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ABSTRACT

The Presence of toxic elements in aqueous solution is a cause of worldwide concern. In
particular, the presence of metals such as arsenic, lead, cadmium, mercury, chromium can
affect human health. These toxic metals are exposed to human and environment. The
accumulation of these toxic metal ions causes serious health and environmental hazards.
Hence it is a major concern in environment. Due to this concern, the significance of
developing technology for removing toxic elements is increased. Adsorption based on the
cerium dioxide (CeO2) has been used to remove toxic elements such as arsenic, mercury,
cadmium, lead and chromium. Ceria display high surface area, controlled porosity and redox

property due to which it is widely popular for removal of toxic elements

This article reviews the various remediation methods of toxic elements with emphasis on the
field of nano materials. The article discusses toxic contaminants in water and their impact on
human health; the synthesis and adsorptive behavior of ceria based material including the role
of morphology and surface area on the adsorption capacity, best fit adsorption isotherms,
kinetic models, and possible mechanisms, regeneration of adsorbents and future perspective
of using metal oxide such as cerium dioxide. The focus of the report is the generation of the
cost-effective oxides of rare earth metal, cerium and their composite forms for the removal of

toxic elements.



Chapter 1

Introduction



INTRODUCTION

Environmental pollution is defined as the contamination of the physical and biological
components in the earth/atmosphere system to such an extent that normal environmental
process are adversely affected. Environmental problem is one of the most serious problems
faced by our planet in the present day scenario. It causes irreversible changes in the
environment. [1]

The agents causing pollution are called pollutants. A pollutant may cause long or short term
damage by changing the growth rate of plant or animals species by interfering with human
amenities, comfort and health. Pollutants towards which the environment has low absorptive
capacity are called stock pollutants. Stock pollutants accumulate in the environment over
time and can create a burden for future generations. Environmental pollutants have various
adverse health effects from early life. Some of the most important harmful effects are
perinatal disorders, allergy, malignancies, cardiovascular disorders, increase in stress
oxidative, mental disorders and various other harmful effects. [2]

Pollution comes from both natural and human made sources. However globally human made
pollutants from combustion, construction, mining, agriculture and warfare are increasingly
significant in the air pollution equation. Motor vehicle emissions are one of the leading
causes of air pollution. Principal stationary pollution includes chemical plants, coal fired
power plants, oil refineries, petrochemical plants, nuclear waste disposal activity, large
livestock farms (diary, cows, pigs etc.), PVC factories, metal production factories and other
heavy industry. Agricultural air pollution comes from contemporary particles which include
clear felling and burning of natural vegetation as well as spraying pesticides and herbicides.
About 400milion metric tons of hazardous wastes are generated each year. Some of the more
common soil contaminants are chlorinated hydrocarbons (CHF), heavy metals. Pollution can
also be the consequence of a natural disaster. For example, hurricanes often involve water
contamination from sewage and petrochemical spills from ruptured boats or automobiles.
Some sources of pollution, such as nuclear power plants or oil tankers can produce
widespread and potentiality hazardous releases when accidents occur. In case of noise
pollution, the dominant source vehicle, producing about 90% of all unwanted noise
worldwide. [3]

A pollutant generated in the effluent is classified as organic and inorganic pollutants which
have a different level of toxic levels in it. Biological, physical and chemical methods are

widely used in the treatment of organic pollutant [4]. But these methods are not suitable for



the inorganic pollutants like heavy metals. Because of their qualities like solubility, oxidative,
reduction characteristics, and complex formation, the heavy metal decomposition plays a
major concern. The word heavy metal refers to the element which has a higher density and
toxic even at low concentration.

Some of the toxic heavy metals like nickel, arsenic, chromium, zinc, copper, cadmium,
cobalt, antimony etc. which induces the dangerous and toxic effects to the living environment
[5,6,7]. Ionic forms of the metals like Cd?", Pb*", Hg*", Ag®", and As*' reacts with bio
particles in the body to form toxic compounds which are crucial to isolate. Ligand and
oxidation state plays a vital role in bioavailability of heavy metals. When the concentration of
heavy metals is beyond the permissible limit, then the heavy metal is a toxic metal. The
toxicity of the metal results in lowering the cerebral and nervous function, harm the blood
content, lungs, kidneys and other organs, bring out weakness, memory loss, increase in
allergies and increase in blood pressure in the human body. Cell death also takes place due to
the formation of free radicals and these radicals are responsible for the oxidative stress. Due
to these effects, health authorities are increasing worldwide and several regulatory bodies
have adopted the permissible limits to the heavy metal discharge effluent.
CONTAMINANTS

Arsenic

Arsenic contamination in water takes place via several factors, some of which are arsenic
leaching because of geological weathering of rocks, mining, release of industrial
contaminants in the form of pesticides, dyes and paints, and processing ofminerals. It can
have mutagenic, chronic neurotoxic and carcinogenic effects on humans over long-time
exposure (Raichur and Panvekar 2002; Hokkanen et al. 2015) [8,9, 10]. The Environmental
Protection Agency of United States has recommended permissible limit for arsenic in potable
water to be less than 0.01 mg/L (Yamamura et al. 2003) [11].

