thing of all is that the excess weed and algae growth will contaminate
our drinking water which affect human’s health. In addition to the adverse effects to the
aquatic plants, growth of algae, fish and animals due to the high concentration of nitrate in
water resources, hazardous effects could be happened to human such as infant
methemoglobinemia, blue baby syndrome due to the reduction of nitrate into nitrite inside
the stomach of the pregnant woman, higher affinity to hemoglobin will bind to it and form
methemoglobinemia which is unable to combine with oxygen, and also teratogenic effects
[41-43]. Also, gastric cancer was proved when nitrate compounds are reduced inside the
stomach to nitrosamines [44, 45]. Thus, the Environmental Protection Agency (EPA) set a
MCL of nitrate as 44 mg NOs/L [46], while the World health organization, WHO, put a
regulate in drinking water as 50 mg NOsz/L [31]. Since nitrate is a stable and highly soluble
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ion which makes it difficult to remove using conventional water treatment methods such as

precipitation [47].

Heavy metals

Heavy metal pollution has become a greatly worldwide environmental problem
[48]. Due to the amount of heavy metal ions used in different industrial activities are
keeping pace with the rapid spreading chemical manufacturing [49]. Discharge of heavy
metals from industrial, municipal, agricultural and domestic wastewater has become a
serious threat for the ecosystem. The heavy metals such as lead, cadmium, nickel, mercury,
zinc, chromium, cobalt, arsenic, and selenium, are the major contaminants to concern for
removal from water due to its toxicity, persistency and are easily enriched at organisms
through the food chain [50]. Contamination of water by heavy metals could occur through
refineries, sludge disposal, mining operations, manufacturing industries such as paints,
electronic and electrical devices, batteries, fertilizers, and pesticides. Their presence in
water may pose serious threats to all forms of life, because they may be mutagenic and
carcinogenic. Their presence above prescribed limits in body can cause severe damages to
vital organs of the body, such as kidney, liver and brain, reproductive and nervous system
[51]. Upon of the previously mentioned heavy metals, cadmium pollutant in water may
arise from mining wastes and industrial discharges, especially from metal plating [35].
Adverse effects of cadmium to human body could be high blood pressure, kidney damage,
damage to testicular tissue, and destruction of red blood cells [52]. Therefore, the WHO set
a MCL of cadmium in water to be 0.005 mg/L [53]. Furthermore, groundwater and surface
water sometimes contain substances that do not occur frequently in such water such as
nickel, iron, and manganese. For example, nickel can be found in minerals usually with
sulfur and antimony. Anthropogenic sources of nickel include mainly wastewater from
metal surface treatment and wastewater from color metallurgy. Also, it is used in ceramic
and glass making industries, some chemical syntheses as a catalyst, and nickel-plated parts
of equipment that can in touch with water. Adverse effects of nickel to human body was
reported as carcinogenic [54]. Pollution of nickel is considered when the concentration
exceeds 0.04 mg/L, 0.10 mg/L, 0.5 mg/L, 0.80 mg/L, and 0.02 mg/L for surface water,
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industrial wastewater discharged into municipal sewerage systems, -electro-technical
operations, water discharged from metal surface treatment, and drinking water [55, 56].
Variety of methods have been explored for the removal of heavy metals such as ion
exchange, lime coagulation, evaporation, reverse osmosis, electrochemical treatment,
solvent extraction, chemical precipitation and filtration, and redox reactions. However,
these methods were reported as expensive, high operational costs and inadequate due to the
low removal efficiency. Besides of these removal techniques, the adsorption method is the
most convenient due to its ease of operations and high adsorption capacity for heavy metals
[57] (Section 1.2.2).

Persistent organic pollutants

The persistent organic pollutants (POPs), are organic compounds that are resistant
to environmental degradation through chemical, biological and photolytic processes. They
are used as pesticides, pharmaceuticals, solvents, and industrial chemicals. POPs
accumulate in the environment due to their persistence [58, 59]. There are four main classes
of pesticides as organochlorines (OCs), organophosphates (OPs), carbamates, and
substituted urea. The OC pesticides, insecticides, are hydrocarbons functionalized with
chloride groups, used in agriculture and mosquito control [60] whilethe OPs are the basis
of many insecticides, herbicides, and nerve agents. Among the diverse types of pesticides,
such as fungicides, acaricides, nematicides, and rodenticides, the insecticides and
herbicides are the most widely used. Moreover, insecticides and fungicides are the most
important pesticides with respect to human exposure in food because they are applied
shortly before or even after harvesting. Herbicide production has increased as chemicals
have increasingly replaced cultivation of land in the control of weeds and now accounts for
most agricultural pesticides. The potential exists for large quantities of pesticides to enter
water either directly, in applications such as mosquito control or indirectly, primarily from

drainage of agricultural lands [35].
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Microalgae

In recent years, algae pollution has become a global issue [61]. The occurrence of
harmful algal bloom in water source has posed a serious water safety problem to local
water supply systems (Figure 1.1). Several problems could occur using the conventional
water treatment such as bad taste and odors, formation of disinfection by-products such as
trihalomethanes (THMs) and chloroacetic acids, and clogging of filter beds due to the algal
bloom in water reservoir [62]. Therefore, the algal bloom is directly endangering human
and biological health [63]. In addition, the blue—green algae contain toxins and secrete
mucus, resulting in the emergence of flocculation in the distribution pipeline network.
THM parent could be formed by conversion those secretions. Unfortunately, this THM
could make the removal process of algae from water very difficult, also it causes the growth
of algae in the eutrophic water. So, the blue-green algae, and other freshwater algae are
among diverse types microbiological contaminants in drinking water [64]. Besides, a lot of
researches in the recent years are performed to remove the algae and the algae toxins due to
the quick propagation of algae and the great damage that cause to water quality [65]. The
most common methods used for algae removal from water are physical process such as
filtration and barriers, biological process such as slow sand filters or activated sludge,
chemical process such as coagulation, flocculation and chlorination, and the
electromagnetic radiation such as ultraviolet light [66-68]. However, the chemical algae
removal methods are considered as cost-effective and user-friendly. The addition of
oxidants, such as chlorine, ozone, permanganate in the pretreatment step of the chemical
coagulation process, enhances the algae removal. The major disadvantages of chlorine pre-
oxidants are the harmful by-products produced as THMs and haloacetic acids (HAAS).
Moreover, disadvantages of the peroxidation with permanganate are the promotion of the
aggregation of algae cells, and the adsorption of the reducing products of MnO: into algae
flocs [69].
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Figure 1.1. Microlage from sewage wastewater treatment plant [70].

1.2.2. Remediation techniques

Various techniques have been developed and applied in the last decades for water
and wastewater treatments including the mentioned contaminants. The most common
physic-chemical methods for remediation are precipitation, electrodialysis, flotation,
biological process, electrolysis, sedimentation and gravity separation, electrocoagulation,
reverse osmosis, adsorption, ion exchange, etc. Among them, the chemical precipitation is
the most widely used method to remove the pollutants such as metals, phosphate, fluoride,
etc. by adding precipitating agent of metal salts into water [71]. During the wastewater
treatment using the chemical precipitation method, the pollutants of inorganic anions are
interacted with the added divalent or trivalent metal salt (such as calcium, aluminum, or
iron) at several stages to form an insoluble metal anion precipitate at fixed pH, for example
metal phosphate that is settled out by sedimentation [72]. Disadvantages of the water
treatments by using the chemical precipitation method are the high production of sludge
which is environmentally unfriendly, as well as the complexity of the process.
Electrocoagulation is another common method used for water, and wastewater treatments.
This technique involves the application of electric current to the sacrificial electrodes,

mostly iron and aluminum, resulting in coagulation of colloidal contaminants and



General Introduction

production of gas bubbles [73, 74]. There are three main stages in this process; (1)
coagulants formation which is due to the anode electrical oxidation, (2) destabilization of
pollutants and suspended substances in addition to emulsion breaking and (3) flocculation
of unstable particles [75, 76]. Although there are advantages by using this method such as
low sludge production, low concentration of the secondary pollution, disadvantages of this
method are the highest cost due to usage of great amount of electricity, anode passivation,
and lacking system for the electrocoagulation reactor design and operation [77, 78].
Furthermore, the biological treatment is an integral part of any wastewater treatment plant
that treats wastewater from either municipality or industry [79]. The biological treatment
could be aerobic or anaerobic. Aerobic activated sludge process has been in practice over a
century. Both are directly related to the type of bacteria or microorganisms that are
involved in the degradation of organic impurities in a given wastewater and the operating
conditions of the bioreactor. However, drawbacks of this process are the production of
excess amount of sludge, high cost, and requires technically skilled manpower for operation
and maintenance [80]. A comparison of the adsorption method was carried out with other
water treatment technologies.

The order of cost effectiveness is adsorption > evaporation > aerobic > anaerobic >
ion exchange > electrodialysis > micro- and ultra-filtration > reverse osmosis >
precipitation > distillation > oxidation > solvent extraction [11]. The detail about the

adsorption technique will be discussed in the following section.

1.2.3. Adsorption method

Adsorption is a phase transfer process that is widely used in practice to remove
substances from fluid phases (gases or liquids) [81]. As shown in Figure 1.2, in adsorption
theory, the adsorbent refers to the solid material that provides the surface for adsorption,

while adsorbate points out to the pollutants that will be adsorbed.
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Figure 1.2. Basic terms of adsorption theory.

The chemisorption and physical adsorption are the two main types of adsorption. In
the physical adsorption process, there is a physical attraction of the dissolved species to the
surface of the adsorbent. Physical adsorption is non-site-specific, reversible, and occurred
closed to the room temperature. On the contrary, in the chemisorption process, the
dissolved pollutants are concentrated on the surface of the adsorbent by chemical reaction.
This reaction could be occurred by the formation of ionic or covalent bonds. In the contrary
of the physical adsorption, the chemisorption is irreversible and site specific.

The adsorption process, in general, could be divided into three steps:
(i) External mass transfer of solute molecules from bulk solution to the sorbent
particle surface by diffusion or turbulent movement,
(if) diffusion within particle internal structure to transport adsorbate molecules to the
available adsorption sites of adsorbents surface, and
(iii) rapid uptake
At the end of the adsorption process, the seesaw behavior phenomenon appears which is
important for the equilibrium system. This phenomenon bases on the fact that some of the

solutes adsorb to the adsorbent and at the same time others will be desorbed until the
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achievement of the equilibrium state. In case of physical adsorption process in aqueous
solution, there are three types of interactions; (1) adsorbate-water interactions, (2) adsorbate
—surface interactions and (3) water-surface interactions. The adsorbate-water, and water-
surface interactions are related to the solubility of the adsorbate, while the adsorbate-
surface interactions are determined by the surface chemistry.
The adsorption process could be explained by one of the following mechanisms to
understand the type of interaction between the adsorbate and adsorbent:

(i) Van der Waals forces (outer-sphere surface complexation),

(ii) ion exchange (outer-sphere surface complexation),

(iii) hydrogen bonding (inner-sphere surface complexation),

(iv) ligand exchange (inner-sphere surface complexation),

(v) surface precipitation,

(vi) diffusion and

(vii) chemical modification of the adsorbent surface.

The van der Waals and ion exchange mechanisms are most relevant for adsorption
of inorganic anions, and heavy metals, for instance, for nitrate adsorption by weak physical
adsorption. While, the ligand exchange, precipitation, diffusion and the hydrogen bonding
mechanisms are more specific to phosphate and fluoride. Also, the formation of surface
metal complex could be proposed to the heavy metals removal mechanism [82]. The
chemical modification of the adsorbent surface mechanism could occur for any anion which
it is conducted to both specific and non-specific adsorption [83-85].

For instance, the adsorption process is the most effective and cheapest method for
fluoride removal from water due to its ease of operation, convenience, simplicity of design
[86-90]. In general, one of the three mechanisms could be used to explain the adsorption of
fluoride [91]:

(i) External mass transfer, where a diffusion or transport of fluoride ions to the external
surface of the adsorbent from bulk solution takes place across the boundary layer
surrounding,

(i) adsorption of fluoride ions on to particle surfaces, and
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(iii) intra particle diffusion, where the adsorbed fluoride ions exchanged with the
structural elements inside adsorbent particles.

In the case of phosphates, the adsorption method is the cost-effective method for the
treatment of water and wastewaters that contain high level of phosphates [92-94]. Useful
information on the adsorption optimization process could be provided by understanding the
mechanism of interaction (1-7).

The type of the adsorption mechanism depends on the physical and chemical characteristics
of the sorbent and the environmental/operational conditions [84].

Various parameters could affect the adsorption process:

(i) The characteristics of the adsorbent: surface charge, surface area, particle size, pore
structure,

(ii) the characteristics of the adsorbate: solubility, molecular structure, ionic or neutral
nature,

(iii) the characteristics of the solution: pH, ionic strength, temperature, presence of
other anions, and

(iv) duration of adsorption.

The maximum amount of adsorption is proportional to the amount of surface area
on the surface and within the pores of the adsorbents that is accessible to the adsorbate.
Where, the two crucial factors that determine the approachability of the sites for adsorbates
and the number of adsorption sites are the surface area and the pore size. When the pores of
the adsorbent are smaller, larger surface area available for adsorption. Therefore, inverse
relationship is between the surface area and pore size.

Also, the adsorption equilibrium is one of the main elements for the adsorption
theory because it describes the dependence of the adsorbed amount on the adsorbate
concentration and the temperature. At constant temperature during the adsorption process,
the equilibrium relationship is expressed in the form of the adsorption isotherm.

Various adsorption parameters could be estimated by applying different isotherm models.
Among of them, Langmuir, Freundlich, Dubinin—Radushkevich, Redlich—Peterson, Radke—
Prausnitz, and Brunauer—Emmett—Teller are the well-known isotherm models used to

explain the adsorption studies [95]. Moreover, adsorption is considered as one of the
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suitable techniques for water treatments, due to its ease of operation, low cost and the
availability of a wide range of adsorbents. Besides, various contaminants could be removed
by using adsorption method. In addition, reclamation for potable, and industrial waters
could be performed using adsorption technique. However, the lack of suitable adsorbents
with high adsorption capacity that can be used on large scale columns, and the
inapplicability of single adsorbent to remove all kinds of pollutants act as drawbacks of this
method and need a great challenge to overcome [11].

Because of a lot of studied work in recent year for water decontamination using
adsorption method to eliminate pollutants in a batch mode process, adsorption method will
be a great water treatment technology in the near future [96]. Various adsorbents (including
nanomaterials) have been used and evaluated for contaminants removal from water (as
described in Section 1.5.5).

1.3.Air pollution and treatments

1.3.1. Air pollution

Greenhouse gases (GHGs) emissions play an important role in regulating the Earth
surface temperature. Humans are increasingly influencing the climate and the earth's
temperature by burning fossil fuels, cutting down rainforests and farming livestock. This
adds enormous amounts of greenhouse gases to those naturally occurring in the
atmosphere, increasing the greenhouse effect and global warming. Therefore, nowadays
overall the world suffers a big problem due to the high concentration of the GHGs. The
GHGs are methane, CHas, carbon dioxide, CO, nitrous oxide, N2O, hydrofluorocarbons
HFCs, perfluorocarbons, PFCs, and sulfur hexafluorocarbon (FeC). The GHGs that are
most abundantly emitted today are CO, and CH4 by human activities. According to the
European commission, the CO: is responsible for 64 % of man-made global warming, and
its concentration in the atmosphere is currently 40% higher than it was when
industrialization began. Followed by the CHa, which is responsible for 17 % of man-made
global warming. Besides, other GHG that is emitted in a small quantity is N2O, and its

responsible for 6 % of man-made global warming. Causes for rising emission are;
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o Carbon dioxide and nitrous oxide produced from burning coal, oil and gas.

e Cutting down forests where trees help to regulate the climate by absorbing CO>
from the atmosphere. So instead of storing the carbon in the trees, it is released to
the atmosphere, adding to the greenhouse effect.

e Increasing livestock farming. Cows and sheep produce large amounts of methane
when they digest their food.

« Nitrous oxide emissions are produced from the fertilizers containing nitrogen.

» Fluorinated gases produce a very strong warming effect, up to 23 000 times greater
than CO.. Fortunately, small quantities of those gases are released.

CO is produced in many industrial processes (i.e. fossil fuel power plants) including
new prospective areas, such as the purification of hydrogen from biomass. Fossil fuel
power plants are the largest point sources of CO2 emissions (40% of total CO2 emissions)
[97]; thus, they are the main targets for imminent CO2 reduction [98, 99]. The most
convenient path towards lower CO> concentrations in the atmosphere would be to strongly
reduce CO2 emissions through cleaner and more environmentally friendly industrial
processes. However, it is not expected that this can be achieved in the imminent future
[100]. Several options exist to reduce CO. emissions, such as demand-side conservation,
supply-side efficiency improvement, increasing dependence on nuclear and renewable
energy, and implementation of Carbon Capture and Storage (CCS) systems [97, 100-102].

The CO- capture is preferred to be applied directly on-site, since the capture materials
and technologies have demonstrated better performances at high CO2 concentrations rather
than at atmospheric levels (400 ppm in 2014, Mauna Loa Observatory) [103]. Hence, as
COz is the most important gas in terms of amounts emitted, it has been widely studied.

Moreover, atmospheric concentrations of CH4 (~1,800 ppb) are currently much higher
than those in preindustrial levels (~680-715 ppb) [104]. Anthropogenic CHs emissions
account for 50-65% of the global CH4 budget of ~395-427 TgC -y (526-569 Tg CHa)
[105]. It is estimated that the principal CH4 anthropogenic sources are [106];

M Livestock (enteric fermentation and manure management),

(i) natural gas production and distribution,
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(iii)  landfills, and

(iv)  coal mining.
Also, it is reported that a rise in natural wetland emissions and fossil fuel emissions
probably accounts for the renewed increase in global methane levels after 2006, although
the relative contribution of these two sources remains uncertain [105].

Furthermore, carbon monoxide (CO) is atoxic gas, but, being colorless, odorless,
tasteless, and initially non-irritating, it is difficult for people to detect. CO is a product
of incomplete combustion of organic matter [107]. It is often produced by motor vehicles
that run on gasoline, diesel, methane or other carbon-based fuels and from tools, gas
heaters, and cooking equipment that are powered by carbon-based fuels such
as propane, butane and charcoal. Exposure at 100 ppm or greater can be dangerous to
human health [108]. CO mainly causes adverse effects by combining with hemoglobin to
form carboxyhemoglobin (HbCO) in the blood. This prevents hemoglobin from carrying
oxygen to the tissues. In addition, CO could be easily absorbed by the lungs, and its
inhalation led hypoxic injury, nervous system damage, and even death [109]. The CO gas
can originate from different sources such as cigarette smoke, house fires, faulty furnaces,
heaters, wood-burning ~ stoves,  internal ~ combustion vehicle  exhaust, electrical
generators, propane-fueled equipment such as portable stoves, and gasoline-powered tools
such as leaf blowers, lawn mowers, high-pressure washers, concrete cutting saws, power
trowels, and welders [110, 111]. Thus, many countries are facing a fatal poisoning due to
the contamination of CO [112].

1.3.2. Air pollution treatment

Carbon capture and storage (CCS) are playing a significant role to attain the required
GHG emissions reduction [113]. The separation and capture of CO produced at stationary
sources, followed by transport and storage in geological reservoirs or the ocean are called
CCS [114, 115]. There are three major approaches for CCS: Post-combustion capture, and
are the three major approaches for CCS.
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0] Pre-combustion process
The syngas (mixture of CO and H.) are formed in the pre-combustion process when the
fossil fuel is partially oxidized by the reaction with air. Then, a mixture of CO,, and more
H> are produced when the syngas produced are reacted with a steam in a gasification
reactor. Then, a hydrogen-rich fuel could be used in several applications after separation of
COa.

(i)  Oxyfuel process
A flue gas that consists of pure CO2 could be obtained by using oxy-combustion process
which depends on the use of oxygen instead of air. This pure gas is potentially suitable for
storage.

(iii)  Post-combustion
In this process, the CO> could be separated or captured from the flue gas by passing the flue
gas through the equipment instead of discharging into the atmosphere [116].
Hence, the post-combustion approach is the first widely technology due to it makes the
capture is easier to implement as a retrofit option (to existing power plants) compared to the
other two approaches.
There are several post combustion gas separation and capture technologies being
investigated, namely;

(i) Absorption,

(ii) cryogenic separation,

(iii) membrane separation,

(iv) micro algal biofixation, and

(v) adsorption.

It has been demonstrated that the adsorption technique is the most suitable due to its
ease of operations, and because the adsorbent could be regenerated by the effect of thermal
or pressure modulations [117]. In addition to the high separation efficiency, and high
adsorption capacity by using the adsorption method, reduction of the cost and energy of the
post-combustion capture was reported in comparison to the other technologies [118]. Since

CHa often co-exists with COz in gaseous mixtures, such as natural gas, biogas and landfill
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gas, selective removal of CO> is an important process to upgrade the energy content of
those mixtures [119].

The technologies based on adsorption processes, such as activated carbon, zeolites
and mesoporous silica, present limitations on the CO: retention capabilities per adsorbent
mass [120-122].

In addition, the storage of CHs on adsorbents has been pursued actively as an
alternative to high pressure compressed gas storage. Thus, the use of adsorbent materials,
such as activated carbons and zeolites for the storage of natural gas at low pressures, has
also been reported [123]. However, it was concluded that none of those conventional
adsorbents showed sufficient CH4 storage capacity to meet that required for commercial
viability [124]. In this sense, there is a widespread interest in the development of advanced
adsorbent materials with better characteristics and with a specialized functionality for each
pollutant. Advanced materials have been investigated as potential CH4 adsorbents including
modified activated carbons, metal-organic frameworks (MOFs) and other porous polymers
[125] (Section 1.5.5).

1.4.Nanotechnology
14.1. Introduction

The most commonly accepted definition for a nanomaterial refers to any material
which has at least one dimension less than 100 nanometers (nm) in size, whereas NPs are
defined as objects with their three dimensions of less than 100 nm [126]. So
nanotechnology could be defined as is the science of material at the scale spans between
10~° and 107 of a meter [127]. Or in another word, it is the science of materials and devices
whose structures and constituents demonstrate novel and considerably altered physical,
chemical and biological phenomenon due to their nanoscale size. Thus, nanotechnology is
defined as the manipulation of matter on an atomic, molecular, and supramolecular scale
involving the design, production, characterization and application of different nanoscale
materials in different potential areas [128]. As indicated by a search on the ISl web of

knowledge database [129], the number of publications on nanomaterials have been
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increasing, in almost linear rate, since the year 2010 as shown in Figure 1.3. Therefore,
nanotechnology and nanoscience comprise wide range of applications, such as
optoelectronics, chemistry, device storage, physics, medicine, biology, and environmental
restoration. Consequently, there has been a very rapid spread of nanotechnologies in many
fields of daily life including fillers, cosmetics, catalysts, pharmaceuticals, lubricants,
electronic devices, advanced materials, biomedical applications, environmental remediation
and imaging tools [130-134].

Figure 1.3. Statistics of the published paper on the nanoparticles since 2010, according to ISI web

of knowledge database search.

1.4.2. Classification of nanomaterials

In general, the nanomaterials can be classified into two ways; the first one is based
on if they are natural or synthetic [135], and the second one is based on their
dimensionality, morphology, composition, uniformity, and agglomeration. Figure 1.4
shows the differences in sizes of the materials, in terms of nano, and micro, also the size

comparison between the nanomaterials and the biological substances.
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In the first classification, the natural nanomaterials exist in the biological system
such as viruses (Capsid), substance in our bone matrix, natural colloid such milk and blood,

and horny materials such hair, paper, and cotton [136].

Figure 1.4. Comparison of the size of the nanomaterials to the biological components [137].

While the the synthetic nanomaterials are fabricated by different experiments. These

artificial nanomaterials are divided into four classes [138]:

(1) Carbonaceous
These nanomaterials are composed mostly of carbon, commonly taking the form of hollow
spheres, ellipsoids, or tubes. Spherical and ellipsoidal carbon nanomaterials are referred to
as fullerenes, while cylindrical ones are called nanotubes. These nanomaterials have many
potential applications, including improved films and coatings, stronger and lighter

materials, and applications in electronics.
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(2) Metal based
This type of nanomaterials includes quantum dots, nanogold, nanosilver and metal oxides
such as iron oxide, titanium oxide, etc. They have many potential applications such as
removal of inorganic anions, heavy metals, and organic pollutants.

(3) Dendrimers
These nanomaterials are nanosized polymers built from branched units. The surface of a
dendrimer has numerous chain ends, which can be tailored to perform specific chemical
functions. This property could also be useful for catalysis. Also, because three-dimensional
dendrimers contain interior cavities into which other molecules could be placed, they may
be useful for drug delivery.

(4) Composites
Composites combine nanoparticles, i.e, NPs are type of nanomaterials and have the same
size (1-100 nm), with other nanoparticles or with larger, bulk-type materials. NPs such as
nano sized clays, are already being added to products ranging from auto parts to packaging
materials, to enhance mechanical, thermal, barrier, and flame-retardant properties. The NCs
also could be formed by impregating NPs into supports such as zeolite or activated carbon,
among others. Also, the NCs could be a core/shell type which composed of two or more
nanomaterials. The core/shell nanomaterials could be defined as comprising a core (inner
material) and a shell (outer layer material). A wide range of different combinations in close
interaction including inorganic/ inorganic, inorganic/organic, organic/inorganic and
organic/organic materials. The choice of the shell material of the core/shell nanomaterial is
strongly depends on the end application and use [139]. Also, the core/shell nanomaterial
has the properties of both materials (core and shell). Thus, the NCs could be useful for the
desired application such as the environmental remediation. In this work, we developed
inorganic/inorganic (metal oxide/metal oxide NPs, detailed information is explained in
Chapter 5) and organic/inorganic type to produce the core/shell NCs. Among the organic
materials, it has been used the cationic exchange polymer (C100), and the polyurethane
foam (PUF). Chapters 7 and 10 describe in detail their synthesis and composition as well as
their application. Examples of the different shapes of the core/shell nanomaterials are

shown in Figure 1.5.
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Figure 1.5. Shapes of the core/shell nanomaterials; (a) spherical, (b) hexagonal, (c) multiple small
core materials coated by single shell material, (d) movable core within hollow shell materials
(adapted from [139]).

Regarding dimensionality, Figure 1.6 shows the second way of classification form the

point of view of dimensionality, morphology, composition, uniformity, and agglomeration.

(i) Dimensionality, in this term the nanomaterials could be divided into three parts; (a)
One dimensional (1D) nanomaterials, where the materials are thin films or
surface coatings, and include the circuitry of computer chips and the antireflection
and hard coatings on eyeglasses.

(b) Two dimensional (2D) nanomaterials, which include 2D nanostructured films,
with nanostructures firmly attached to a substrate, or nanopore filters.

(c) Three dimensional (3D) nanomaterials, which include the thin films that
generate atomic-scale porosity, colloids, and free nanoparticles with various
morphologies.

(i) Morphology, the nanomaterials could be nanotubes and nanowires, with various
shapes, such as helices, zigzags as high aspect ratio NPs or spherical, oval, cubic,
prism, helical, or pillar as low aspect ratio NPs.

(iii) Composition, where the nanomaterials could be single NPs or composite of several
NPs.
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(iv) Uniformity, and agglomeration, where the NPs could exist as dispersed,
suspension/ colloids, or in agglomerated form.

Figure 1.6. Classification of nanomaterials based on dimensionality, morphology, composition,

uniformity, and agglomeration [137].

1.4.3. Synthetic methods of nanomaterials

Since the nanomaterials have large surface area and high reactivity, which led to
form agglomerates into large secondary particles when reacted together, the trouble to
overcome is the synthesis of highly stable nanomaterials with the required properties [140].
Hence, to meet the requirements for the desired applications using the nanomaterials, the
synthetic methods played an important tool for the design of the NPs with the required

properties as mentioned below [141-143]:

e Control of particle size, size distribution, shape, crystal structure and composition

distribution,



General Introduction

e improvement of the purity of NPs,

e control of aggregation,

e stabilization of physical properties, structures and reactants,
e higher reproducibility, and

e higher mass production, scale-up and lower costs.

Generally, the NPs are synthesized via two main approaches named as top-down,
and bottom-up methods as shown in Figure 1.7 [144]. The first method depends on the
breakdown of the solid particles by the application of an external force. While the second
method depends on the atomic transformations or molecular condensations of atoms, from
gas or liquid phases, to produce the NPs as built-up method.

Regarding the top-down approach, an advantage of the wet drying method, is that
highly dispersible NPs could be obtained in comparison to the dry grinding method due to
that the condensation of the NPs is prevented in the first case.

The bottom-up approach, in general, is divided into gaseous phase and liquid phase
methods. Excessive costs and low productivity are involved in the case of using the gaseous
phase method due to the use of complicated vacuum equipment. Furthermore, liquid phase
methods had been used for many years to produce the NPs. This method is divided into
chemical methods, and physical methods as illustrated in Figure 1.7. Among the variety of
processes had been used in the liquid/ liquid methods, various shapes of NPs such as
nanorods, nanowires, nanoplates, and hollow NPs could be produced by using the chemical
reduction method. Besides the liquid/ liquid methods which used to produce the NPs,
various wet chemical techniques such as sol-gel, hydrothermal, co-precipitation,
combustion, etc., had been used to synthesize a wide range of the NPs [145-149]. For
instance, hydrolysis, polymerization, gelation, and drying among other steps [150, 151] are
involved in the sol gel process to obtain pure NPs. However, disadvantages of this process
are coming from the use of expensive starting materials, possibility of high carbon contents
when organic reagents are used, and monitoring the process is required during the multi-
steps. Metal oxides can be produced through bottom-up approach. For example, fine

powders of NPs, such as metal oxide NPs, could be prepared by using hydrothermal
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process where this technique based on the use of high pressure and temperature. Therefore,
disadvantages of this process are an accidental explosion of the high-pressure reactor could
have happened, and the hydrothermal slurries are corrosive. However, the most commonly
used to synthesize the metal oxide NPs is the coprecipitation method which depends on the
formation of insoluble NPs that can be easily separated from the medium. Also, the crystal
growth and their aggregations depend on the concentration of the precursor, the pH, and the
temperature. Consequently, advantages of this method are the relatively low reaction
temperature, the fine and uniform particle size with weakly agglomerated particles, the
homogeneity of component distribution, and the low cost. However, no universal
experimental conditions could be used to synthesize various metal oxide NPs. Furthermore,
another simple cost effective and versatile low temperature method is known as the
polymeric precursor process [152]. The benefit of this process is the distribution of the
metal ions throughout the polymeric structure, thus led to the inhibition of the aggregations
and precipitations, and yields ultra-fine NPs [153]. Consequently, the co-precipitation, and

polymeric precursor methods will be used in this work.

Figure 1.7. Synthetic methods for building-up NPs (adapted from [144]).
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1.4.4. Environmental applications of nanomaterials

The quality of water, soil, and air was maintained and restored by the removal of
contaminants from the environment to prevent problems of the human health. The
environmental remediation using nanotechnology is divided into two main groups; ex-situ
and in-situ adsorptive or reactive methods [154]. For instance, the pollutants are removed
from the media in case of in-situ, while, for the ex-situ, the media contained the
contaminants were pumped to the surface and followed by purifications. Among the wide
group of nanotechnology, the use of nanoparticles for environmental remediation can be
considered a novel application of nanotechnology [155]. So, a great challenge to remove
the contaminants from water, and soil as well as to clean air is the environmental
remediation using a cheap method by the potential efficiencies of the engineered
nanomaterials and NPs. The benefits of the nanomaterials, i.e the sizes were less than 100
nm, in comparison with those of the same materials in the bulk form for the environmental
applications arise from the high surface area to volume ratio due to their small size. In
addition, both in-situ, and ex-situ methods can solve the environmental problem by using
low dose of NPs [156].

The most widely used adsorbents for environmental applications are the carbon-
based nanomaterials, metal and metal oxide NPs, and nanocomposites (NCs) (as described
in Section 1.5.4. Recently, increasing attention of the use of metal and metal oxide NPs in
environmental remediation such as water and gases treatment due to their high performance
and low cost for contaminants removal [157]. These type of NPs include nanosized ferric
oxides, aluminum oxides, zero-valent iron, titanium oxides, cerium oxides and manganese
oxide [158]. Also, enormous applications have been reported using the magnetic adsorbents
due to the strong adsorption capability, operational simplicity and resourcefulness [159]. In
addition, the nanosized magnetite NPs could be produced in a large quantity, as well as its
widely applications towards a wide range of contaminants due to the low cost, simple
manipulation, large surface area, fast adsorption process, highly active surface sites and
environment friendly properties [160, 161]. Titanium oxide NPs are the most widely
studied photocatalyst. Also, they are applied in the removal of micropollutants such as
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endocrine disrupting compounds, as well as the decomposition and mineralization of
various organic pollutants and for general water purification [162]. Furthermore, some
studies indicate that, by doping Ce, N or Zr into metal oxide NPs, the potential efficiency
and stability of the metal oxide NPs could be enhanced [163]. As well, graphene based
nanomaterials has aroused interests of many applications including environmental
remediation due to they have large surface area [164]. For example, reduced graphene
oxide is relatively easy to be modified by other functional groups, then it could be applied
for various contaminants removal from water [165]. Besides, when concerning the large-
scale application of NPs in water treatment, they have to face some inherent technical
bottlenecks, such as aggregation, difficult separation, leakage into the contact water,
potential adverse effect imposed on ecosystem and human health. One promising approach
to forward the application of nano-particulate materials is to develop NC materials that take
advantages of both the hosts and impregnated NPs. For instance, the NC materials of
organic, such as polymers, and inorganic supports, include carbon based nanomaterials and
natural minerals such as zeolite, have been used for several applications comprising water
and gases treatment [166, 167]. Therefore, in this work, focuses on the environmental

remediation using the metal oxides NPs, carbon based nanomaterials, and the NCs.
1.4.5. Nanomaterials as adsorbents for water and gases remediation

As mentioned before, the inorganic anions such as fluoride and nutrients have
adverse effects to the human health when the water contain elevated levels of them. Among
of several adsorbents, oxides and hydroxides of trivalent and tetravalent metals such as Fe,
Al, Mn, Ti and Zr are the most commonly used to remove both anionic and cationic
contaminants from water and wastewaters because of their strong tendencies to adsorb
these ions [84].

For instance, a wide variety of adsorbents have been reported for fluoride removal
from water such as activated carbons, activated alumina, bauxite, hematite, polymeric
resins chitin, chitosan and alginate, modified ferric oxide/hydroxide, hydroxyapatite (HAP),

zirconium and cerium modified materials, and titanium-derived adsorbents [91]. For
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example, Liang et al. studied the removal efficiency of fluoride by using the TiO, based
nanocomposites (NCs) [168]. Although, the SiO2-TiO2 NCs were demonstrating the highest
adsorption capacity (152.20 mg/g) comparing to the others NCs of TiO,, its efficiency
being decreased when the FesOs NPs were impregnated (Fe30s-SiO2-TiO2 NCs). In
addition to the lack of the regeneration, and reusability study of this NCs. Also, Pepper et
al. compared the efficiency of the iron oxide NPs synthesized from the red mud (Bauxite
residue) with the akageneite (B-FeOOH) iron oxide NPs [169]. Although, the synthesized
NPs from the red mud showed high adsorption capacity of fluoride (11.4 mg/g) comparing
to the B-FEOOH NPs (9.23 mg/g), optimization of the fluoride removal process were not
studied. Therefore, lack of the critical parameters of the adsorption process of fluoride such
as; pH, temperature effect, co-existent ions, reusability, and the real application into real
water were observed.

Additionally, potential efficiency of nanomaterials for nutrients removal have been
reported. Of the oxides and hydroxides of metals used to remove phosphate, Fe and Al
oxides and hydroxides have been studied the most. Iron oxides occur as goethite (o-
FeOOH), akaganeite (B-FeOOH), lepidocrocite (y-FeOOH), haematite (a-Fe2Os) and
magnetite (Fe3O4) [84]. For example, Zach-Maor et al. used granular activated carbon
(GAC) as a support for Fe3Os4) NPs to produce (nFeGAC) NCs, and evaluate its the
efficiency for phosphate removal [170]. Although the authors estimate the maximum
adsorption capacity of phosphate to be 4.9 mgP/gNCs, but lack of more details about the
effect of co-ions, and the reusability studies were observed. Gu et al. found the maximum
adsorption capcity of phosphate using zinc ferrite (ZnFe2O4) NPs is 5.23 mg/g [171].
However, the maximum adsorption capcity was found at low pH medium, hence it is
difficult for application into real water due to the low adsorption capcity at the neutral pH
value. Moreover, Recillas et al. studied the efficiency of CeO2 NPs for phosphate removal.
However, they found a low adsorption capacity of phosphate (0.4 mg/g), and also only 27
% of phosphate could be desorbed using 0.5 NaOH. Hence, the NPs failed in terms of
regeneration and reusability [172]. Additionally, several adsorbents have been reported for
nitrate removal such as carbon based adsorbents, clay adsorbents, layer doubled hydroxides
(LDHs), zeolites, chitosan based adsorbents, etc. [173].
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The heavy metals are also emerging contaminants and needed to be removed.
Therefore, wide variety of materials were used for heavy metals removal such metal oxides,
and hydroxides, cationic exchange resins, carbon based adsorbents, chitosan based
adsorbent, and silica NPs [51]. For instance, metal oxide NPs as TiO,, Fe30s, and CeO>
NPs were applied for cadmium removal by Contreras et al. [174]. The authors found the
adsorption capacity of cadmium was found to be 12.20, 101.10, and 49.10 mg/g by using
TiO2, Fe304, and CeO2 NPs, respectively. However, lack of reusability study was observed.
Another study was reported by Contreras et al. for cadmium removal using CeO2 NPs
[175]. Enhancement of the maximum adsorption capacity (93.4 mg/g) was proved by
decreasing the dose of the NPs. Although, the NPs showed that adsorption capacity is not
affected by multi-component system, the regeneration and reusability of the NPs are still
needed for further investigation.