Chromium

Chromium compounds find extensive use in metallurgical, chemical and refractory
applications. Hexavalent chromium (Cr®") is identified as a potential mutagen and
carcinogen. However, trivalent chrome is not toxic (Albadarin et al. 2013)[12]. Council of the
European Union has put restrictions on the occurrence of Cr®* to be lower than 0.05 mg/L
(Recillas et al. 2010)[13].

Lead

Toxic lead (Pb*") is generally released in water stream by processes such as dyeing,

petroleum industry, tannery, smelting, galvanization, mineral processing. The World Health
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Organization limit for lead in potable water is 0.01 mg/L. The consumption of lead above
safe levels can lead to attack on central nervous system and reproduction system. It can also
adversely affect liver and kidneys (Huang and Pan 2016) [14].

Cadmium

The World Health Organization limit for cadmium (Cd*") presence in drinking water is
0.003 mg/L. The associated risks of exposure to cadmium include itai—itai disease and renal
complications. It is produced mainly by battery industries and electroplating industries (Jarup
et al. 1998) [15].

Nickel

Nickel is hard and silver metal that has the atomic number of 28. It is the type of
nonbiodegradable heavy metal found in wastewater. The industrial sources like printing,
electroplating industries, silver refineries, battery manufacturing industries, alloy industries
subject to the nickel metal [16, 17, 18, and 19]. The effects of nickel are a dry cough, chest
pain, creates breathing problem, nausea, diarrhea, skin eruption, pulmonary fibrosis, renal
edema etc. To avoid the certain health and environmental risks, an attractivetreatment
methodology is needed to recover the nickel metal.

Mercury

The highly toxic heavy metal in the wastewater is mercury. Mercury exists in different forms
like elemental mercury (Hg’), mercurous ion (Hgz*") and mercuric ion (Hg?>") [20]. The
mercury metal can transport in aquatic systems and accumulate in ecosystems [21, 22]. Dueto
its availability in the environment, it creates various environmental problems. One of the
mercury compounds like methyl mercury damages the enzyme sites and affects the protein
synthesis [23]. Generally, the large amount of mercury is added in industries like paper and
pulp, plastic industries, chloro-alkali industries, pharmaceutical industries oil refineries etc.
[24, 25]. The possible consequences of mercury include damage to kidney, brain,
reproductive and respiratory system. Therefore, the removal of mercury from the industrial
effluent has recently gained a lot of attention by the researchers.

Researchers concentrated on developing the treatment techniques for the removal of the toxic
elements[26]. Various techniques used for the removal of toxic elements are
coagulation/flocculation, ion exchange, flotation, membrane filtration, chemical precipitation,
electrochemical treatment, and adsorption. Among all the methods proposed for toxic
elements removal adsorption stands out as a simple and efficient method.

ADSORPTION:

Nowadays the adsorption process is perceived as an admirable method to other technologies
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for the removal of toxic elements. The adsorption process is an alternate and assuring method
to the traditional process for the purpose of lowering cost and most economic for heavy metal
removal from the effluent. In the adsorption process, adsorbents can be recreated by
desorption process because it is reversible technique and the regenerated adsorbent can be
reused for several purposes. Several methods are available for the regeneration of adsorbent.
Based on the regeneration, the adsorption is considered as an environmentally acceptable
method. Adsorption technique is easy to use and doesn’t produce toxic pollutants. High
surface area, pore size distribution, functional groups, the polarity of adsorbent determines
the efficiency of adsorption process.

Adsorption is a process by which a solid holds molecules of a gas or liquid or solute as a thin
film. It is the adhesion of atoms, ions or molecules from a gas, liquid or dissolved solid to a
surface. It is the process which involves the accumulation of a substance in molecular species
in higher concentration on the surface.

Adsorption is present in many natural, physical, biological and chemical systems and is
widely used in industrial applications such as heterogeneous catalysts, activated charcoal,
capturing and using waste heat to provide cold water for air conditioning and other process
requirements, synthetic resins and water purification. Adsorption, ion exchange and
chromatography are sorption process in which certain adsorbate are selectively transferred
from the fluid phase to the surface of insoluble, rigid particles suspended in a vessel or

packed in a column. For adsorption process two components are required,

e Adsorbate: Substance which is deposited on the surface of another substance.
For example; H2, N2 and Oz gases.
e Adsorbent: Surface of a substance on which adsorbate absorbs. For example,

Charcoal, Silica gels etc.

On the basis interaction of forces between adsorbate and adsorbent, adsorption is of two

types:
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e Physisorption:Physisorption is also known as physical adsorption and it is an
exothermic process. Its adsorption enthalpy is low, nearly 20 to 40 kJ/mol.It is due to
weak Van der Wall’s forces between adsorbate and adsorbent.Physisorption lacks
specificity because of the adsorbent in the given surface does not show any particular
gas. It has reversible nature that is physisorption of gas by a solid can be reversed to a
solid by a gas.

Gas + solid = Solid/ Gas + Heat

An example of physisorption is the adsorption of gases like hydrogen, nitrogen etc. at
lower temperature on the surface of the adsorbent like charcoal.

Physisorption depends on the surface area of the adsorbent. As the surface area

increases, the extent of adsorption also increases. For example, finely divided metals



and porous substances have a large surface area. So they are considered as good

adsorbents. It also depends on nature of the adsorbate.

e Chemisorption: Chemisorption is also known as chemical adsorption. It is due to
strong chemical forces of bonding type between adsorbate and adsorbent.
Chemisorption has high specificity that is it is highly specific, and it takes place only
if there is a chemical bonding between adsorbent and adsorbate. For example,
involving the formation iron nitride on the surface when iron is heated in N2 gas at
623K. Chemisorption has irreversible nature and it also favors high pressure. Its
adsorption enthalpy is high nearly, 80 to 240 kJ/mol.Physisorption of gas adsorbed at
a lower temperature may be converted into chemisorption at a higher temperature.
Chemisorption depends on the surface area. As the surface area of the adsorbent
increases, chemisorption also increases.

An example of chemisorption is the adsorption of hydrogen, nitrogen etc. on the

surface of adsorbent like ferrous catalyst at a high temperature.

Adsorption of a gas on a solid is a spontaneous exothermic reaction. Amount of heat liberated
when a unit mass of a gas is absorbed on the surface is called heat of adsorption.
Adsorption isotherms

An adsorption isotherm is the presentation of the amount of solute adsorbed per unit weight
of the adsorbent as a function of equilibrium concentration in the bulk solution at constant
temperature. Langmuir and Freundlich adsorption isotherms are commonly used for
description of adsorption data.

Freundlich Adsorption Isotherm:

Freundlich adsorption isotherm is obeyed by the adsorption where the adsorbate forms a
monomolecular layer on the surface of the adsorbent.

X/m=K.p'", log x/m = 1/nlog p + log k

‘X’ represents the amount of gas adsorbed on the m gram of adsorbent

‘K’ and ‘n’ are adsorption constants

‘p’ is pressure, n always greater than one

A major drawback of Freundlich adsorption is that it fails at high pressure. It could not
explain the multilayer adsorption process.

Langmuir Adsorption Isotherm:

The Langmuir adsorption model explains by assuming an adsorbate behaves as an ideal gas at



isothermal conditions. According to the model, adsorption and desorption are reversible
processes. This model is used to describe the equilibrium between adsorbate and adsorbent
system, where adsorbate and adsorption is limited to one molecular layer at or before a
relative pressure of unity is reached. Although the isotherm initially proposed by Langmuir in
1918 is generally suitable for describing chemisorption process when ionic or covalent bonds
are formed between the adsorbent and adsorbate, the equation is obeyed in many systems
with moderately low coverage and can be easily extended to describe the behavior of binary
adsorption system. Langmuir further assumes that the fractional surface coverage @ is in
direct proportion to the rate of desorption from the surface, and the adsorption and desorption
rate are equal at equilibrium.

kaCe(l- 60)=kab

Where,

K a is the respective rate constant for adsorption.

K 41s the respective rate constant for desorption.

The more usual from of the equation is described:

0=q/qm=bCc/(1+b Ce¢)

Where,

b=Kka/ka

Ce is the equilibrium aqueous-phase concentration of the adsorbate (mg L-1)

qmis the quantity of the adsorbate adsorbed in a single monolayer (mg L)

BET adsorption Isotherm

BET Theory put forward by Brunauer, Emmett, and Teller explained that multilayer
formation is true picture of physisorption.

Activated Carbon

The efficiency of the activated carbon can be evolved by both high surface area and large
pore size. Various researchers used activated carbon for the heavy metal removal from the
waste water. Due to the deficiency of commercial activated carbon (AC), the cost of ac
increases. Langmuir model best described the adsorption of activated carbon and led to
maximum adsorption capacity of 27.53 mg/g at optimum dosage 2.0 mg/l. The kinetic studies
showed that pseudo second order model best fitted with the adsorption. Recently a research
was carried out in surface modification AC using an oxidation process which stimulates the
adsorption efficiency in heavy metal removal.

Carbon Nanotube

Carbon nanotubes (CNT) are mostly considered in the toxic element removal process because
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of its great properties and its uses. The carbon nanotubes are made up of cylindrical graphite
sheets folded into tube like structure. CNTs found to be the best adsorbent in waste water
treatment because of its excellent mechanical properties and magnetic properties, high
chemical and thermal stability. But the usage of CNTs has been reduced because of the strong
accumulation of CNTs and their functional group shortage.