Regarding to the separation of microalgae from water, magnetic NPs have been
reported for the harvesting due to its high specific surface area, biocompatibility and that
they could adhere to the algae cells and then easily be separated from the medium by
applying an external magnetic field [176, 177]. Moreover, by surface coating or
modification of the magnetic nanoparticles (NPs), with diverse materials such as polymers
and surfactants, the stability of the NPs suspension can be enhanced, jointly with the
harvesting efficiency [178-180]. Different types of magnetic NPs (FesOs4 NPs), with or
without surface coating, have been used for the harvesting of different microalgae such as
the oleaginous Chlorella sp. [179], Scenedesmus Dimorphus [178] and Chlorella Vulgaris
[181]. However, optimization of the harvesting efficiency of the microalgae is still under
investigation by using the iron oxide based NCs.

Besides, in the applications of nanotechnology for gas treatment, there is a huge
interest in the development of advanced adsorbent materials that present better features than
the conventional materials and have specialized functionalities for CO, and CH4 capture
and their separation [119]. These novel sorbents are i) ionic liquids, and ii) modified porous
supports. lonic liquids (IL) are solvent sorbents that are based on a stable liquid composed
by a combination of inorganic or organic anions and large organic bulky asymmetric

cations [182]. Due to their thermal stability, negligible vapour pressure, tuneable physico-
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chemical characteristics and high CO: solubility, IL are utilized in CO2 removal
applications [183]. Furthermore, modification of IL with functional groups [184] to better
adsorb and solubilize CO2 has been developed. The high CO2 solubility in ionic liquids,
when compared to CHgs, gives them the potential to be utilized in the separation of CO>
from natural gas [185]. Some other studies have demonstrated the potential of different IL
to remove CO: from natural gas based on the CO, / CHs4 solubility and selectivity.
Moreover, the modified porous supports showed a potential application for CO, and / or
CHys capture. For example, zeolite-templated N-doped carbons exhibit a high CO. uptake
capacity in comparison to carbonaceous or inorganic and organic porous materials [186].
Furthermore, nanomaterials have a number of physicochemical properties that make them
particularly attractive as separation supports for gas purification and gas capture. Novel
nanomaterials, like advanced nanoporous materials, MOFs and porous organic polymers,
have received considerable attention in adsorption storage applications due to their
exceptionally high surface areas and their chemically-tunable structures [187]. Some of
these materials have been tested for CHs and CO> adsorption and have gained increased
interest recently. In fact, several research papers have reported improved CO2 sorption and,
more interestingly, improved CH4 adsorption capacity compared to conventional sorbents.
Hence, among all the nanomaterials used for CO2 or CH4 capture, the most significant ones
are, namely: 1) Nanosized Zeolites; 2) Mesoporous Silica NPs; 3) MOFs and derived
MOFs with embedded NPs; 4) Metal and Metal Oxide NPs (MNPs and MONPs), and 5)
Carbonaceous nanoadsorbents. In addition, various types of NPs encapsulated into MOFs
were studied as catalyst for CO oxidation. However, the T100, i.e the temperature required
for 100 % conversion, is higher than 200 °C, hence the challenge is to find nanomaterials
that can catalyze the CO at low temperature. So, finding a promising material to remove
pollutants is a matter that admits of no delay. Also, evaluation of this materials should be in
terms of low cost, reusability, and low toxicity (as well be discussed in the next section) to

the environment.
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1.4.6. Toxicity of nanomaterials

Nanotoxicology deals with the study and application of toxicity of nanomaterials
[137]. The toxic effect of the nanomaterials in the biological environment depends on the
type of interaction in the surroundings as well as their initial morphology, size,
composition, and the synthetic method utilized [188]. There are five possible routes where
the human could be exposed to the NPs. The skin is the effective fence to foreign matters,
the lungs and digestive system are the most defenseless, in addition to the injections and
implants. The NPs can enter the circulatory and lymphatic systems, and ultimately to body
tissues and organs due to their small sizes. In fact, it is known that NPs can be easily
ingested, inhaled or permeated through the skin of the human body and taken up by animal
cells [189]. Thus, the adverse health effects are illustrated in Figure 1.6. The most principal
factors that influence the toxicity of NPs include size, aggregation, composition,
crystallinity, and surface functionalization. The toxicity of the NPs could arise from various
sources such:

(1) From natural process such as photochemical reactions, volcanic eruptions, forest
fires, and simple erosion, and by plants and animals due to part of the NPs are
abundant in nature [190].

(2) Anthropogenic nanoparticles such as the by-products of simple combustion,
chemical manufacturing, welding, ore refining and smelting, combustion in vehicle
and airplane engines, combustion of treated pulverized sewage sludge, and
combustion of coal and fuel oil for power generation. In addition to the NPs used in
cosmetics, sporting goods, tires, stain resistant clothing, sunscreens, toothpaste,
food additives [191].

(3) Environmental exposure to toxic substance leads to several diseases such as the
lead, cadmium, aluminum, nickel and chromium metals NPs when they released
into the environment [192].

(4) Aerosol pollution which is a combination of particulate matter and gaseous and

liquid phases from natural and anthropogenic sources [193].
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However, not all NPs produce adverse effects to human. Also, the toxicity of nanoparticles
in our earth’s ecosystem is not easy to determine due to the presence of some obstacles that
need to overcome: the characterization of nanoscale pollutant is difficult to assess and, the
biological systems at the nanoscale are not known [194]. In addition, there is lack of

complete information about human toxicity and environmental waste of nanomaterials

[195].

Figure 1.6. In vivo, and in vitro epidemiological studies for the affect organs and the corresponding

diseases when the human body espouse to NPs [137].
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2.1. Research objectives

In a perspective of the above realities, the aim of the present work is the synthesis and
characterization of engineered nanomaterials to be used in different applications for
environmental remediation. In order to achieve the general objective, this work has been

divided into three main parts with the following specific objectives:

e Synthesis and characterization of different types of nanomaterials, such as magnetic
nanoparticles and polymeric based nanocomposites.
e Applications to water remediation
o Screening of the synthesized nanomaterials for contaminants removal:
fluoride, nitrate, phosphate, cadmium, nickel, atrazine, carbaryl, 4-bromo-3,5-
dimethylphenyl-N-methylcarbamate, and alachlor.
o Application of the nanomaterials with high potential efficiencies to the
removal of fluoride and phosphate.
o Harvesting of microalgae from wastewater treatment using iron oxide NPs.
e Applications to gases streams
o Application of the magnetite nanoparticles onto polyurethane foams to
methane adsorption.
o Application of gold and cerium oxide nanoparticles encapsulated into metal

organic frameworks to the catalytic oxidation of carbon monoxide.
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2.2. Thesis outline
The thesis is divided into eleven chapters;

Chapter 1 describes a general introduction to explain the current environmental pollutions’

concerns and the challenges of using nanotechnology for its treatment.
Chapter 2 indicates the aim, and the specific objectives of the work.

Chapter 3 includes the general methods implemented to carry out the characterization of the
synthesized nanoparticles and nanocomposites, the analytical methods used to determine the
concentration of the adsorbates, and the experimental studies for the adsorption tests as well
as the models used for experimental data fittings.

Chapter 4 describes the different types of nanomaterials that have been synthesized by using
the co-precipitation methodology and its characterization. Also, comparison of the removal
efficiencies for anions, heavy metals, and pesticides were evaluated using the different
nanomaterials. Besides, toxicity of some of the nanomaterials was determined by using the

Microtox bioassay.

Chapter 5 explains the synthetic method of a novel magnetic core-shell Ce-Ti@Fe3O4
nanoparticles under mild experimental conditions. Additionally, its efficiency for inorganic

anions and heavy metals removal were evaluated.

Chapter 6 presents the optimization of the fluoride removal and the adsorption studies using

the synthesized magnetic core-shell Ce-Ti@Fe3O4 nanoparticles.
Chapter 7 shows the synthetic method of a nanocomposite based on magnetite nanoparticles

(Fe3Os-NPs) immobilized on the surface of the cationic exchange polymer (C100), and its

potential application for phosphate removal and recovery from water.
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Chapter 8 offers a novel approach for the harvesting of the Scenedesmus sp. microalgae
from real wastewater treatment by using cost-effective adsorbents of magnetite-based

nanoparticles.
Chapter 9 exhibits the catalytic activity of the metal organic framework (MOF), i.e hybrid
core-shell Au/CeO2 NPs into the support of porous UiO-66 beads, for CO oxidation and

recyclability.

Chapter 10 displays the development of a novel adsorbent, by immobilization iron oxide
NPs onto polyurethane foam support, for methane adsorption.

Chapter 11 summaries the general conclusions of the main findings through the whole

investigation, and the recommendations for the future work.

Finally, the annex presents the accepted publications.
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3.1. Characterization of the nanomaterials

Characterization of the nanomaterials is essential to determine its properties, which
can be divided into chemical, physicochemical, surface, and thermodynamic properties [1].
In this study, the following equipment for characterization are used.

3.1.1. Inductive Coupled Plasma - optical emission spectroscopy

Inductive coupled plasma - optical emission spectroscopy (ICP-OES) is a metal
analysis technique that uses the emission spectra of a sample to identify and quantify the
metals present. This technique depends on desolvation of the sample introduced into the
plasma, followed by ionization, and finally excitation of the constituent elements. Then,
each metal could be identified and quantified by its characteristic emission lines. Pre-
treatment of the samples was performed by an acid digestion process, followed by filtration
using 0.22 um Nylon filter. For instance, for the determination of Ce, Ti, and Fe, in the
nanocomposites samples, they were treated with 1% of HNO3 for Fe and Ce determination,
while with 1% of HNOs, and 1% of HF for titanium determination. The metal amount was
reported in terms of mgm/gnes, Where M refers to the metal ion and NPs refers to the
nanoparticles (NPs). The metal content of the samples was analyzed by using a Perkin
Elmer ICP-OES Optima 4300DV (Figure 3.1). The instrument percent relative standard
deviation (% RSD) was less than 2 %. Analyses were performed at Servei d'Analisi

Quimica, Universitat Autonoma de Barcelona (UAB), Spain.
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Figure 3.1. ICP-OES instrument from Servei d'Analisi Quimica, Universitat Autdonoma de

Barcelona.

3.1.2. Inductive coupled plasma — mass spectrometry

Trace element analysis could be conducted by using a high sensitivity detector as
mass spectrometry where the analysis depends on ionization of the species, followed by
quadrupole mass spectrometry analysis. Therefore, each element could be identified and
quantified in a lower level as part per billion (ppb) or part per trillion (ppt) by its individual
mass fragments. Determination of the metal contents in the samples was performed by
using the same previous treatments described in section 3.1.1 (ICP-OES). The analysis of
samples by Inductive coupled plasma — mass spectrometry (ICP-MS) was carried out by
using Agilent ICP-MS 7500CE (Figure 3.2). The instrument percent relative standard
deviation (% RSD) was less than 2 %. Analyses were performed at Servei d'Analisi

Quimica, Universitat Autonoma de Barcelona (UAB), Spain.
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Figure 3.2. ICP-MS instrument from Servei d'Analisi Quimica, Universitat Autonoma de

Barcelona.
3.1.3. X-Ray Diffraction

X-Ray Diffraction (XRD) technigue was used to obtain the crystalline structure of
the particles. The sample is irradiated with a beam of monochromatic X-Rays over a
variable incident angle range. Interaction with atoms in the sample results in diffracted X-
Rays when the Bragg equation is satisfied [2]. Resulting spectra are characteristics of
chemical composition and phase. Moreover, in a diffraction pattern, the location of the
peaks on the 20 scale can be compared to reference peaks. The observed diffraction peaks
are associated with planes of atomes to assist in analyzing the atomic structure and
microstructure of sample. Miller indices (hkl) define the reciprocal of the axial intercepts
and are used to identify different planes of atoms [3]. Diffraction patterns were collected on
a Panalytical X Pert PRO MPD (Multipurpose Diffractometer) as shown in Figure 3.3.
Analyses were performed at Institut Catala de Nanociencia i Nanotecnologia (ICN2),

Spain.
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Figure 3.3. X-Ray Powder diffractometer (XRD) instrument from Institut Catala de Nanociencia i
Nanotecnologia.

3.1.4. Scanning Electron Microscopy

Crystal shape, surface morphology, dispersed and agglomerated nanomaterials, and
surface functionalization could be observed by using Scanning Electron Microscope
(SEM). Field Emission microscope, Zeiss Merlin (Figure 3.4a), from Servei de
Microscopia at UAB, was used to study the cross-sectioned or the surface morphology of
the nanomaterial samples. Cross sections were obtained by embedding the nanomaterial in
epoxy resin and cross- sectioning with a Leica UC7 ultramicrotome shown in Figure 3.4b
(using a 35° diamond knife from Diatome). Cross-sectioning was used to obtain both the
NPs dispersion and the metal concentration profiles into a support material. Moreover, the
surface morphology of the sample was obtained by adding little drops of the sample on a

silicon grid [4].
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Figure 3.4. (a) Scanning electron microscopy, Zeiss Merlin, and (b) Leica UC7 ultramicrotome
instruments from Servei de Microscopia at UAB.

3.1.5. Transmission Electron Microscopy

Transmission electron microscope (TEM) coupled with energy dispersive
spectroscopy (EDS) was used to determine the size distribution of the nanomaterials and to
confirm the elements by scanning line profile in a specific area. A JEM-2011/JEOL
microscope (Figure 3.5) from Servei de Microscopia at UAB was used to characterize
either the NPs and the NCs or its cross-sectioned. The samples were embedded in epoxy
resin for cross-sectioned analysis as described in SEM section (section 3.1.4). Electron
diffraction pattern allows studying the crystal structure of the NPs. The periodic structure of
a crystalline solid acts as a diffraction grating, scattering the electrons in a predictable
manner. From the observed diffraction pattern, it may be possible to deduce the structure of
the crystal producing the diffraction pattern [5]. Electron diffraction is also a useful

technique to study the short-range order of amorphous solids.


https://en.wikipedia.org/wiki/Crystal_structure
https://en.wikipedia.org/wiki/Amorphous
https://en.wikipedia.org/wiki/Diffraction#Particle_diffraction
https://en.wikipedia.org/wiki/Diffraction_grating
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Figure 3.5. Transmission electron microscope (JEM-2011/JEOL) instruments from Servei de

Microscopia at UAB.

3.1.6. Energy-Dispersive X-Ray Spectroscopy

Energy-Dispersive X-Ray Spectroscopy (EDS/EDX) coupled to SEM or TEM
microscopes from Servei de Microscopia at UAB, provides the metal chemical composition
of the samples based on the X-Rays emitted by an atom which has been interacting with an
electron beam. Each atom has a unique X-ray spectrum and so the elemental composition
can be obtained by the detected radiation. These microscopes are also equipped for X-ray
diffraction techniques that allow knowing the crystalline structure of the particles by
diffraction patterns. EDS measurements were acquired with an Oxford INCA X-MAX
detector [6].
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3.1.7. Scanning Transmission Electron Microscopy coupled with

Electron Energy Loss Spectra

The chemical composition and the morphology of the core-shell NPs were
estimated by using the high-angle annular dark field scanning transmission electron
microscopy (HAADF-STEM) coupled with Electron Energy Loss Spectra (EELS)
(illustrated in Figure 3.6) [7]. Images were acquired using an FEI Tecnai G2 F20
microscope operated at 200 kV and equipped with a GIF Quantum energy filter. All spectra
were recorded using a convergence semiangle of about 12 mrad and a collection semiangle
of about 40 mrad. EDX spectra were obtained using an EDAX super ultra-thin window
(SUTW) X-ray detector. The sample was first dispersed in ethanol and sonicated, then
deposited onto the copper microscopy grid coated with an amorphous carbon film. By
imaging with the electrons that have an energy loss corresponding to core losses of
particular elements using STEM, one can obtain elemental information with high spatial
resolution. A full energy loss spectrum from a series of points across the particle in a
STEM configuration, which allows the extraction of linear compositional variation, was
used to obtain chemical information about the nanostructure. Analyses were performed at

Institut Catala de Nanociéncia i Nanotecnologia (ICN2), Spain.
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Figure 3.6. Scanning transmission electron microscopy (STEM- HAADF) coupled with Electron
Energy Loss Spectra (EELS) instruments from Institut Catala de Nanociéncia i

Nanotecnologia (ICN2).

3.1.8. Surface area measurements by Brunauer-Emmett-Teller method

The Brunauer-Emmett-Teller method (BET) method determines the specific surface
area and porosity of the materials by physical adsorption of gas on the material’s surface
[8]. The surface area of dry resin, NCs and the metal organic frameworks (MOFs) were
determined from conventional nitrogen sorption isotherms at Institut Catala de Materials
Avancats de Barcelona (ICMAB), Spain, utilizing the BET theory [9]. The instrument
employed was a Micromeritics ASAP2000 with dedicated software.

3.1.9. Luminescence spectrometer

The measurement of fluorescence, phosphorescence, chemiluminescence or
bioluminescence of a liquid, solid, powder, or thin film samples were carried out by using
the luminescence spectrometry. For instance, the valence of the cerium cation in the core-
shell NPs and its speciation were estimated by using the luminescence spectra. Samples
were prepared by suspension of 1 g of the Ce-Ti@Fe3O4 core-shell nanomaterial in 1 L
Milli-Q water adjusted to pH 7.0 using 0.1M NaOH. Luminescence spectra was analyzed
using Perkin Elmer LS 55 luminescence spectrometer (Figure 3.7a). pH was adjusted using
Crison pH meter 2001 (Figure 3.7b).

Figure 3.7. (a) Perkin EImer LS 55 luminescence spectrometer, and (b) Crison pH meter 2001.
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3.1.10. Zeta potential measurements

The magnitude of the electrostatic or charge repulsion or attraction between
particles, and the stability of the suspension could be determined by measuring the zeta
potential value. The zeta potential is a key indicator of the stability of colloidal dispersions.
The measurement of zeta potential has important applications in a wide range of industries
including; ceramics, pharmaceuticals, medicine, mineral processing, electronics and water
treatment. Samples were prepared by dispersing a fixed amount of the nanomaterial in a
definite volume of water or medium at the desired pH value by ultrasonication treatments.
The zeta potential of the samples was measured using the Zetasizer Nano-ZS (Malvern,
UK) as shown in Figure 3.8 and calculated according to Henry’s equation at 25 °C.
Analyses were performed at Institut Catala de Nanociéncia i Nanotecnologia (ICN2),

Spain.

Figure 3.8 Malvern Zetasizer Nano-ZS instrument from Institut Catalda de Nanociencia i

Nanotecnologia.
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3.1.11. Toxicity tests

To access the toxicity of the nanomaterials, A Microtox® system (Figure 3.9) from
Microbics Corporation was used. This method based on the percentage of decrease in the
amount of light emitted by the bioluminescent marine bacterium Vibrio fischeri upon
contact with a filtered sample at pH 7. Toxicity is, then, inversely proportional to the
intensity of light emitted after the contact with the toxic substances. The effective
concentration, EC50, is defined as the concentration that produces a 50% light reduction.
EC50 was measured after 5 and 15 min of contact time. Bioluminescent tests were carried
out using 2 % of sodium chloride. Stability of the nanomaterials was confirmed during the
test or the adjustment of the pH value of the medium, where no precipitate was observed
[10, 11].

Figure 3.9. Microtox® system.

3.2. Analytical methods
3.2.1. Ionic Chromatography

The determination of the concentration of anions, as fluoride (F), phosphorous
(PO4*-P), and nitrate (NOs3-N) was performed utilizing ICS-2000 (Dionex) ion
chromatographic system (IC), with ultimate 3000 autosampler as shown in Figure 3.10. An

ion exchange column specifically designed for rapid analysis of inorganic anion (Dionex
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lonPac AS18, 4 x 250 mm) equipped with an lonPac guard column (Dionex lonPac AG18,
4 x 50 mm) was used. Chromeleon® software was used to acquire data and control the
instrumentation. Calibration standards and samples were filtered using 0.45 pm Nylon

membrane filter before injection.

Figure 3.10. lon chromatographic system (ICS-2000, Dionex).

3.2.2. Biosystems Analyzer

The determination of phosphate (POs*-P) was carried out using Biosystems Y15
analyzer as illustrated in Figure 3.11. Briefly, the analysis depends on the use of two
solutions; reagent A which consists of sulfuric acid and sodium chloride, and reagent B
consisting of ammonium molybdate dissolved in sulfuric acid. Then, the determination of
the inorganic phosphorus (PO43-P) in the sample reacts with molybdate in acid medium
forming a phosphomolybdate complex that can be measured by the biosystems analyzer
[12].
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Figure 3.11. Biosystems Y15 analyzer.

3.2.3. Ultraviolet visible spectrophotometer

The analysis of heavy metals was performed by using UV-VIS spectrophotometer
model Cary 50 Bio (Figure 3.12) consisting in the measurements of the attenuation of a
beam of light after it passes through a sample, or after reflection from a sample surface,
thus the absorbance measurements could be performed at a single wavelength or over
spectral range [13]. The calibration curve was obtained from a series of dilutions of

calibration standards and measured at the specific wavelength.

Figure 3.12. UV-VIS (Cary 50 Bio) spectrophotometer.
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3.24. Gas Chromatography

The Gas Chromatography (GC) techniques was used for several determinations.
The analysis of the organic pollutants (i.e. pesticides) such as atrazine, carbaryl, alachlor
and BDMC, among others, before and after the adsorption process, were performed by
using Agilent Gas Chromatograph 7820A coupled to Mass Spectrometry 5975B (GC/MS)
equipped with DB-5 (30 m x 0.25 mm x 0.25 pm) column as shown in Figure 3.13a. The
mentioned pesticides analysis was performed using selected ion monitoring (SIM)
acquisition mode.

The catalytic conversion of the carbon monoxide (CO) into carbon dioxide (CO>),
by the use of a synthesized MOF, was studied by using the Hewlett-Packard gas
chromatograph 5890 coupled to the thermal conductivity detector (GC/TCD) equipped with
Agilent J&W HP-plot Q (30 m x 0.32 mm x 20 pum) column as shown in Figure 3.13b.

The adsorption of methane (CHs) using different nanomaterials as adsorbents was
carried out by using Agilent gas chromatograph 6890 coupled to flame ionization detector
(GC/FID) as shown in Figure 3.13c.
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Figure 3.13. Gas chromatograph; (a) GC/MS, (b) GC/TCD, and (c) GC/FID.
3.2.5. Turbidimeter

The harvesting efficiency of the microalgae using different magnetic iron oxide NPs

based-adsorbents was studied by using a Hanna Microprocessor Turbidity Meter HI93703
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(Figure 3.15) supplied from the Department of Civil and Environmental Engineering,
Universitat Politecnica de Catalunya.

Figure 3.14. Hanna Microprocessor Turbidity Meter equipment from Universitat Politécnica de

Catalunya.

3.3. Experimental set-up

Applications of the nanomaterials were performed in a laboratory scale. The

adsorption studies were conducted either by using batch or continuous flow experiments.
3.3.1. Batch experiments

Equilibrium adsorption data for the potential adsorbent used in this work for water
remediation was obtained by using the batch system as shown in Figure 3.15. In general,
the adsorption tests were carried out by adding a definite amount of adsorbents to a series
of 250 mL Erlenmeyer flasks containing 100 mL of different pollutants as adsorbate. Then,
the flasks were shaken at a constant rate, fixed temperature and intervals of time until
reaching the equilibrium. Next, each solution was separated from the adsorbent by
magnetic separation or centrifugation depending on the nanomaterial used. Finally, the
residual concentration of each pollutant was determined by the suitable technique as
described in section 2.2. Various parameters were studied such as the effect of contact time,

amount of adsorbents, temperature, pH, and initial concentration of pollutants. More details
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are given in the experimental part of the following chapters relative to each adsorbate. The

adsorption capacity under equilibrium, Qe, was calculated by using Equation 3.1:
(Co— Ce)*V

Qe = m

Where Qe (g/g) is the adsorption at equilibrium, Co, and Ce are the initial and the

(Equation 3.1)

equilibrium concentrations (mg/L) of adsorbate, respectively, m is the adsorbent amount

(9), and V is the volume of the solution.

Figure 3.15. Batch mode experimental set-up.
3.3.2. Fixed-bed column studies

In the continuously flow method (fixed-bed column), a solution containing the
pollutant, with a known initial concentration, flows continuously through a column of
adsorbent or a packed bed where dynamic adsorption of the solute occurs as shown in
Figure 3.16. Herein in this work, the continuous flow experiments were performed for both
treatment of water and gases, and conducted in a fixed-bed column with a definite
dimension of inner diameter and length (depending on the material used in each

application). Briefly, a glass wool plug was placed at the bottom of the column to avoid the



Chapter 3

adsorbent washing out. Next, the column was packed with a known amount of adsorbent in
order to receive the desired bed height. Then, an initial concentration of adsorbate was
pumped upward through the column at a desired flow rate by using a peristaltic pump
(Watson Marlow, 403U). After that, samples were collected from the outlet of the column
and analyzed for residual concentration of pollutant. Prior to starting the experiment, the
adsorbent was pre-conditioned. More details of the experimental part will be discussed later

in the corresponding chapters 7 and 10.

Figure 3.16. Fixed-bed column mode experimental set-up.

The continuous adsorption process is usually characterized by the so-called
breakthrough curves, i.e., a representation of the adsorbate effluent concentration versus
time profile. In addition, breakthrough curve prediction through mathematical models is a
useful tool for scale-up and design purposes. The breakthrough curves show the loading
behavior of adsorbate to be removed in a fixed-bed column and are usually expressed in
terms of adsorbate concentration (Cag) as a function of time. Equilibrium
uptake, geq (Mg/g), is defined as the adsorption capacity of adsorbate per mass of adsorbent

at a certain initial concentration and can be calculated using Equation 3.2.

0, = % fot(Cin — C,) *dt (Equation 3.2)
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Where Qe (9/g) is the adsorption capacity at equilibrium, Ciy is the initial adsorbate
concentration (g/m®), Ctis the concentration of adsorbate at time t at the outlet of the

column (g/m®), m is the adsorbent amount (g), and F is the flow rate (m3/min) [14].
3.4. Isotherm models

The most useful way of expressing the feasibility of an adsorbent for an adsorbate is
the adsorption isotherms. In general, the adsorption isotherms were obtained by adding a
fixed amount of the adsorbent into a series of Erlenmeyer flasks containing different
concentrations of adsorbate solutions. Then, the flasks were shaken under the optimum
conditions of adsorption such as the time required achieving the equilibrium, pH,
temperature, followed by calculating the adsorption capacity at equilibrium. Fitting of the
experimental data were conducted by using different isotherm models including three of
two parameters, namely; Freundlich, Langmuir, and Dubinin—Radushkevich, three of three
parameters, namely; Redlich—Peterson, Radke—Prausnitz, Brunauer-Emmett-Teller (BET),
and a combination isotherm model.

Regarding the two parameter isotherm models; the Langmuir isotherm model is
assuming a monolayer adsorption on a homogeneous surface. The basic assumptions of this
models are the followings [15]:

e The molecules are adsorbed on definite sites on the surface of the adsorbent.
e Each site can accommodate only one molecule (monolayer).
e The area of each site is a fixed quantity determined solely by the geometry of the
surface.
e The adsorption energy is the same at all sites.
e The adsorbed molecules cannot migrate across the surface or interact with
neighboring molecules.
The non-linear expression of the Langmuir isotherm model can be illustrated as Equation
3.3.

Qm KL .Ce
1+Kj.Ce

Q. = (Equation 3.3)
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where Ce is the concentration of adsorbate at equilibrium (mg/L or g/m3); Qe is the
corresponding adsorption capacity at equilibrium (mg/g); Qm is the maximum adsorption
capacity (mg/g) and K. (L/mg or mg/mq) is the Langmuir constant which are related to
energy of adsorption.

Also, the Langmuir equation can be expressed in term of the dimensionless separation

factor, R, which could be calculated as presented in Equation 3.4:

1 :
R, = T K.C, (Equation 3.4)

Where C, is the initial concentration of adsorbate (mg/L or g/m®), K. is the Langmuir
constant (L/mg or mg/m3). If the R. is lying between 0 and 1, it means favorable
adsorption. On the other hand, unfavorable adsorption will be if Riis higher than 1.

The Freundlich isotherm model is the earliest known relationship describing the
non-ideal and reversible adsorption. It can be applied to multilayer adsorption, on the basis
of an assumption concerning the energetic surface heterogeneity where the energy of
interaction between pollutant and adsorbent material is distributed on the surface, grouping
into one patch those having the same adsorption energy. On each patch, a pollutant
molecule only adsorbs onto one adsorption site of the material [16].

The non-linear expression of Freundlich isotherm model can be illustrated as Equation 3.5.

Q. = KF.Cel/" (Equation 3.5)
where Qe is the adsorption capacity at equilibrium (mg/g), Kr is the first Freundlich
parameter constant (L/mg)*", Ce is the equilibrium concentration of adsorbate in mg/L or
g/m, n is the second Freundlich parameter constant (dimensionless).

The Dubinin-Radushkevich isotherm model is another empirical model which
describes the adsorption process following a pore filling mechanism, and to distinguish
between the physical and chemical adsorption [17]. It is generally applied to express the
adsorption process occurred onto both homogeneous and heterogeneous surfaces. The non-
linear expression of Dubinin-Radushkevich isotherm model can be illustrated as Equation
3.6.

Qe = Qp expFE? (Equation 3.6)
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Where, Qe is the adsorption capacity of adsorbate at equilibrium (mg/g) and Ce is the
adsorbate concentration at equilibrium (mg/L or mg/m?®), B is a constant related to the mean
of the adsorption energy (E), and ¢ is the potential energy of the surface and it can be

calculated as shown in Equation 3.7:
€ = RTLn[1 + 1/C ] (Equation 3.7)
e

where R (J/mol.K) is the gas constant, T (K) is the absolute temperature, and Ce is the
equilibrium concentration of adsorbate. The mean adsorption energy (E) can be calculated

as presented in Equation 3.8:

1 .
E = Nox: (Equation 3.8)

The adsorption process is supposed to proceed via chemisorption, if the magnitude
of E is between 90 and 180 kJ/g, while for values of E less than 90 kJ/g, the adsorption
process tends to be of physical nature [18, 19].

Regarding the three parameter isotherms, the Redlich-Peterson has been combining
the properties of the Langmuir and Freundlich isotherms into one equation as presented in

Equation 3.9.

ACe
1+B.Ce8

Qe =

where A, B, and n are Redlich-Peterson isotherm constants, and Qe, and C. are the

(Equation 3.9)

adsorption capacity and the concentration of adorbate at equilibrium respectively.
The Radke-Prausnitz isotherm model expresses the adsorption capacity as an
explicit function of the equilibrium concentration and it is based on thermodynamic

considerations. This model is illustrated in Equation 3.10.

_ _ KrpagrpCe .
Qe = T+ K Co )P (Equation 3.10)

where Krp and arp are Radke—Prausnitz constants and mgp is an exponent. For mgp = 0,
Equation 3.10 reduces to the Langmuir Equation 3.3.

The Brunauer Emmett Teller (BET) isotherm model is an extension of the Langmuir
theory to multilayer adsorption, where the Langmuir theory can be applied in each layer

and it is used as an analysis technique for the specific surface area of materials. The theory
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has limited accuracy at very low pressures where adsorbents tend to be strongly
heterogeneous and at high pressures where capillary condensation can occur [20]. This

model is illustrated in Equation 3.11.

B QmCe .
= Equation 3.11
Qe (Cs=C1+(B-1)()] (%4 )

where Qe is the amount of adsorbate adsorbed at equilibrium by packing adsorbents (mg/g)
and Ce is the adsorbate concentration at equilibrium (g/m?®), B is a constant relating to the
energy of interaction with the surface, Qm is the maximum adsorption capacity and Cs is the
saturation constant of the solute.

Finally, a combination of the above proposed isotherm models may be described as
Equation 3.12.

1+b c/n

Qe = (Equation 3.12)

where Q¢ is the amount of adsorbate adsorbed by packing adsorbents (mg/g) and Ce is the
adsorbate concentration at equilibrium (mg/mq), b and n are the constant parameters of the
isotherm, and Qm is the maximum adsorption capacity of adsorbate.

3.5. Central composite design, CCD, and Response Surface methodology,
RSM

The central composite design (CCD) and response surface methodology (RSM)
were used to determine the optimum conditions for the pollutant removal by using a
combination of mathematical and statistical techniques to evaluate the relative significant
factors for the removal efficiency, respectively. Two of three-levels full factorial design, 3%,
were used. The experimental design was set up based on a central level, 0, in the middle
point between the lowest (-1) and the highest levels (+1). Therefore, twelve experiments
were performed for the experimental design, including triplicate at the central point. All the

possible combinations of the factors and their levels were included.
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The behavior of the removal was fitted to a quadratic modeling and the quality of the fitted
model was quantitatively assessed by the analysis of the variance (ANOVA) to characterize
the interaction between the independent parameters and the removal. The obtained results
were refined by the Design Expert v6.0 software to fit a quadratic model, with a general
expression as shown in Equation 3.13.

Y = Bo+ Bicy BiXi + Xicy BuX? + XL Yo, BiiXiX; (Equation 3.13)

Where Y is the response, Xi, Xj, ...., and Xk are the input variables, o is the intercept term, i
(i=1, 2, ..., k) is the linear effect, Bii (i=1, 2, ..., k) 1s the squared effect, and Bj; (i=1, 2, ...,
k,j=1, 2, ..., k) is the interaction effect. The validity of the equation to fit the second order
model was verified by the correlation coefficients R2.

3.6. Statistical analysis

Statistical analysis of the data was performed by using Sigmaplot v12.5 and Design

Expert v6.0 software.
3.7. References

1. Singh, A.K., Chapter 4 - Experimental Methodologies for the Characterization of
Nanoparticles, in Engineered Nanoparticles. 2016, Academic Press: Boston. p. 125-
170.

2. Pradeep Sharma, et al., Synthesis and X-ray diffraction study of new copper (II)
complexes of a-aminonitrile derived from P- methoxybenzaldehyde with aromatic
amine. Journal of Physics: Conference Series, 2014. 534: p. 1-4.

3. Speakman, S.A. Basics of X-Ray Powder Diffraction. Available from:
http://prism.mit.edu/xray (Access date 2/6/2017).



http://prism.mit.edu/xray

Chapter 3

10.

11.

12.

13.

14.

Alonso, A., Development of polymeric nanocomposites with enhanced distribution of
catalytically active or bactericide nanoparticles, in Departament d’Enginyeria
Quimica, Escola d’Enginyeria 2012, Universitat Autonoma de Barcelona (UAB).
Berry, L.G. and R.M. Thompson, X-ray diffraction data for minerals. Waverly Press:
New York, 1962: p. 194.

Singh, A.K., Engineered Nanoparticles: Structure, Properties and Mechanisms of
Toxicity. 2015: Elsevier Science.

Epicier, T., et al., Chemical composition dispersion in bi-metallic nanoparticles: semi-
automated analysis using HAADF-STEM. Journal of Nanoparticle Research, 2012.
14(9): p. 1106.

Brunauer, S., P.H. Emmett, and E. Teller, Adsorption of Gases in Multimolecular
Layers. Journal of the American Chemical Society, 1938. 60(2): p. 309-319.

Zahedi, E., et al., Kinetic and mechanistic study on the pyrolysis of 1,3-
dihydroisothianaphthene-2,2-dioxide toward benzocyclobutene using RRKM and BET
theories. Chemical Physics, 2017. 483-484: p. 12-25.

Sanchez, A., et al., Ecotoxicity of, and remediation with, engineered inorganic
nanoparticles in the environment. TrAC Trends in Analytical Chemistry, 2011. 30(3):
p. 507-516.

Recillas, S., et al., Use of CeO2, TiO2 and Fe304 nanoparticles for the removal of
lead from water: Toxicity of nanoparticles and derived compounds. Desalination,
2011. 277(1-3): p. 213-220.

Mufioz, M.A., M. Balén, and C. Fernandez, Direct determination of inorganic
phosphorus in serum with a single reagent. Clinical Chemistry, 1983. 29(2): p. 372-
374.

Akhter, M. Ultraviolet spectroscopy. 2014; Available from:

https://www.slideshare.net/mariomS7/uvvis-spectroscopy.

Modak, J.B., A. Bhowal, and S. Datta, Experimental study and mathematical modeling
of breakthrough curve in rotating packed bed. Chemical Engineering and Processing:
Process Intensification, 2016. 99: p. 19-24.


https://www.slideshare.net/mariomS7/uvvis-spectroscopy

General methods and materials

15.

16.

17.

18.

19.

20.

Ruthven, D.M., et al., Adsorptive separation of Kr from N2 — Part | Adsorbent
screening studies. The Canadian Journal of Chemical Engineering, 1984. 62(4): p. 526-
534.

Do, D.D. and K. Wang, A new model for the description of adsorption Kinetics in
heterogeneous activated carbon. Carbon, 1998. 36(10): p. 1539-1554.

Chen, X., Modeling of Experimental Adsorption Isotherm Data. Information, 2015.
6(1): p. 14-22.

Dorado, A.D., et al.,, The role of water in the performance of biofilters:
Parameterization of pressure drop and sorption capacities for common packing
materials. Journal of Hazardous Materials, 2010. 180(1-3): p. 693-702.

Mohan, D., C.U. Pittman Jr, and P.H. Steele, Single, binary and multi-component
adsorption of copper and cadmium from aqueous solutions on Kraft lignin—a
biosorbent. Journal of Colloid and Interface Science, 2006. 297(2): p. 489-504.
Livingston, H.K., The Relationship between the Brunauer-Emmett-Teller Adsorption
Isotherm and the New Isotherm of Jura and Harkins. The Journal of Chemical Physics,
1947.15(9): p. 617-624.









Part A:

Water remediation






Chapter 4

Engineered nanomaterials: synthesis, characterization, and its potential

efficiencies on water remediation






Chapter 4

4.1. Introduction

Nanomaterials have found immeasurable applications due to its unique properties
such as high surface area, catalytic properties, etc. [1]. Nowadays, environmental
applications of nanotechnology have been one of the most auspicious techniques in water
remediation and treatment. Water remediation process involves the transformation of
pollutants from toxic form to less toxic in water [2]. The most promising interest in the last
decade is the advancements in nanotechnology for water remediation, especially after the
most stringent health regulations. Several pollutants such as nutrients, fluoride, heavy
metals, and pesticides have been registered as hazardous substance in water [3-6] when
they exceed the maximum contaminants levels (MCLs) according to World Health
Organization (WHO), and Environmental Protection Agency (EPA) [7-9]. Engineered
nanomaterials act as novel tools in snatching pathogenic bacteria, environmental
biomonitoring, treatment of water and wastewater, and so on [10, 11]. Adsorption is the
most promising and suitable method for water treatment due to its ease of operation,
simplicity, and low cost [4, 12-14]. Thus, taking into account the state-of-the art of the
nanomaterials used for water remediation (Chapter 1), the main goal of this chapter is to
develop different types of nanomaterials based on metal oxide nanoparticles (NPs) and
nanocomposites (NCs) to apply them for a screening in the adsorption of a variety of
contaminants. These types of nanomaterials are selected due to its high performance, fast
adsorption process, and large surface area [15-17]. The synthetic procedure in all the cases
is based on in-situ co-precipitation technique. The co-precipitation in-situ method of the
NCs preparation is a method for a bottom-up approach where the metal oxide NPs can be
produced inside the supports [18]. Also, a comparison of their effectiveness with common
used materials such as activated carbon, chitosan and zeolite is shown. With the results
obtained we design an improvement of new nanomaterials for the adsorption of specific
contaminants in water. Herein, the specific objectives of this part of the work are: (1) to
synthesize different engineered nanomaterials including: metal oxide NPs (FesOs, TiOp,
and CeOy); metal oxide NPs (Fe3O4 and CeO>) anchored on graphene based nanomaterials
(r-G.0O) and; functionalized core/shell magnetite based NPs (Fes04s@SiONH2, Fes04s@PEI
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and FesO4s@CTAB) using a co-precipitation method; (2) to characterize the particle size,
morphology, and properties of the synthesized nanomaterials; (3) screening of the potential
efficiencies of the nanomaterials for the removal of contaminants such as inorganic anions:
fluoride, phosphate and nitrate; heavy metals: cadmium and nickel and; POPs from water

(5) to determine the toxicity of the synthesized nanomaterials.

4.2. Materials and methods
4.2.1. Materials

Iron (11) chloride (FeCl.), iron (I1) chloride hexahydrate (FeClz-6H20), sodium
fluoride (NaF), titanium chloride (TiCls), cerium nitrate hexahydrate (Ce(NOz3)s3-6H20),
polyethyleneimine (PEI), tetramethylammonium hydroxide (TMAOH), ammonia (NH3)
solution, cetyltrimethylammonium bromide (CTAB), 3-aminopropyl triethoxysilane
(APTES), sodium phosphate monobasic (NaH2POs), cadmium chloride (CdCl.), dithizone,
chloroform (CHCIs), potassium cyanide (KCN), sodium chloride (NaCl), potassium
permanganate (KMnO4), hydrogen peroxide (H202), atrazine, alachlor, carbaryl, 4-bromo-
3,5-dimethylphenyl-N-methylcarbamate (BDMC), sodium nitrate (NaNQO3), ascorbic acid,
hydroxylamine hydrochloride (NH.CI-H.0), zeolite, activated carbon, chitosan powder,
and graphite powder, were purchased from Sigma-Aldrich, Spain. Sodium hydroxide pellet
(NaOH) was purchased from Merck. Hydrochloric acid (HCI), nitric acid (HNO3z) was
purchased from Panreac, SA. All the chemicals were of analytical grade or higher.

Microtox ® acute reagent, osmotic adjusting solution (OAS), Reconstitution
solution, and microtox ® diluent were produced from Modern Water Inc., and purchased
from Fisher Scientific, SA.

Catechol based nanomaterial with diameters ranging from 100 to 350 nm was
supplied by Institut Catala de Nanociéncia i Nanotecnologia (ICN2), and Departamento de
Quimica at UAB, Spain.

The cationic exchange polymer (C100) was kindly supplied by Purolite S.A, Spain.
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4.2.2. Synthesis of the nanomaterials

4.2.2.1. Metal oxides NPs synthesis

Among different methods had been reported to synthesis metal oxide NPs, co-
precipitation method is the most common due to it is a facile and convenient way to
produce it [19, 20]. The co-precipitation method used in this work involves the formation of
precipitate of oxo-hydroxide by the addition of a base; such as TMAOH, NaOH or HMT,
among others, into a solution of a precursor metal salt; such as iron, titanium and cerium,
dissolved in water [21-23].

4.2.2.1.1. Magnetite NPs

Magnetite, FesO4, NPs were synthesized in aqueous phase using ultrapure water,
and the method of synthesis was based on the reported in the literature using
tetramethylammonium hydroxide (TMAOH) [23, 24] as showed in Equation 4.1. The
addition of TMAOH increases the colloidal stability of the NPs and enhances the degree of
crystallinity [25]. Briefly, 20 mmol of iron (1) chloride (FeCl2), and 40 mmol of iron (111)
chloride hexahydrate (FeCls.6H20) were dissolved in 200 mL of deoxygenated water for 20
min. Followed by the addition dropwise into 200 mL of 1 M deoxygenated TMAOH where
the color changed into black at room temperature. Then, the mixture suspension was
vigorously stirred at 600 rpm for 30 min under inert conditions of N2 stream. Finally, the
FesOs NPs were washed three times by using ultrapure water using permanent magnet
(magnetic decantation), and then redissolved into 1 mM of TMAOH to obtain the final

suspension of FezO4 NPs.

Fe?* + 2Fe®" + 80H™ > Fe304 + 4H,0 (Equation 4.1)
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42.2.1.2. Cerium oxide NPs

The cerium oxide, CeO2, NPs was synthesized based on the reported method in the
literature [26, 27], and the synthesis was performed in aqueous medium. Typically, 40 mM
of cerium nitrate hexahydrate (Ce(NOz3)3.6H20) was dissolved in 250 mL of ultrapure water
(milli-Q) for 30 min at room temperature. Next, 250 mL of hexamethylenetetramine (HMT)
was added dropwise into the cerium salt (Ce3*) solution for oxidation into Ce**. Then, the
suspension was continuously stirred at low rate of agitation, 200 rpm, for 24 h at room
temperature to obtain CeO, NPs by converting all the Ce®* into Ce**. After, the NPs were
separated from the medium by centrifugation at 6000 rpm for 30 min and washed with
ultrapure water three times, the CeO2 NPs were suspended in 1 L of 10 mM HMT solution

which forms the electrical double layer to prevent the NPs agglomeration [22, 23].

4.2.2.1.3. Titanium oxide NPs

The titanium oxide, TiO2, NPs were synthesized in aqueous medium and based on
the reported method in the literature [23, 28]. Briefly, 0.7 M of titanium ion (Ti*") stock
solution was prepared in 100 mL of 3 M of HCI. Then, 5 mL of the stock solution was
added dropwise into 30 mL of ultrapure water. Next, the pH of the solution of Ti*" was
adjusted to 5.0 by using 3 M of NaOH solution, followed by adjusting the total volume to
50 mL in order to obtain 0.07 M of Ti*" ion concentration. After, the suspension was aged
at 60 °C for one h and the produced TiO> NPs were separated by centrifugation at 10000
rpm for 30 min and followed by washing twice with adjusted ultrapure water to pH 5.0 as
the same pH of the synthesis. Finally, the TiO2 NPs were suspended into 50 mL of 1 mM of
TMAOH.
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4.2.2.2.  Preparation of functionalized magnetite NPs
4.2.2.2.1. Fe304 NPs functionalized with NH groups

Functionalization of the FesO4 NPs with 3-aminopropyl triethoxysilane (APTES), as
a source of amine group, to obtain Fes04@SIONH2 NPs was performed by modifying the
reported method [29, 30]. Briefly, 1.0 g of FesOs NPs were dispersed in 100 mL ultrapure
water (Milli-Q) for 20 minutes by sonication. Then, 1 mL of APTES was added dropwise
to the suspension of the NPs and the mixture was continuously stirred at 600 rpm for 12 h
at room temperature. Later, the magnetic FesOs@SIiONH2 NPs were washed three times
using ultrapure water and separated using the magnetic decantation and finally dried
overnight at 60°C.

4.2.2.2.2. Polyethyleneimine-modified F e304 NPs

Coating of FesOs NPs with polyethyleneimine (PEI) was performed with a slight
modifications in the reported method in the literature [31]. Briefly, 1 g of FesOs NPs were
dispersed in 100 mL ultrapure water (Milli-Q) by sonication for 20 min. Then, 2.5 g of PEI
was titrated into FesO4 NPs suspension. After that, the mixture was continuously stirred for
30 min at room temperature. Later, the FesO4s@PEI NPs were dried at 60°C for 12 h after
washing the NPs with water and ethanol respectively using magnetic decantation.

4.2.2.2.3. Cetyltrimethylammonium bromide coated Fe304 NPs

Cetyltrimethylammonium bromide (CTAB) coated Fes04 NPs were prepared with a
slight modification of the reported method [32]. The obtained black FesOs NPs were
sonicated for 20 min in 100 mL of the ultrapure water (Milli-Q), followed by the addition
of the CTAB drop by drop to obtain a weight ratio of 1:1 between the CTAB and FezO4
NPs. Then, the mixture was continuously stirred for 30 min at room temperature.
Subsequently, Fes0s@CTAB NPs were separated using a NdFeB permanent magnet and
washed using ultrapure water, followed by ethanol washing and then dried at 60°C for 12 h.



Engineered nanomaterials: synthesis, characterization, and its potential
efficiencies on water remediation

4.2.2.3. Preparation of graphene based nanomaterials

4.2.2.3.1. Synthesis of graphene oxide

Graphene oxide (G.O) was synthesized by using a modified Hummer’s method
[33]. Briefly, 2 g of graphite powder was mixed with 1.0 of sodium nitrate (NaNO3) in 46
mL of H2SO4 on ice bath. Next, the mixture was stirred for 30 min. Followed by the
dropwise addition of 6 g potassium permanganate (KMnQs), and the resulting mixture was
continuously stirred at 400 rpm for 30 min at 35 °C. Then, the mixture was diluted by 92
mL of ultrapure H20, and continuously stirred at 400 rpm for 4 h, at temperature lower than
10 °C. Afterwards, 7 mL of H2O2, and 280 mL of ultrapure H-O were added to terminate
the reaction. Lastly, the graphene oxide (G.O) produced, when bright yellow color of the
solution was observed, was separated and washed with hydrochloric acid (HCI) by
centrifugation at 6000 rpm for 30 min. Then, the G.O was dried at 60 °C for 24 h.

4.2.2.3.2. Synthesis of reduced graphene oxide

Reduced graphene oxide (r-G.O) was prepared as following: 0.13 g of the as-
prepared graphene oxide as described in section 4.2.2.3.1 was first dispersed in 200 mL of
ultrapure water by the effect of the ultrasonication treatment for 2 hours. Next, 2 mL of
ascorbic acid solution (2.2 mM) was added dropwise into the G.O suspension, followed by
vigorously stirring for 1 h to obtain the reduced form of r-G.O. Then, the r-G.O was dried
at 60 °C for 24 h.

4.2.2 4. Synthesis of metal oxide/reduced graphene oxide nanocomposites

NCs of metal oxide NPs anchored onto r-G.O were prepared according to the
protocols reported in the literature with a slight modification [34, 35]. r-G.O NCs were
prepared using the in-situ co-precipitation method. Typically, Fez04/r-G.O NCs were
prepared as follows; 25 mM of FeCl, and 50 mM FeClsz.6H20 were dispersed, in 100 mL of
deoxygenated ultrapure water containing 0.13 g of G.O, by the effect of ultrasonication
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treatment for 2 h,followed by adjusting the pH to 9.0 by titration with 0.6 M of ammonium
hydroxide (NH4sOH). Next, the colloidal solution was stirred for 1 h under N> stream and
40 °C after the addition of 2 mL of ascorbic acid solution (2 mM) as mentioned in section
4.2.2.2.2 to reduce the G.O. After washing three times with ultrapure water to remove the
excess of alkali, the obtained Fe3O4/r-G.O NCs were dried overnight at 60 °C.

The following procedure was used to synthesis the CeO2/r-G.O NCs. Briefly, 0.35 g
of Ce(NO3)3.6H20 was dissolved in 200 mL of ultrapure water and continuously stirred for
30 minutes. Next, 0.13 g of G.O was dispersed in 200 mL of HMT (0.5 M) by the effect of
ultrasonication treatment for 2 h. Then, the later suspended solution was added dropwise
into the cerium salt solution and the formed colloidal solution was continuously stirred for
one hour. After the addition of 2 mL of ascorbic acid solution (2.2 mM), the colloidal
solution was moderately stirred at 300 rpm for 24 h at room temperature. Finally, the
Ce0./r-G.O NCs formed were washed with ultrapure water and ethanol and, then dried at
60 °C for 24 hours.

4.2.3. Synthesis of chitosan and description of the supplied supports
4.2.3.1. Synthesis of Chitosan beads (wet and dried)

Chitosan (CS) beads were synthesized using a modified cross linked method as
reported [36]. Briefly, 2 g of CS were dissolved in 100 mL of 2 % (v/v) acetic acid
solution. followed by agitation for 2 h until the dissolution of the formed gel. Next, 250 mL
of a 0.5 M NaOH solution containing 12.5 % glutaraldehyde was dripped into CS solution
using a peristaltic pump (Watson Marlow, 403U) connected to a needle of 3 mm forming
beads upon contact of the gel drops with the alkaline solution. The beads remained in
contact with the NaOH solution for 12 h. After this time, the beads were washed with
ultrapure water until the rinse water presented a pH 7.0. The polymer in the form of beads
was kept in the refrigerator at 4 °C and denotated as wet CS beads. Moreover, the dried

beads of CS were obtained by drying the wet beads at low temperature of 60 °C for 3 h.
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4.2.3.2. Supplied supports

Different supplied materials (supports) have been used for water remediation and
for comparing with the developed nanomaterials, including cationic exchange polymer
(C100), zeolite, activated carbon and catechol.

C100 polymer consists of polystyrene cross-linked with divenyl benzene
functionalized with sulfonated group gel type. Pre-treatment of the C100 was carried out by
following the reported procedure [18, 37]. First, the raw material was treated with 1.0 M
NaCl for 2 h and washed with deionized water (3 times) so as to convert all the functional
groups into Na* form. Afterwards, the polymer was dried at 80 °C for 24 h for further reuse.
The ion-exchange capacity (IEC) of the polymer was 2.0 mequiv/g. However, the other
supplied supports were used without treatments.

The average diameter of the supplied catechol is 301 nm. The activated carbon has a
particle diameter of < 100 um. These supports are used as it is without pre-treatment.

4.2.4. Characterization of the nanomaterials

The properties and characteristics of the NPs such as morphology, size, metal
contents, NPs distribution and the structures were obtained by using various techniques
such as ICP-OES, HR-TEM, and XRD as previously explained in Chapter 3 (Section 3.1).

4.2.5. Adsorption studies

Adsorption properties, of the nanomaterials synthesized for specific contaminants in
water, were determined in batch adsorption experiments. A solution of contaminant
concentration of Co (mg/L) was prepared by dissolving the corresponding precursor
standard into the suitable solvent of deionized water or organic solvent. Then, an adsorbent
amount of W (g) was added into a conical flask containing a definite volume of the
contaminant solution. After the adjustment the pH, depending on the experiment, of the

suspension by using 0.1 M of NaOH or HCI, the flasks were shaken on a thermostat shaker
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at 200 rpm and 25 °C. To ensure the adsorption equilibrium, the adsorption time was set for
24 hours. The concentration of residual contaminant in the solution, Ce, was measured with
the specific equipment as will be discussed in Section 4.2.6. The adsorption capacity at the
equilibrium was calculated according to the mentioned equation in Chapter 3 (Section
3.3.1).

4.2.6. Analytical methods
4.2.6.1. Anions analysis (fluoride, nitrate, and phosphate)

The determination of the inorganic anions (F-, PO4s3-P, NOs-N) was determined
using ICS-2000 (Dionex) ion chromatographic system, with ultimate 3000 autosampler. A
stock solution of each contaminant was prepared by dissolving the appropriate amount of
its precursor in ultrapure water. For instance, 100 mg/L of fluoride, nitrate, and 1000 mg/L
of phosphate solutions were prepared by dissolving the appropriate amount of NaF,
NaNO3z, and NaH2PO4 in 100 mL of ultrapure water. Next, series of calibration standards of
each anions were prepared by diluting the stock solution into 50 mL of ultrapure water.
Validation of the calibration curve of each anion was performed by the estimations of
correlation coefficients (R?) to be > 0.99.

Thus, contaminant solutions for adsorption studies were prepared by diluting the
stock solution of F-, PO43-P, and NO3-N into 50 mL of ultrapure water to obtain 4 mg/L of
F, 44 mg/L of nitrate which are the maximum contaminant levels in drinking water, and
100 mg/L of POs-P which is higher than could be found in the real water matrix.
Furthermore, all the calibration standards and samples were filtered using 0.45 um Nylon
membrane filter before injection. In addition, the determination of PO4=-P was confirmed
by using the biosystem analyzer. Analysis conditions were performed using IC or
biosystem analyzer are mentioned in Chapter 3 (Sections 3.2.1, and 3.2.2).
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4.2.6.2. Heavy metals determination

The determination of the heavy metals such cadmium and nickel was based on the
spectroscopic method. For instance, the colorimetric method was used for the determination
of cadmium which it depends on the formation of red colored complex by the interaction of
cadmium with the dithizone reagent that could be extracted with chloroform (CHCIs), as
reported in the literature with a slight modification [21]. Single extraction was performed
for the determination of cadmium due to the non-interference of other metal ions in the
analytical technique used [38]. Typically, a stock solution of 100 mg/L of cadmium was
prepared by dissolving the appropriate amount of CdCl> salt into 100 mL of ultrapure water
which contains 0.5 % of HNOz. Then, a working standard solution of 10 mg/L of cadmium
was prepared by diluting the stock solution into 250 mL of acidified ultrapure water with 1
% of HNOz3. Next, series of calibration standards were prepared from the working solution
by dilution in 25 mL of ultrapure water. The determination of the cadmium was carried out
by extracting the CHCIs and measured photometrically at 518 nm. The red complex of
cadmium was formed by using the following procedure: 12.5 mL of cadmium solution was
mixed with 125 pL of NH2OH.HCI (20 % in ultrapure water), 15 mL of dithizone reagent
(0.004 % in CHCIz3), and 2.5 mL NaOH-KCN solution (3 % NaOH, and 0.5 % KCN in
ultrapure water) in a separating funnel. Next, the mixture was shacked for 1 minute and
then allowed to phase separation. Thus, a chloroform layer was separated and measured at
518 nm for cadmium determination using UV-VIS spectrophotometer as described in
chapter 3 (section 3.2.3).

Nickel determination was performed using ICP-OES as described in chapter 3
(section 3.1.1).

4.2.6.3. Persistent organic pollutants determination
Determination of the persistent organic pollutants (POPs) was based on the using of

liquid-liquid extraction technique due to its ease, strength, and broad approval by

international standard methods [39, 40]. So, the determination of atrazine, alachlor,
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carbaryl, and BDMC was based on the reported method in the literature [41]. Firstly, 100
mg/L stock solutions of each pesticide were prepared by dissolving an appropriate amount
of each analytical standard into 10 mL of methanol, and keep it in amber flasks. Next,
calibration standards were prepared by diluting the stock solution in 50 mL of ultrapure
water. Then, 35 mL of each solution was exposed to 2 mL of n-hexane in a separating
funnel, and followed by shaking for 2 min. After the phases are separated, the hexane layer
was separated. 1 pL of each solution was injected into GC/MC (7820A/5975B), and

analyzed as described in chapter 3 (section 3.2.4).

4.2.7. Toxicity measurements

The toxicity of the suspensions of the NPs was performed using the bioluminescence
test [23, 27, 42]. Briefly, 0.05 g of each NPs of Fe304, Fes04@PEI, Fe:0.@CTAB, G.O,
Fes04/r-G.0O, and CeO./r-G.O were dispersed in 50 mL of ultrapure water by the effect of
ultrasonication for 30 minutes. Next, the pH of the NPs suspensions was adjusted by using
0.1 M of HCI or NaOH. After that, the toxicity of the suspended solutions was performed
by Mictrox® as described in chapter 3 (section 3.1.12).

4.3. Results and discussion

4.3.1. Characterization of the synthesized nanomaterials
43.1.1. Metal oxides NPs

The morphology and size of the FesO4, CeO2 and TiO2 NPs were determined by
using HR-TEM as shown in Figure 4.1. The average particles size was determined using
imageJ software. A cubic structure of FesOs NPs was obtained as shown in Figure 4.1a
with average size of 13.00 £ 1.77 nm. Also, the morphology of TiO> was found to be
tetrahedral structure with particles size of 3.75 + 0.65 nm as shown in Figure 4.1b. In
addition, the average size of CeO, NPs was estimated to be 9.86 £ 1.40 nm, and its
morphology was cubic structure as shown in Figure 4.1c. Moreover, a slight aggregation of

the metal oxide NPs was found as shown in Figures 4.1a-c. Figures 4.1d-f indicate that
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crystalline structure of the metal oxide NPs was obtained by the analysis of the ED patterns
due to the presence of multiple rings consisting of discrete spots [18].

Figure 4.1. TEM images of: (a) FesOs, (b) TiO2, and (c) CeO2 NPs; and ED patterns of: (d) FesOa,
(e) TiOg, and (f) CeO; NPs.

Also, confirmation of the elemental analysis was proved by using the EDS spectra
as shown in Figures 4.2 a-c. For instance, magnetite NPs was confirmed by the presence of
iron (Fe) and oxygen (O) elements as illustrated in Figure 4.2a. Also, the existence of
titanium (Ti) and O elements proved the titanium oxide NPs (Figure 4.2b). The same was
proved in case of cerium oxide NPs due to presence of cerium (Ce) and O as shown in
Figure 4.2c. Furthermore, the stability of the Fe3Os and TiO2 NPs was estimated by
measuring the zeta potential values. It was found that highly stable NPs (zeta potential
higher than £ 30 mV) are obtained due to the values were found to be - 55.6 mV, and —
43.8 mV for FesO4 and TiO2 NPs, respectively, which is in agreement with the literature
[23, 27]. Therefore, TMAOH is a good stabilizer for the Fe304 and TiO2 NPs. In addition,
the Fe, Ti, and Ce metal contents of the synthesized NPs were analyzed by ICP-OES. The
mean of the duplicates of Fe, Ti, and Ce metal contents being 684.26 + 10.43 mgre/gnes,
103.31 + 4.67 mgri/gnes, and 41.62 + 2.17 mgce/gnes for FesOs, TiO2, and CeO2 NPs,



Chapter 4

respectively. Characterization of magnetite functionalized NPs will be discussed in Chapter
8.

Figure 4.2. EDS spectra of: (a) Fe3Os, (b) TiO., and (c) CeO, NPs.
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4.3.1.2. Metal oxides/ reduced graphene oxide NCs

Multilayer image of graphene oxide was shown in Figure 4.3a by TEM.
Additionally, the impregnation of the metal oxide NPs as FesOs and CeO; NPs into
graphene oxide (G.O) layer was demonstrated as illustrated in Figures 4.3 b-c. For instance,
a mixture of spherical and cubic structures of FesO4 NPs was obtained on the layer of the r-
G.O as shown in Figure 4.3b with an average size of 6.82 + 1.24 nm. In the case of the
CeO2 NPs impregnated into the reduced graphene oxide layer (r-G.O), an irregular shape of
the NPs was obtained as illustrated in Figure 4.3c. In addition, the average size of the CeO>
NPs was found to be 6.15 £ 1.30 nm. Therefore, approximately an equal size of the Fez04
and CeO2 NPs was obtained. Moreover, the synthesized NCs were analyzed by ICP-OES.
The mean of the duplicates of the iron (Fe), and cerium (Ce) metal contents being 493.27 +
8.54 mgre/gngs, 21.95 £ 1.37 mgce/gnes for Fez04/r-G.0 and CeO2/r-G.O NCs, respectively.

Figure 4.3 TEM images of: () G.O, (b) Fes04/r-G.O NCs, and (¢) CeO2/r-G.O NCs; and ED
pattern of: (d) FesO4/r-G.O NCs, and (e) CeO2/r-G.O NCs.



Chapter 4

4.3.1.3. XRD pattern of the metal oxide nanoparticles

The phases and Miller indices (previously described in Chapter 3) of the metal
oxides NPs were determined from the XRD patterns. Figure 4.4a-c shows the XRD patterns
of Fe304, TiO2, and CeO2 NPs. For instance, the cubic structure of the Fe3Os NPs was
confirmed by matching the XRD pattern with the reference data base (JCPDS 1-1111) as
shown in Figure 4.4a. The same was carried out for TiO2, and CeO2 NPs in comparison
with the reference data bases (JCPDS 1-0562, and JCPDS 1-0800) to prove the tetrahedral,
and cubic structures, respectively as illustrated in Figures 4.4b and 4.4c. Moreover, the
XRD patterns present the diffraction peaks corresponding to the (220), (311), (222), (400),
(422), (511), (440), (533), and (731) for the Fe3O4 NPs (Figure 4.4a). Also, the diffraction
peaks of (101), (103), (200), (105), (213), (116), (107), and (303) planes are corresponding
to anatase structure of TiO2 NPs (Figure 4.4b). In addition, the cubic structure of CeO2 NPs
was obtained from the diffraction peaks of (111), (200), (311), (400), (331), (422), and
(511) planes as shown in Figure 4.4c. The obtained crystalline phases are in agreement with

the reported one in literature [43, 44].
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Figure 4.4 XRD patterns of: (a) FezOa, (b) TiO, and (c) CeO2 NPs.
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4.3.2. Applications of the nanoparticles

A screening of the potential efficiencies for the removal of inorganic contaminants:
fluoride, phosphate, and nitrate, and heavy metals such as; cadmium and nickel, and
persistent organic pollutants such as; atrazine was performed using different nanomaterials

described, as adsorbents.

4.3.2.1. Anions removal

The efficiency of the metal oxides NPs on the removal of inorganic anions; fluoride,
phosphate, and nitrate, is presented in Table 4.1. The initial concentrations of F-, PO473, and
NOs~ were selected to be equal to their corresponding MCL or based on the real
concentration in water. The anions removal was affected by the type of the metal oxide
NPs. For instance, for the removal of fluoride the order, in terms of higher fluoride
removal, was: CeOz2 NPs (51.51 %) > Fe3O4 (2.91 %) > TiO2 (2.44 %) at pH 7.0. For
phosphate: CeO2 NPs (20.81 %), TiO2 NPs (11.34 %) > Fe3O4 NPs (5.70 %) at pH 7.0.
TiO2 NPs showed the highest removal percentage of nitrate to be (16.44 %), followed by
CeO2 NPs (11.60 %), and Fe30O4 (11.31 %) at pH 7.0.
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Table 4.1. Effect of metal oxides, and mixed oxide nanoparticles on the

removal of inorganic pollutants.

Initial
Adsorbent Removal,
Adsorbents | Pollutants | concentration, pH
dose, g/L %0
mg/L
4 1.0 5 7.94
E
4 1.0 7 2.91
100 1.0 5 7.56
FesOs PO,3-P
100 1.0 7 5.70
44 1.0 5 12.33
NO3-N
44 1.0 7 11.31
4 0.64 5 81.87
=
4 0.64 7 51.51
100 0.64 5 33.71
CeO PO43-P
100 0.64 7 20.81
44 0.64 5 16.76
NO3-N
44 0.64 7 11.60
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Initial
Adsorbent Removal,
Adsorbents | Pollutants | concentration, pH
dose, g/L %0
mg/L
e 4 1.0 5 12.90
4 1.0 7 2.44
_ 100 1.0 5 19.54
TiO2 PO43-P
100 1.0 7 11.34
44 1.0 5 21.00
NOz-N
44 1.0 7 16.44
CeO,, TiO2 | F 4 1.64 5 94.90
(Mixed PO43-P 100 1.64 5 45.38
oxide) NOs-N 44 1.64 5 9.83

An enhancement of the removal efficiency for the inorganic anions was observed by
decreasing the pH values as shown in Table 4.1. Same trends were observed in the case of
the removal of fluoride at pH 5.0, where the removal followed the order of CeO> (81.87 %)
> Fe30s4 (12.90 %) > and TiO2 (7.94 %) NPs. Also, for the phosphate removal, the
efficiency was found to be CeO; (33.71 %) > TiO2 (19.54 %) > Fes0s (7.56 %). In
addition, the order was TiO2 (21.00 %) > CeO; (16.76 %) > Fe304 (12.33 %) for the
removal of nitrate. The increase of the removal percentage values in all cases for the
inorganic anions at lower pH value could be attributed to the increase of the surface’ charge
of the NPs in the acidic medium which enhance the interaction with the anions [45].
Moreover, regarding to the highest removal percentage of the inorganic anions found by
using CeO., and TiO2 NPs as presented in Table 4.1, improvement of the removal was
proved by mixing CeO, and TiO2 NPs to obtain removal efficiency of 94.90 %, 45.38 %,
and 39.83 % for fluoride, phosphate, and nitrate, respectively at pH 5.0.

The removal of fluoride, phosphate, and nitrate anions was also assayed by using a
commercial zeolite adsorbent, and the supplied catechol NPs as presented in Table 4.2. For

commercial zeolite, an increase of the removal percentage values was observed by
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decreasing the pH value from 7.0 to 5.0 for all cases. The removal efficiencies were found
to be 44.81 %, 5.66 %, and 4.36 % for fluoride, phosphate, and nitrate, respectively at pH
5.0. However, in the case of using catechol, a decrease of the removal efficiencies was
observed in all cases by decreasing the pH value from 7.0 to 5.0 which could be attributed
to the degradation of the catechol in the acidic medium [46]. A removal percentage of
11.38 %, 4.14 %, and 14.19 % for fluoride, phosphate, and nitrate anions, respectively were
obtained at pH 7.0. Adsorption capacities at equilibrium at pH 5.0 under the assayed
conditions for all inorganic anions are illustrated in Figure 4.5. The adsorption capacities of
fluoride, phosphate, and nitrate have the highest values by using the CeO2 NPs being 5.12
mg/g, 52.67 mg/g, and 11.52 mg/g for fluoride, phosphate, and nitrate, respectively. On the
contrary, the lowest values of the adsorption capacities under equilibrium were found 0.15
mg/g, and 1.82 mg/g using catechol, and 1.11 mg/g using mixed oxides of CeO and TiO>
NPs for fluoride, nitrate, and phosphate, respectively. Although, an enhancement of the
removal percentage of fluoride was shown using mixed oxide of CeO, and TiO2 NPs,
however, a decrease of its adsorption capacity was observed. The decrease of the
adsorption capacity could be attributed to the usage of high amount of the mixed oxides
adsorbents. Also, negative effect for the removal efficiency of phosphate and nitrate using
the mixed oxides of CeO and TiO> NPs. Therefore, the method of mixing the oxides of
CeO.and TiO2 NPs was not selective to enhance the adsorption capacity of all the anions.
The adsorption mechanism of anions could be attributed to electrostatic attraction as
chemisorption or as surface ion exchange process as physisorption [47-49]. Detailed

information on the adsorption mechanisms will be discussed in the following chapters.
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Table 4.2. Effect of zeolite, and catechol adsorbents on the removal of inorganic

pollutants.
Adsorbents | Pollutants Initial Adsorbent | pH | Removal,
concentration, | dose, g/LL Yo
mg/L
- 4 1.0 5 4481
4 1.0 7 17.16
_ 100 1.0 5 5.66
Zeolite PO43-P
100 1.0 7 0.70
44 1.0 5 4.36
NO3-N
44 1.0 7 2.29
. 4 1.0 5 3.66
4 1.0 7 11.38
100 1.0 5 4.08
Catechol PO43-P
100 1.0 7 4.14
44 1.0 5 4.13
NO3-N
44 1.0 7 14.19
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Figure 4.5 Adsorption capacity, Qe, for fluoride, phosphate, and nitrate at equilibrium under the

best conditions from tables 4.1 and 4.2.

4.3.2.2. Heavy metals removal

Screening of the potential efficiency of different adsorbents developed, the metal
oxide NPs and graphene based nanomaterials were applied for the removal of cadmium and
nickel compared with C100 polymer and activated carbon. As shown in Table 4.3, the
highest removal of cadmium (70.16 %) was observed by using the cationic exchange
polymer, C100. This could be attributed to ion exchange process. Followed by FesO4 NPs
(25 %) and a low removal percentage was observed when activated carbon was used (21.60
%). Regarding nickel, C100 polymer exhibits the higher removal (100 %). While, Fe3O4
NPs shows removal percentage (47.83 %), but no efficiency was observed in case of using
CeO2 NPs. Moreover, drying of the chitosan beads enhanced the removal ten times, from
1.71 % to 17.1 %. In addition, the reduction of graphene oxide provides also a higher

removal percentage. Indeed, reduced graphene oxide (r-G.O) could remove 34.86 % of
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nickel, while G.O showed only 18.29 % of removal percentage. It is interesting to observe
the increase of the removal percentage of nickel when Fe3O4 NPs anchored into the reduced
G.O to obtain 96.23 % of nickel removal.

Table 4.3. Screening of heavy metals removal using different adsorbents.

Pollutants Adsorbents Initial Adsorbent | pH | Removal,
concentration, | dose, g/LL Yo
mg/L
G.0 14 1.00 7 18.29
r-G.0 14 1.00 7 34.86
Ce0a/r-G.O 14 1.00 7 2.29
Fe304/r-G.O 14 1.00 7 96.23
CeO> 14 1.00 7 0.00
Nickel FesO4 14 1.00 7 47.83
Functionalized
14 1.00 7 54.80
Fes04
CS wet beads 14 1.00 7 1.71
CS dry beads 14 1.00 7 17.71
C100 14 1.00 7 100
FesO4 10 1.00 7 25.00
) C100 10 1.00 7 70.16
Cadmium :
Activated
10 1.00 7 21.60
carbon

The adsorption capacity of nickel and cadmium for the different adsorbents is
illustrated in Figure 4.5. The amount of nickel adsorbed (8.37 mg/g) onto FesOs NPs was
higher than of cadmium (2.50 mg/g). Therefore, higher affinity to nickel over cadmium was
demonstrated by using FesOs NPs. Same trend was observed when using the cationic
exchange polymer, C100, where 17.50 mg of nickel could be adsorbed onto 1.00 g of
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C100. While, only 7.02 mg of cadmium could be adsorbed by using the same cationic
polymer.

Figure 4.6. Adsorption capacities, Qe, of nickel and cadmium at pH 7.0, and 25 °C.

4.3.2.3.  Persistent organic pollutants removal

A comparative study between the activated carbon and catechol was performed for
the removal of the persistent organic pollutants such as atrazine, alachlor, carbaryl, and
BDMC. A significant effect of the adsorbents used was observed as shown Figure 4.7 by
using the same amount of adsorbent (1.0 g/L) and initial adsorbates’ concentration (10
Mg/L). By using catechol adsorbent, the highest removal efficiency was observed in case of
the BDMC pesticide being removal 81.81 %, followed by alachlor, carbaryl, and atrazine to
have removal of 39.38 %, 16.27 %, and 15.15 %, respectively. While, in the case of using
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the activated carbon, 100 % of carbaryl could be removed. Also, the potential efficiency
was found to be 94.40 %, 84.84 %, and 64.96 % for the removal of BDMC, alachlor, and

atrazine, respectively.

Figure 4.7. Adsorption capacities, Qe, and removal percentage of POPs at pH 7.0, and 25 °C.

Screening of its removal was tested by using metal oxides NPs, carbonaceous
materials, and NCs of the carbonaceous adsorbents as presented in Table 4.4. For instance,
46.43 % of atrazine could be removed by using Fe3Os NPs, but insignificant effect of the
removal was observed by using CeO2 NPs. Moreover, carbonaceous adsorbents exhibit
higher efficiency compared to the metal oxide NPs. In addition, enhancement of the
removal efficiency was observed by transforming the graphene oxide into the reduced form
(r-G.O) to show an increase of the removal percentage from 82.85 % into 88.60 %.
However, improvement of the removal efficiency was observed by impregnating FezOs
NPs onto reduced graphene oxide adsorbent, where 96.60 % of atrazine could be removed

by using Fe304/r-G.O NCs compared to r-G.O (88.60 %), a decrease of the removal
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percentage was observed when CeO, NPs was anchored onto r-G.O where 65.45 % of
atrazine could be removed compared to r-G.O (88.60 %). Even the use of NCs, activated

carbon demonstrated the highest removal percentage (100 %).