Biosorbent

Biosorption is the innovating technique in removal of toxic element from the effluent. This
technique is considered to be an efficient and detoxification process in the elimination of
heavy metal even at low concentration. Biosorption is a kind of adsorption process which
consists of solid state (sorbents) and liquid state (solvent). Biosorpents are considered to be
low cost adsorbents, feasible and can be obtained from various industries as a waste product.
Due to the presence of functional groups like alcohols, aldehydes and ketones carboxylic
acids, ether, phenolic groups enhance the adsorption activity towards the metal removal. The
important factors affecting the potential of biomass in adsorption process are pH,
temperature, adsorbent dosage, mutual concentration and contact time etc. The major
phenomena in the bisorption process are adsorption, ion exchange, complexion and surface
precipitation.

Cerium Dioxide

The use of metal oxide for treatment provides a low cost adsorption technology. Metal
oxidescan include cerium dioxide, ferric dioxides, zinc dioxides and titanium dioxides. When
sorption to heavy metals. In this article, the potential role of ceria and its composites with
mainly other metal oxides materials for the removal of hazardous metal ions from water is
reviewed. From the survey of the recent literature, it was found that hydrous ceria, ceria
nanoparticles, ceria in various morphologies such as three-dimensional flower-type, hollow
microspheres as well as nanospheres, nanorods, nanocubes and their combinations with
graphene oxide, carbon nanotubes, silica, iron oxide, zirconia, tin oxide, manganese oxide
and electrospun chitosan have been investigated in details for water purification. The target
metal contaminants are arsenic, chromium, lead, mercury, cadmium, copper, nickel,
vanadium, etc. Arsenic has been researched extensively compared toother metal ion
contaminants. A brief of toxic effects of these contaminants on humans is provided. The core
of the article deals with the synthesis strategies of cerium-based oxides as well as composites
and adsorptive removal of metal ions and highlights mainly their adsorption capacity,
mechanism of adsorption, isotherm model fit and kinetic model fit and regeneration of

adsorbent materials for further use. Overall, a comprehensive outline of adsorption
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performance of ceria and its composites is provided.

CERIUM DIOXIDE STRUCTURE:-
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Bulk cerium oxide has at least two stable stoichiometric, the dioxide(CeO2) and dicerium

oxide(Ce203) which is commonly referred as sesquioxide. At ambient conditions dioxide

crystallises as CaF2 (fluorite) structure in face centered cubic space group Fm3m with the

lattice parameter of 5.411A. In that structure cerium ions occupy the vertices and faces of

cubic unit cell. Each Ce (IV) is coordinated with eight oxygen ions arranged in a perfect

cube, while each oxygen ion is surrounded by four cerium ions in tetrahedral arrangements.

This structure is often described as cubic close packing(ccp)of cerium with oxygen ions

occupying all tetrahedral holes at elevated pressure (31GPa and room temperature)cerium

dioxide undergoes phase transition from fluorite to cottunite structure type with orthorhombic

space group Pnam.
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LITREATURE REVIEW
1. Removal of mercury
R. Sharma & et al. studied on ceria nanoparticles (CeNps) entrapped in tamarind powder
(Tm@CeNps) which were efficiently utilized for the simultaneous adsorption of aqueous
mercury [Hg (IT)] and aqueous lead [Pb (I)] [27]. The investigation was characterized by
Brunner-Emmett-Teller (BET), XRD spectroscopy, X-ray photoelectron spectroscopy, FTIR
and thermo gravimetric analysis. They used adsorption mechanism for adsorption of Hg (II)
and Pb (II) by tamarind leaf composite. They studied that the mean free energy required for
adsorption is lower than Pb (II), which means that the Hg (II) is easily adsorbed on
Tm@CeNps. The use tamarind leaves opens a new class of adsorbent for the heavy metal ion
removal, as the surface area of tamarind leaves is very high. The surface properties of
adsorbents were analyzed by using N2 adsorption-desorption isotherms with the use of the
BET method. TGA and DGA analysis were carried out to the study of characteristics physical
changes in the adsorbents.
Tian & et al. studied on activated carbon CeO: impregnated with cerium dioxide for removal
of elemental mercury [28]. In this work, a novel CeO2/AC (activated carbon impregnated
with cerium dioxide) sorbent was studied with an attempt to produce economical & effective
sorbent for capturing mercury. The properties of the sorbents were characterized BET,
nitrogen adsorption & XRD technique. Low loaded samples have greater BET surface area &
total pore volume than AC. The sample with higher loadings such as 5% CeO2/AC has lower
BET surface area & total pore volume than AC, 1% CeO2/AC & 3% CeO2/AC. The XRD
patterns of CeO2 show that CeO: is highly dispersed on the surface of the activated carbon
when the CeO: loading was 3%. The results showed that CeO2 impregnation particularly with
3wt% CeO2 —impregnated greatly enhanced the AC adsorption ability for elemental mercury.
The From the temperature effect test, we can also find that CeO2/AC sorbent has poor anti-
temperature performance. Therefore, future works should be concentrated on improving its
ability of resisting high temperature by the chemical modification. The effect of flue gas
components such as SO2, NO and HCI on the Hg® removal efficiency of novel CeO2/AC
adsorbents should also be considered future research.