Table 4.4. Comparative study for the removal of persistent organic pollutants
(POPs) using different adsorbents.

Adsorbents | Pollutants Initial Adsorbent pH Removal,
concentration, | dose, g/L Yo
pg/L

10 0.01 7 7.70
FesO4 10 0.10 7 23.88

10 1.00 7 46.43
CeO, 10 1.0 7 0.00

10 0.01 7 15.15
Catechol 10 0.10 7 20.67

) 10 1.00 7 36.65
Atrazine

10 0.01 7 64.96
Activated

10 0.10 7 100.00
carbon

10 1.00 7 100.00
G.0 10 1.0 7 82.85
r-G.0 10 1.0 7 88.60
Fes04/ r-G.O 10 1.0 7 96.60
Ce02/ r-G.O 10 1.0 7 65.45

Comparing of the adsorption capacities at equilibrium by using 1 g/L of adsorbent
and 10 pg/L atrazine at pH 7.0 is illustrated in Figure 4.8. Adsorption capacity of atrazine
follows the order of; activated carbon > Fe304/r-G.O > r-G.O > G.O > CeO,/r-G.O > Fe304
> catechol. Therefore, FesO4/r-G.O NCs could be a promising adsorbent for atrazine

removal for further work in terms of regeneration and reusability due to the presence of
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magnetite NPs, which have magnetic properties that could be easily separated from the
medium by magnetic field.

Figure 4.8. Adsorbents capacities of atrazine at pH 7.0, 25 °C, and 1.0 g/L of adsorbent amount,

and 10 ug/L initial concentration of atrazine.

4.3.3. Toxicity of the nanoparticles

The possible toxicity effect of the NPs was firstly conducted by using the Microtox
system [50]. Also, the potential harmful effects of effluent discharged into surface water
was evaluated by using the bioluminescent test [51]. This test is based on the percentage of
decrease in the amount of light emitted by the bioluminescence marine bacterium vibrio
fisheri upon contact with the sample. The ECso, and Toxicity unit (T.U.), equitox/m?,
values (for 5 and 15 min) obtained for the Fe304, FesOs@PEIl, FesOs@CTAB,
Fes0s@SIONH:, G.O, Fe304/r-G.0O, and CeO2/r-G.O nanomaterials are presented in Table
4.5. The highest values of the ECsp after 15 min were found to be in the following order;
Fe304 > Fes04@PEI > Fe304s@SiONH2 > Fez04/r-G.O > G.O > Fe304s@CTAB > CeOo/r-
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G.O nanomaterials. Therefore, the NCs with high toxicity are the CeO»/r-G.O due to the
presence of CeO> NPs which is in agreement with the literature regarding toxicity of CeO>
NPs [42]. Moreover, a slight decrease of the ECsg values from 5 to 15 min, as presented in
Table 4.5 were observed in all cases of nanomaterials except Fez04/r-G.O NCs. An increase
of the ECso value was observed from 5 to 15 min using FesO4/r-G.O NCs. Toxicity unit
(T.U.) values were calculated and compared to the regulation limits of the bioluminescent
toxicity test (25 equitox/m?®) at 15 min [52]. As the assayed concentrations, only CeOa/r-
G.O, and Fes0.@CTAB NPs presented T.U higher than 25 equitox/m?. Subsequently, the
highly toxic nanomaterials used in this work are CeO>/r-G.0O, and Fes0s@CTAB, while no
toxicity for the other tested nanomaterials.

Table 4.5. ECsp values of some of the nanomaterials used in this study.

Nanomaterials ECso (%) T.U (equitox/m?)
S min 15 min S min 15 min

Fe3O4 82.0 76.0 1.22 1.32
Fes04@PEI 72.0 70.0 1.39 1.43
Fes04@CTAB 4.0 3.0 25.00 33.33
Fes04@SiONH: 32.0 33.0 3.11 3.03
G.O 4.0 5.0 25.00 20.00
Fe304/r-G.O 6.0 11.0 16.67 9.09
CeO2/r-G.O 5.0 2.0 20.00 50.00

4.4. Conclusions

In this part of the study different nanomaterials have been synthesized using wet
chemical method and its ability to remove pollutants from water was evaluated (and
compared with other common and commercial materials). Therefore, the synthesis and the

applications of the nanomaterials provided the following conclusions:
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» The synthesized Fe3O4, TiO2, and CeO2 NPs present cubic, tetrahedral, and cubic
structure, estimated from the HR-TEM images, with averages sizes of 13.00 £ 1.77
nm, 3.75 £ 0.65 nm, and 9.86 £ 1.40 nm, respectively.

» Crystalline structure and confirmation of the elemental analysis were demonstrated
from the ED patterns, and EDS spectra, respectively.

» Impregnation of an approximately the same particles sizes of Fe3O4 and CeO2 NPs
have been successfully synthesized in the layers of reduced graphene oxide.

» Highest removal of fluoride and phosphate were obtained by using the CeO2> NPs,
followed by TiO, NPs whereas, the TiO, NPs showed the highest removal of
nitrate. Combination of the three previously explained metal oxides (Fe3Os, CeOy,
and TiO2) NPs to produce a core/shell nanomaterial for contaminants removal from
water will be discussed in detail in Chapter 5. Application of the synthesized core-
shell NPs will be evaluated for the fluoride removal from water (Chapter 6).

» Fe304/r-G.O NCs showed higher removal percentage of nickel compared to CeO»/r-
G.O NCs.

» The C100 exchange polymer and the Fe3O4 NPs showed a potential efficiency for
the removal of cadmium as well as nickel. Therefore, NCs of C100@Fe304 NCs
will be synthesized and tested for the removal of anions such as phosphate (Chapter
7).

» The activated carbon showed the highest removal of POPs, followed by the
magnetite based graphene oxide NCs. Therefore, FesO4/r-G.O NCs had advantage
in terms of easily separation by the effect of magnetic decantation for further study
of the removal of POPs from water.
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Chapter 5

5.1. Introduction

Contamination of water is a widespread problem throughout the world as a result of
pollution and a wide range of pollutants can be considered for remediation [1]. Thus, the
development of new technologies is fundamental. Among all the current decontamination
methods, adsorption is considered the most effective, environmental friendly, and
economically method for contaminants removal [2]. In addition, nanotechnology can offer
new products and process alternatives for water purification [3]. Some examples are based
on nanoparticles (NPs), nanocomposites, carbon based nanomaterials and nanofibers,
among others [4]. Thus, the use of adsorbents nanomaterials has become an interesting way
for the removal of various contaminants from drinking water [5] such as of heavy metals
[6] and nutrients [7].

It has been previously shown the use of cerium oxide (CeO.), magnetite (FezO4) and
titanium oxide (TiO2) NPs and magnetite based nanocomposites (NCs) for the adsorption
of inorganic anions such fluoride, nitrate, and phosphate, and heavy metals such as
cadmium (Chapter 4). The results showed a high efficiency of fluoride and phosphate
contaminants using CeO2 NPs, and of nitrate using TiO>. In addition, other metal oxides
and metal hydroxides had also been reported [8-11] for fluoride removal from water as well
as bimetallic or mixed oxides such as Fe-Zr oxide, FesO4/Al,03 mixed oxide NPs [12-15].
Further, it is worthy to consider the reusability and the regeneration of the adsorbents as
well as the trapping of the NPs to prevent its environmental and health safety risks [16].
Thus, the use of magnetic NPs for pollutants removal provides efficiency, easy separation,
and reusability. The magnetic NPs can be either used directly or as the core material in a
core-shell NPs structure [17, 18]. In addition, it has been reported that cerium titanate
nanomaterials (Ce23TiOz) have many applications as photocatalytic and ferroelectric
materials [19], among others. However, its properties exhibit canted-antiferromagnetic
order [20] and few studies for improving its properties have been reported [21]. So, a great
challenge if this material has magnetic properties as well as potential efficiency for water
remediation. Thus, the objectives of this work are: (1) to synthesize cerium titanate NPs

with magnetic properties by coating it on magnetite, FezO4, NPs using a simple and easy
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method as one step synthesis under room temperature to obtain magnetic core-shell Ce-
Ti@Fe304 NPs (shell@core), and (2) to evaluate its efficiency for water remediation as a

versatile adsorbent nanomaterial for typical inorganic contaminants.

5.2. Materials and methods
5.2.1. Materials

Iron (1) chloride (FeCly), iron (111) chloride hexahydrate (FeClz-6H20), sodium
fluoride (NaF), titanium chloride (TiCls), cerium nitrate hexahydrate (Ce(NO3)3-6H20),
ammonia (NHz) solution, and cetyltrimethylammonium bromide (CTAB), sodium
phosphate monobasic; NaH2PO4, cadmium chloride (CdCl,), dithizone, chloroform
(CHCI3), potassium cyanide (KCN), hydroxylamine hydrochloride (NH2CI-H>O) were
purchased from Sigma-Aldrich, Spain. Sodium hydroxide pellets (NaOH) was purchased
from Merck. Hydrochloric acid (HCI), nitric acid (HNOs) was purchased from Panreac,
SA. All the chemicals were of analytical grade or higher, and all solutions were prepared

with Milli-Q water and filtered using 0.45 um Nylon membrane filter.

5.2.2. Synthesis of the core shell nanoparticles

5.22.1. Preparation of magnetite nanoparticles

Previously to the synthesis of the core-shell, Ce-Ti@FesO4 NPs, magnetite NPs
(FesO4 NPs) were prepared by the co-precipitation method using cetyltrimethylammonium
bromide, CTAB, as dispersant and reported elsewhere [22]. First, FeCl, and FeCls-6H-0,
with Fe?*/Fe** molar ratio of 1:2, were dissolved in 100 mL of deoxygenated ultrapure
water (Milli-Q) containing 0.1% of CTAB as dispersant. Then, the suspension was
incubated for 1 h at 40 °C and under N2 atmosphere. Secondly, 0.6 M NH3 solution was
titrated into the iron salts solution under agitation until the pH 9.0 achieved. During
titration process, the mixture’s color turned from light yellow to red brown and then

eventually to black which confirmed the formation of FesOs NPs. Then, the suspension
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containing Fe3O4 NPs incubated for 1 h under N2 and at 40 °C. Afterwards, the NPs were

washed three times using ultrapure water and magnetic decantation.

5.2.2.2. Preparation of Ce-Ti@Fe304nanoparticles

Once the FesO4 NPs were washed and dried, Ce-Ti@Fe3O4 NPs were synthesized.
TiCls and Ce(NO3)3-6H20 were mixed with 100 mL of Milli-Q water containing the
previous formed Fes3O4-NPs, with a Ti**:Ce®*" molar ratio of 1:1 and to reach a total molar
concentration of 50 mM. Mixing was under agitation at room temperature for 30 min.
Next, a slowly dropwise titration with 12.5 %v/v NH3 solution until pH 7.0 was reached.
Then, the Ce-Ti@FesO04 NPs produced were washed with ultrapure water and magnetic
decantation and finally dried at 80 °C for 24h. The synthetic procedure was adapted from
similar works about core-shell magnetic Ti-NPs synthesis [23]. Besides, the cerium titanate
(Ce23TiO3) NPs were prepared using the same protocol of Ce-Ti@FezO4 NPs in absence of
Fe3O4 NPs.

5.2.3. Characterization of the Ce-Ti@Fe30Q4 NPs

The Ce-Ti@Fe304 nanomaterial obtained was fully characterized for a deep
understanding of its structure and properties. Fe, Ce and Ti metals from the
nanoparticles were analyzed by using Inductively coupled plasma coupled with optical
emission spectrometry (ICP-OES).

High Resolution Transmission Electron Microscope (HR-TEM) was used to
characterize the morphology and sizes of the NPs. Electron Diffraction (ED) pattern was
used to distinguish between amorphous and crystalline structure and to estimate the Miller
indices. Energy Dispersive Spectroscopy (EDS) provided the metal chemical composition
of the samples.

X-Ray Diffraction (XRD) technique was used to obtain the crystalline structure of
the Ce-Ti@Fe304 NPs.

Also, the core/shell structure of the NPs was proved using the high-angle annular
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dark field scanning transmission electron microscopy (HAADF-STEM) coupled with
Electron Energy Loss Spectra (EELS).

Absorption and luminescence spectra of Ce-Ti@Fe3O4 NPs were carried out using
UV-VIS spectrophotometer, and Luminescence spectrometer. Sample preparations for

each technique was described in Chapter 3.

5.2.4. Analytical methods used in the Adsorption Experiments
5.24.1. Ionic chromatography for fluoride, nitrate and phosphate analysis

The determination of phosphate (PO43-P), fluoride anion (F) and nitrate (NOz-N)
were determined using ion chromatographic system (ICS). Typically, 1000 mg/L stock
solutions of each anion were prepared by dissolving the appropriate amount of each
precursor salt into 100 mL measuring flasks contain ultrapure water. Next, calibration
curves of each anion were obtained by preparation series of calibration standards in
ultrapure water by diluting the stock solutions. Also, the working solution of each anion
was prepared by diluting the stock solution to the desired concentration in ultrapure water.

Then, the analysis of anions was performed as described in Chapter 3.

5.24.2.UV-Vis for Cadmium analysis

Calibration curves for cadmium (Cd) were constructed using 99.995% cadmium(ll)
chloride by using a colorimetric method, based on the reaction of cadmium with dithizone
to form a complex that is extracted with chloroform. Then the absorbance is measured at
518 nm [24, 25]. Cadmium stock solution was prepared by dissolving the appropriate
amount in 5 % nitric acid. The cadmium solutions for calibration curve and adsorption
studies were prepared by diluting the stock solution. Analysis of Cd using UV/VIS

spectrophotometer was performed as described in Chapter 3.
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5.2.5. Adsorption experiments procedure

Batch adsorption tests were used to determine the adsorption efficiency by the
synthesized NPs. A contaminant solution with an initial concentration (Co) (mg/L) was
prepared as mentioned before (Section 5.2.4.1). A concentration of adsorbent (W) (g/L)
was added into a conical flask containing 25 mL of the aqueous contaminated solution. pH
of the solution was adjusted when necessary using 0.1 M NaOH and/or HCI until pH 7.
The flask was shaken (200 rpm) at 25 °C using a thermostat shaker. Residual contaminant
concentration in the solution after 24 h of adsorption, Ce, was determined by the
corresponding analytical method detailed in Section 2.4. Equilibrium adsorption capacity,
Qe, of the adsorbent was calculated using the previously explained Equation 3.1 (Chapter
3).

Adsorption experiments were preformed using different initial concentrations for
each contaminant where based on the reported typical concentration in water or on the
maximum contaminated level (MCL). For instance, phosphate initial concentration tested
was 10 mg/L due to municipal wastewater may contain 4-15 mg/L, and domestic
wastewater may contains 10-30 mg/L [7]. Furthermore, 10 mg/L initial fluoride
concentration was selected due the maximum contaminated level in water is 1.5 mg/L [26,
27] but, it has been reported that the fluoride concentrations in groundwater range from
well under 1.0 mg/L to more than 35.0 mg/L in several regions of India [28]. In addition,
the initial nitrate concentration tested is 50 mg/L due to according WHO guideline the
MCL is 50 mg/L [27]. Also, 10 mg/L initial cadmium concentration was selected due to
wastewater contains 10 — 100 mg/L of cadmium contaminant [29]. All the experiments

were performed at pH 7 as a typical value in real media.
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5.3. Results and discussion

5.3.1. Characterization of the synthesized Ce-Ti@Fe304 nanoparticles
53.1.1. Metal composition

The metal content of the Ce-Ti@Fe30s4 NPs (determined by ICP-OES) is
detailed in terms of mgwm/g and mmolm/g of the nanomaterial, where M corresponds
to Ti, Ce and Fe, respectively. The results showed a metal content of 121.01 + 7.70
mgTi/g, 199.29 + 10.47 mgCe/g and 81.07 £ 4.49 mgFe/g, meaning 2.50 + 0.16
mmolTi/g, 1.40 £ 0.07 mmolCe/g and 1.50 + 0.08 mmolFe/g. Thus, the synthesized
nanoadsorbent contents the molar ratio of Ce:Ti:Fe of 1:2:1, which is in accordance

with the experimental synthetic protocol.

53.1.2. Size, structure and crystallinity

Figure 5.1 illustrates the TEM images coupled with EDS and ED pattern for
Ce-Ti@Fe304 NPs. As shown in Figure 5.1a, Ce-Ti@Fe304 NPs present a particle
size within the range of 10 — 15 nm. ED pattern allows studying the crystal structure
of the NPs. Thus, the ED pattern for Ce-Ti@Fe3Os NPs (Figure 5.1b), taken from
randomly selected area of the nanomaterial (SAED), exhibits multiple rings
consisting of discrete spots, which suggested that the core-shell NP is based on

nanocrystals.
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Figure 5.1. (a) HRTEM image, (b) SAED pattern; (c) EDS spectra and; (d) qualitative
magnetic properties test for Ce-Ti@Fe304 NPs.

In addition, EDS provided the metal composition of the samples and Figure
5.1c proved the presence of the three components Ce, Ti, and Fe in the material.
Moreover, magnetic properties of the Ce-Ti@Fez04 nanomaterial were qualitatively
tested using a square magnet, showing the strong magnetism of the material (Figure
5.1d). This result demonstrates an enhancement on its properties comparing to the
literature where Ce23TiO3z exhibits antiferromagnetic properties [20]. This also
demonstrates that the NPs could be easily recovered from the reaction mixture for

further reuse in its application.
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Further, as shown in Table 5.1, the calculated interplanar distance (d) from
the SAED pattern of the Ce-Ti@Fe3O4 NPs and the corresponding Miller indices
(hkl diffraction plan) were compared to the standard values [30, 31]. The values
concluded that the crystal pattern presented similarity to both cerium titanate and

FesO4 patterns, which was in agreement with the XRD data further reported.

Table 5.1. Comparison of experimental and standard Interplanar Spacing (d)
values with their respective Diffracting Plan Index (hkl) in FesO4 and Ce-Ti
oxide NPs using ED pattern.

d, °A Fe304 NPs Ce-Ti oxide NPs
experimental d, A hkl d, A hkl
standard standard
3.01 2.97 220 -—-
2.74 === === 2.73 110
2.47 2.53 311 -—-
2.20 === === 2.23 112
2.06 2.10 400 -—-
2.04 --- --- 1.94 004
1.86 === === 1.87 201
1.77 --- --- 1.73 210
1.68 === === 1.69 211
1.56 --- --- 1.58 212
1.42 1.48 440 ---

XRD technique was used to obtain the crystalline structure of the Ce-
Ti@FesOs NPs. In a diffraction pattern, the location of the peaks on the bragg
angles (20 scale) can be compared to the reference peaks. Figure 5.2 shows the
XRD pattern of the original Ce-Ti@Fe3O4 nanomaterial, which consists of two
phases: magnetite and cerium titanate reference patterns that were proved by
matching from database. The identification of magnetite and cerium titanate were
based on the characteristic peaks in the diffractograms (Table 5.2) and comparing with
the database [30, 31].
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Figure 5.2. XRD pattern of the Ce-Ti@Fe3;04 material and matching comparison with both

Fes;04 and Ce-Ti oxide reference pattern from database.

Table 5.2. XRD Database reference patterns

Reference code: 00-033-0342 Reference code: 00-001-1111
PDF index name:  Cerium Titanium Oxide Mineral name: Magnetite
Empirical Empirical formula: Fe304
formula: Ce0.6602.98Ti Chemical formula: Fe304
Chemical formula: Ce0.66Ti02.975 PDF index name: Iron Oxide

Additionally, Table 5.3 shows the experimental 20 positions from the XRD
pattern and its comparison with the standard 26 values [30, 31] and their respective
Diffracting Plan Index (h k I) in FesO4 and Ce-Ti oxide NPs. These results could
suggest that the diffracted peaks can be indexed to be face centered cubic structure
of the FezO4 NPs according to the JCPDS 00-001-111118b. From the XRD patterns
shown in Figure 5.2, one can notice the characteristic diffraction peaks belonging to
cubic Fe304. They correspond to (220), (311), (400), (511) and (440) family planes
(PDF 89-4319). After cerium titanium oxide coating, the characteristic peaks of
cerium titanate were appeared and its bragg angles were found to be close to that of

Ce23TiO298. Two peaks were observed corresponding to rutile/anatase in the

137



138

Novel magnetic core-shell Ce-Ti@Fe304 nanoparticles as adsorbent for
water contaminants removal

magnetic cerium titanate NPs: (110) peak of anatase and (101) peak of rutile closely

positioned at each other, namely at around 20 =25.3 and 26 =27.4, respectively.

Table 5.3. Comparison of experimental and standard (20) values with their
respective Diffracting Plan Index (h k I) in Fe3O4 and Ce-Ti oxide NPs using XRD

pattern
20 Fe304 NPs Ce-Ti oxide NPs
experimental 20 standard hkl 20 hkl

Diffraction plan | standard | Diffraction plan

23.13 --- --- 25.82 101
31.42 30.06 220 -
32.85 --- --- 32.74 110
35.77 35.45 311 -
40.44 --- --- 40.45 112
43.64 43.04 400 -
47.14 --- --- 46.82 004
52.98 --- --- 52.98 210
57.45 57.17 511 -
58.42 --- --- 58.44 212
63.18 62.73 440 -
68.63 --- --- 68.40 024
78.05 --- --- 77.90 106
87.29 86.91 642 -
90.20 89.93 731 -

The morphology of the core-shell structure of the Ce-Ti@FezO4 nanomaterial
was demonstrated by STEM coupled with EELS. Thus, the images obtained from a
HAADF detector provide density-based contrast, the core appeared bright due to
their higher scattering probability [32]. As illustrated in Figure 5.3, the HAADF
image of Ce-Ti@Fe3O4 shows that the FesO4 NPs was coated with Ce-Ti oxide layer
(Figure 5.3a) as it can be seen a brightest core covered by a shell. STEM based EDS was

used to confirm the elemental distribution of the Ti, Fe and Ce, respectively, as
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shown in Figure 5.3b. In addition, the scanning line profile appears as a strong peak
corresponding to the position of the bright Fe particle core, whilst the spectra on

each side of the core are dominated by Ce and Ti edges (in the shell) as illustrated in
Figure 5.3c.

Figure 5.3. EELS line scan of the core-shell Ce-Ti@Fe3z04 nanocomposite. (A) STEM
HAADF image of the Ce-Ti@Fe304 and position of line scan; (B) PEELS spectrum of the
nanocomposite; and (C) lons profile spectra along the line scanning.
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5.3.1.3. Absorption and Luminescence spectra of the Ce-Ti@Fe304

UV/Vis Absorption and luminescence spectra of Ce-Ti@Fe3sOs NPs were
performed to estimate the valence of the cerium in the NP and confirm its speciation.
As reported, the cerium ion in the cerium titanate, Ce23TiOs, is mainly Ce(l1l) [21].
Figure 5.4 shows the absorption UV-Vis spectra of the Ce-Ti@Fe304 nanomaterial.
As shown, two peaks were observed at 250 and 310 nm respectively, which could be
attributed to the presence of either Ce(lll) or both Ce(lll) and Ce(lV) in the

nanomaterial [33].

Figure 5.4. UV/Vis spectra for Ce-Ti@FezO4 nanomaterial.

Although the main absorption band is around 310 nm for Ce(lll), characteristic
broad bands in the UV region between 330 and 200 nm could be observed due to the
coexistence of Ce(l1l) and Ce(IV) species because of its particular electronic configuration
[34].

Therefore, because of the overlapping of both bands, it is difficult to
determine the species responsible of colour with the colorimetric technique. Thus,

luminescence spectroscopy is necessary to obtain information about the valence of
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the cerium. Ce(lll) ions presents a characteristic intense blue emission upon UV
excitation [35]. Therefore, Figure 5.5 represents the excitation and emission spectra
of the Ce-Ti@Fe304 nanomaterial. The excitation spectrum for Aem=363 nm shows a
band at 258 nm and the emission spectrum recorded upon Aexc=266 nm shows the
characteristic emission band at 325 nm, which corresponds to the transition to
ground state to excited state as compared to literature [33, 36, 37]. The slightly shift
of the wavelength comparing to the literature could be attributed to the lower
temperature of the synthesis of the materials and to the presence of magnetite NPs in

the core.

Figure 5.5. Luminescence spectra of the Ce-Ti@Fe3;O4 nanomaterial at the excitation spectrum for

Aem=363 nm and the emission spectrum recorded upon Aexc=266 nm.
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5.3.2. Adsorption tests by using Ce-Ti@Fe3O4 NPs as adsorbent for

fluoride, nitrate, phosphates and cadmium contaminants.

Table 5.4 shows the equilibrium adsorption capacities after 24 h, the
percentage of removal of each contaminant using a concentration of 1g/L of the
adsorbent for all the cases.

Table 5.4. Adsorption capacities and removal efficiencies values for
contaminants removal

Initial D 0
Pollutant concentration, (;;? ’ m e/’ Removal, %
mg/L g g/g
PO, 3-P 10 0.90 11.10 99.90
F 10 0.97 10.31 100.0
NOs-N 50 1.0 42.50 85.00
(ofs 10 1.0 453 45.28

It is shown that the Ce-Ti@Fe3Os NPs have a potential effect for removal
anionic contaminants (i.e. fluoride, nitrate and phosphates) from 85% removal for
nitrate to 100% for phosphates and fluoride. However, it presents low removal for
cationic contaminants such as cadmium (45% removal). The differences obtained on
the adsorption process for the different contaminants tested may be discussed in terms
of the physicochemical properties of the material and thus, the adsorption mechanism
of the Ce-Ti@Fe304 material could be hypothesized. On the one hand, the metal
oxides NPs present a relatively negative charge (hydroxyl groups, OH-) on the oxide
surface due to its hydrolysis in aqueous media. On the other hand, as discussed in this
study, Ce-Ti@Fe304 NPs consist of Ce(lll) ions and also it has a potential of +165
mV at pH 7. Thus, different sorption processes could take place for these
contaminants tested. The adsorption mechanism for the anions could be attributed to
two explanations: i) electrostatic attraction (i.e. chemisorption) [38] and ii) surface

ion-exchange process (i.e. physisorption) [39]. Phosphate removal could be explained in
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terms of the formation of cerium phosphate, as reported [40]. In this sense, we may consider
that the presence of Ce(lll) should be the driven force and thus, the adsorption takes place
throughout electrostatic attraction. On the contrary, the OH™ groups on the adsorbent surface
played a dominant role. Therefore, fluoride or nitrate removal may suffer a surface ion-
exchange process based on the exchange of the OH™ group with the contaminant anion as
already reported [39]. The OH" on the surface of the NPs are present due to the nature of the
media (e.g. pH, which is further evaluated). Thus, the physical mechanism could be

expressed by Equations 5.1 and 5.2 [39]:

M™ + nH20 — M(OH)n, (Equation 5.1)
M(OH)n + XA" — M(OH)nxAx + XOH" (Equation 5.2)

Where M, n, x are the adsorbent’s metal ion, valence of the metal ion and, number of mole

of anion (A), respectively. Further studies are under investigation by our group.

On the other hand, it has been reported that heavy metal adsorption onto NPs is
an emerging technique for the removal of these pollutants due to its suitable electric
charge given by an adequate Z-potential [41]. However, Ce-Ti@Fe3Os material
shows a low removal for cadmium due to the positive charge of the NPs surface
(positive potential) that contributes to a weak electrostatic interaction between
cadmium and the OH- from the oxide surface of the NPs. Further, the efficiency of
this material was demonstrated by comparing the equilibrium adsorption capacities
with those reported in literature (Table 5.5). As indicated, Ce-Ti@Fe304 NPs show
high efficiency for anions comparing to cations. Thus, further studies on the
promising properties of this new material in terms of adsorption capacity should be

focused on anionic pollutants dissolved in water.
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Table 5.5. Adsorption capacities and removal efficiencies, values for contaminants
removal from the literature.

Initial Dose Q Removal
Pollutant | Nanoadsorbents | concentration, ’ © >|  Ref.
g/l | mg/g %
mg/L
Ce-Ti@Fe:0 10 090 | 11.10 | 9990 | TMS
34 . . . Work
PO4-P C100@Fe304 10 1.0 3.60 36.00 [7]
Al(OH)3 10 232 | 246 | 57.07 [42]
Fes04 10 10.0 | 0.88 88.00 [43]
. This
E Ce-Ti@Fe304 10 0.97 | 10.31 100.0 work
Al(OH)3 10 160 | 574 | 91.84 [44]
Ce-Ti@Fe304 50 1.0 42.50 85.00 This
work
NOs-N Rice straw
activated carbon S0 10 9.00 18.00 [45]
Ce-Ti@Fe304 10 1.0 453 45.28 This
cd?t _ work
Cork biomass 10 10 | 6.40 | 64.48 [46]
powder

5.4. Conclusions

Magnetic core-shell Ce-Ti@FesOs nanoparticles were designed and
synthesized by incorporating magnetite into Ce-Ti oxide nanoparticles by mild
experimental conditions. The resulting magnetic and core-shell nanomaterial
exhibited a suitable composition, crystallinity and magnetic properties to be
functional as adsorbent for the removal of inorganic pollutants from aqueous media.
Remarkably, the adsorption capacity and removal efficiency at pH 7 for anionic
contaminants such as nitrates, phosphates and fluoride was from 85 to 100 % under
the experimental conditions. In comparison with other materials reported in
literature, this nanomaterial as adsorbent is highly competitive, as it has high

adsorption capacity and promising features and magnetic properties for recovering.
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Further studies regarding to adsorption mechanism and effect of other parameters

will be focusing in our future work
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Adsorption process of fluoride from drinking water with magnetic core-

shell Ce-Ti@Fe304 and Ce-Ti oxide nanoparticles

The results presented in this chapter have been published in Science of the Total
Environment journal:

“Ahmad Abo Markeb, Amanda Alonso, Antoni Sanchez, Xavier Font. Adsorption process
of fluoride from drinking water with magnetic core-shell Ce-Ti@Fe304 and Ce-Ti oxide

nanoparticles. Science of the Total Environment, 2017, 598: p. 949-958”.
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6.1. Introduction

Fluoride contamination could be found in ground and surface water [1, 2] as well as
in wastewater from fluoride chemical industries [3, 4]. Fluoride presents hazardous effects
If it exceeds 1.5 mg/L in water [5-7] leading to various diseases [8-10]. The main source of
these effects is from fluoride contaminated drinking water, which leads to 65% of endemic
fluorosis diseases over the world [11, 12]. For example, contents in drinking water of 4.8
and 1.7 mg/L in Greece and India, respectively, have been reported [13-15]. Therefore,
drinking water defluoridation is necessary to prevent human illness [16].

Various metal oxides and hydroxides of aluminium, iron, zirconium, magnesium,
chromium and manganese ions based nanoparticles (NPs) had been reported [17-20] for
fluoride removal from water [21]. Although bimetallic or mixed oxides such as Mn-Ce, Al-
Ce, Zr-Mn and ceramic adsorbents were also studied for fluoride removal, some of these
materials present disadvantages in terms of pH range, high cost and low adsorption
capacity. [22-26]. Thus, Zhang et al. [27], used magnesium oxide nanomaterial for fluoride
removal and it showed high adsorption capacity (about 300 mg/g) but regeneration was
reported not to be favoured. V. Sivasankar et al. [20], reported low adsorption capacity
(9.02 mg/g) for fluoride removal from drinking water utilizing manganese dioxide based
nanomaterial compared to previously reported results. Using an Al-Ce hybrid nanomaterial,
Liu et al. [26] found high adsorption capacity of fluoride (91.4 mg/g), but slow kinetics to
reach the equilibrium. However, to our knowledge, no studies about the reusability of the
adsorbents have been reported for the reported materials [23, 26]. In this sense, the use of
magnetic NPs for pollutants removal may provide efficient, rapid and easy separation, and
especially reusability. On the other hand, the hydrous Ce oxide, as rare earth metal, is
reported to be more effective material for fluoride removal (46.84 mg/g) compared to other
metals, although it is not useful for drinking water treatment due to its toxicity [28].
Furthermore, titanium based nanomaterials have also a great interest for fluoride removal
with adsorption capacities that ranged from 15 to 47 mg/g [29, 30]. Therefore, mixing rare
earth metals (i.e. Ce) with low-cost metals (i.e. Fe) could be advantageous for high

adsorption capacities at neutral pH medium, improving the separation of the adsorbent by
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magnetism as well as avoiding Ce-toxicity.

All in all, Chapter 5 showed in the synthesis of a new adsorbent based on magnetic
core-shell Ce-Ti@Fe3O4 NPswhich presented promising properties in terms of magnetism,
crystalline structure and adsorption for some inorganic water contaminants [31]. The core-
shell, Ce-Ti@Fe304, NPs exhibit 100 % removal of fluoride, and phosphate as well as 85 %
removal of nitrate. So, in the present Chapter, Ce-Ti oxide and Ce-Ti@Fe3Os NPs were
synthesized and compared as adsorbents for fluoride ion removal from aqueous solution.
Adsorption Kinetics, isotherms and the effect of different parameters (i.e. pH and
temperature) in the adsorption capacity of the materials were studied. Also, the use of the
Ce-Ti@Fe304 NPs for the treatment of real drinking water was performed. Further, the

reuse of the Ce-Ti@Fe304 adsorbent was evaluated.

6.2. Materials and methods
6.2.1. Materials

Iron (I1) chloride (FeClz, 98 %), iron (111) chloride hexahydrate (FeClz-6H20, > 99
%), sodium fluoride (NaF, > 99 %), titanium chloride (TiCls, > 99.98 %), cerium nitrate
hexahydrate (Ce(NO3)3.6H20, > 99 %), and ammonia solution were purchased from Sigma-
Aldrich, Spain. Sodium hydroxide pellets (NaOH), was purchased from Merck.
Hydrochloric acid (HCI), and cetyltrimethylammonium bromide (CTAB) were purchased
from Panreac, SA. All the chemicals were of analytical grade or higher, and all solutions

were prepared with Milli-Q water and filtered using 0.45 um Nylon membrane filter.

6.2.2. Synthesis of the bimetal oxide and core-shell NPs
6.2.2.1. Preparation of Ce-Ti bimetal oxide NPs

This synthetic procedure for Ce-Ti oxide NPs was adapted from similar works
about core-shell magnetic Ti-NPs synthesis [32]. Briefly, in this work, TiCls and
Ce(NO3)3.6H20 were dissolved in 100 mL of Milli-Q water to reach Ti*" and Ce®*
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concentrations of 25 mM each and mixed for 30 min at room temperature. Then 12.5 %
NH3 solution was slowly added dropwise till pH 7.0 was reached. Then, the Ce-Ti NPs
produced were washed with ultrapure water, centrifuged at 6000 rpm for 15 min and dried
at 80 °C for 24 h.

6.2.2.2.  Preparation of Ce-Ti oxide nanoparticles and Ce-Ti@F e304

nanoparticles

The Ce-Ti@Fe3Os NPs were prepared by the in-situ co-precipitation method
reported by our research group [31]. Details of the magnetic core/shell NPs synthesis are
explained in Chapter 5 (Sections 5.2.2.1 and 5.2.2.2).

6.2.3. Characterization of the nanomaterials

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) was used
for the metal concentration analysis of both synthesized nanomaterials. The detailed sample
preparation for ICP-OES analysis is in Chapter 3 (Section 3.1.1). In addition, treated water
sample after the five cycles of adsorption-desorption process was analyzed by ICP-MS to
determine the cerium release into the effluent of water. Also, High-Resolution
Transmission Electron Microscopy (HRTEM) coupled with Energy-Dispersive
Spectroscopy (EDS), and Electron Diffraction (ED) Pattern were acquired using a JEM-
2011/ JEOL microscope operated at 200 kV and equipped with an INCA X-MAX detector.
HRTEM was used to characterize the morphology and sizes of both Ce-Ti@Fez04 and Ce-
Ti oxide NPs and, EDS and ED were used to analyze the composition and the crystalline
structure. The detailed sample preparation is explained in Chapter 3 (Section 3.1.5). The
morphology of the NPs was determined by Scanning Transmission Electron Microscopy
(STEM) coupled with high-angle annular dark field (HAADF) detector and Electron
Energy Loss Spectra (EELS). Detailed of the sample preparation is in Chapter 3 (Section
3.1.7).
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6.2.4. Adsorption and desorption experiments procedure

For all the experiments, batch adsorption tests were used to determine the fluoride
adsorption efficiency of both synthesized NPs. A dose of adsorbent (W) (g/L) was added
into a conical flask containing fluoride solution with an initial fluoride concentration (Co).
Typically, 25 mg of the adsorbent was added into the conical flask, which contains 25 mL
of the fluoride ion solution, Co. Depending on the experiment, pH of the solution was
adjusted using NaOH or HCI, both at 0.1 M. The flask was shaken (200 rpm) at 25 °C using
a thermostatic shaker. Residual fluoride concentration in the solution, Ce, was determined
by ionic chromatography by using 1CS-2000 (Dionex) system. The detailed analysis using
IC was explained in Chapter 3 (Section 3.2.1). Equilibrium adsorption capacity, Qe, of the
adsorbent was calculated according to Equation 3.1 (Chapter 3).

6.24.1. Adsorption isotherm

Adsorption isotherm experiments of both synthesized Ce-Ti oxides and Ce-
Ti@Fe304 NPs were performed at different concentrations of fluoride from 1 to 500 mg/L
at pH 7 with an adsorbent amount of 1 g/L and treated, as described in Section 6.2.4, for 60
min, to assure to reach the equilibrium. Then, residual fluoride concentrations were
measured after filtration using 0.45 pum Nylon membrane filter. All experiments were
performed in triplicate. Detailed information of the adsorption isotherm models is provided
in Chapter 3 (Section 3.4).

6.24.2. Fluoride desorption procedure

Different studies proved that the most effective desorbing reagent for regeneration
of the adsorbent is the NaOH solution [33, 34]. The desorption experiments were
performed after adsorption of 10 mg/L of fluoride using 1.0 g/L of Ce-Ti@Fe3Os NPs for
60 min at pH 7.0, by shaking the adsorbent at 200 rpm using two different concentrations
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and volumes of NaOH desorbing solution: 25 mL of 0.5 M NaOH, and 5 mL of 0.1 M
NaOH, at intervals of time of 2, 4, 6, 8, and 12 h. Then, the fluoride concentrations of the

desorbing solutions were analyzed as previously mentioned.

6.2.5. Reusability of the Ce-Ti@Fe3(04 NPs as adsorbent and

characterization

Under the optimized conditions for desorption, five cycles of the adsorption-
desorption processes were performed for evaluating the reusability of the synthesized NPs
for fluoride removal and its recovery. The composition, morphology, and size of the Ce-
Ti@Fes0s4 NPs were analyzed after its use for five adsorption-desorption cycles and
compared to the original material (sample preparation as explained in Chapter 3, Section
3.1). TEM images were obtained to analyze the size and NPs distribution and EELS spectra
were obtained after the use of Ce-Ti@Fe304 NPs for 5 cycles of adsorption-desorption of
fluoride. Moreover, the possibility of Ce releases from the Ce-Ti@Fe3O4 NPs after its use
was determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS) either in the
treated water or in the regenerating solution, after each adsorption-desorption cycle. The
detailed sample preparation and analysis for ICP-MS analysis is explained in Chapter 3
(Section 3.1.2).

6.2.6. pH effect on the adsorption capacity

The effect of the pH value in the media for fluoride adsorption was conducted using
10 mg/L initial fluoride concentration with 1 g/L of Ce-Ti@Fe3O4 adsorbent. Then, each
conical flask at fixed pH of 5, 7, 9 and 11 was shaken and the adsorption capacity was

calculated. All experiments were performed in triplicates.
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6.2.7. Effect of temperature on the fluoride adsorption and estimation of

the thermodynamic parameters

The effect of the temperature on the fluoride adsorption onto Ce-Ti@Fe304
adsorbent was studied at 20, 25, 30, 35, and 40 °C using 30 mg/L of fluoride initial
concentration at pH 7 with 1 g/L adsorbent dose, 60 min contact time, and 200 rpm
shaking. The adsorption capacity was calculated in all the cases. To estimate the effect of
temperature on the adsorption of fluoride onto Ce-Ti@Fe3O4 NPs, the free energy Gibbs
change (AG°®), enthalpy change (AH°), and entropy change (AS°) were determined as
previously reported [35]. In this method, the thermodynamic parameters were obtained

directly from the plot of log(Qe/Ce) versus 1/T as presented in Equations 6.1 and 6.2.

e AH° AS*\ 1 :
ln(ccl—e) = ( = ) — (?)¥ (Equation 6.1)
AG° = AH° — TAS°® (Equation 6.2)

Where Qe/Ce is the adsorption affinity; AG®, AH® and AS° are the change in free energy,
enthalpy, and entropy respectively. All experiments were performed in triplicates.

6.2.8. Fluoride removal from spiked drinking water by using Ce-
Ti@Fe304 NPs

To determine the effect of the presence of other ions on the removal of fluoride,
drinking tap water was spiked only with 10 mg/L of fluoride. Tap water samples were
obtained from the Universitat Autonoma de Barcelona (Spain). Drinking tap water first was
turned on a steady stream with flow 500 mL/min and run for 10 min to remove any
stagnant in the plumbing network. The adsorption experiment was carried out at pH 7.0 in
250 mL flasks containing 0.10 g Ce-Ti@Fe3O4 adsorbents per 100 mL of spiked water, at
25 and 30°C, and shaking at 200 rpm for 60 min.
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6.2.9. Statistical data analysis

Statistical analysis was performed using the Tukey’s method based on one factor
ANOVA at the 5% confidence level using SPSS 15.0.1 (SPSS Inc., USA). Statistically
significant differences were reported when the probability of the results, assuming the null

hypothesis (p) value is less than 0.05.

6.3. Results and discussion

6.3.1. Characterization of the synthesized nanomaterials

The metal content of the synthesized Ce-Ti oxides NPs was analyzed using ICP-
OES. The results showed the presence of 84.99 + 5.05 mgri/gne (1.8 mmolri/gne) and
106.93 £ 3.54 mgce/gne (0.8 mmolce/gne) at the synthesis conditions. This means that the
synthesized nanomaterial contains the desired metals and that the molar ratio of Ce:Ti was
1:2. Comparing with the previous characterized Ce-Ti@FesO4 nanomaterial, Ce:Ti:Fe
molar ratio was 1:2:1 [31]. Thus, the incorporation of Fe into the Ce-Ti oxide NPs did not
affect the metals molar ratio in the final Ce-Ti@Fe304 adsorbent.

Further, morphological characterization of the Ce-Ti oxides was also studied. Figure
6.1 illustrates the TEM images coupled with EDS and SAED pattern for Ce-Ti oxide NPs.
As shown in Figure 6.1a, Ce-Ti oxide NPs size is estimated to be about 1-2 nm, much
smaller than the Ce-Ti@Fe304 NPs (10 — 15 nm) probably due to the addition of FezO4 core
in the structure that induces an increase of the total NPs size. The SAED pattern for Ce-Ti
oxides NPs (Figure 6.1b) exhibit no crystal orientation (as no bright dots or rings are
observed) and hence, amorphous structure [36]. Conversely, the SAED pattern for Ce-
Ti@Fes04 NPs sample (Figure 6.2 and 6.3), exhibited a poly-nanocrystalline structure

which corresponds to magnetite NPs [37].
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Figure 6.1. (A) HRTEM image and, (B) SAED pattern of Ce-Ti oxide NPs.

The morphological characterization of the Ce-Ti@Fe3Os NPs is shown in Figure
6.2. Figure 6.2 (a) corresponds to a TEM image from which the size if the NPs is shown
and quantified within the range of 10 — 15 nm. The SAED pattern for Ce-Ti@Fe3Os NPs,
Figure 6.2 (b), suggested that the core-shell NP is based on nanocrystals [38].

Figure 6.2. (2) TEM image and (b) SAED pattern, of Ce-Ti@Fes04 NPs.
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Figure 6.3. STEM-HAADF image of the core-shell Ce-Ti@Fe3O0a.

6.3.2. Fluoride adsorption on Ce-Ti@Fe304 adsorbents

The time required to achieve the equilibrium for the fluoride adsorption was
determined at 10 and 100 mg/L of fluoride and an adsorbent dose of 1 g/L of Ce-Ti@Fe304
NPs at pH 7 and 25°C. The equilibrium time was reached at 0.5 min for 10 mg/L and at 15
min for 100 mg/L of initial fluoride concentration. These results showed a high adsorption
rate for the synthesized nanomaterial. Therefore, to assure the completed adsorption of the
contaminant, the adsorption time was fixed to be 60 min for the rest of the batch
experiments. The fast kinetics of this novel adsorbent could be attributed to a large number
of available adsorption sites on the Ce-Ti@FesOs adsorbent surface. Moreover, the
presence of Ce in the Ce-Ti@Fe304 NPs enhanced the adsorption time compared with the
reported one Fe-Ti@Fes304 [32] under the same conditions. Further explanation about the

improved adsorption mechanism of the Ce-Ti@Fe3zO4 NPs is following discussed.
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6.3.3. Adsorption isotherms and modeling for the adsorption mechanism

Maximum adsorption capacity was estimated from the adsorption isotherm models
by performing the experiments over the fluoride initial concentration range until saturation
at pH 7. A broad range of initial fluoride concentration (1 to 500 mg/L) was selected to
ensure saturation and allow isotherm fitting. Figure 6.4 corresponds to the adsorption
isotherms for both, Ce-Ti oxides and Ce-Ti@FesO4 NPs. It is shown that the adsorption
capacities of both nanomaterials increased with increasing fluoride concentrations, and

maximum values were achieved at the equilibrium fluoride concentration above 100 mg/L.
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Figure 6.4. Adsorption isotherms and experimental data fitting using Langmuir and Freundlich
models for fluoride removal using: (a) Ce-Ti oxide, and (b) Ce-Ti@Fe304 NPs
[adsorbent dose 1 g/L, 60 min shaking at 200 rpm at room temperature].

Furthermore, data were fitted to both Langmuir and Freundlich models (Table 6.1).
The Langmuir model seems to be more suitable for fluoride adsorption than the Freundlich
one as Langmuir model regression coefficient (R?) was higher than 0.95. However, it is
possible to obtain mechanistic information on the adsorption process from both models.
The maximum monolayer adsorption capacity (Qm) obtained for Ce-Ti@Fe3Os4 NPs was
91.04 mgl/g, higher than for Ce-Ti oxide NPs (Qm = 44.37 mg/g). The Freundlich
adsorption intensity parameter (n values) were higher than 2, also supporting the favorable
adsorption of fluoride and meaning that the sorption process is mainly physical rather than

chemical.
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Table 6.1. Langmuir, Freundlich, and Dubinin—Radushkevich isotherms for
fluoride adsorption onto Ce-Ti oxides and Ce-Ti@Fe304 NPs

Nanomaterial
sotherm models Ce-Ti@Fe304 | Ce-Ti oxide
Qm (mg/g) 91.04 44.37
Langmuir Kvr (L/mg) 0.063 0.064
R? 0.952 0.986
Kr (mg! (/W Vng-1) 21.543 10.214
Freundlich n 3.95 3.95
R? 0.895 0.877
Qm (mg/g) 83.86 37.14
Kbr (mol?/kJ?) 4.77e-5 8.05e-6
bR R? 0.887 0.895
E (kJ/mol) 0.102 0.250

The calculated parameter of the energy, E, of the Dubinin—Radushkevich isotherm
is indicated in Table 6.1. The E values were 0.10 and 0.25 kJ/mol for Ce-Ti@Fe3O4 and
Ce-Ti oxides adsorbents, respectively, which proved that the interaction between the
fluoride and the surface of the nanomaterials is physical [39, 40]. The lower E value for Ce-
Ti@Fe304 means that it needs lower energy for adsorbing F than Ce-Ti oxides NPs. It
confirms its higher adsorption capacity. Fluoride removal may suffer a surface ion-
exchange process as physisorption based on the exchange of the hydroxyl ions (OH") from
the surface of the adsorbent with F~ [31]. The OH" on the surface of the NPs is present due
to the nature of the media (e.g. pH) [41]. According to [27], the physical mechanism could
be expressed by Equations 6.3 and 6.4:

M"™ + nH20 — M(OH), (Equation 6.3)
M(OH), + XF* — M(OH)n-xFx + XOH" (Equation 6.4)
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Where M, n, and x are the adsorbent’s metal ion, the valence of the metal ion and, the
number of moles of fluoride, respectively.

Further, it is worth to mention that the crystalline structure of the adsorbents plays
an important role in the adsorption capacity. As shown, the crystalline Ce-Ti@Fe304
material showed higher adsorption capacity than the amorphous Ce-Ti oxide due to the
higher developed crystalline faces of the NPs which could increase the ability of the surface
to adsorb [42]. Fluoride adsorption capacity using the Ce-Ti oxides and Ce-Ti@Fe304 NPs
is highly competitive in comparison with other adsorbents from literature (Table 6.2). The
Qmax Of the adsorbents in this study is similar to the best ones reported so far. However,
those materials present some disadvantages in comparison with the Ce-Ti@Fe304
adsorbent. For instance, Mn—Ce oxide and the Fe3Os@AI(OH)s adsorbents reached the
equilibrium after 3 h and 60 min, respectively [23, 35]. The new developed nanomaterial,
Ce-Ti@Fe304, presents promising properties in terms of adsorption capacity, adsorption
rate, as well as magnetic properties and, consequently, Ce-Ti@FesO4 nanomaterial was

used for the rest of the experiments.
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Table 6.2. Comparison of adsorption capacity of fluoride on different nanomaterials
from this work and the literature. “Maximum adsorption capacity” indicates that the
value of Adsorption capacity was obtained through an isotherm modelling.

Adsorptio sorbent/ Adsorption Referenc
Adsorbents n capacity sorbate conditions o
(mg/g) ratio
deionized water,
Maximum | 25 °C, adsorption
Fe304@Zr0O; 158.60 adsorption |time 1h, pH 25, |[43]
capacity | adsorbent dose 1
g/L
Maximu deionized
_ m water, _25 °C,
Ce-Ti@Fes04 91.04 adsorptio adsorption This work
powder 0 time 1 h, pH
capacity 7.0, adsorbent
dose 1.0 g/L
Maximu deionized
m water, _25 °C,
Fez0s@AI(OH) 88.48 adsorptio a_dsorptlon [35]
3 0 time 1 h, pH
capacity 6.5, adsorbent
dose 1 g/L
Maximu deionized
m V\éater, t'25 °C,
Powder Mn-Ce . adsorption
oxide 79.50 adsorptio time 24 h, pH [23]
capgcity 6.0, adsorbent
dose 0.01 g/L
Maximu deionized
_ m V\éater, t'20 °C,
Ce-Fe bimetal . adsorption
oxides 60.97 adsorptio time 1 h, pH [44]
capgcity 5.5, adsorbent
dose 0.5 g/L
Maximu deionized
m water, _25 °C,
Fe-Ti@FesOs 57.22 adsorptio | 2050"PHON n |32
capgcity adsorbent dose
1g/L
Iron-doped Maximu deionized
o . 53.22 m water, 25 °C, [30]
titanium oxide : ]
adsorptio adsorption
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n time 12 h, pH
capacity 5.0, adsorbent
dose 0.5 g/L
Maximu deionized
m water, 25 °C,
Fe-Ti bimetallic . adsorption
oxide 47.00 adsorptio time 12 h, pH [30]
capgcity 5.0, adsorbent
dose 0.5 g/L
Maximu deionized
m water, 25 °C,
. . . adsorption
Ti-La hybrid 46.60 adsonrptlo time 12 h, pH [29]
capacity 6.0, adsorbent
dose 0.01 g/L
Maximu deionized
m water, 25 °C,
Granular  Mn- . adsorption
Ce oxide 45.50 adsorptio time 24 h, pH [23]
capgcity 6.0, adsorbent
dose 0.01 g/L
Maximu deionized
m water, 25 °C,
Ce-Ti  oxide 44.37 adsorptio adsorption This work
powder 0 time 1 h, pH
capacity 7.0, adsorbent
dose 1.0 g/L
deionized water,
Maximum | 25 °C, adsorption
Fe-Ti/Fe3O4 41.80 adsorption | time 12 h, pH [45]
capacity | 7.0, adsorbent
dose 1.0 g/L
Maximu deionized
m water, 25 °C,
. . . adsorption
Ti-Ce hybrid 30.60 adsonrptlo time 12 h, pH [29]
capacity 6.0, adsorbent
dose 0.01 g/L
Maximu deionized
m water, 25 °C,
. . adsorption
TiOH4 30.40 adsonrptlo time 12 h, pH [46]
capacity 5.0, adsorbent
dose 2.0 g/L
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) deionized
Maﬂmu water, 35 °C,
CeOz- : adsorption
TiO2/SiO; 21.40 adsonrp“o time 1 h, pH | (4]
capacit 4.0, adsorbent
pactity dose 5.0 g/L
) deionized
Maxmu water, 30 °C,
] : adsorption
Fe-Al 17.70 adsonrptlo time 12 h, pH [48]
. 6.8, adsorbent
capacity dose 0.1 g/L
) deionized
Maﬁmu water, 25 °C,
) . adsorption
Fe-Cr 16.34 adsonrptlo time 1.5 h, pH [49]
. 6.5, adsorbent
capacity dose 0.1 g/L
) deionized
Maﬁmu water, 30 °C,
) . adsorption
Fe-Sn 10.50 adsonrptlo time 2 h, pH [50]
] 6.4, adsorbent
capacity dose 0.1 g/L
) deionized
Maﬂmu water, 30 °C,
] . adsorption
Fe-Zr 8.20 adsonrptlo time 12 h, pH [48]
. 6.8, adsorbent
capacity dose 0.1 g/L
deionized
Maximu water, 30 °C,
Aluminium m I]Iwolillvmir:atebeé
modified 3.24 adsorptio heiaht 4 [51]
zeolite tuff n pl—:g gn;
capacity adsorbent dose
1g/L
deionized
water, 25 °C,
adsorption
Fes0s 0.30 20.00 time 12 h, [32]
adsorbent dose
1g/L




Chapter 6

6.3.4. Evaluation of the fluoride recovery and the reusability of the Ce-

Ti@Fe3;04 NPs

The efficiency of the adsorbent is demonstrated by performing adsorption-
desorption cycles of 10mg/L of F for evaluating the reuse and regeneration of the
adsorbent. Ce-Ti@Fe3O4 was separated from the treated solution by a magnet [31]. In this
work, it was shown that the recovery percentage of fluoride was affected by desorption
time (ANOVA analysis, p < 0.05). As shown in Figure 6.5, by using 5 mL of 0.1 M NaOH,
it was obtained the highest recovery percentage of 98.51 % at 12 hours of desorption time
(Figure 6.5b) which were the chosen desorption conditions for each regeneration step due
to low concentration and volume of NaOH. However, the little decrease of the recovery
percentage of fluoride at 8 h desorption using 0.5 M NaOH could be attributed to a

saturation of the fluoride recovery after 6 h desorption time.
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Figure 6.5. The effect of the desorption time for the efficient fluoride desorption (%); (a) 25 mL of
0.5M NaOH and, (b) 5 mL of 0.1M NaOH, using 1 g/L of Ce-Ti@Fe3;O4 nanomaterial, and shaking
at 200 rpm. Statistical data analysis using ANOVA was illustrated by letters A, B, C, D, and E.

The reusability of the Ce-Ti@Fe3O4 adsorbent was carried out by performing five
consecutive adsorption-desorption cycles under both optimal experimental conditions were

obtained for both processes. Thus, Figure 6.6 illustrates the adsorption capacities values of
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the Ce-Ti@Fe3O4 adsorbent and the fluoride recovery versus the cycle’s number. It is
shown that the fluoride recovery % is high (> 90%) for all the cycles tested and also in
comparison with other reported works, where the maximum fluoride recovery has been up
to 86.35 % [27]. Also, a very little decrease in the recovery exists from the first to the fifth
cycle to be from 98.51 to 92.97% that could be attributed to the change of the morphology
of the NPs or because of the metal release from the adsorbent during the regeneration

process, as it is following discussed. However, the high removal % in all the cycles was

demonstrated.
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Figure 6.6. Fluoride adsorption capacities (mg/g) and fluoride recovery (%) for the use of Ce-
Ti@Fes04 NPs at different adsorption-desorption cycles (up to 5).

6.3.5. Characterization of the Ce-Ti@Fe304 NPs as adsorbent after reuse

Figure 6.7a illustrates the TEM image of the corresponding Ce-Ti@Fe3O4 adsorbent
after its use for five cycles of the adsorption-desorption process. It is shown an aggregation
of the NPs in comparison with the size of the original NPs, leading to an increase of the
size and hence, a decrease on the adsorption capacity. In this sense, Figure 6.7b showed the

SAED pattern of the adsorbent and it showed a decrease in the crystalline phases in
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comparison with the original adsorbent (Figure 6.2). As discussed in section 6.3.1, the loss
of the crystalline structure may affect the adsorption efficiency of the nanomaterial.

Figure 6.7. TEM image (a) and, ED pattern (b) of the Ce-Ti@Fe3;O4 nanomaterial after five

adsorption-desorption cycles under the optimal experimental conditions used for each process.

Furthermore, the core-shell structure of the original Ce-Ti@Fe304 nanomaterial is
shown in Figure 6.3. Here, the STEM-EELS technique was used to characterize the NPs
structure after it is used and a slight modification of the core-shell structure, due to its
aggregation, is shown (HAADF image, Figure 6.8a). Moreover, the elemental analysis of
the three metals was proved using STEM-based EDS (Figure 6.8b and 6.8c) and thus, the
metal composition remains stable in the NPs’ structure. Anyway, the nanomaterial still

presents magnetic properties and high adsorption activity after its reuse.
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Figure 6.8. EELS line scan of the core-shell Ce-Ti@FesO4 NPs after the 5 cycles of adsorption-
desorption. (A) STEM HAADF image of the Ce-Ti@FesO. and position of the line scan; (B)

PEELS spectrum of the nanomaterial; and (C) lons profile spectra along the line scanning.

The observed modification of the morphology for the nanomaterial may be
attributed to the release of metal. As a result, the analysis of the metal content in the Ce-
Ti@Fez04 nanomaterial after the 5 cycles showed a metal concentration of 113.68 £ 1.75
mgri/gne, 173.82 £ 15.73 mgce/gne and 77.41 £ 8.04 mgre/gne. Comparing with the original
metal values of the Ce-Ti@Fes04 NPs, (121.01+7.70 mg Ti/g, 199.29+10.47 mg Cel/g
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and 81.07+x4.49 mg Fe/g), a leakage of Ti, Ce, and Fe of 6.06, 12.78, and 4.51%,
respectively, is observed, being the loss of Ce the most important one. Then, ICP-MS was
used to analyze the Ce amount in both, the water treated and the desorbing solutions, after
each adsorption-desorption cycle. The Ce concentration in the final treated aqueous
solution after 5 cycles was not detected (Table 6.3), indicating that there is no release of Ce
in the treated aqueous solution. However, the Ce concentration in the desorbing NaOH
solution increases with the number of desorbing cycles, being the maximum value at the 5%
cycle and corresponding to a total Ce release of 0.70 mg, which agrees with the estimated
Ce lose from the NPs (12.78 %). This result may be due to the low stability of the NPs at
basic pH [52].

Table 6.3. ICP-MS analysis for Ce-Ti@Fe3O4 after 5 adsorption-
desorption cycles of fluoride

Desorption cycles, solution Cerium, mg/L
analyzed

Cycle 1, H,0O N.D
Cycle 1, NaOH N.D
Cycle 2, NaOH N.D
Cycle 3, NaOH 0.36
Cycle 4, NaOH 10.20
Cycle 5, NaOH 20.00
Cycle 5, H,0 N.D

N.D: Not detected

Therefore, we can conclude that the Ce-Ti@Fe3O4 nanomaterial is suitable for its
use and reuse for at least five cycles of adsorption-desorption of fluoride with high removal
and recovery. Also, it was demonstrated its adsorption capacity for five cycles. Although,
there is a low metal leakage from the nanomaterial, there is no effect in the treated water or

the environment, due to this leakage remains in the desorbing reagent.
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6.3.6. Effect of the pH value for the fluoride adsorption

The optimum pH for drinking water is in the range of 6.5-9.5 [53] and it is known that pH
can significantly affect the adsorption of fluoride [54]. Figure 6.9 shows the removal
percentage and adsorption capacity (Qe) at pH from 5 to 11 for the Ce-Ti@Fe304
adsorbent. The fluoride removal percentage and Q. decrease by increasing the pH when
applying 10 mg/L initial fluoride concentration and 1 g/L of Ce-Ti@FesOs NPs. Even
though, at pH 11, the removal percentage was still more than 80 %. The decrease of the
removal percentage could be attributed to the changes in the surface of the NPs, which
became more negatively charged. Therefore, a competition for the adsorption sites of more
OH-" ions with fluoride ions occurs in the aqueous solution as well as modifications of the
nanomaterial in this pH range [55]. At 10 mg/L F" initial concentration, the highest fluoride
removal percentage and Qe values were at pH 5 and 7 to be 99.85, 98.33 % and 10.31,
10.32 mg/g, respectively.

Figure 6.9. Effect of pH on fluoride removal percentage (%) and adsorption capacity (Qe) for
initial fluoride concentration of 10 mg/L, 1 g/L of Ce-Ti-Fe oxides NP at 200 rpm and room

temperature.
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6.3.7. Temperature effect and thermodynamic parameters

The temperature affects the adsorption of the pollutants and provides information
about the spontaneity of the fluoride removal process [56]. The adsorption capacity values
using Ce-Ti@Fe304 NPs and fluoride removal percentage are illustrated in Figure 6.10
versus temperature in the range of 20 — 40 °C. The highest adsorption capacity is reached at
30 °C. Next, the values showed a stable removal percentage until 40 °C that indicates that
the optimum temperature for fluoride adsorption is at 30 °C when using 30 mg/L initial
fluoride concentration.

Table 6.4 shows the thermodynamic parameters for the fluoride removal at different
temperatures. The positive value of the enthalpy, AH®, verifies the endothermic nature of
the process. The positive entropy, AS°, values confirmed the increased randomness at the
solid—solute interface during adsorption, but its low value indicated that no remarkable
change in entropy occurs. Moreover, the negative free Gibbs energy, AG®, values attributed
to the adsorption processes, were spontaneous in all cases. The spontaneity adsorption
process of fluoride was enhanced by increasing the temperature. The statistical analysis
also showed that the temperature has a significant effect on the removal percentage of
fluoride when applying the one-way ANOVA (p-value was less than 0.05) as illustrated in
Figure 6.10.
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Table 6.4. Thermodynamic parameters for fluoride adsorption using Ce-

Ti@Fe304 nanomaterial.

Temperature -AG AH° AS° R2
(°O) (kJ mol) (kJ mol?) (J mol'’K1)
20 13.84 £ 0.02
25 14.12 £ 0.02
30 14.40 £0.01 2.52 55.79 0.996
35 14.67 £ 0.04
40 14.95 + 0.02
120 35
=] Removal, %
® Adsorption capacity, mgig c L 30
100 | < . .
H N - - -
o - 25
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Figure 6.10. Effect of temperature on fluoride removal percentage (%) and adsorption capacity (Qe)

using; 30 mg/L initial fluoride concentration, 1 g/L of Ce-Ti-Fe oxide nanomaterials and shaking at
200 rpm for 60 min. Statistical data analysis using ANOVA was illustrated by letters A, B, C, D,

and E.
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6.3.8. Application of Ce-Ti@Fe304 nano adsorbent for fluoride removal

from real water sample

The efficiency of the magnetic Ce-Ti@Fe3sOs4 NPs for fluoride removal from
drinking water sample spiked with 10 mg/L of fluoride was studied. The results (Table 6.5)
proved that the Ce-Ti@Fe30s adsorbent had a strong affinity for fluoride removal in the
presence of other anions. The removal percentage of fluoride decreased from about 99 to 73
% (0.11 to 2.94 mg/L) at ambient temperature due to the presence of other co-existing
anions. In addition, the adsorbent posed affinity towards other anions, under the tested
conditions, with removal percentage of 15, 36, 11, and 99 % for chloride (CI°), nitrite (NO2
), sulphate (SO4%), and nitrate (NO3) respectively. This could be attributed to some anions
competition and others enhanced columbic repulsion forces with fluoride for the active sites
[57].

Moreover, increasing the temperature from 25 to 30 °C increased the removal
percentage of fluoride from 73 to 87 % (2.94 to 1.44 mg/L) being the residual concentration
of fluoride 1.44 mg/L, which is below the maximum acceptable level, 1.50 mg/L.
Furthermore, the removal percentage increased to be 18 and 100 % for the chloride and
nitrate anions, respectively while it decreased to be 35 and 10 % for the nitrite and sulphate
anions, respectively. Subsequently, the novel magnetic Ce-Ti@Fe3Os nanomaterial is a
promising and efficient material for anions removal from water not only fluoride, but also

for nitrate, nitrite, chloride, and sulphate.
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Table 6.5. Efficiency of the Ce-Ti@Fe3O4 adsorbents on the fluoride removal

from drinking water

Anions concentration, mg/L
Anions Spiked tap | After adsorption® | After adsorption®

water
Fluoride 10.93+£0.13

(< 0.0109 2.94 +0.23 1.44 +0.04

Chloride 32.71 £ 0.05 27.86 £ 0.02 26.78 £ 0.04
Nitrite as NO2 1.51+£0.01 0.97 £0.02 0.98 £ 0.03
Sulphate 16.14 + 0.02 14.33+£0.10 14.47 + 0.04
Nitrate as NOs" 3.16 £ 0.01 0.01 +£0.00 N.Dd

a: Adsorption at 25 °C, 1.0 g/L Ce-Ti-Fe oxide, 60 min adsorption time, and 200
rpm.

b: Adsorption at 30 °C, 1.0 g/L Ce-Ti-Fe oxide, 60 min adsorption time, and
200 rpm.

c: Fluoride concentration in drinking water before spiking.

d: N.D: Not detected

6.4. Conclusions

The synthesized magnetic core-shell Ce-Ti@FezOs NPs showed high efficiency for
fluoride removal and high sorption capacity. The maximum adsorption capacity was 91.04
mg/g at pH 7, which outperformed many reported adsorbents and the synthesized Ce-Ti
oxides NPs (44.37mg/L). Ce-Ti@Fe304 nanomaterial as adsorbent is applicable over a wide
pH range (from 5 to 11) and shows a fast adsorption rate. Moreover, it is easy to recover
from the reaction mixture for further reuse and it has been used for 5 cycles. The reusability
of the NPs under those conditions was evaluated, showing a little modification in its
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structure after the cycles and no Ce release is presented in the treated water. In addition to
the spontaneous adsorption process, it was shown an increasing of the adsorption capacities
by increasing the temperature. Furthermore, the physical sorption mechanism was
estimated according to the Dubbinin-Radushkevich isotherm model: anion exchange
between the hydroxyl group on the surface of the adsorbents and fluoride ions was
involved. Besides, the efficacy of the Ce-Ti@Fe3O4 NPs as adsorbent was demonstrated for
a real water matrix by spiking 10 mg/L of fluoride in drinking water, as it showed a residual
fluoride concentration of 1.44 mg/L. Therefore, magnetic Ce-Ti@Fe304 nanomaterial was
arbitrated to be a suitable adsorbent to treat fluoride contaminated water to achieve the
quality standard of drinking water.
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7.1. Introduction

High amount of phosphorus in water promotes algae growth, regulated by
microorganisms, which in its turn decreases oxygen concentration and leads to eutrophication on
rivers, lakes, and seas worldwide [1, 2]. Due to phosphorus is a non-renewable element and huge
amount of phosphorus is lost annually for lack of phosphorus recovery, its recycling is of great
interest especially with increasing demands, such as in the agriculture [3] as a fertilizer [4, 5] or
industrial usages as ingredients for human food, pharmaceuticals, detergents, and food additive
in the animal feed [6, 7]. Therefore, phosphorus is a critical element in water, where it was found
frequently contained in groundwater, domestic and industrial wastewaters.

The common forms of phosphorus found in wastewater include phosphates (H2POys,
HPO.%, and PO.*), polyphosphates and organic phosphates [8]. Phosphorus concentrations in
water matrices can be very different. For instance, municipal wastewater may contain 4-15 mg/L
phosphorus as POs*, domestic wastewater contains about 10-30 mg/L of PO4*, and treated
sewage contains lower concentration, 1-5 mg/L of POs*. However, industrial wastewater (such
as detergent manufacturing and metal coating processes) may contain phosphate levels of more
than 10 mg/L [9]. Due to the potential interest of phosphate removal from water, various
techniques have been employed, including constructed wetlands [10], physicochemical treatment
method based on the precipitation of slightly soluble phosphorous [11], and biological nutrient
removal (BNR) methods [5, 12-18]. Sludge used in BNR methods had disadvantages especially
with a high phosphorous content due to there is a risk of phosphate release and flowing back to
water treatment system if the aeration is not sufficient [19]. Thus, precipitation and activated-
sludge process were studied for removing high concentration (hundreds to thousands of mg/L)
[20] of phosphate in wastewaters. However, in the case of low concentration (several mg/L) of
phosphates, precipitation or activated-sludge method are not much effective [21]. For instance,
the precipitation and crystallization methodologies require pH higher than 9 to complete
precipitation which is disadvantageous, especially in the presence of carbonate/bicarbonate
anions due to the competitive interaction, difficulty of regeneration and reusability which led to
high cost for treatment. Other purification process, as high recovery reverse osmosis [5, 22],

suffers problems associated with phosphate ions and in combination with calcium ions as
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precipitating agent for phosphate salts which lead to membrane blockage what limits water
recovery [23].

Many challenges of the previous described water treatments were faced by the use of the
nanotechnology that provides also cost effective treatment capabilities [24]. Nanomaterials have
a number of key physicochemical properties that make them particularly attractive for water
purification such as separation media or reusability. On a mass basis, they have much large
surface areas than bulk particles. Nanomaterials can also be functionalized with various chemical
groups to increase their affinity toward a given compound. They can also serve as high capacity -
selectivity and recyclable ligands for toxic metal ions, radionuclides, organic and inorganic
solutes [25]. Water treatment based on the adsorption of contaminants using metal oxide
nanoparticles (NPs), such as cerium oxide, titanium oxide and iron oxide NPs as well as the
core/shell NPs, is relatively useful for water contaminants removal such as phosphate, nitrate,
and fluoride as shown in Chapters 4 and 5.

In general, adsorption technology has been a well-established technology for phosphate
removal and recovery from water and wastewater, though more selective and cost-effective
sorbents developed. Compared with chemical precipitation, adsorption does not produce large
volumes of chemical sludge. Various types of phosphorus adsorbents made from zeolites [26],
lanthanum and yttrium compounds [27, 28], aluminum compounds [29-33], zero-valent iron
[34], amine-functionalize, Pr(OH)z [35], magnesium amorphous calcium carbonate [36],
zirconium compounds [37, 38], and iron(l11) oxide compounds [8, 31, 39-45] were studied. In
addition to all of these nanoadsorbents, studies were also focused on the iron based adsorbents,
with magnetic properties, due to their low cost [46] and their magnetic separation methodology
which offers great advantages, such as high speed, simplicity, accuracy and effectiveness to
operate as compared to the conventional separation methods [47]. Thus, magnetic nanoparticles
(NPs) have a high potential to be applied in adsorption systems because they can easily be
separated in a magnetic field. However, there are just a few studies of phosphate removal from
water by using magnetite (FesO4) NPs [48, 49].

On the other hand, the modification of polymers with surface functional groups, such as
acrylamide [50], N-vinylpyrrolidone [51] and also the modification of surfaces with magnetic
properties have been reported. In this sense, polymeric ligand exchangers exhibit high phosphate

selectivity over competing sulfate and chloride ions [12, 15] and efficient regeneration and reuse.
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However, they are relatively expensive, which is the most important parameter for the industrial
applications. In this regard, the modifications of polymers or other supports with NPs have been
used recently [52, 53] to enhance the adsorption capacity of the materials. For instance, Hydrated
Ferric Oxide (HFO) was doped in various support materials such as zeolites, alginates, activated
carbon and cation exchange resins [54-57] as well as in polymeric anionic exchanger [58, 59].
Anionic resins impregnated with HFO were studied for phosphorus removal [60-63]. In general,
polymeric anion exchange resins have low phosphate exchange capacity and poor selectivity
factors against common ions present in wastewater (chloride, sulfate, bicarbonate, nitrate and
dissolved organic matter) [15]. In this sense, other polymeric materials, such as the cation
exchange resin, from Purolite (C100), is a simple, fast and economic polymeric matrix for the
removal of metals such as Ce**, Fe®*, and Pb?* from aqueous systems [64]. Furthermore, taking
into account some works reported about the use of iron-based nanoadsorbents for phosphorus
removal in waters, it has been shown that the adsorption capacities at room temperature were:
0.3 mg/g for a-Fe2O3 [8], 0.9 mg/g for Goethite + Maghemite (FeO(OH) + y-FexO3) [65],
1.1 mg/g Hematite (Fe.O3) [66], and 2.6 mg/g for hydrothermally synthesized FeszO. [48].
However, higher adsorption capacities are required and no studies were conducted on the
removal of phosphate based on cationic polymers. Thus, iron based nanoadsorbents based on
polymeric supports could be a promoting solution. And due to the exhibition of its efficiency for
phosphate removal as described in Chapter 4.

Therefore, this work aims to develop and use an optimal nanocomposite (NC) as
adsorbent based on immobilized FezO4 NPs on the polymeric cationic resin, C100, for phosphate
removal by adsorption and its recovery from water in a continuous fixed bed column. More
precisely, the main objectives of this study are: 1) the optimization of the NC based on the
immobilization of different FesOs4 NPs concentrations on the surface of the C100 material to
obtain the highest adsorption capacity for phosphate, and 2) the adsorption- desorption
optimization process to regenerate the adsorbent for the reusability of the NC and phosphate

recovery during several cycles of usage.
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7.2. Material and methods
7.2.1. Materials

Iron (I1) chloride; FeCly, Iron (I11) chloride hexahydrate; FeCl3.6H20, sodium phosphate
monobasic; NaH2POs, citric acid and ammonium hydroxide, NH4sOH, were purchased from
Sigma-Aldrich, Spain. Sodium hydroxide pellets, NaOH, was purchased from Merck.
Hydrochloric acid, HCI, was purchased from Panreac, SA. All the chemicals were of analytical
grade or higher, and all solutions were prepared with Milli-Q water and filtered using 0.45 um
Nylon membrane filter. The cationic exchange polymer (C100) supplied by Purolite S.A, Spain.

7.2.2. Synthesis of the nanocomposite based on magnetite NPs

The cationic exchange polymer (C100) consists of strong acidic group (R-SO3) as a
functional group. Pre-treatment of the C100, based on the reported method [67, 68], was carried
out as described in Chapter 4 (Section 4.2.3.2).