J. He et al. studied on high surface area ceria —titania materials & manganese oxide for both
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warm-gas mercury capture and low temperature selective catalytic reduction. The materials
synthesized were characterized by X-ray diffraction (XRD), nitrogen adsorption-desorption,
temperature programmed reduction (TPR), ammonia temperature programmed desorption
(TPD), and X-ray photoelectron spectroscopy (XPS) [29]. Brunauer-Emmett-Teller surface
area measurements suggested that increasing manganese loading reduced the surface area due
to pore blockage. X-ray diffraction measurements showed that MnOx is in an amorphous state
on Ce02-Ti02 materials. X-ray photoelectron spectroscopy results indicate that the adsorbed
mercury is present as both Hg’ and Hg** on these ceria based materials. The XPS
observations also suggest that the incorporation of titanium into the cubic lattice of ceria
leads to the formation of more lattice oxygen atoms, leading to greater formation of Hg*" on
the CeO2-TiOz2 support. Increasing manganese loading on the CeO2-TiO2 support increased
mercury capacities at the same conditions. However, changing the bed temperature from 175
to 200° reduced the mercury adsorption. SOz inhibits Hg® adsorption on the MnOx, but
CeO:- TiO: retains most of its Hg® capacity in the presence of 100 ppm SOz. Simultaneous
capture of Hg’ and Hg?" at 175° was obtained using CeO2-TiO2. These results suggest that
the sulphur tolerant MnOx/CeO2-TiO2 materials might be technically feasible warm-gas
mercury adsorbents.

Q. Lv et al. studied on cerium modified semi coke for elemental mercury removal. In this
study, raw semi-coke and a series of novel cerium (Ce) modified semi-cokes were
synthesized and utilized for removing elemental mercury (Hg’) from simulated flue gas [30].
The adsorption and reaction mechanism were discussed based on the characterization of the
sorbents. The results shows that the sorbents performed best at the temperature of 150°¢ and
the optimal concentration of cerium nitrate solution was 0.2 mol I''. The introduction of O
enhanced the sorbents performance by oxidizing Hg’ through Mars-Maessen mechanism. The
most decisive component in simulated flue gas for mercury removal is NO, which
participated in the formation of HgO and Hg (NOs)2 through Langmuir-Hinshelwood
mechanism and Eley-Rideal mechanism. The Hg® removal efficiency decreased due to the
addition of NHis. However, the adverse influence could be ignorable considering the tiny
amount of NH3 in the vicinity of sorbents working zone. Besides, the modified semi-coke
showed excellent resistant ability to SO2. The results would be meaningful for developing the
alternative low-cost mercury sorbent and understanding the elemental mercury removal
mechanisms. The properties of sorbents depend to a large degree on the type of semi-coke.
Thus, the sorbents derived from other type of semi-coke will be investigated in future.

D. Liu et al. investigated on the kinetic behavior of gas phase mercury sorption on ZSM-5
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supported cerium and lanthanum based composites oxides in the temperature range of 120-
240°[31]. The study was characterized by field emission scanning microscope. In the
temperature range of 120-240°, cerium-based composite oxides perform better than
lanthanum based composite oxides on Hg’ sorption [32, 33]. Cerium oxide possess good
oxygen defects leading to production of more surface lattice oxygen, which significantly
improves the Hg’ sorption performance attributed to the enhanced chemisorption ability.
However, adding Cu or Mn into La203 lattice would reduce the Hg? sorption abilities of the
lanthanum-based composite oxides owing to the formation of perovskite or perovskite like
compounds with stable structures and less surface lattice oxygen. The Hg’ removal
efficiencies all first increase and then decease with incremental sorption temperatures. The
optimal sorption temperatures for CeO2-CuO/ZSM-5 and CeO2-Mn203/ZSM-5 are 210°° and
180°° respectively, while the best sorption temperatures for La203-CuO/ZSM-5 and LaxOs-
Mn203/ZSM-5 are 210° and 150°° relatively.