Immobilization of the FesO4 NPs on the polymeric matrix, C100, was carried out using a
variation of the Intermatrix Synthesis (IMS) protocol coupled to a co-precipitation method
already reported [67]. The experimental procedure for the preparation of iron oxide based ferrites
in this work involves the precipitation of Fe?* and Fe®*" salts in a strict ratio of 1:2 in
deoxygenated water by the addition of a strong basic solution. Specifically, 125 mL of
deoxygenated aqueous solution of NaOH (0.5M) was added slowly with continuous stirring into
100 mL mixture of deoxygenated iron salts suspension, with Fe*/Fe** molar ratio of 1:2, which
contained 0.4 g of C100 polymer under N atmosphere and at 40 °C. To optimize the
concentration of NPs on the surface of polymeric cationic resin, we have used four different
concentrations of FeClo/FeCls. These are: protocol A: 26/52 mM, protocol B: 13/26 mM,
protocol C: 6.5/13 mM and protocol D: 3.25/6.50 mM. Then, the suspension was incubated for
1h at 40 °C. During the incubation, the polymer became black in color due to the formation of
Fe304-NPs on the polymeric material. The IMS of FesOs-NPs in sulfonated polymers can be
described by Equations 7.1 and 7.2 [69].
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8(R-SO3 Na*) + Fe?* + 2Fe*> (R-SO3)2(Fe?") + 2[(R-SO3 )s(Fe*)] + 8Na*  (Equation 7.1)

(R-SO3)2(Fe?") +2[(R-SO3)3(Fe®*")] + 8NaOH > 8(R-SOs Na*) + Fez04 + 4H,0 (Equation 7.2)

7.2.3. Characterization of the nanocomposites

The metal content of the NC samples was analyzed by using Inductively coupled plasma
optical emission spectrometry, ICP-OES. The identification of magnetite was based on the
characteristic peaks in the diffractograms and comparing with the database using X-Ray
Diffraction, XRD. Scanning Electron Microscopy (SEM) and the Energy Dispersive
Spectroscopy (EDS) were used to study the cross-sectioned NCs samples. Particle size and
morphology of the magnetite NCs were determined using Transmission Electron Microscopy
(TEM). Surface area of the dry polymer and the NCs samples were determined from
conventional nitrogen sorption isotherms using Brunauer-Emmett-Teller method (BET). Samples

preparation are explained in Chapter 3.

7.2.4. Ionic chromatography for phosphate analysis

The determination of phosphate, as phosphorous (POs*-P), was performed utilizing lonic
Chromatography (IC) as previously explained in Chapter 3 (Section 3.2.1).

7.2.5. Adsorption-desorption tests
7.2.5.1. Phosphate solutions

Phosphate solutions were prepared using a NaoHPO4 stock solution of 10000 mg/L in
milli-Q water. Then, series of dilutions with a range of concentration from 0.1 to 100 mg/L of
phosphate in milli-Q water were prepared for calibration. Each solution was filtered using 0.45
pm nylon membrane filter prior to analysis. When necessary, different pH was adjusted using 0.1

M citric acid or 0.1M sodium hydroxide.
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7.2.5.2. Adsorption studies in a fixed bed column

The fixed bed column experiments were performed using polyamide column of 1 cm
inner diameter and 16 cm length. The column was packed with the synthesized NC. A glass wool
plug was placed at the bottom of the column to avoid the adsorbent washing out. Prior to start the
experiment, the NC was fully wetted by pumping the column upwards for 4 h with milli-Q water
with flow rate ImL/min. The flow rate was maintained in each experiment using a peristaltic
pump (Watson Marlow, 403U).

The continuous adsorption process is usually characterized by the so-called breakthrough
curves, i.e., a representation of the pollutant effluent concentration versus time profile in a fixed
bed column. In addition, breakthrough curves prediction through mathematical models is a useful
tool for scale-up and design purposes [70].

Breakthrough curve determination experiments were performed for all the experiments at
1 mL/min and 1.0 g of adsorbent (NCs). The breakthrough curves show the loading behavior of
phosphate to be removed from solution in a fixed-bed column and are usually expressed in terms
of adsorbed phosphate as POs*-P concentration (C.s) as a function of time. Equilibrium
uptake Qgeq (Mgros-r/gne) is defined as the adsorption capacity of phosphate per mass of NC at a
certain initial phosphate concentration [71]. In all experiments, the initial concentration for
phosphate was 10mg/L. Different pHs of the phosphate media were also evaluated of the pH
range from 4 to 7 to evaluate the effect of the pH on the adsorption capacity as well as to

evaluate the NC stability after the adsorption experiments.

7.2.5.3. Phosphate adsorption isotherm and modeling

To estimate the maximum adsorption capacity of the adsorbent, isotherm modeling is an
important aspect for establishing adsorption system which provides information on the amount
required for removing unit mass of pollutant. In this study, isotherms were performed
continuously with phosphate interval concentrations (1, 2.5, 5, 10, 20, 30, 50, 80 and 100 mg/L),
1 g/L of nanoadsorbent, 1 mL/min at room temperature and two pH values; 5 and 7.

The experimental quantities of the phosphate adsorbed have been fitted to adsorption

isotherms models available in the literature, including two-parameter isotherms (Langmuir,
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Freundlich, Dubinin—-Radushkevich, DR), three-parameter isotherms (Brunauer—Emmett—
Tellerand, BET) and a combination of them. Isotherms were determined from the breakthrough
curves of step changes in the feed concentration by non-linear regression according to the value
of the objective function defined as the norm of the difference between experimental data and
model predictions. The sorption capacity of the material was evaluated at different pHs by
frontal analysis following the stair case method [72]. Moreover, a confidence interval has been
determined in the estimation of model parameters according to the Fisher information matrix
method as function of the quantity and quality of experimental data [73].

Columns experiments started with 1 mg/L phosphate as initial concentration until
equilibrium was reached. At that point, inlet phosphate concentration was increased
corresponding to the interval of phosphate concentration. For each initial phosphate

concentration, geq Was calculated.

7.2.6. Desorption of phosphate and reusability of the nanocomposite

The desorption process for the phosphate previously adsorb on the NC, as previously
described, was optimized to be able to reuse the nanomaterial as adsorbent for further adsorption
process and to recover the phosphate. To determine the optimal process for the adsorbent
regeneration, different desorbing solutions, specifically NHsOH, NaOH with different
concentrations (0.01 — 1.0 M) and milli-Q water, were used. After 90 min adsorption of 10 mg/L
phosphate solution at pH 7, ImL/min and 1.0 g of the nanoadsorbent, aliquots of the NC (0.5 g
of wetted adsorbent) were treated using the desorbing solutions. Once the optimal desorption
system was defined, the adsorption-desorption processes were performed seven times at the
optimal adsorption and desorption experimental conditions for evaluating the reusability of the

synthesized NC for phosphate removal and its recovery.
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7.3. Results and discussion

7.3.1. Synthesis and characterization of the nanocomposites

7.3.1.1. Metal ions content in the nanocomposites

The NCs, synthesized by using the four A, B, C and D, were analyzed by ICP-OES. Table
7.1 shows the mean of iron (Fe) concentration (mgre/gne) for the three replicates of the four
samples. It is shown that increasing the Fe salts concentration in the synthesis lead to increase
the Fe content in the final NC. Furthermore, data show that the Fe concentration on the polymer
is saturated at around 80 mgre/gne (samples A and B), being the maximum level of metal
concentration during the synthesis of 13/26 mM of FeCl2/FeCls (for Protocol B).

Table 7.1. Iron synthesis ratio, iron content (mgre/gnc) and adsorption
capacities (mgros-r/gnc) at pH 5 of 10 mg/L of phosphate using different
protocols; A, B, C and D.

FeCl2/FeCl3 Iron
Adsorption capacities,
synthesis | concentration,
mgpo4-p/gNC
ratio mgre/gNC

C100 0 0 <0.01
polymer

Protocol A 26/52 77.0+1.21 2.88
Protocol B 13/26 81.2+1.56 2.30
Protocol C 6.5/13 23.6+1.34 3.60
Protocol D 3.25/6.5 5.59+0.28 <0.01

7.3.1.2. SEM-EDS, XRD and TEM analysis of the nanocomposites

The SEM images coupled with EDS of the cross-sections for each synthetic protocol (A,
B and C) of the NCs are shown in Figure 7.1. This data shows the success of the immobilization
of the FesO4 NPs on the surface of the NC. As it is clearly seen in Figure 7.1a, 7.1b, and 7.1c, the

major part of the FesO4 NPs is located near the polymer surface (shown by the light white zone)



Chapter 7

with different thickness corresponding to each synthetic protocol showing a deeper layer when
the loading concentration of iron during the synthesis is higher. Figure 7.1d shows cross section

for polymer without NPs.

Figure 7.1. SEM image of the magnetite nanocomposites cross-sectioned: (a) protocol A, (b) protocol B,
(c) protocol C. (d) SEM image of the polymeric matrix without magnetite NPs. () EDS spectra for the
profile distribution of the Fe on the cross-section of nanocomposite (protocol C).

Further confirmation about the immobilization of magnetite NPs on the surface of the
polymer was illustrated in Figure 7.1e, where the line spectrum shows the iron content profile
obtained by SEM coupled with EDS, on the cross-sectioned of protocol C. It can be seen that the
profile distribution of Fe presents a peak at the surface of the polymer meaning that the
distribution of the FesOs NPs is concentrated on the surface of the polymer which makes the
material more suitable for its application as a nanoadsorbent. Furthermore, TEM images of the
cross-sectioned nanomaterials for protocol C is illustrated in Figure 7.2a. As it is observed, the
NPs on the polymer show a size of 15 - 20 nm as it was also shown at [67]. Crystalline structure

of Fe3s04-NPs was confirmed by electron diffraction pattern as shown in Figure 7.2b.
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Figure 7.2. TEM image of magnetite NPs in the nanocomposite (protocol C) (a), Electron diffraction of
magnetite NPs in the nanocomposite (protocol C) (b), and magnetic properties test of the nanocomposite
(Protocol C) using a magnet (c).

In addition, the X-ray diffractogram shows the crystalline structure of the pattern Fe3Os-
NPs (Figure 7.3a), and the Fe3Os-NPs immobilized on the polymer before adsorption (Figure
7.3b). The typical peaks can be found at 35.5°, 43.0°, 57.1° and 62.7°, which preferably
correspond to the FesO4 according to the JCPDS database [74]. The Miller indices of these peaks
are 311, 400, 511 and 440, respectively. The broad peak in the XRD pattern could be attributed
to the ultrafine nature and small crystallite size of magnetite nanocomposites, in addition to the
formation of thin layer of magnetite nanoparticles immobilized on the surface of the cationic
polymer. Moreover, the decrease of the intensity of the peaks could be attributed to the low

concentration of iron contents [75, 76].
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Figure 7.3. XRD spectra of: (a) magnetite reference pattern and; magnetite nanocomposite (protocol C)

(b) before, and (c) after the adsorption process at 10mg/L of phosphates.

7.3.1.3. Magnetic characterization and surface area measurements of the

nanocomposites

Figure 7.2c shows a photograph of the qualitative test of the magnetic properties of NC
by using a permanent magnet, where one can clearly see the NC beads stuck to the magnet. This
means that the NC material can be easily recovered from the medium for further reuse which is
an advantage for the separation process in this application.

On the other hand, BET analysis reports that surface area for all protocols was lower than
2 m?/g (N2 sorption, BET). These results agree with the gel-type resins in the dry state that are
characterized by very low porosity and a far lower surface area, which usually does not exceed 5
m?/g (N2 sorption, BET) [77].

7.3.2. Adsorption studies in fixed-bed column
7.3.2.1 Determination of the adsorption capacities for the NCs with different Fe304
NPs content (Protocol A, B, C and D)

The influence of FesO4 NPs concentration in the NC on the adsorption capacities of 10

mg/L phosphate at pH 5 is shown in Table 7.1. The highest adsorption capacity was 3.62 mgpoa-

199



200

Phosphate removal and recovery from water using magnetic nanocomposite

p/gne obtained by using the material corresponding to Protocol C (23.59 + 1.34 mgre/gne)
indicating that a higher concentration of NPs leads to a decrease of the adsorption capacity of the
NC (as shown for Protocol A and B adsorption capacities, corresponding to 2.88 and 2.30 mgpoa-
p/gnc, respectively). This can be explained because an excess of NPs leads to decrease the
surface/volume ratio of the NPs by the presence of aggregates or higher NPs size. On the other
hand, protocol D did show an adsorption capacity lower than 0.01 mgpos-p/gnc (corresponding to
the limit detection of the lonic Chromatograph), which indicates that approximately less than 6.0
mgre/gne had no significant effect on the NC for the adsorption process of phosphates like it is
observed the adsorption capacity for C100 without NP. Thus, it was considered that protocol C
(23.59 mgre/gne) is the optimal iron content as well as NPs size and distribution in this NC for
the adsorption of phosphates in water. Thus, the following experiments in this work and the
majority of the characterization techniques used were carried out for sample C.

7.3.2.2. Effect of the pH on the adsorption capacities and on the nanocomposite stability

pH, as a critical water chemistry parameter, can significantly affect the adsorption of
phosphate by any material. Figure 7.4 shows the adsorption capacities of 10 mg/L phosphate,
as initial concentration, using Protocol C NC at a pH range from 4 — 7. Generally, phosphate
has three pKa values, 2.2, 7.2, and 12.3 which correspond to pKa1, pKa2, and pKas respectively,
according to the presence of three species. HPO4? and H,PO4™ are the predominant species in
the pH solution region between 4 and 10. HPO.% is being more widespread in slightly
alkaline conditions while HoPO4 in slightly acidic conditions [78]. As shown in Figure 4, in
this study, the highest adsorption capacities value was at pH 7 indicating that the species
involved in adsorption process are those which are related to the pKa2 value of 7.2. Thus,
HPO.% seems to have better affinity to form bidentate complexes with the magnetite NPs
than H2PO4 forming M-OH™ complex [79-81]. Moreover, when the pH<pKa (as pKaz in this
case), the surface of the adsorbent is more positively charged and more efficient for attracting
negatively charged phosphate species through electrostatic interaction. It is also reported that
phosphate adsorption on the surfaces of other iron-based species (e.g. oxyhydroxide
polymorphs goethite) is based on the formation of inner-sphere complexes between

the phosphate anion and the iron oxyhydroxide surface, indicating the presence of Fe—O-P
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covalent bonds what it seems to be also contributing to the adsorption process in the system
here reported [82].

Furthermore, the effect of pHs on the immobilized Fe3s04-NPs on the C100 after the
adsorption processes described in Figure 7.4 was also determined by ICP-OES analysis to detect
the stability of the NPs on the polymer for the adsorption mechanism. Thus, iron content after
adsorption at different pHs showed the highest iron decrease at pH 4 of 43.4% while at pH 7 the
decrease of iron content was 7% of the iron content. This decrease could be explained due to an
oxidation of the iron present in the NPs that is finally released from the polymer. At the view of
these results pH 7 is the optimum pH for phosphate adsorption, due to both the highest
adsorption capacity and the NC stability. Even more, adsorption process of 10 mg/L phosphate
on the NC (protocol C) at pH 7 did not affect the crystalline structure (Figure 7.3c) of the NPs.

0.5

0.4 ~

0.3

0.2 ~

Adsorption capacities, Mgoq, 5/8,c

0.1 T T T T T T T
35 4.0 45 50 55 6.0 6.5 70 75

pH

Figure 7.4. Variation of the phosphate adsorption capacities (mgros-r/gnc) for the nanocomposite

(Protocol C) at different pHs of the medium.
7.3.3. Adsorption Isotherms and modeling

Isotherm fitting results for the five different models tested are shown in Figure 7.5 up to a
concentration of 100 mg/L. While in Figure 7.5a is observed that saturation conditions are
achieved at pH 5, maximum capacity is not reached when material is operated at pH 7 (Figure
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7.5b). These isotherms make it possible to accurately predict the experimental data (low fval)
(Table 7.2). Wider confidence intervals are obtained in three-parameter isotherms in particular
showing that a large number of possible combinations of parameters are able to fit model
predictions to the experimental phosphate adsorbed on the materials. Thus, estimated parameters
show a low sensitivity to the final result of the isotherm expression as in the case of BET
isotherm. Thus, the Freundlich, Langmuir and the isotherm that combines three parameter-
isotherms are the most suitable for fitting the experimental data and for interpreting the influence
of pH on the sorption.
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Figure 7.5 — Isotherm fitting results for the five different models tested up to a concentration of 100 mg/L
ata) pH 5and, b) pH 7.

Freundlich isotherm is commonly used for describing sorption on heterogeneous
surfaces. The n value indicates the degree of non-linearity between solution concentration and
adsorptive material. As n value is lower than 1, the sorption process is more chemical than
physical for both pHs. The estimated values of n are lower at pH 5 indicating that the behavior
deviates in this case further from the linear isotherm, so it approaches a rectangular isotherm or
irreversible isotherm. That means that the concentration needs to go down to an extremely low
value before adsorbate molecules desorb from the surface. A higher value of this parameter at pH
7 reveals a weaker affinity between contaminant and material comparing with pH 5 results.

The higher value of Langmuir parameter K1 obtained for the isotherm at pH 7 underlines
a higher sorption capacity of the material at these conditions (as also shown in Figure 7.4). The
Langmuir isotherm assumes monolayer adsorption onto a surface containing a finite number of
adsorption sites of uniform strategies with no transmigration of adsorbate in the plane surface.
Once a site is filled, no further sorption can take place at that site. This indicates that at pH 5 the
surface reaches a saturation point where the maximum adsorption of the surface is achieved.
Since experimental data at pH 7 is not strictly following a saturation model as Langmuir, the

maximum capacity of the material is an extrapolation that it should be checked if higher
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concentration than those tested in the present study are required. The higher value of k2 for pH 7
highlights again a lower affinity between material and contaminant compared to pH 5.

The Dubinin—Radushkevich isotherm equation, widely used for describing adsorption on
microporous solids such as activated carbons, has a semi-empirical origin and is based on the
assumptions of a change in the potential energy between the adsorbed phases and a characteristic
energy of a given solid. Previous results are partially improved by means of the Redlich—
Peterson isotherm. Unlike pH 5, sorption experiments conducted at pH 7 exhibits behavior
similar to that of Henry’s law, according to the parameter n, which is close to 0. In contrast, at
the same range of phosphate concentrations, working a lower pH, the material reduces its
capacity and reaches quickly saturation conditions.

From the modeling of the process, it is concluded that the kind of relationship set
between contaminant and sorbent is described by a chemical interaction, as already mentioned in
Section 7.3.2.2, through a Fe-OH complex system mechanism. While a pH 5, monolayer
absorption reproduces more accurately the experimental behavior, saturation conditions are not
achieved a pH 7. This means a stronger interaction at pH 5. Clearly, pH plays an important role
in the affinity and capacities of materials when they are under adsorption conditions.
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Table 7.2. Parameters for the isotherms models used for data fitting.

MODEL pH=35 pH=7

k1| 5612 =+ 0.180 | 14378 * 1.094

Langmuir k2 | 75.743 + 2679 |265.089 = 20.884
fval 0.377 0.2702

kf | 0158 + 0.001 | 0.081 =+ 0.000

Freundlich n | 0663 + 0.003 | 0846 =+ 0.003
fval 0.592 0.3122

B | 0891 =+ 0.081 | 1577 =+ 0.045

Dubinin gn| 3.072 + 0.055 | 3902 <+ 0.075
fval 0.870 1.0504

Cs |9.4E+09 + 1E+11 |1.4E+03 *+ 3.0E+03
B |12E+08 + 2E+08 | 7.838 + 12.252

BET
Q 5606 + 0.796 9525 + 6.636
fval 0.377 0.2700
b 0.008 + 3.1E-04| 0.004 <+ 0.001
gm | 4257 =+ 0.165 | 12102 + 1.554
Combination
n 0.788 + 0.008 0.961 + 0.008
fval 0.325 0.2685

The adsorption capacity of the magnetic nanocomposite for the removal of PO43-P has
been compared with various iron-based adsorbents in Table 7.3. The adsorption capacities of
magnetite immobilized on C100 developed and tested in this work are much higher than other
iron based nanoadsorbents but the one based on zirconium. However, the NC used in this work
has an advantage in a real application pH medium and it is easier to recover than the other ones.

Therefore, the NC used in this study show highly competitive for phosphate removal.
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Table 7.3. Comparison of PO4>-P adsorption capacity of the NC (FezOa-
C100) of this work with other iron-based adsorbents from the literature at
the corresponding conditions of pH.

Adsorbent pH POs*-P References
adsorption
capacity (mg/g)
Fes0.@ZrO; 3.0 39.1 [83]
Fe304-C100 7.0 >4 This work
La-EDTA coated 6.0 4.2 [49]
Fe304
Fe304-C100 5.0 28 This work
FesO4 2.8 2.6 [48]
Hematite 6.0 1.1 [66]
Geothite + Maghemite 4.0 0.9 [65]
a-Fe203 3.0 0.3 [8]

7.3.4. Evaluation of the phosphate recovery procedure and the reusability of the

magnetite nanocomposite for several adsorption-desorption cycles.

It is known that at high alkaline pH, PO+ species are the predominant in the solution
medium and the magnetite is deprotonated and negatively charged, which is favorable for
desorption of the adsorbed phosphate [58]. In this work, among the reagents used for the
regeneration of magnetite based NC (protocol C), NaOH was found to be the most effective in
desorbing the phosphate comparing to NH4sOH and Milli-Q water after one hour shaking at 200
rpm (31.5 and 12.6 % of phosphate recovered respectively). Further optimization procedure for
desorbing process was performed using different concentration of NaOH. As shown in Figure
7.6 we can conclude that 0.5 M NaOH is the optimum concentration for desorption process.
Under these conditions phosphates desorption was 52.9 %. Therefore, enhancement of

desorbability percent was achieved by three washing cycles with 0.5 M NaOH to obtain 97.5 %
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of the phosphate recovered. This result is clearly interesting if ones compares with the recovered
phosphate % reported in the literature (i.e. 40 % for phosphate for initial concentrations less than
100 mg/L [60]).

Phosphate recovery, %

10 T T T
0.0 02 0.4 06 08 1.0 1.2

NaOH, M

Figure 7.6 — Effect of NaOH concentration for the phosphate desorption (% of recovery).

Afterwards, the regenerated magnetite NC was tested for reusability. After every
adsorption process, desorption by using 0.5 M NaOH and three washing steps was performed.
The results (Figure 7.7) showed that there is only a drop in the adsorption capacity after the 1%
cycle, while the efficiency of phosphate adsorption—desorption was nearly the same for the rest
of six cycles. An explanation of the drop of the adsorption capacity after the first adsorption-
desorption cycle could be explained by the loss of iron detected from ICP-OES analysis which
was of 30% after the first cycle while remaining constant for the rest of cycles. The loss of the
iron content from the NC could be due to the experimental conditions in which some of the iron
ions dissolves in the media but the rest of the iron content remain stabilized in the polymeric
matrix.

On the other hand, as mentioned, the recovery of phosphate was 97.5 % for the 1st cycle.
A decrease on the recovery % was observed from the 1% to the 4" cycle of adsorption-desorption.

After that, the recovery % removal remains constant at 45% approximately, as shown in Figure
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7. In this sense, it could be confirmed the assumed adsorption mechanism (see section 7.3.2.2) in
which a strong Fe-HPO4 complex could be formed in each adsorption-desorption cycle and thus,

avoiding the total recovery of the phosphate.
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Figure 7.7. Adsorption capacities and % of phosphate recovery for the nanocomposite (protocol C) at

different adsorption-desorption cycles (7).

7.4. Conclusions

The present study provides magnetite nanoparticles immobilized on the surface of
cationic polymer (C100) which displayed successful application to remove phosphate ions from
aqueous solutions. Adsorption experiments of phosphate in a fixed-bed column using different
concentrations of magnetite nanoparticles immobilized on the polymer proves that the optimum
concentration of iron in the nanocomposites is 23.59 mgre/gne. The effect of pH on the
adsorption capacity showed a higher adsorption capacity from the optimized material at pH 7
comparing to pH 4, 5, and 6. Afterwards, continuous adsorption isotherms were performed and it
is shown a higher adsorption capacity (> 4.0 mgros-p/gnc) at pH 7 compared to pH 5 (2.8 mgpoas-
p/lgnc). Therefore, the magnetic nanocomposite used in this study is highly competitive for
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phosphate removal comparing to other iron-based nanoparticles reported in the literature.
Furthermore, regeneration of the nanocomposite was optimized to obtain 97.5 % recovery of
phosphate using 0.5 M NaOH for three consecutive cycles desorption process. Then, reusability
was demonstrated for 7 cycle’s adsorption-desorption process. Therefore, we can conclude that
the magnetite nanoparticles immobilized on the cationic polymer has great potential for

adsorbing and recovering phosphate.
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Chapter 8

8.1. Introduction

Microalgae are nowadays cultured to produce high value-added compounds like
nutraceuticals and pharmaceuticals. During the last decade, attention has been paid to the
production of non-food bioproducts like biofuels or biopolymers. Regarding biofuels, the main
advantages of microalgae over terrestrial crops are: i) their high photosynthetic efficiency, which
leads to a high growth rate and biomass production; ii) not competition with food crops for
arable land and; iii) their accumulation of certain compounds under stress conditions, e.g. lipids
or carbohydrates. On the other hand, the main disadvantages are: i) the requirement of high
amounts of water and nutrients and; ii) microalgal biomass harvesting. The first barrier can be
overcome by using wastewater, which already has a high concentration of nutrients and thus
must be treated. Indeed, this alternative provides a public service along with a valuable biomass
feedstock. High Rate Algal Ponds (HRAP) are typically used for secondary wastewater
treatment, while open or closed photobioreactors can be used for the tertiary treatment. However,
the microalgae harvesting is still a challenge. Moreover, in recent years, algae pollution has
become a global issue [1]. The occurrence of harmful algal bloom in water source has posed a
serious water safety problem to local water supply systems. Several problems could occur using
the conventional water treatment such as bad taste and odors, formation of disinfection by-
products such as trihalomethanes (THMs) and chloroacetic acids, and clogging of filter beds due
to the algal bloom in water reservoir [2]. Therefore, the algal bloom is directly endangering
human and biological health [3]. In addition, the blue—green algae contain toxins and secrete
mucus, resulting in the emergence of flocculation in the distribution pipeline network. THM
parent could be formed by conversion those secretions. Unfortunately, this THM could make the
removal process of algae from water very difficult, also it causes the growth of algae in the
eutrophic water. So, the blue-green algae, and other freshwater algae are among diverse types
microbiological contaminants in drinking water [4]. Besides, a lot of researches in the recent
years are performed to remove the algae and the algae toxins due to the quick propagation of
algae and the great damage that cause to water quality [5].

When microalgae are harvested to produce high value-added compounds, the cost of
biomass harvesting is not a limitation. Indeed, energy intensive processes, as centrifugation, that

achieve relatively high solids concentration (e.g. 10%) are generally used. However, in the
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context of biofuels or biopolymers, these processes are hardly affordable. When wastewater is
used to produce microalgae, the presence of bacteria in the culture enhances floc formation and
eases biomass separation by gravity settling, which can reach a biomass recovery of 70-80% or
even higher through biomass recycling [6]. Gravity settling and dissolved air flotation can be
further enhanced by coagulation-flocculation with chemicals, which has low energetic
requirements as compared to centrifugation. Certainly, natural products like starch and tannin—
based flocculants have shown promising results [7, 8]. The main drawback is that the addition of
chemicals has an economic cost and can affect downstream processing of harvested biomass.
However, when pure microalgae cultures are used, gravity settling only achieves a biomass
recovery of 50-60%.

Although flocculation method is the most commonly used for harvesting microalgae [9],
its sedimentation process needs a long time as well as a low harvesting efficiency [10, 11]. There
is an increasing attention for the harvesting of microalgae in the recent years by using the
magnetophoretic separation due to the time-saving technology and the low cost of the process
[12, 13]. Specifically, magnetic NPs have been reported for the harvesting due to its high
specific surface area, biocompatibility and that they could adhere to the algae cells and then
easily be separated from the medium by applying an external magnetic field [14, 15]. Moreover,
by surface coating or modification of the magnetic nanoparticles (NPs), with diverse materials
such as polymers and surfactants, the stability of the NPs suspension can be enhanced, jointly
with the harvesting efficiency [11, 16, 17]. Different types of magnetic NPs (FezOs NPs), with or
without surface coating, have been used for the harvesting of different microalgae such as the
oleaginous Chlorella sp. [11], Scenedesmus Dimorphus [16] and Chlorella Vulgaris [13]. The
aims of this work are; i) screening the harvesting efficiency of the algae using different
synthesized NPs and estimation of the effect of coating on the separation process, ii)
optimization of the algae separation process in terms of efficiency and separation time, and iii)

estimation of the maximum adsorption capacity and evaluation of the reusability of the NPs.
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8.2.Materials and Methods
8.2.1 Materials

Iron (I1) chloride (FeCl2), Iron (111) chloride hexahydrate (FeClz.6H.0), polyethylene imine
(PEI), 3-Aminopropyl triethoxysilane (APTES), and cetyltrimethyl ammonium bromide
(CTAB), were purchased from Sigma-Aldrich (Barcelona, Spain). Sodium hydroxide pellet

(NaOH) was purchased from Merck. All the chemicals were of analytical grade or higher.

8.2.2 Microalgae production

Microalgae was produced in a pilot plant that treats real wastewater from the municipal
sewer system in Barcelona (Spain). In this plant, wastewater undergoes a screening pretreatment,
primary treatment in gravity settlers and secondary treatment in high rate algal ponds (HRAPS)
with a nominal volume of 0.5 m® and a surface area of 1.5 m? operating with a hydraulic
retention time (HRT) of 4 days at the time the experiments were conducted. Following, a
clarifier is used to separate microalgal biomass from the secondary effluent. This wastewater
treatment system is located outdoors, as previously reported [6].

Harvested microalgal biomass thickened and digested in 3 lab-scale anaerobic reactors (1.5 L)
with an HRT of 20 days under mesophilic conditions, as described in a previous paper [18]. The
digestate is then diluted with the secondary effluent from the clarifier (1:50 v:v) and treated in an
airlift-photobioreactor (30 L) with an HRT of 10 days. This photobioreactor is located indoors
and has light-dark cycles of 12h. Light intensity is XX. The microalgae culture (mainly
Scenedesmus sp) from the closed photobioreactor was used to assess the harvesting capacity of

the magnetite-based NPs.

8.2.3 Synthesis of magnetite based NPs
8.2.3.1 Magnetite (Fe304) NPs

Two different concentrations of FeCl, and FeCls-6H.0, by keeping the Fe?*/Fe*" molar
ratio of 1:2 were used to produce FesO4 NPs and coded as FezOs NPs-1 (25 and 50 mM) and
Fe304 NPs-11 (100 and 200 mM). Detailed information is described in Chapter 4.
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8.2.3.2 CTAB coated Fe304 NPs

CTAB coated FesO4 NPs were prepared as explained in Chapter 4 (Section 4.2.2.2.3) to
produce FesOs@CTAB NPs.

8.2.3.3 PEI-modified Fe304 NPs

Fe3O4@PEI NPs were prepared by coating of FesOs NPs with PEI as described in
Chapter 4 (Section 4.2.2.2.2).

8.2.3.4 Amine functionalized Fe304 NPs

Production of the NPs containing amine groups, Fes04@SiONH2 NPs, was carried out by
functionalization the FesO4 NPs with APTES as described in Chapter 4 (Section 4.2.2.2.1).

8.2.4 Characterization of nanoparticles and microalgae

8.2.4.1 Inductively coupled plasma optical emission spectrometry

Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES) was used for metal
content determination of the NPs. Samples preparation were described in Chapter 3 (Section
3.1.1).

8.2.4.2 Scanning Electron Microscopy and Transmission Electron Microscopy

The morphology and size of the NPs were characterized, by one side, using a Zeiss
Merlin Scanning Electron Microscopy (SEM). On the other side a JEM-2011/JEOL, High-
Resolution Transmission Electron Microscopy (HR-TEM) equipped with Energy-Dispersive
Spectroscopy (EDS) was also used. Measurements were acquired with an Oxford INCA X-MAX
detector at the Servei de Microscopia at UAB, Spain. Microalgae harvesting using the magnetite-
based NPs was characterized by using the cross-sectioned analysis of the prepared samples as

reported in a previous study [23]. Briefly, the pellets were firstly obtained by centrifugation the
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samples for 10 min at 3000 rpm. Next, the cells were fixed with 2.5% glutaraldehyde in 0.1 M
phosphate buffer (pH 7.0) at 4 °C overnight, rinsed twice with the phosphate buffer (pH 7.0),
then post-fixed with 1% OsO4 in a 0.1 M phosphate buffer (pH 7.0) at 4 °C for 4 h and again
rinsed twice with the phosphate buffer (pH 7.0). After fixation, dehydration of the sample cells
was performed by a washing series of ethanol (50%, 70% and 90%), 1:1 mixture of ethanol
(90%) and acetone (90%), acetone (90%) and acetone (100%) at 4°C forl5 min at each step.
Following this, the samples were immersed inl:1 and 1:2mixtures of acetone and ethoxyline
resin for 1 h and 4 h, respectively, transferred to ethoxyline resin at room temperature overnight,
placed in baking box and heated at 60°C for 48 h. Finally, the cross sections were obtained by
embedding the ultra-thin sections of the samples in epoxy resin after cutting using a 35° diamond
knife from Diatome and a Leica UC7 ultra microtome. Finally, staining the cross-sectioning part
with uranyl acetate and lead citrate was performed, followed by the characterization using JEM-
2011/ JEOL HR-TEM microscope.

8.2.5 Microalgae analysis

The microalgae culture was characterized by the concentration of total suspended solids
(TSS) as dry cell weight (DCW), volatile suspended solids (VSS) and soluble chemical oxygen
demand (SCOD), following the Standard Methods [24]. Microalgae identification was carried
out by optic microscope examination (Axioskop 40 Zeiss, Germany), using a photo camera and
the Motic Image Plus 2.0 software and identified from literature. Turbidity was determined as
explained in Chapter 3 (Section 3.2.5) and it was used to calculate algae removal efficiency

during magnetic decantation.

8.2.6 Zeta potential measurements

The zeta potential of the Scenedesmus sp. (0.63 g/L) and FesOs NPs (0.38 g/L) at pH
7.38 were determined as explained in Chapter 3 (Section 3.1.10).
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8.2.7 Algae separation experiments

8.2.7.1 Procedure of the algae harvesting using the nanoparticles

The removal of the microalgae was carried out by mixing 10 mL of algae suspension with
0.25 g/L of NPs in a capped glass vial at 25 °C on an orbital shaker at 200 rpm to improve the

interaction between the NPs and microalgae.

8.2.7.2 Screening of the algae separation using magnetite-based nanoparticles

The efficiency of the microalgae removal was compared by testing different types of
magnetite-based NPs: Fe3Os (1), Fe3Oas (1), Fe30s@SiO-NH,, Fes0s@CTAB and Fez0s@PEI
NPs to estimate the significant effect of the positively coated NPs regarding the non-coated one
on the microalgae separation. The removal percentage (%) was calculated based on the
measurements of the turbidity of the microalgae before and after interaction with the NPs.
Initially, microalgae and the NPs were mixed in a weight ratio of 2:1 for 20 min on a shaker at
200 rpm, and 25°C as described in section 2.5.1. Then the magnetic decantation for 20 min was
performed prior to the measurements of the turbidity of the supernatant. All the tests were

performed in triplicate.

8.2.7.3 Effect of the shaking type for the algae removal using the Fe304 NPs

Optimization of interactions between the NPs and the algae cells was carried out by
studying the effect of shaking before the magnetophoretic separation of the algae. The harvesting
efficiency of the microalgae was obtained by testing different types of shaker as a orbital and
roller and comparing with the non-shaking as a control. Briefly, 0.25 g/L of FesOs NPs was
added into three vials containing 10 mL of the microalgae suspension, followed by exposure two
of the mixture suspension vials to the orbital and roller shakers, and keeping the third one
without shaking. Then, the turbidity was measured for each one after 5 min of magnetic
separation and the removal efficiency was calculated. All the experiments were performed in

triplicates. The effect of shaking type was statistically evaluated using one way ANOVA.
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8.2.8 Optimization of the microalgae harvesting efficiency using the response

surface method

Optimum conditions for the removal of microalgae by Fe3Os NPs were determined by
means of central composite design (CCD) under response surface methodology (RSM). In this
study, two experimental designs with two variables were carried out. The first experimental
design (CCD 1) with two variables; concentration of FesOs NPs (0.13, 0.25 and 0.38 g/L), and
magnetic decantation time (1, 5 and 20 min) was performed. Then, further optimization was
conducted by performing the experimental design (CCD 2) with two variables; the amount of
Fe304 NPs (0.05, 0.08 and 0.13 g/L), and magnetic decantation time (1, 5 and 20 min) to see the
efficiency of the Fe3Os NPs in the lowest dose of the NPs on the separation of microalgae.
Detailed information of the experimental design and its evaluation by the analysis of variance
(ANOVA) of the data fitting to the quadratic model were explained in Chapter 3 (Sections 3.5
and 3.6).

8.2.9 Adsorption isotherms and zeta potential measurements

Adsorption isotherm experiments were carried out in a range of concentration from 0.1 to
1.25 g/L of Scenedesmus sp. microalgae by dilution or concentration using centrifugation. FesO4
NPs was used at a dose of 0.38 g/L at pH 7.38 (pH of the wastewater). Different isotherm
models, Langmuir, Freundlich, and Dubinin—Radushkevich were used for fitting the
experimental data and could be expressed in a nonlinear form as illustrated in Chapter 3 (Section
3.4).

8.2.10 Reusability of the nanoparticles

The reduction of the harvesting costs could be achieved by the recuperation of NPs, first
by the separation from the microalgae and followed by the regeneration of the NPs. The
regeneration and reusability of the FesOs4 NPs-1 were accomplished with a slight change of the
reported method [11]. Typically, the NPs and the algae cells obtained after the magnetic
separation were suspended in 5 mL of NaOH (0.5 M), by shaking at 200 rpm for 10 min. Then,
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the suspension was subjected to ultrasonication for 10 min. Followed by the addition of 2 mL
methanol and 2 mL of chloroform into the mixture and after mixing well, the mixture solution
was exposed to ultrasonication for 15 min. Finally, the NPs were gathered by using a permanent
magnet and washed twice using ultra-pure water. Then, the regenerated NPs were tested five
times by repeating the same process to evaluate the harvesting efficiency of the microalgae after

each cycle under the same conditions of algae and NPs concentrations.

8.3. Results and Discussion

8.3.1. Microalgal biomass characterization

The microalgae culture composition is summarized in Table 8.1. The average biomass
concentration was 0.629 g TSS/L, with an organic content of 0.357 g VSS/L. The turbidity of the
culture was 327 NTU and pH around 7.38. It consisted of a mixed culture clearly dominated by

Scenedesmus sp (99.8%).

228



Chapter 8

Table 8.1. Characterization of the microalgae culture in the
closed photobioreactor.

Parameter Value Unit
pH 7.38
Turbidity 327 NTU
TSS 0.629 g/L
VSS 0.357 g/L
SCOD 115.76 mg/L
Dissolved oxygen 7.82 mg/L
Alkalinity 205 mg/L
Ammonium 0.041 mg/L
Nitrite 2.899 mg/L
Nitrate 1.058 mg/L
Sulphate 105.544 mg/L
Scenedesmus sp. 42620000 Scenedesmus sp./mL

8.3.2. Characterization of the nanoparticles

8.3.2.1. Metals ion concentration in the nanoparticles

The synthesized NPs were analyzed by ICP-OES and the mean of the duplicates of the
iron (Fe) metal contents of the five samples was presented in Table 8.2 and expressed as
mgre/gnps. Because of the increase of the iron salts during the synthesis protocol, the iron content
increases as shown in Table 8.2 for FesO4NPs-1, and Fe3OsNPs-I11. In addition, 95.64 % of the
Fez04 NPs successfully coated to the CTAB, while 91.74 % of FesO4 NPs coated to the PEI. This
could be attributed to the high affinity of the cationic surfactant rather than the cationic polymer
to the Fe3O4 NPs.
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Table 8.2. Iron contents of the five synthesized nanoparticles

. Iron concentration,
Nanoparticles

(mgre/gnps)
Fe30q4 (1) 579.1+11.3
FesO4 (I1) 699.0 £ 4.9
Fes0.@CTAB 668.6 + 4.6
Fe304@PEI 641.3+3.0
Fe304@SiO-NH; 541.7+6.1

8.3.2.2. TEM-EDS analysis of the nanoparticles

The TEM images of the NPs before the harvesting of the microalgae are shown in Figure
8.1. The average sizes of the NPs were determined by using ImageJ software to be 11.15 + 1.57
nm for FesOs NPs-1, 11.73 + 1.61 nm for Fe3sO4 NPs-11, 11.49 + 1.83 nm for Fe3O4 with 1.65 nm
shell thickness of CTAB, and 12.57 + 1.86 nm for Fe3O4 with 0.86 nm shell thickness of PEI. As
shown in Figure 8.1a-f, there is a decrease of the aggregation and increase of the dispersibility of
the FesO4 NPs by using the surfactant or the polymer. Besides, all the FesOs NPs for the naked
NPs or the modified ones have the crystalline structure as shown in the electron diffraction
patterns as illustrated in Figure 8.1g-j which means that the modification of the surface did not
affect the crystallinity of the FesOs NPs. These results are in agreement with the reported one
[22].
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Figure 8.1. TEM images of: (a) FesOs NPs-I, (b) FesO4 NPs-11, (c, and d) FesO.@CTAB NPs, and (e,
and f) Fes0.@PEI NPs; and ED patterns of: (g) FesOs NPs-I, (h) Fes0. NPs-I1, (i) Fe;0.@CTAB
NPs, and (j) FesO4@PEI NPs.

8.3.3 Optimization procedure of the microalgae harvesting efficiency

8.3.3.1 Screening of the nanoparticles for the removal of microalgae

Screening of the harvesting efficiency (in terms of turbidity reduction) of Scenedesmus
sp. microalgae using the FesOsbased NPs is shown in Figure 8.2. As illustrated, the highest
harvesting efficiency of the Scenedesmus sp. was higher than 82 % for FesOs@SiO-NH>
followed by FesOs@PEI > Fes04s@CTAB > Fe3O4 (1) > FezOs4 (I). The highest values of the
harvesting efficiency were observed in the cases of the functionalized FesOs NPs due to the
positive functional groups which enhance the interactions between the NPs and the microalgae.
Moreover, significant differences were found between the NPs used for the algae harvesting
efficiency due to the p value was less than 0.05 (P =< 0.001) by applying one way ANOVA test.
In addition, multi-comparison procedures using Tukey test showed that the only significant
differences were observed when comparing the Fe3Os NPs-1 versus FesOs NPs-I1 due to the p
value was found to be less than 0.05, while no significant differences were observed when
comparing the Fe3Os NPs-l versus Fe3Os@SiO-NHz, Fe3O4s@PEI, and FesOs@CTABNPSs.
Therefore, in terms of cost-effectives process, the naked FesOs NPs, with the lowest

231



Optimization of high efficiency Scenedesmus sp. microalgae harvesting using low-cost
magnetic iron oxide based nanoparticles

concentration of iron salts during the synthesis protocol of magnetite NPs (FezOs NPs-I) were

selected in the following studies of the optimization procedures.
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Figure 8.2. Screening of the harvesting efficiency (H.E.), and H.E./ge 0f Scenedesmus sp. using Fe;O4
based NPs (Statistical data analysis using ANOVA was illustrated by the letters a, b, c, d, and e).

The magnetic separation of the microalgae can be qualitatively evaluated as shown in

Figure 8.3. High harvesting efficiency was observed by the change in the green water color.
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Figure 8.3. Magnetic separation of microalgae; (A) Without NPs, and (B) With FesO4 NPs-1 (0.25 g/L of
the NPs, and 20 min magnetic decantation time).

8.3.4 Characterization of algae with nanoparticles using TEM and SEM

The interaction of the microalgae with the NPs was proved by the characterization of the
Scenedesmus sp. algae before and after the NPs interaction using TEM and SEM. In addition, the
size and morphology of the NPs after the interaction are illustrated in Figures 8.4 and 8.5.
Average size (Figure 8.4) of the FesOs NPs after the interactions with the Scenedesmus sp.
microalgae was determined by using ImageJ software and were found to be 14.58 + 1.38 nm for
FesO4 NPs-1, 13.77 = 3.05 nm for FesO4 NPs-Il, 15.08 + 2.04 nm for FesO.@CTAB, 15.52 +
2.07 nm for FesOs@PEI, and 18.31 = 3.16 nm for Fes0s@SiO-NH2 NPs. Obviously, the
interaction of microalgae with the NPs was shown by the increase in the size of the NPs.
Moreover, the crystalline structure of the FesO4 NPs was not affected by the interaction with the
algae cells that it is a crucial aspect in the viability to reuse the FesOs NPs. In addition, the
crystalline structure of the FesO4s@CTAB could not be observed due to the insufficient scattering

of the electrons from the NPs.
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Figure 8.4. HETEM images of; (a, b) Scenedesmus sp. microalgae, and Scenedesmus sp. with; (c, and d)
FesOs NPs-I, (g, and h) FesOs NPs-1I, (k, and 1) Fes0.@CTAB, (n, and 0) FesO.@PEI, (r, and s)
Fes0.@SiO-NH, NPs; (e) FesOs NPs-l, (i) FesOs NPs-1I, (m) Fes0.@CTAB, (p) FesO.@PEI, (1)
Fes0.@SiO-NH.inside the Scenedesmus sp. and the ED patterns of; (f, j, g, and u) FesOs NPs-I, Fe;0.
NPs-11, Fes04@PEI and Fes04@SiO-NH; NPs.

Moreover, the confirmation of the interaction between the algae and the NPs was
confirmed by the analysis of SEM. As shown in Figure 8.5b-f, there is a coverage layer of NPs
over the surface of Scenedesmus sp. microalgae.
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Figure 8.5. SEM images of; (a) naked Scenedesmus sp. microalgae, and NPs inside the Scenedesmus sp.;
(b) FesO4 NPs-I, (c) FesOs NPs-11, (d) FesO.@CTAB, (e) FesO:.@PEI, (f) Fes0.@SiO-NH..

8.3.5 Effect of shaking type

Enhancement of the removal efficiency of the microalgae using FesOs NPs-1 was carried
out by testing the effect of the shaking type between the NPs and the microalgae before the
magnetic decantation of the NPs. As illustrated in Figure 8.6, the average values of the
harvesting efficiency of the microalgae were found to be 82, 80.7, and 75.5 % by using the
orbital shaker, roller, and without agitation respectively. Significant difference between the type
of shaking were found due to the p value is lower than 0.05 (p = 0.017). In addition, by applying
Tukey test for all pairwise multiple comparison procedures, only statistically significant
differences were found in the cases of using orbital and roller shakers versus without use of
shaker, however, no difference statistically between the orbital versus the roller. This could be
attributed to a better mixing in the case of orbital shaker, increasing the exposure of the NPs to
the algae, which led to a high interaction between the algae and NPs and hence high harvesting
efficiency of the Scenedesmus sp. Moreover, a Therefore, the orbital shaker was selected for the

following optimization procedures of the algae removal.
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8.3.6 Central composite design with a response surface method to optimize the

harvesting efficiency

Optimization and modelling the maximum harvesting efficiency of the microalgae were
performed in batch experiments by using the central composite design (CCD) under the response
surface methodology (RSM). The range and level of the experimental variables used in this work
were shown in Tables 8.3 and 8.4.

Table 8.3. Experimental design used for Algae removal using FezO4 NPs

Predicted

Normalized values Real values values

Exp NPs . Time NPs . Time Removal Removal
concentration (min) concentration (min) (%) %)

(9/L) (9/L)

1 -1 -1 0.13 1 82.81 82.49
2 -1 0 0.13 5 82.47 81.19
3 -1 1 0.13 20 84.36 83.07
4 0 -1 0.25 1 78.43 82.49
5 0 0 0.25 5 84.09 86.27
6 0 0 0.25 5 82.81 79.16
7 0 0 0.25 5 82.14 84.32
8 0 0 0.25 5 81.12 79.32
9 0 1 0.25 20 84.67 82.49
10 1 -1 0.38 1 78.43 82.49
11 1 0 0.38 5 84.56 84.12
12 1 1 0.38 20 85.67 84.14

Second order Equation 8.1, was obtained after estimations of the regression coefficients
based on the calculation of the sum of squares of the effects of the factors when studying the two
independent variables of the dose of FesOs NPs-1 and the decantation time (CCD 1). The R?

value of this model was found to be 0.764.

Removal, % = 84.921 — 45.282 * NPs concentration + 0.861 * time + 72.529 * (NPs
concentration)? — 0.038 * (time)? + 0.805 * (NPs concentration) * (time)
(Equation 8.1)
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The maximum harvesting efficiency was obtained by solving the regression model at
0.38 g/L of FesOs4 NPs-1 and 15.2 min of the magnetic decantation time to obtain 88.12 %

removal of the microalgae.

Table 8.4. Experimental design used for Algae removal using FezOs NPs

Predicted

Normalized values Real values values

Exp NPs i Time NPs . Time Removal Removal
concentration (min) concentration (min) (%) (%)

(9/L) (9/L)

1 -1 -1 0.05 1 82.67 82.98
2 -1 0 0.05 5 83.43 82.20
3 -1 1 0.05 20 83.59 81.17
4 0 -1 0.08 1 81.67 82.98
5 0 0 0.08 5 82.42 84.90
6 0 0 0.08 5 82.67 80.67
7 0 0 0.08 5 83.33 83.42
8 0 0 0.08 5 82.33 78.13
9 0 1 0.08 20 84.16 82.98
10 1 -1 0.13 1 76.67 82.98
11 1 0 0.13 5 83.00 83.97
12 1 1 0.13 20 84.54 84.07
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Furthermore, by performing the CCD 2 with a lower dose of FezO4 NPs-I, as presented in
Table 4, to optimize the amount of the NPs, the data obtained were analyzed and the second

order model equation is shown in Equation 8.2.

Removal, % = 84.325 — 54.661 * NPs concentration + 0.448 * time + 1.011 * (NPs concentration)? -
0.027 * (time)? + 3.650 * (NPs concentration) * (time) (Equation 8.2)

The quality of this model equation was determined by estimating the R? value which was
found to be 0.815. The optimum levels for the real values of FesOs NPs-I1 and the magnetic
decantation time were estimated to be 0.13 g/L and 11.75 min, respectively to obtain 86.28 %
microalgae removal after solving the regression model.

The larger observed values of the linear coefficients for FesO4 NPs amount in equations
8.7 and 8.8 of both CCD 1 and CCD 2 imply the significant effect of the NPs amount on the
harvesting efficiency of microalgae, which means by increasing the amount of the NPs enhance
the separation efficiency of the algae. In addition, the negative values of the quadratic
coefficients of the magnetic decantation time and the linear coefficient values of Fe3Os NPs
amount indicate the existence of optimum values for the harvesting efficiencies of microalgae.
Moreover, as shown in Tables 8.4, and 8.5, there is a well observed correlation between the
found and predicted values of the removal percentage of algae, which implies that the
mathematical models were suitable for predicting harvesting efficiency of the microalgae in both
cases of CCD 1 and CCD 2.

A combination of the two previously mentioned experimental designs was analyzed and a
second order model equation was obtained (Equation 8.3). As with the previous models, the
larger and positive value of the quadratic coefficient of the FesOs NPs-1 amount indicates that

increasing the amount of the NPs, increase the harvesting efficiency of the microalgae.

Removal, % = 81.262 — 20.165 * NPs concentration + 0.791 * time + 33.885 * (NPs concentration)? —
0.0318 * (time)? + 0.6314 * (NPs concentration) * (time) (Equation 8.3)

The optimum values of the NPs dose and magnetic decantation time were found to be

0.38 g/L and 12.85 min reporting 89.30 % of harvesting efficiency of the microalgae.
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Response surfaces and contour plots as a function of two variables is helpful to
understand the main and the interaction effect of these two factors. Figure 8.6 shows the
interaction effect of FesOs NPs-1 dose and magnetic decantation time on the harvesting
efficiency of the microalgae. It is clear from the 3D response surface plot, Figure 8.6, that the
harvesting efficiency of the microalgae increased by increasing the amount of NPs. This could be
attributed to by increasing the dose of Fe3Os4 NPs, increase the active sites for the interaction
between the NPs and microalgae. Moreover, the 3D plots showed a slight change on the removal
of the microalgae, until approximately 5 min, which suggests that the time had no effect up to 5
min. In addition, a high harvesting efficiency of the microalgae was observed in the range of 9 to
15 min of the magnetic decantation time and beyond this interval, a decrease of the microalgae
removal was observed as shown in Figure 8.6. Therefore, 0.38 g/L of the NPs and 13 min of the

magnetic separation time were selected as the optimum conditions for the following studies.

Figure 8.6. Response surface and contour plots of microalgae harvesting efficiency using (0.05-0.38 g/L)
Fesz04 NPs, and decantation time (1 — 20 min).
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8.3.7 Statistical analysis

The fitness and validity of the model were evaluated by the analysis of variance (ANOVA)
for the combined experimental design used. The significant of the factors was statistically
significant when the probability > F value is less than 0.05 (P < 0.05) at 95% confidence limit.
As shown in Table 8.5, the model F value of 7.04 implies the model is significant. There is only
a 0.08% chance that a "Model F-Value" this large could occur due to noise.Values of p < 0.05
indicate model terms are significant. In this case (time) and (time)? are significant model terms.
The Lack of Fit F value of 0.46 implies that the Lack of Fit is not significant due to the P value
was higher than 0.05, hence the quadratic model was valid for prediction of experimental data
[26]. Regarding the "Adeq Precision™ parameter, it indicates that the experimental signal to noise
ratio was adequate as it was greater than 4 [27, 28].

Table 8.5. Analysis of variance (ANOVA) for the fitted quadratic model of
algae removal as a function of NPs concentration and time of magnetic
decantation

Source Sum of | Degree Mean | F value P<
squares of square 0.05
freedom
Model 69.45 5 13.89 7.04 0.0008 S
NPs dose 0.26 1 0.26 0.13 0.7198 NS
Time 63.97 1 63.97 32.43 < S
0.0001
(NPs dose) 2 2.66 1 2.66 1.35 0.2608 NS
(time)? 18.43 1 18.43 9.34 0.0068
(NPs 6.26 1 6.26 3.17 0.0918 NS
dose*Time)
Residual 35.51 18 1.97
Lack of fit 11.24 9 1.25 0.46 0.8665 NS
Pure Error 24.27 9 2.70
Adeq precision 10.174
S: Significant

NS: Not significant
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8.3.8 Adsorption isotherms and possible mechanism of interactions

Description of the equilibrium relationship between the amount of Scenedesmus sp. per
unit of FesO4 NPs was determined by the adsorption isotherms to evaluate the affinity of the NPs
for the algae. In this study, Langmuir, Freundlich, and Dubinin—Radushkevich isotherm models
were used due to its relative simplicity, and reasonable accuracy [29]. The Langmuir model
assumes that the harvesting of algae occurs on a homogenous surface by monolayer, while,
Freundlich model assumes that occurs on heterogenous surface of the NPs. Moreover, the
Dubinin-Radushkevich (D-R) isotherm model was used to estimate the possible mechanism of
interaction as physisorption or chemisorption process. Data fitting of the experimental data using
Langmuir and Freundlich isotherms are shown in Figure 8.7. Estimated parameters for all
models were calculated using non-linear regression, and its values with the corresponding
correlation coefficients (R?) were presented in Table 8.6. The Langmuir model showed the
higher R? value (0.99) in comparison to the other models used and this could indicate that the
harvesting of microalgae could be monolayer coverage on Fe3Os NPs. Thus, the maximum
monolayer adsorption capacity, Qm, obtained was 3.49 mg/g. Moreover, the higher value of K.
indicates that the Scenedesmus sp. microalgae cells were bonded strongly by the FesO4 NPs [30].
In addition, the type of the isotherm was found to be highly favorable due to the low separation
factor constant (RL 0.36) which is in the range between 0 and 1 [21]. Moreover, for the
Freundlich isotherm model, the FesOs NPs were favorable for the separation of the Scenedesmus

sp. microalgae due to the 1/n value is 0.51 which is the range between 0 and 1[31].
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Figure 8.7. Adsorption isotherm of Scenedesmus sp. microalgae using FesOs NPs.

Table 8.6. Langmuir, Freundlich, and Dubinin—Radushkevich (D-R)
isotherm parameters for Scenedesmus sp. microalgae on FesO4 NPs.

Qm(gpcw/gnrs) 3.49
KL (L/mg) 9.06
Langmuir R 0.99
RL 0.36
Kr (mg- 0/ Ung 1) 486
Freundlich I/n 0.51
R? 0.98
Qm(g/g) 2.93
Kbpr (mol?/kJ?) 1.66E-8
D-R Rz 0.01
E (kJ/mol) 8.73

As indicated in Table 8.6, the calculated parameter of the apparent energy, E, of the

Dubinin—Radushkevich isotherm was found to be 8.73 kJ/mol. Therefore, the harvesting of
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Scenedesmus sp. microalgae by FesOs4 NPs could be attributed to chemisorption due to the
magnitude of E-value was higher than 8.00 kJ/mol [31].

Further investigation of the possible mechanism of interaction between the FesOs NPs and
microalgae was performed by measuring their zeta potential values. Figure 8.8, shows the zeta
potential values of the Scenedesmus sp. microalgae, the FezOs NPs, and the Scenedesmus sp.
algae with NPs at pH 7.38. A strong electrostatic attraction was observed between the
Scenedesmus sp. algae and the Fe3Os NPs. This possible mechanism of interaction was in
agreement with using FesOs NPs for the harvesting efficiency of B. Braunii and C. ellipsoidea
cells [30].
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Figure 8.8. Zeta potential of Scenedesmus sp. microalgae, FesO4 NPs, and Scenedesmus sp. microalgae

with FesO4 NPs

8.3.9 Regeneration and reusability studies of the Fe;O4 NPs

Regeneration of NPs was assayed to test the viability of the NPs after microalgae
harvesting. The combination of the strongest alkaline treatments, with ultrasonication
detachment method, showed the high detachment potential of the magnetite NPs compared to the
alkaline or the ultrasonication methods [11]. As shown in Figure 8.9, the FesO4 NPs-I could be
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used 5 times successfully for the harvesting of the Scenedesmus sp. microalgae with a slight
decrease in the removal efficiency. The break-up of the FesOs NPs from the algae at high pH
value could be attributed to the weak electrostatic attraction between the algae and the NPs due
to the increase of the negative charge of the NPs, and the algae cells in a strongly alkaline
medium [32]. In addition, the use of a mixture of methanol and chloroform combined with the
ultrasonic treatment could enhance the disintegration between the algae cells and the NPs [17].
Therefore, the combination of strong alkaline medium and ultrasonication treatments is not
efficient only for the separation of NPs from the algae, but also for the lipid extraction of
microalgae cells. Moreover, this study showed that the modified combination method had a
lower decrease in the harvesting efficiency after 5 cycles by 5.90 %, in comparison with the
same method of regeneration reported in the previous study that had a decrease by 22.16 % [11].
This could be attributed to the use of a lower concentration of NaOH in the detachment method
and longer time of ultrasonication. Therefore, the proposed modified regeneration method, by
using a combination of strong alkaline medium with a lower concentration and prolonged time of
ultrasonic treatment, enhances the potential efficiency of the NPs compared to the previous used
methods [11, 17, 33].

Figure 8.9. Harvesting efficiency % of Scenedesmus sp. microalgae using FesO. NPs after 5 cycles using

0.38 g/L of the NPs, and 13 min magnetic decantation time.
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8.4 Conclusions

In this work, the harvesting efficiency of the Scenedesmus sp. microalgae has been
evaluated by using different FesO4 based nanoparticles as adsorbents. Naked, coated and
functionalized Fe3O4 nanoparticles were used. All the synthesized magnetite-based NPs showed a
high potential efficiency for the microalgae separation from water. Response surface method
indicates that the optimum value for the harvesting was 0.38 g/L of naked FezOs NPs and 13 min
magnetic separation time. Monolayer adsorption was found in the separation of the algae due to
the high correlation coefficient of the Langmuir isotherm model, and yielding a maximum
adsorption capacity, 3.49 gocw/gnps, for Scenedesmus sp. using FesOs4 NPs. The electrostatic
interaction mechanism is proposed to describe the interaction between the algae cells and the
NPs. Reactivation of the FesO4 NPs was successfully conducted using a low concentration of the
alkaline medium combined with an ultrasonication treatment method for 5 cycles of the

microalgae separation from wastewater.
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Catalytic oxidation of CO using Au/CeQ: core-shell nanoparticles

supported in UiO-66 beads
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9.1. Introduction

Long-term exposure to carbon monoxide gas is a cause of lethal damage to humans and
animals [1]. Only in 2014, 6381 kilotons of CO were emitted in the world, mainly from
transportation, power plants and industrial activities [2]. To date, one of the most efficient
solutions for mitigating CO emissions to atmosphere is its catalytic oxidation to CO2 [3, 4].

Good-performance catalysts for CO oxidation are metal nanoparticles (NPs) such as Au,
Pd, Pt and Ru NPs [5-8]. These NPs are usually supported on/in zeolites [9], activated carbon
[10], and metal oxides, including alumina [11], mesoporous silica [12], ceria [13-17], zirconia
[18], titania [19], and iron oxides [3]. These supports avoid NP aggregation and, eventually,
enhance the catalytic activity of NPs. A remarkable case is the use of nanocrystalline CeO> to
support Au NPs [20, 21].

In this particular composite, CeO- acts as an active support that enhances the catalytic
performance of Au NPs for CO oxidation. Indeed, because CeO; has a high oxygen storage and
release capacity [22] and facile oxygen vacancy formation, its surface can be easily enriched
with oxygen vacancies so that Au NPs can strongly bind to these vacancies [23, 24]. Also, the
oxygen vacancies in CeO, can create Ce®" ions, opening a new CO oxidation pathway by O
adsorbed on Au-Ce®* bridge site [23]. Moreover, the interaction between the ceria and the metal
NPs can prevent reorganization of the metallic atoms under operating conditions [22].

Inspired by these latter results, herein we show a fast method that enables integrating pre-
designed core-shell Au/CeO2 NPs [25-27] in metal-organic frameworks (MOFs). Because,
recently, MOFs have attracted much attention as new porous supports for catalytic NPs due to
their exceptionally high surface areas, structural diversity and tailorable pore chemical
functionalities [28]. Due to the enhancement of the properties of the nanocomposites (NCs) when
the inorganic NPs incorporated into organic support (Chapter 1), this work aims to (1) evaluate
the catalytic activity of the hybrid Au/CeO, (Core/shell) NPs encapsulated into UiO-66 (porous

organic frame work) for CO oxidation, and (2) estimate the stability and reusability of the NCs.

255



256

Catalytic oxidation of CO

9.2. Materials and methods
9.2.1. Materials

All reagents were purchased from Sigma-Aldrich and used without further purification.
All gases were purchased from Carburos Metalicos. Deionized water, obtained with a Milli-Q

system (18.2 MQ cm), was used in all reactions.

9.2.2. Synthesis of PVP-Stabilized Au/CeO; Nanoparticles

Au/CeO; (Ce:Au = 1:1) NPs were synthesized in water following the simultaneous
reduction/oxidation of Au and Ce precursors. More specifically, 400 mL of an aqueous solution
containing sodium citrate (10 mM) was prepared and heated with a heating mantle in a three-
neck round-bottomed flask for 15 min under vigorous stirring. A condenser was used to prevent
the evaporation of the solvent. After boiling had commenced, HAuCl4 (25 mM) and cerium (111)
nitrate hexahydrate (25 mM) were sequentially injected to this solution. After cooling down to
room temperature, 4 g of poly (vinylpyrrolidone) (PVP, M.W 10,000) in 200 mL of water was
added dropwise to the NP solution while stirring and left overnight at room temperature. Then,
800 mL of acetone was added to the NP solution and left 24 h at room temperature without
stirring for precipitation of the NPs. After removing the supernatant, NPs were washed three
times with DMF and finally, redispersed in DMF to give a colloidal solution of Au/CeO2 NPs

with a concentration of 1 mg/mL.

9.2.3. Synthesis of UiO-66@Au/CeO:

100 mg of terephthalic acid (BDC), 3 mL of acetic acid, a volume of Au/CeO2 NPs
(concentration = 1 mg/mL; 4 mL for UiO-66@Au/Ce0,-2.8; 8.5 mL for UiO-66@AuU/Ce0,-5.5;
and 12.5 mL for UiO-66@Au/CeO2-7) and 280 pL of Zr(OPr")s were sequentially mixed in 40
mL DMF. These solutions were injected into a coil flow reactor (inner diameter: 3 mm) at a feed
rate of 2.4 mL.min? at 115 °C. The resulting pre-heated solution was then spray dried at 180 °C
and a flow rate of 336 mL.min* using a B-290 Mini Spray Dryer (BUCHI Labortechnik) using a

spray cap with a 0.5 mm diameter hole. Then, the resulting solid was dispersed in DMF and
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washed twice with DMF and ethanol. The final product was calcined in the presence of air at 250
°C for 12 h. Encapsulation efficiency was calculated based on the initial amount of NPs in the
precursors solution (4, 8.5 and 12 mg for UiO-66@Au/Ce0,-2.8, UiO-66@Au/Ce02-5.5 and
UiO-66@AuU/CeO2-7, respectively), the final mass of the product after washing (144, 140 and
125 mg for UiO-66@AuU/Ce02-2.8, UiO-66@AU/Ce02-5.5 and UiO-66@Au/Ce0,-7,
respectively) and the Au/CeO: content determined by ICP-OES.

9.24. Synthesis of PVP-Stabilized Pd Nanoparticles

NaPdCl> (44 mg) was dissolved in 20 mL of ethylene glycol in the presence of 222 mg of
PVP (MW = 55,000) in a three-neck round-bottomed flask. This solution was heated up to 180
°C for 10 min and, after cooling down to room temperature, 150 mL of acetone was added into
it. Precipitated Pd NPs were then dispersed in DMF and washed twice with DMF by
centrifugation. Finally, they were redispersed in 5 mL of DMF to give a colloidal solution of Pd

NPs with a concentration of 0.8 mg/mL.

9.2.5. Synthesis of UiO-66@Pd

127 mg of ZrCl4, 89 mg of BDC and 2 mL of PVP-stabilized Pd NPs solution with
a concentration of 0.8 mg/mL were added to mixture of DMF (5 mL) and H2O (0.4 mL).
The resulting mixture was injected into a coil flow reactor (inner diameter: 3 mm) at a
feed rate of 2.4 mL.min? at 115 °C. The resulting pre-heated solution was then spray
dried at 180 °C and a flow rate of 336 mL.min! using a B-290 Mini Spray Dryer (BUCHI
Labortechnik) using a spray cap with a 0.5 mm diameter hole. The resulting solid was
dispersed in DMF and washed twice times with DMF and ethanol [29]. Then, it was
dispersed in ethanol and stirred at room temperature overnight and precipitated by
centrifugation. The process was repeated one more time with ethanol. The final product
was dried for 12 h at 160° C under vacuum. A final step involved its calcination at 250°C
overnight in the presence of air. This calcination process facilitates the removal of PVP
from the surface of Au/CeO2 NPs. It also enhances the interfacial interaction of Au and
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CeO:2 and increases the crystallinity of CeO2, which leads to an enhancement of oxygen

generation/storage capacity of ceria [30-32].

9.2.6. Catalytic CO Oxidation Study

The catalytic oxidation of CO was carried out in a fixed bed column reactor with
dimensions of 9.0 cm in length and 0.5 cm in inner diameter set in a controlled temperature oven.
50 mg of the catalyst was packed into the column, and a mixture of gases consisting of 1 % CO,
21 % O and 78 % N2 was passed through the column reactor at a fixed flow rate of 100 mL/min.
After that, the catalyst was heated up to the desired temperature and maintained until a steady
state was achieved. Within this interval of time, set of samples of the outlet gas were withdrawn
and analyzed to determine the CO> produced. A Hewlett-Packard, GC-5890, gas chromatograph
equipped with TCD detector using an Agilent J&W GC column, HP-Plot Q, was used to
determine the CO.. The produced CO- gas was determined based on the integration area of the
CO2 peak using the relevant calibration curve. The process of the effluent gas measurements was
continued until 100 % conversion of CO. Activation energy was calculated using the rate method
[33].

9.2.7. Characterization

Field-Emission Scanning Electron Microscopy (FE-SEM) images were collected on a
FEI Magellan 400L scanning electron microscope at an acceleration voltage of 1.0-2.0 kV, using
aluminum as support. High-angle annular dark-field scanning transmitted electron microscopy
(HAADF-STEM) images were obtained with a FEI Tecnai G2 F20 at 200 kV. Inductively
Coupled Plasma — Optical Emission Spectroscopy (ICP-OES) measurements were performed
using an ICP-OES Perkin-Elmer, model Optima 4300DV. X-ray powder diffraction (XRPD)
patterns were collected on an X'Pert PRO MPDP analytical diffractometer (Panalytical) at 45
kV, 40 mA using CuKa radiation (1.5419°A). Nitrogen adsorption and desorption measurements
were done at 77° K using an Autosorb-1Q-AG analyser (Quantachrome Instruments). A Hewlett-
Packard, GC-5890, gas chromatograph equipped with TCD detector using an Agilent J&W GC
column, HP-Plot Q, was used to determine COa.



Chapter 9

9.3. Results and discussion

9.3.1. Characterization of the nanomaterials

The method used in this work started with the synthesis of core-shell Au/CeO, (Ce:Au =
1:1) NPs in water following the simultaneous reduction/oxidation of Au and Ce precursors.
Synthesized NPs had an average particle size of 9.6 = 2 nm and Au core size of 4.2 + 1.2 nm
(Figure 9.1). Then, they were functionalized with PVP, allowing them to be transferred from
water to dimethylformamide (DMF). This step enables the dispersion of Au/CeO2 NPs in the
solvent needed for synthesizing the UiO-66 beads.

Figure 9.1 (a,b) HAADF-STEM and (c) XRPD pattern of core-shell Au/CeO NPs (black) in comparison
to simulate patterns of Au (red) and CeO; (blue). Histogram of the (d) overall diameter of Au/CeQ, (e)
Au core and (f) CeO;shell.

When ZrCls was used as the metal salt to synthesize UiO-66@Au/CeQO2, the
resulting acidic precursors solution (pH~1) at high temperature caused dissolution of
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CeO: in the process. ZrCls, which is the common salt used to synthesize UiO-66, was replaced
by Zr(OPr")s because of the dissolution of CeO: in the acidic precursor solution (Figure 9.2)
[34]. As a result, a composite made of large Au NPs encapsulated into UiO-66 beads was
produced. This phenomenon was confirmed by ICP-OES from which a Au content of 2.6

w.t. % and a Ce content of 0.02 w.t. % were found.

Figure 9.2. (a) HAADF-STEM and (b) XRPD pattern of UiO-66@Au (red) in comparison to simulated
pattern of UiO-66 (black).

Field-emission scanning electron microscopy (FE-SEM) of the calcinated powder
revealed the formation of spherical beads (average size = 3.4 £ 1.8 ym) formed by the
assembly of nanocrystals of UiO-66 (Figure 9.3a). Figures 9.3 b, and ¢ show high angle
annular dark field scanning transmission electron microscopy (HAADF-STEM) of these

beads, confirming the encapsulation of well-dispersed Au/CeO2 NPs inside them.
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Figure 9.3 (a-i) Representative FE-SEM and HAADF-STEM images of UiO-66@Au/Ce0,-2.8 (a-c),
UiO-66@AU/Ce02-5.5 (d-f) and UiO-66@AU/CeO,-7 (g-i). (j) XRPD patterns of UiO-66@AuU/CeO,-2.8
(green), UiO-66@AuU/Ce02-5.5 (red) and UiO-66@AuU/CeO.-7 (blue) in comparison to the simulated
pattern for UiO-66 (black).

It is known that, if no aggregation occurs, higher loading of NPs tends to increase
the catalytic activity of this class of supported composites. To this end, we systematically
synthesized a series of composites in which we increased the added amount of Au/CeO>
NPs dispersion (1 mg/mL) in the precursor solution to 8.5 mL, 12 mL and 16 mL. Again,
FESEM and HAADF-STEM images revealed the formation of beads containing Au/CeO2
NPs for all samples (Figures 9.3d-i). However, the latter sample was discarded because it
showed the presence of a high amount of non-encapsulated Au/CeO2 NPs together with

the beads as well as lower crystallinity of UiO-66 (Figure 9.4).
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Figure 9.4. XRPD pattern of UiO-66@Au/CeO; synthesized with 16 ml of Au/CeO, NPs solution

(red) in comparison to simulated pattern of UiO-66 (black).

In addition, energy dispersive X-ray spectroscopy (EDX) mapping of the beads

showed the homogeneous distribution of Au and Ce inside the beads (Figure 9.5).

Figure 9.5. Elemental mapping (Zr, Ce and Au) of the composite UiO-66@Au/CeO»-2.8.
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X-ray powder diffraction (XRPD) indicated that the beads were pure crystalline
UiO-66 (Figure 9.6).

Figure 9.6 XRPD patterns of UiO-66@Au/Ce0,-2.8 (green), UiO-66@AuU/Ce0,-5.5 (red) and UiO-
66@AU/Ce0,-7 (blue) in comparison to the simulated pattern for UiO-66 (black).

For the first two compositions, XRPD patterns confirmed the formation of UiO-66
(Fig. 1j), from which Au/CeO; contents of 5.5 % (Ce: 2.48 %, Au: 2.50 %) and 7 % (Ce:
3.22 %, Au: 3.18 %) in the composites (hereafter, UiO-66@Au/Ce0,-5.5 and UiO-
66@AU/Ce0O2-7) were determined. These amounts correspond to 91 % and 74 % of
encapsulation efficiency for UiO-66@AuU/Ce02-5.5 and UiO-66@Au/CeO,-7,
respectively.

The content of Au/CeO: in this composite was estimated by digesting the powder
in a mixture of concentrated HCI and HNO3 and analysed by inductively coupled plasma
optical emission spectrometry (ICP-OES), from which a Au/CeO> content of 2.8 % (Ce:
1.28 %, Au: 1.31 %) in the composite (hereafter, UiO-66@ Au/Ce0O,-2.8) was determined.
The comparison of this value to the initial percentage of Au/CeO, NPs added into the
UiO-66 precursor solution leads to an encapsulation yield of 92 %, confirming the
efficiency of the spray drying method for incorporating Au/CeO2 NPs into the UiO-66
beads. Finally, the adsorption capacity of UiO-66@Au/Ce0O,-2.8 was determined.