S. Mohajer studied on cerium dioxide nanoparticles for preconcentration of trace amounts Hg
(IT) ions from aqueous solution [34]. The analysis of mercury was performed by cold vapor
atomic adsorption spectrometry. The characteristics of nanoparticles were assessed using X-
ray diffraction (XRD) and transmission electron microscopy (TEM) techniques. Experimental
parameters influencing the extraction procedure recovery were thoroughly investigated.
Under the optimized experimental conditions, the calibration curve was linear in the range of
0.035 to 0.8 pg/L of mercury. The method was validated by analysis of a certified reference
material. The results showed no interfering effects from different foreign ions at the level
studied and so the method can be used for determination of Hg (II) in various samples.
2.Removal of Arsenic

T.M. Arsic and et al. studied on carbon cryogel/ceria composite with 10wt% of ceria which
was synthesized by mixing of ceria and carbon cryogel for the adsorption of arsenic (III) ions
from aqueous solutions [35]. The sample was characterized by field emission scanning
electron microscopy (FESEM), nitrogen adsorption and x-ray diffraction. Characterization by
the FESEM showed that the homogenous distribution of ceria on the surface of the carbon
cryogel was achieved. Nitrogen adsorption confirmed that the high specific surface area and
porous structure of the material were preserved. XRD analysis confirmed the presence of
ceria. In this study, adsorption kinetic, the effect of solution pH and arsenic concentration on
removal rate were examined in batch system. Adsorption kinetics followed the pseudo-
second order model. Adsorption dose experiments i.e. calculation of optimal ratio between

the volume of the solution and mass of the adsorbent, showed that the optimal mass of
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theadsorbent was reduced 20 times, in comparison with cc. Adsorption isotherms confirmed
that the amount of As(IIl) removed is slightly pH dependent and the shape of isotherms is the
characteristics for the physical, multilayer adsorption. Experimentally obtained isotherms are
best fitted by the application of BET isotherms for melting the liquid phase adsorption.

Q. Feng & et al. investigated on the adsorption and desorption behaviors of arsenic on ceria
nanoparticles in aqueous solution [36]. Ceria nanoparticles used in the experiments were
synthesized using a precipitation method. The surface area was characterized by nitrogen
adsorption/desorption analysis of Brunauer-Emmett-Teller. The adsorption and desorption
behavior was studied by using batch technique. The adsorption isotherm was fitted very well
to both the Langmuir and Freundlich isotherm models. The thermodynamic parameters (AH?,
AS?, & AG®) for the adsorption of arsenic were determined at three different temperatures of
283, 303 and 323K. In this work, high adsorption capacity & reversible adsorption of arsenic
suggests that ceria nanoparticles may influence the fate &behavior of arsenic in the
environment. Thus, ceria nanoparticles with arsenic may exhibit synergistic effect when
interacting with living organisms. The results indicate that studies dealing with the potential
ecotoxicological effects of nanoparticles for the environment have to be designed in order to
have the defined understanding between the nanoparticles and the adsorbed chemicals in the
environment.

Yu & et al. studied on hydrous cerium oxide modified graphene nanoparticles composite
(GNP HCO) to describe the key limitations of slow adsorption kinetics for arsenic removal
[37]. The sample was characterized by FESEM, EDS, XPS & TEM technique to study the
morphological & compositional information of the asynthesized adsorbent. The point of zero
charge was estimated by pH drift method. The value of point zero charge (pHrzc) of the
adsorbent is determined to be approximately 6.0. The surface charge of the adsorbent is
highly depends on pH. When the solution pH is above its pHrzc, negative charges can be
readily formed on the surface of the adsorbent, which is unfavorable for the uptake of anion
because of the enhanced electrostatic repulsion between the adsorbent surface & the target
anions. The experimental data was better described by the Langmuir isotherm model & the
maximum adsorption capacities were 62.33 & 41.31 mg-As g at pH 4.0 & 7.0 respectively,
which are much higher than many modified carbon based adsorbents. XPS analysis indicated
that the major chemical state of cerium element in the adsorbent was +IV & the hydroxyl
group might be involved in the adsorption process.

R. Sawana et al. investigated on methodologies for arsenic removal from drinking water by

using ceria modified activated carbon [38]. The CeO: powdered activated carbon (PAC-
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Ce0) is highly efficient as an adsorbent for arsenic removal from drinking water. It removes
both As (IIT) and As (V) from water without any peroxidation process. The materials were
characterized by X-ray diffraction technique, Zeta potential meter, BET surface
measurements, X-ray photoelectron spectra, Raman spectra and FTIR spectra. In this case,
the pseudo second order kinetics indicates that the arsenic adsorption on PAC-CeO2 happens
through chemisorption, which also been observed in FTIR study. After the arsenic
adsorption experiments, the Ce-OH bending vibrations disappeared and a new vibration at
839cm™! appeared which could be attributed to v (As-OCe) bond. The FTIR studies indicate
that substitution of OH groups by As from Ce-OH plays a major role in the adsorption
process which could be explained through specific adsorption mechanism. The specific
adsorption involves ligand exchange reaction where the anion displaces OH™ and/or H20 from
the surface.Since the surface change of the PAC-CeO:2 adsorbent was positive in the
experimental pH range the columbic attraction between the positive surfaces and negative
anions also played a role in giving the adsorbent a high removal capacity for both As(II) and
As(V) across the pH ranges.