N> physical adsorption measurements of UiO-66@Au/Ce02-2.8 showed a

measured Brunauer Emmet Teller (BET) surface area (Aset) of 1095 m?/g (Figure 9.7a),
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very close to that of pristine UiO-66 superstructures [34]. Also N2 physical adsorption
measurements confirmed that both composites of UiO-66@Au/Ce02-5.5 and UiO-
66@AU/CeO2-7 are porous, showing measured BET surface areas of 1070 and 870 m?%/g,
respectively (Figures 9.7b, and c).

Figure 9.7. N sorption isotherms collected at 77 K for (a) UiO-66@Au/Ce0,-2.8, (b) UiO-
66@AU/Ce0,-5.5 and (c) UiO-66@AuU/CeO--7. In this latter case, it is shown the isotherms collected

before and after three temperature-programed cycles and 50 hours of continuous CO conversion.
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9.3.2. Catalytic oxidation of CO

In an initial step, the catalytic activity of UiO-66 beads without Au/CeO, NPs was
measured as a control reaction. As expected, UiO-66 beads showed no conversion of CO

to CO2 up to 200 °C, and full conversion took place at 440 °C (Figure 9.8).

Figure 9.8 CO conversion rate as a function of reaction temperature for pristine UiO-66 beads.

On the contrary, the catalytic activity of UiO-66@Au/Ce0O,-2.8 was remarkably
enhanced. As is shown in Figure 9.9, this composite showed a CO conversion starting at
room temperature and exhibited a 50 % (Tso) and 100 % (Ti00) CO conversion at

temperatures of 98 °C and 180°C, respectively.
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Figure 9.9 CO conversion rate as a function of reaction temperature for UiO-66@Au/Ce0,-2.8, UiO-
66@AU/Ce0,-5.5 and UiO-66@Au/CeO,-7.

The recyclability of these composites was evaluated using the composite UiO-
66@AU/CeO2-7 that shows the lower Taieo. Initially, we performed three cycles of

catalysis without detecting any loss of activity (Figure 9.10).
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Figure 9.10 CO conversion rate as a function of reaction temperature for three consecutive cycles over
the UiO-66@Au/CeO,-7 composite.
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After these cycles, the stability of UiO-66@Au/CeO,-7 was analyzed by XRPD
that showed a complete retention of the crystallinity of UiO-66 (Figure 9.11), as also
confirmed by its unaffected surface area (Aser = 850 m?/g).

Figure 9.11 XRPD patterns of as-synthesized UiO-66@AuU/CeO,-7 (blue) and after three

temperature-programed cycles (light blue) and 50 hours of continuous CO conversion (grey).

Similarly, no sign of NP sintering or aggregation and alteration of the morphology
of the beads were observed by STEM and FE-SEM (Figure 9.12).
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Figure 9.12. Stability test. (a,b) FE-SEM and (c) HAADF-STEM of UiO-66@Au/CeO»-7 after
three temperature-programed cycles. (d,e) FE-SEM and (f) HAADF-STEM of UiO-

66@AU/CeO,-7 after 50 hours of continuous CO conversion.

Then, the catalytic activity of UiO-66@Au/CeO2-7 sample was also studied during
a longer period of time. For this, the conversion of CO was followed in continue at 100 C
during 50 h, from which it was not observed any loss of activity during the first 37 hours
and a slight decrease of activity (5 %) after 50 hours (Figure 9.13). We attributed this
decrease in catalytic activity to a loss of crystallinity of UiO-66 (Figure 9.11) and its
porosity capabilities (Ager = 670 m?/g).
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Figure 9.13. CO conversion rate at 100 °C for 50 h over the UiO-66@Au/CeO»-7 composite.

Ensuing temperature-programed oxidation measurements confirmed a clear
improvement of CO conversion for both new composites, achieving lower Tso and T100
values by increasing the percentage of Au/CeO2 NPs (Figure 9.9). In the case of UiO-
66@AU/Ce02-5.5, Tso and T100 Were found to be 82 “C and 110 °C, respectively. For UiO-
66@AU/CeO2-7, these temperatures decreased down to 72 “C and 100 ‘C. Remarkably, in
this latter case, a CO conversion of 3.8 % was achieved at room temperature.

Moreover, for this latter reaction, the activation energy was found to be 40.2 kJ/mol,
whereas the TOF values at temperatures of 30, 50, 75 and 100 °C were 10, 39, 106 and 204 h,
respectively (for comparison purposes, TOF values of other reported catalysts based on Au NPs

are given in Table 9.1).

269



Catalytic oxidation of CO

Table 9.1. Summary of catalysts based on Au NPs and their corresponding

TOF values.
Material T(°C) |Au NP size (nm)| TOF (h}) Ref.
30 5 10
UiO-66@Au/CeO2 >0 > 39 This work
75 5} 106
100 5 204
2.32Au/ZnOx/Ce02-Al203 | 25 5 1188
1.9Au/0.5Zn0O/CeAl 25 5 1584
1.82Au/1Zn0O/Al 25 5 396
1.7Au/1Zn0O/CeAl 25 5 1836
1.99Au/1.5Zn0O/CeAl 25 5 1548 [35]
1.57Au/0.5Fe>03/CeAl 25 5.7 1152
1.91 Au/l Fe;O3/Al 25 5 72
1.26 Au/l Fe,O3/CeAl 25 18 4356
Au/1.5 Fe203/CeAl 25 21 1368
Pt/SiO 177 10 36 [36]
Al>0s-supported Pt 250 10 720
Al>O3-supported Pd 250 10 14400 [37]
Al>O3-supported Rh 250 10 21600
Au/TiO2/Mo (100) 27 2.4 720* [38]

* at a reaction time of 100 min

In addition, Pd NPs dispersed into UiO-66 beads were also fabricated and tested
for CO oxidation as demonstrated in Figure 9.14. The average size of synthesized Pd NPs
was 3.3 £ 1.1 nm. ICP-OES showed a Pd content of 2.3 w.t. %. As shown in Figure 9.14,
the Tso = 164 °C and T100 = 180 °C were obtained for CO conversion using UiO-66@Pd.
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Figure 9.14. (a) HAADF-STEM, (b) FE-SEM and (c) XPDR pattern of UiO-66@Pd (red) in comparison
to simulated pattern of UiO-66(black). (d) CO conversion rate as a function of reaction temperature for
UiO-GG@Pd, Tso = 164 °C and Ti00= 180 °C.

For CO oxidation, Xu et al. have shown that ZIF-8 MOF can support Au NPs to
fully oxidize CO at a temperature of 225 °C [39]. Similarly, Pd and Pt NPs and hybrid
Pd/Pt NPs supported on MIL-101, ZIF-8, UiO-67 and UiO-66 MOFs showed full CO
conversion at temperatures ranging from 120 ‘C to 200 ‘C (Table 9.2) [40-43]. In this
work, we combine the catalytic properties for CO oxidation of both nanocrystalline CeO>
and Au counterparts in a single particle entity, which is supported in UiO-66 beads using
the spray-drying continuous-flow method. This method allows the simultaneously
synthesis and shaping of MOF beads while encapsulating the pre-synthesized NPs in a

fast, continuous one-step process [29, 44, 45].
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Table 9.2 Inorganic nanoparticles supported on MOFs for CO oxidation.

Catalyst NPs w.t.% Tso CC) T100 CC) ref.
UiO-66@AU/CeO2 7 72 100 this work
UiO-66@AU/CeO2 5.5 82 110 this work
UiO-67@Pt 5 100 120 [27]
MIL-101@Pt/Pd 160 175 [24]
MIL-101@Pt 160 175 [24]
UiO-66@Au/CeO2 2.8 98 180 this work
UiO-66@Pt 2 160 180 [26]
MIL-101@Pd 185 200 [24]
ZIF-8@Pt 2 170 200 [25]
ZIF-8@Au 5 170 225 [23]
UiO-66 369 440 this work

94. Conclusions

The formation of a new composite was described based on the entrapment and dispersion
of core-shell Au/CeO. NPs into microsized spherical, porous UiO-66 beads using the spray-
drying continuous-flow method. The combination of nanocrystalline CeO. and Au allows
accessing to CO conversion Tso and T100 as low as 72 °C and 100 °C. These values are to our
knowledge one of the lowest CO conversion temperatures achieved using catalysts based on NPs
supported on MOFs. In addition, UiO-66 provides enough protection to avoid NP
sintering/aggregation. We consider this method as a general approach for making composites

consisting of functional NPs dispersed in MOFs already shaped into spherical beads
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10.1. Introduction

Today, one of the biggest environmental challenges is global climate change due to
Global Warming. The Global Warming is a result of increased concentrations of
greenhouse gases (GHGs) such as carbon dioxide (CO2), methane (CHs), nitrous oxide
(N20), hydrofluorocarbons (HFCs), perfluorocarbons (PFCs), and hexafluorocarbono
sulfur (SFs). These gases trap an increasing proportion of terrestrial infrared radiation so
that it is expected that the global temperature increases between 1.4 and 5.8 ° C in 2100 in
the absence of policies on climate change [1, 2]. The variation on the temperature causes
widespread and devastating effects in different parts of the globe such as: possible
variations in sea levels, changes in ecosystems, loss of biodiversity, reduction in crop yields
and changes in global precipitation patterns, among other [3]. The GHG capture and
storage could play a significant role in reducing their emissions. The aforementioned
technologies based on adsorption processes, have limitations in terms of retention
capabilities of GHG per adsorbent mass. In this sense, there is a widespread interest in the
development of advanced adsorbent materials having better characteristics than
conventional materials and incorporate appropriate features for each specific contaminant.

For instance, CHg is an alkane hydrocarbon gas being the major component of the
natural gas (80- 90%). There are various sources of production and release of CHa
including, decontaminating wastewater, landfills, natural gas extraction, among others.
Although it is a gas that produces adverse effects on climate change, it has a high energy
value and prized as a source of energy, being sued for nearly a quarter of the energy
required by homes, vehicles, industries, power plants, etc [4]. Besides, the use of adsorbent
materials, such as activated carbons and zeolites, among others, for the purification of
biogas and the storage of natural gas at low pressures [5-7] stills need to be developed.
Also, it was concluded that none of those conventional adsorbents showed sufficient CH4
storage capacity to meet that required for commercial viability [8]. Nanomaterials have a
number of physicochemical properties [9] that make them particularly attractive as
separation media for gas purification and gas capture, such as higher surface area per unit

volume or mass, hundreds of functional square meters cleaning the air that weight less than
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a gram, or the ability to be functionalized with a number of surfactants to enhance their
affinity towards target molecules [10]. Advanced materials have been investigated as
potential CH4 adsorbents including modified activated carbons, metal-organic frameworks
(MOFs) and other porous polymers [11]. In this context, the high adsorption capacity of
nanomaterials has been demonstrated in many cases. Besides, their solid inorganic nature
confers them an extra stability and robustness intended for many uses and easiness of use.
MOFs are getting attention due to their application in separation, catalysis, nonlinear optics,
and gas storage [12]. In particular, MOFs were the ones that exhibited the highest
adsorption for CO. and CHs [8]. For example, Mason et al. studied different MOFs and
compared the effects of the volumetric and gravimetric adsorption on CH4 uptake [13].
Among the various MOFs, the recorded CH4 adsorption capacities are 283.4 mg/g for
Niz(dhtp) and 363 mg/g for Mgo(dhtp) [14]. Although, MOFs adsorbents exihibits
efficiency for CH4 adsorption, they are expensive in production [15].

As result of the widely applications of the metal oxide NPs and the low cost of iron
oxide NPs, as previously mentioned (Chapter 1), the objectives of this Chapter are: (1) to
immobilize iron oxide NPs into polyurethane foam (PUF) as support due to the use of
PUFs could be a good approach since these materials exhibit high stability against chemical
degradation, high mechanical durability, good swelling behaviour, ease of separation, and
they are also one of the most cost-effective available polymers [16], (2) to evaluate its
efficiency for CH4 adsorption, (3) to estimate the maximum adsorption capacity of CHs by

applying different isotherm models, and (4) to evaluate its efficiency for reusability study.

10.2. Materials and methods
10.2.1. Materials

Iron (I1) chloride; FeClyz, Iron (I11) chloride hexahydrate and; FeCls.6H.O were
purchased from Sigma-Aldrich, Spain. Sodium hydroxide pellets, NaOH, was purchased
from Merck. Acetone from Panreac Company (Spain) was used as received. All the
chemicals were of analytical grade or higher, and all solutions were prepared with Milli-Q
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water and filtered using 0.45 um Nylon membrane filter. CH4 was obtained from Carburos
metalicos (Spain) with a purity of 99.999 %. Commercial polyurethane foam (PUF) was
obtained from Comercial del Caucho (Daplasca, Spain) (Figure 10.1).

@]
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Figure 10.1. Structural unit of the PUF matrix.
10.2.2. Synthesis of the Fe3;O4 NPs stabilized in the PUF matrix

First, PUF supports, after cutting into 0.6 cm diameter and 1.0 cm height, were
washed with acetone for 24 h and then with distilled water for 24 h to eliminate the
possible commercial treatments applied to the material. Next, immobilization of the FezOs-
NPs on the polymeric PUF matrix was carried out using a variation of the Intermatrix
Synthesis (IMS) protocol coupled to a co-precipitation method already reported [17] and
described in Chapter 7 (Section 7.2.2). Typically, 125 mL of deoxygenated aqueous
solution of NaOH 0.5 M was added slowly with continuous stirring into 100 mL mixture of
deoxygenated iron salts suspension, with Fe?*/Fe*" molar ratio of 1:2, which contained 0.5
g of pre-treated PUF under N2 atmosphere and at 40°C. To optimize the concentration of
NPs on the surface of the PUF matrix, we have used two different concentrations of the
FeClz/FeCls ratio: Protocol A: 33/66 mM and, Protocol B: 66/132 mM. The corresponding
samples are defined as Fe30s-PUF(A) and Fez0s-PUF(B) NCs, respectively. After the
synthesis, the PUF containing FesOs-NPs were washed with Milli-Q water three times, to
remove the excess of NPs not stabilized in the matrix, and then dried at 80 °C for 24 h.
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10.2.3. Characterization of the NC

The metal contents present in the NCs, both Fes0s-PUF(A) and (B), were analyzed
by wusing Inductively coupled plasma optical emission spectrometry (ICP-OES).
Transmission Electron Microscopy (TEM) coupled with Energy-Dispersive Spectroscopy
(EDS) was used to characterize the particle size, morphology, electron diffraction (ED)
pattern and composition of FesOs NPs on the PUF matrices. Samples preparation is

explained in Chapter 3 (Section 3.1).
10.2.4. CH4 analysis

The determination of CHs was performed utilizing gas chromatography (GC)
coupled with flame ionization detector (FID) system. The GC analysis method for CH4 was
previously set by the research team using HP-plot/Q column of 30 m length, 530 um
diameter and 40 um of film. The method consisted on 250 °C for the detector, 240°C for
the injector, 60°C for the oven and an injection volume of 20 uL with a split ratio mode.

Error in the measurements is < 1.2%.

10.2.5. Adsorption-desorption tests
10.2.5.1. Adsorption studies in a fixed bed column

The fixed bed column experiments, by using Fe3Os-NPs stabilized in PUF as
adsorbents, were performed using polyamide column of 0.6 cm inner diameter and 16 cm
length. The column was packed with the synthesized NC. Nylon filters were placed at both
bottom and top ends. At the lower end of the column, the peristaltic pump (Watson Marlow,
403U) was connected to a bag of pure methane. While, at the upper end, a "T" connector is
placed with sampling port connected to the methane gas collections as shown in Figure 10.2.

The continuous adsorption process is usually characterized by the so-called

breakthrough curves, i.e., a representation of the pollutant effluent concentration versus time
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profile in a fixed bed column [18]. Breakthrough curve experiments were performed at 0.5,
1.0 or 2.0 mL/min of CHa flow, 2000 ppmv initial concentration of CH4, and 100 mg of the
adsorbent for all the cases. The initial concentration of CH4 was prepared by diluting the
stock of pure CH4 in 1.0 L bag contains pure N2. Samples were taken from the fixed bed
column system at different times from 0 to 70 min when the bed reached the saturation.

The breakthrough curves show the loading behavior of CH4 to be removed in a fixed-
bed column and are usually expressed in terms of adsorbed CHa (Caq) as a function of time.
Equilibrium uptake geq (MgcH4/gne) is defined as the amount of CH4 adsorbed per mass of
NC, the NPs stabilized in the PUF, at certain initial CH4 concentration [19]. Adsorption
capacity was calculated as previously mentioned in Chapter 3 (Equation 3.2).

W ffj GC/FID

Adsorbent

Peristaltic pump

Figure 10.2. Experimental set-up for CH4 adsorption.
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10.2.5.2. Methane adsorption Isotherm

To estimate the maximum adsorption capacity of the CH4 using the NCs, adsorption
isotherms were performed. In this study, isotherms were carried out continuously with CH4
initial concentrations (100, 250, 500, 1000, 1500, 2000, 3000, 5000 y 7000 ppmv), 100 mg

of NCs and, of raw PUF as a control, at 0.5 mL/min of CH4 flow and at room temperature.
10.2.5.3. Isotherm models for CH, adsorption

The most appropriate method in designing and assessing the performance of the
sorption systems is to have an idea on the sorption isotherms. Therefore, in order to
optimize the design of a specific adsorbate/adsorbent system, it is important to establish the
most appropriate correlation for the experimental equilibrium data [20]. Linear regression
has been the frequently used method to determine the most fitted isotherm. However,
previously, researchers showed that depending on the way the isotherm equations are fitted,
the error distribution changes either the worse or the better. Thus, non-linear method would
be a better way to obtain the equilibrium isotherm parameters [21].

In the present study, experimental data were fitted to the adsorption isotherm
models [21, 22] including three of two parameters, namely; Freundlich, Langmuir, and
Dubinin—Radushkevich, three of three parameters, namely; Redlich—Peterson, Radke-
Prausnitz, Brunauer-Emmett-Teller (BET), and a combination isotherm model. Non-linear
expression of these models and detailed information are explained in Chapter 3 (Section
3.4).

10.2.54. Desorption of methane and reusability of the nanocomposite
The desorption process for the CHa4 previously adsorb on the NC was conducted to

be able to recover CH4 and to reuse the adsorbent for further adsorption process.

Regeneration process was carried out by passing N2 through the fixed bed column for 40
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min. The reusability experiment was performed under ambient conditions and at a flow rate

of 0.5 ml/min for five cycles of adsorption/ desorption.

10.3. Results and discussion

10.3.1. Synthesis and characterization of the NCs
10.3.1.1. Metal ions content in the NCs

Both NCs were analyzed by ICP-OES. The mean of iron (Fe) concentration
(mgre/gne) for the three replicates of the two samples were: 4.03 £ 0.16 and 8.12 + 0.44
mgFe/gNC for FesO4-PUF(A) and (B), respectively. It is shown that increasing twice the Fe
salts concentration in the synthesis lead to increase twice the Fe content in the final NC.
After applying the synthetic methodology, a darkening of the sponges was observed,
indicative of the metal loading. The darker color due to the iron load in PUF is shown in
Figure 10.3. The loading of the ionic Fe can be attributed to coordination with lone electron
pairs of nitrogen atoms. The generation of coordination bonds between species may also
result in the immobilization of the ionic species in the polymeric matrix. In addition, the
entry of metal ions into the matrix could be significantly affected by the synthetic
conditions which can affect the structural organization of the polymer matrices thus making
the matrix temporarily accessible to the metal ions by opening their structure. After the
synthesis, the fibres of the sponges revert back to their closely packed state thus trapping

the NPs within the polymer structure [23].
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Figure 10.3. Image of the raw PUF material (a), and Fe304-PUF(B) (b).

10.3.1.2. TEM/EDX/EDS analysis of the NCs

TEM images coupled with EDS of the cross-section for the synthetic nanomaterial
(Fe304-PUF(B)) of the NCs are shown in Figure 10.4. As it is observed, the FesO4 NPs on
the PUF show a size of 87 - 108 nm for Fe3Os-PUF(A). This data also shows the success of
the immobilization of the FesOs-NPs on the surface of the PUF (Figure 10.4a) which makes
the material more suitable for its application as adsorbent. Further confirmation about the
immobilization of magnetite NPs on the surface of the PUF was illustrated in Figure 10.4b,
where the line spectrum shows the iron content profile obtained by TEM coupled with
EDS, on the cross-sectioned of protocol B. Furthermore, crystalline structure of Fe304-NPs
was confirmed by ED pattern as shown in Figure 10.4c. Characteristics of Fe3Os-PUF(A)
NCs are not shown due to Fes04-PUF(B) NCs was selected for the rest of experiments for a

better result in the adsorption capacity as it will be discussed later.
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Figure 10.4. (a) TEM image, b) EDS spectra and, c) ED pattern of the cross-sectioned sample
(FesOs-PUFs(B)).

10.3.2. Adsorption studies in fixed-bed column
10.3.2.1. Effect of flow effect on the adsorption capacity of CH4

The effect of flow rate on CH4 adsorption using FezOs-PUF(B) NCs was illustrated
in Figure 10.5. As shown, better results of CH4 adsorption were obtained when working
with flow rate of 0.5 mL/min. The higher the flow rate was lower material efficiency. This
is because the internal porosity of the material at higher flow prevents NPs CH4 molecules
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adsorbed by the fluid velocity while the smaller the flow time of contact between gas and
increases NPs. Significant differences were found between the flow rate used for CHs
adsorption due to the p value was less than 0.05 (P =<0.001) by applying one way ANOVA

test.
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Figure 10.5. Effect of flow rate on CH, adsorption using Fes0s-PUFs(B) NCs (2000 ppmv intial
CH, concentration, 100 mg of the NCs, and room temperature [Statistical data analysis using

ANOVA was illustrated by the letters A, B, and C].

10.3.2.2. Determination of the adsorption capacities for the Fe304PUF (A)
and (B) NCs

Because of the favorable results obtained with a flow rate of 0.5 ml/min and with an
initial concentration of methane of 2000 ppmv at room temperature, effect of the iron oxide
NPs loading into PUF on the adsorption capacity of CHs using the two NCs at the same

conditions was performed. Raw PUF sponges were used as control. The mean values of the
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triplicate measurements of the adsorption capacity for CHs using FesOs-PUF(A) was found
to be 86.8 + 0.5 mgCH4/gNC while for FesO4-PUF(B) was 95.4 + 0.62 mgCH4/gNC.
However, the adsorption capacity of the PUF matrix without NPs was 52.9 + 0.19 mg/gPUF.
It is noteworthy that NPs formed in the sponge structures are responsible for improving the
adsorption of the raw sponges. Thus, the following experiments in this work and the
majority of the characterization techniques used were carried out for the FesO4-PUF(B) NC
and 0.5 mL/min flow rate.

10.3.2.3. Adsorption isotherms and modellings

Figure 10.6 represents the adsorption isotherms of both the NCs and the raw PUF
material as a control at the different concentrations tested at 0.5 mL/min of Flow. It is
shown from the experimental data that the NCs of Protocol A and Protocol B reach the
maximum adsorption capacity of 690.20, and 726.70 mg/gNC, respectively, while the raw
PUF shows an adsorption capacity of 501.83 mg/gPUF.

Also, the experimental data are fitted to two-parameter, three-parameter, and to a
combined isotherm model for the methane adsorption using PUF, Fe3O4-PUF(A), and
Fes04-PUF(B) NCs, respectively as illustrated in Figure 10.6.

291



Methane adsorption with modified polyurethane sponges with magnetite
nanoparticles

Figure 10.6. Adsortpion isotherm of CH, using (a) PUF, (b) FezO4-PUFs(A) NCs, (b) FesOs-
PUFs(B) NCs (100 mg of the adsorbent, 0.5 mL/min flow, and room temperature).
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The best fitted models of the two and three parameter isotherms were demonstrated
according to the higher value of the correlation coefficient (R?). The calculated isotherm
parameters and their corresponding coefficient of determination, R?, values were shown in
Table 10.1. It was observed that the higher R? values for the three-parameter; Redlich—
Peterson, Radke-Prausnitz, and BET, the two-parameter; Langmuir, and the combined
isotherms suggest the applicability of these models to represent the equilibrium adsorption
of methane utilizing PUF adsorbent. In addition to the lower values of R? for Fruendlich
and Dubinin isotherm models show that it is not appropriate to use these models to
represent the uptake of methane by PUF adsorbent at equilibrium. Moreover, as presented
in Figure 10.6a, the BET isotherm overlapped the Langmuir isotherm due to the same
correlation coefficient (R?). This means that the adsorption of methane could be applied to
each layer which mean an extension of monolayer (Langmuir) to multilayer adsorption
(BET isotherm). Furthermore, as indicated in Table 10.1, the maximum adsorption capacity
(Qmax) of methane was estimated to be about 800 mg/g which is approximately the same
using the Langmuir and BET isotherm models utilizing PUF adsorbent. While in the case
of the use of FesOs-PUF(A) and (B) NCs, the highest correlation coefficients (R?) were
observed using the three parameter isotherm models; Radke-Prausnitz, Redlich-Peterson,
and the combined one as presented in Table 10.1. In addition, Langmuir and BET isotherm
models were overlapped as shown in Figures 10.6b and ¢ due to the same correlation
coefficients. Therefore, as shown in Table 10.1, the estimated Qmax were found to be 840.1
mg/g and 915.5 mg/g using Fez04-PUF(A) and (B) NCs, respectively. Moreover, as it is
clear from Table 10.1, the estimated n value is less than 1 in all cases of adsorbents using
Freundlich isotherm model which indicates that the mechanism of adsorption of methane is
more physically than chemically and the lower value of this parameter indicate that the
behavior of the isotherm in this case tends to be a rectangular or irreversible and deviates
from the linear [22]. Furthermore, as indicated in Table 10.1, the calculated parameter of
the energy, E, using the Dubinin—Radushkevich isotherm was found to be less than 90 kJ/g
for all cases of adsorbents. Thus, a physical adsorption of methane was confirmed using all
the adsorbents under investigation. Also, impregnation of FesOs4 NPs into PUF adsorbent

led to a decrease of the energy of adsorption as observed in Table 10.1 according to the E
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value. Also, the increase of FesO4 NPs decreases the energy of adsorption of methane using
Fes04-PUF NCs and hence increase the adsorption capacity as indicated in Table 10.1 for
(A) and (B) respectively. Therefore, the mechanism of interaction between the PUF and
FesO4 NPs could be described as physical adsorption. Also, based on the combination

isotherm moel, the maximum adsorption capacities of CH4 are 639.55, 726.52, and 796.02

mg/g utilizing PUF, Fe30s-PUF(A), and FezOs-PUF(B) NCs, respectively.

Table 10.1 Estimated parameters for the adsorption isotherm of CH4

Model PUF Fe304-PUF(A) Fe304-PUF(B)
Qm 801.001 840.098 915.53
Langmuir k2 5.593E-5 9.17E-5 8.24E-5
R? 0.993 0.978 0.981
kf 1.128 4.57 4.56
Freundlich n 1.71 2.15 2.13
R? 0.966 0.912 0.909
B 4.76 5.40 6.541
Dubinin- Qm 540.92 678.13 729.21
Radushkevich R? 0.969 0.939 0.941
E 0.32 0.30 0.28
ORP 3217.74 8511.51 5074.75
Radke- Krp 1.24E-5 6.84E-6 1.17E-5
Prausnitz MRrp 2.61 4.93 2.98
R? 0.996 0.998 0.996
0.038 0.052 0.054
Redlich— B 8.09E-7 7.74E-8 2.23E-7
Peterson g 1.374 1.611 1.504
R? 0.997 0.998 0.997
Cs 9.49E10 9.56E10 1.50E11
BET
B 5.31E6 8.76E6 12.4E6
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Qm 800.612 839.924 915.663

R? 0.993 0.978 0.981

b 1.56E-6 3.85E-6 2.01E-6

Qm 639.55 726.52 796.02
Combination

n 0.685 0.718 0.68

R? 0.999 0.986 0.993

The adsorption capacity of the magnetic NC for the adsorption of CH4 has been
compared with various adsorbents in Table 10.2. The adsorption capacities of magnetite
immobilized on PUF developed and tested in this work are much higher than other
adsorbents under research or currently in use. In addition, the NC used in this work is easier
to recover than the others ones what is an added value. Therefore, the NC used in this study
show highly competitive for CH4 adsorption. For instance, the difference between the
adsorption using Fe3s04-PUF(B) regarding MOF-177 is of 260.02 mg/gNC (32.67% higher)
and 156.47 mg/gNC (19.65 % higher) compared to raw PUF. This indicates that the Fe-
based NC is functioning and has a considerable higher adsorption capacity than the
comparative PUF or other novel materials such as MOF-177. The promising results on CH4
adsorption can be discussed as the high stability of the NPs on the matrix and the
crystalline forms of the molecules as well as the magnetism feature. In addition, the FezO4-
NCs is a cheaper product regarding commercial MOF-177 or others [15, 24].
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Table 10.2. Comparison of the maximum adsorption capcity (Qm) of CH4 with
other adsorbents in the literature

Adsorbents Temperature, K Qm, mg/g Reference
Fe304-PUF(B) 298.15 796.02 This work
Fe304-PUF(A) 298.15 726.52 This work
PUF 298.15 639.55 This work
MOF-177 298.15 536.00 [25]
Zeolite 13X 298.15 157.44 [4]
Activated carbon 293.15 82.46 [26]
DAY 303.15 46.77 [27]
HSZ-320 303.15 25.07 [27]
MWCNT 303.15 16.90 [27]

10.3.2 4. Reusability of the magnetite NC for several adsorption-desorption

cycles for methane

The regenerated magnetite NC was tested for reusability after five cycles of
adsorption-desorption. After every adsorption process, desorption by using N2 was
performed. The results (Figure 10.7) showed that the efficiency of CH4 adsorption—
desorption was nearly the same for the cycles. Therefore, the Fez0s-PUFs(B) NCs could be

used 5 cycles successfully for the CH4 adsorption.
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Figure 10.7. Reusability study of FesO4s-PUFs(B) NCs for CH. adsorption (100 mg of the

adsorbent, 0.5 mL/min flow, and room temperature).

104. Conclusion

The FesOs4 NPs were synthesized by chemical co-precipitation in polyurethane
foams (PUF) to give particles of 87-108 nm in size. Impregnation of iron oxide NPs
enhances the adsorption capacity of methane at room temperature in comparison to PUF as
control at the conditions of (0.5 mL/min of flow, 298.15 K of temperature, and 100 mg of
adsorbent and 2000 ppmv of methane) Additionally, the higher iron concentration in PUF
mantrix the higher adsorption capacity of methane. . The maximum adsorption capacities,
Qm were found to be 796.02 mgCH4/gNCs for FesOs-PUF(B), 726.52 mgCH4/gNCs for
Fes04-PUF(A), and 639.55 mgCH4/gPUF for PUF. The structures of NPs are extremely
stable, achieving similar adsorption for five cycles. Fes0s-PUF NC is highly competitive in

comparison with other adsorbents from the literature.
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11.1. General conclusions

Through the research study, the main conclusions that can be drawn from the current

investigation could be divided into two groups as mentioned below;

Part A: Water remediation
Synthesis, characterization and initial screening of nanomaterials

e High resolution transmission electron microscopy showed average sizes of 13.00 £ 1.77
nm, 3.75 = 0.65 nm, and 9.86 + 1.40 nm and cubic, tetrahedral, and cubic structure for the
synthesized Fes3Os, TiO2, and CeO> nanoparticles, respectively.

e Approximately same particle sizes of FesO4 and CeO2 NPs were obtained when they are
impregnated into the reduced graphene oxide nanomaterials.

e CeO> nanoparticles demonstrated the highest efficiency for phosphate (33.71 %) and
fluoride (81.87 %) removal at pH 5.0.

e TiO2 nanoparticles showed the highest removal of nitrate (21.0 %).

e Fe304 nanoparticles exhibited removal efficiency of cadmium and nickel to be 25 %, and
47.83 %, respectively.

e Cationic exchange polymer, C100, presented a potential efficiency for the removal of
cadmium (70.16 %) as well as nickel (100 %).

e Fe304/r-G.0 nanocomposites showed 96.23 % removal of cadmium.

e High removal of percentage of atrazine (96.60 %) was obtained by using Fe3O4/r-G.O
nanocomposites.

e Novel magnetic core/shell, Ce-Ti@Fe304, nanoparticles was successfully synthesized
via one pot synthetic method.

e The removal efficiency for nitrate, phosphate, and fluoride was ranged from 85 % to 100
% using Ce-Ti@Fe304 nanoparticles, that is corresponding to equilibrium adsorption
capacity of 42.50, 11.10, and 10.31 mg/gNPs for nitrate, phosphate, and fluoride,
respectively.

e Low removal efficiency for heavy metal such as cadmium (45.28 %) was observed using

Ce-Ti@Fe304 nanoparticles.



General conclusions

Fluoride removal:

e Fast removal of fluoride from aqueous solution was demonstrated using Ce-Ti@Fe304
nanoparticles (less than 5 min).

e Ce-Ti@Fe304nanomaterial as adsorbent is applicable over a wide pH range (from 5to 11).

e The maximum adsorption capacity for fluoride using Ce-Ti@Fe3O4 nanoparticles was
found to be 91.04 mg F /g nanomaterial at pH 7, which outperformed many reported
adsorbents.

o Ce-Ti@Fe304 nanomaterial was demonstrated to be easily removed from the aqueous
medium by magnetic separation.

e Reusability of the core/shell nanoparticles was evaluated for 5 adsorption-desorption
cycles for fluoride removal with no cerium release in the treated water.

e The adsorption capacity of fluoride was increased by increasing the temperature.

e Anion exchanged mechanism, between the hydroxyl group on the surface of the adsorbents
and fluoride ions, was estimated according to the Dubbinin-Radushkevich isotherm model.

e The efficacy of the Ce-Ti@Fe304 nanoparticles as adsorbent was demonstrated for a real
water matrix by spiking 10 mg/L of fluoride in drinking water, as it showed a residual

fluoride concentration less than the maximum contaminant level.

Phosphate removal:

e Potential application of magnetite nanoparticles immobilized on cationic polymer
(C100/Fe304 nanocomposite) was proved for phosphate removal.

e The optimum concentration of iron in the C100/Fe304 NCs is 23.59 mgre/gne for phosphate
adsorption.

e The maximum adsorption capacity of phosphate was found to be higher than 4.0 mg/gNCs
at pH 7.0 using C100/Fe304 nanocomposites.

e Regeneration of the C100/Fes0s NCs was optimized to obtain 97.5 % recovery of
phosphate using 0.5 M NaOH for three consecutive cycles desorption process.

e Reusability of the C100/FesOs4 nanocomposites was demonstrated for 7 adsorption-

desorption cycles.



Chapter 11

Microalgae separation from water

e Naked, coated and functionalized FesOs nanoparticles were used for the harvesting
efficiency of the Scenedesmus sp. Microalgae from water.

e Optimum value for the microalgae harvesting was estimated to be 0.38 g/L of naked Fe304
NPs and 13 min magnetic separation time using response surface method obtaining a
removal efficiency of 89.30 %.

e Langmuir isotherm model was the best model for fitting the experimental date for
microalgae harvesting, and showed maximum adsorption capacity of 3.49 gDCW/gNPs,
for Scenedesmus sp. using Fe3O4 NPs.

e Electrostatic interaction mechanism is proposed to describe the interaction between the
algae cells and the NPs according to zeta potential measurements.

e Low concentration of the alkaline medium combined with an ultrasonication treatment
method was used to regenerate Fe3O4 NPs before testing for reusability study.

e Fes0s NPs was successfully used for 5 cycles of the microalgae separation from

wastewater.

Part B: Gases treatment
Metal Organic Frameworks
e Encapsulation of the core-shell Au/CeO. nanoparticles into microsized spherical, porous
UiO-66 beads to produce metal organic frameworks (MOFs, MN-245) showed catalytic
activity for CO oxidation.

e The temperatures required for 100 %, and 50 % conversion of CO into CO were found to
be 100 °C, and 72 °C, respectively.

e Better catalytic activity of MN-245 for the CO oxidation in comparison to other adsorbents

in the literature.

e MN-245 showed high stability for CO conversion up to 50 h.
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General conclusions

Methane removal from gas stream

e Impregnation of Fe304 NPs into polyurethane foam (PUF) to produce FesOs-PUF NCs was
successfully synthesized using co-precipitation method.

e Fe304-PUF NCs showed better CH4 adsorption in comparison to PUF.

e Higher CH4 adsorption was observed at 0.5 mL/min.

e The maximum adsorption capacities were found to be 796.02 mg CH4/gNCs for Fez0s-
PUF(B), and 639.55 mgCH4/gPUF for PUF.

e Five adsorptions—desorption cycles could be conducted for CH4 adsorption with stable

adsorption capacity.



Future Work

11.2. Future work

At the end of the present study, different nanomaterials could be applied for water
remediation and gases treatment. However, the following recommendations are proposed for

future work that could be undertaken before implementing into industrial applications:

e Full study of the effect of co-existing ions for contaminant removal from water for each
adsorbent as mimic step for real water matrix.

e Detailed information for the kinetic study.

e Evaluate the efficiency of the core-shell nanoparticles for water purification using fixed-
bed column.

e Enhancement the properties of the core/sell nanoparticles to obtain high removal of anions
as well as heavy metals.

e Scale-up system is needed to investigate the efficiency of the adsorbents.

e Study the life cycle assessment of the nanomaterials.

e More information on the toxicity of the nanomaterials on the environment is needed.
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