P.K Mishra et al. studied on cerium dioxide nanoparticles of size 3-5nm for adsorptive
removal of arsenic species. CeOz nanoparticles with huge surface area (257 m? g'!) and ultra-
low bulk density (0.049 g ml") were synthesized using one-pot aerogel process [39]. CeO2
nanoparticles were characterized by TEM, SEM, XRD, N2 adsorption, BET, and FTIR. The
R-P model was best fitted on adsorption data & indicated the characteristics of monolayer
adsorption over CeO2 nanoparticles. Prepared CeO2 was used to remove As (III) and As (V)
from water at variable contaminant concentrations (25-100 ppm)& pH (3-10). CeO:
nanoparticles indicated adsorption capacities of 71.9 and 36.8 mg g! against As (III) and As
(V), respectively. The adsorption data best fitted with Redlich-Peterson model, depicting
monolayer adsorption. The adsorption followed pseudo-second-order kinetics and
intraparticle diffusion with three-step diffusion process.pH dependency studies indicated a
down trend in adsorption capacity for the adsorption of As(V) over the pH range of 3-10.
While in case of As (IIl), the change in pH could not make any significant effect on
adsorption capacity of CeO:2 nanoparticles. Conclusively, CeO2 nanoparticles were found
promising for the fast and efficient removal of arsenic species from contaminated water.

Jing Chen et al. investigated on Ce-Mn binary oxide with a Ce/Mn molar ratio 3:1which was
synthesized by a facile oxidation-coprecipitation method [40]. The sample was characterized
by X-ray diffraction method, transmission electron microscope, Brunauer-Emmett-Teller

method, FTIR technique. The synthetic Ce-Mn binary oxide is very effective for As (III)
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uptake and exhibits an obvious synergistic effect of Ce oxide and Mn oxide. The maximum
sorption capacity of As (III) is 97.7 mg/g, which is competitive with most of reported
sorbents. The As (III) uptake is achieved mainly through As (III) oxidation coupled with As
(V) adsorption on the Ce-Mn binary oxide. The As (III) sorption is slightly affected by tested
solution pH, ionic strength, dissolved organic matters and coexisting anions except for
phosphate. The spent Ce-Mn binary oxide could be easily regenerated using NaOH solution
for reuse. Due to its facile synthesis process, good arsenic removal performance and easy
regeneration, the Ce-Mn binary oxide could be a promising sorbent for As (III) removal from
contaminated water.

L. Zhang et al. studied on cerium modified chitosan (Ce-CNB) ultrafine nanobiosorbent for
the removal of arsenic (III) from water [41]. The sample was characterized by FTIR, XRD,
SEM, EDS, TEM, EMI and XPS analysis. Batch of adsorption experiments were performed
to investigate the effects of various conditions on As (III) adsorption. The adsorption
behaviors were well described by the Langmuir isotherm and the pseudo-second order kinetic
model, with the maximum adsorption capacities of 57.5 mg g!. The adsorption mechanisms
for As (IIT) were formed monodentate and bidentate complexes between hydroxyl groups and
arsenite & partial As (III) oxidized to As (V) followed by simultaneously adsorbed on the
surface of Ce-CNB. This novel nanocomposites can be reused while maintaining a high
removal efficiency and can be applied to treat 5.8 L of As (III)- polluted water with the
effluent concentration lower than the World Health Organization Standard, which suggests its
great potential to remove As (III) from contaminated water.

3. Removal of Nickel

R. Murugan studied on CeO2 and Ni-CeO: thin films with cubic fluorite structure were
prepared by rf magnetron sputtering [42]. The sample was characterized by X-ray diffraction,
UV-Visible and Photo Luminescence analysis. Vibrational and magnetic properties of the
films were analyzed through Raman and VSM analyses. The results from XRD and Raman
spectroscopy indicate that doped Ni species were dispersed on the ceria surface. Room
temperature magnetic measurements reveal paramagnetic nature of pure CeO2 thin films and
ferromagnetic nature with reasonable saturation magnetization of Ni doped CeOzthin films. It
is believed that the ferromagnetic contributions exhibited in the M-H loops originate from the
absorptive oxygen on the surface rather than the oxygen vacancies in the lattice.

Chang-Yan Cao et al. studied on ceria hollow nanospheres for heavy metal ion removal
catalysis. Ceria hollow nanospheres composed of CeOznanocrystal were synthesized via a

template-free and microwave assisted aqueous hydrothermal method [43]. This is a low-cost
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and environmentally benign method. The chemicals used are all environmentally benign
materials (cerium nitrate, urea, and water). An Ostwald ripening mechanism coupled with a
self-template, self-assembly process, in which amorphous solid spheres are converted to
crystalline nanocrystal and the latter self-assemble into hollow structures, was proposed for
the formation of the hollow structures. The products were characterized by X-ray powder
diffraction, scanning electron microscopy, transmission electron microscopy, high-resolution
TEM, energy-dispersive X-ray analysis, X-ray photoelectron spectroscopy, and N2
adsorption-desorption methods. These ceria hollow nanospheres show an excellent adsorption
capacity for heavy metal ions, for example, 22.4 mg g-1 for As (V) and 15.4 mg g-1 for Cr
(VI). These values are significantly higher than reported data from other ceria nanostructures.
These ceria hollow nanospheres are also excellent supports for gold nanoparticles, forming an
Au/CeO2 composite catalyst. In CO oxidation, a 100% CO conversion was achieved at room
temperature.

A.L. Santos et al. studied on silica- alumina compound impregnated with cerium, nickel and
molybdenum oxides for removal of sulphur and nitrogen compounds from a hydro treated
Brazilian diesel at 313K [44]. The sample was silica doped boehmite with an Al203/Si02
named as SIRAL & the sample was identified as SIRAL-C. The sample was characterized by
infrared and X-ray diffraction method. The textural characteristics such as specific area
(BET) & pore volume (BJH) were determined by N2 adsorption/desorption isotherms at 77K.
It was observed that the incorporation of metal oxides to led to an increase of the adsorptive
capacities per specific area. The increase in nitrogen and sulphur uptake capacity was
tentatively associated to acidic properties. However, the impregnation process also brought a
reduction of the adsorbent surface. As a consequence, an increase of the total adsorption
capacity in a mass basis was not observed. These results suggest that the impregnation
process using the proposed oxides is a possible alternative, if the diminishing of the adsorbent
surface will be controlled.

4. Removal of phosphate

Y. Su et al. studied on Cerium-zirconium binary oxide nanoparticles synthesized by
solvothermal process for phosphate removal in batch studies. Through careful modulation of
the Ce/Zr ratio, Ce/Zr binary oxide nanoparticles were created with different structure, crystal
size, surface properties, and phosphate adsorption performance. It was found that Ceo.sZr0.202
nanoparticles had the best phosphate adsorption performance among these Ce/Zr binary oxide
nanoparticles, which could attributed to their desirable structure & properties. The phosphate

adsorption capacity of Ceo.sZro202 nanoparticles was determined at ~ 112.23 mg/g, the
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highest among various adsorbents reported in literature. The adsorption of phosphate onto
Ceo.8Zr0202 nanoparticles followed the inner-sphere complexing mechanism, and the surface
—OH groups played the major role. Commonly coexisting anions showed no or moderate
effect on the phosphate adsorption onto Ceo.8Zro202 nanoparticles, and little pH dependence
was observed for their phosphate adsorption in the range from pH 2 to 6. After adsorption,
phosphate adsorbed on these Ceo.sZro202 nanoparticles could be easily desorbed by NaOH
solution washing. Thus, Ceo.sZr0202 nanoparticles may have the potential to be a promising
adsorbent as the supplement to the biological process for the phosphate removal on small-
scale treatment facilities or waste water with relatively low phosphate concentration.

Wei Gu et al. investigated on Ce-incorporated zinc ferrites (ZnCexFe2xOs, x~ 0.48) to
develop a stable and easily separable adsorbent for the efficient removal of phosphate from
water [46]. The sample was investigated by X-ray diffraction method, Transmission electron
micrograph, and Brunauer-Emmett-Teller, FTIR and N2 adsorption-desorption method.
Results indicated that, though introduction of Ce decreased saturation magnetization, the
ferrites were magnetically separable with saturation magnetization exceeded 32.0 emu/g
when x< 0.12. On the other hand, increasing Ce content greatly boosted the adsorptive
capacity of phosphate, with Langmuir adsorption maxima increasing from 5.2 mg/g to 41.6
mg/g at 25° when x increased from zero to 0.48. However, P/Ce molar ratio was found to be
the highest when x=0.12, enabling the most efficient use of Ce. The adsorption of phosphate
was the most favorable within the middle pH range and the increase in both ionic strength
and temperature enhanced adsorption. The material showed good affinity for phosphate in the
presence of common anions. Experimental results also showed that NaOH or KOH were
applicable for the purpose of adsorbent regeneration. In conclusion, Ce-incorporated zinc
ferrite with the composition of ZnCeo.12Fe18304 has the potential for the removal of
phosphate from water.

5. Removal of cadmium, lead, and chromium

Contreras and et al. studied on potential differences of the sorption capacity of CeO:
nanoparticles with regard to cadmium (II), lead (II) & chromium (VI), dissolved in water,
both in single systems (one metal in solution) as well as in multicomponent system (all three
metals mixed together in solution) [47]. The study was performed at two different pHs (5 &
7), which are typical pHs found in environmental system. A factorial experimental design
was used to obtain an empirical equation that can describe the sorption capacities as a
function of the initial metal concentration, initial nanoparticle concentration & pH. The

adsorption studies considered the metal concentration from Img 1! to 10mg I and
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nanoparticle concentration from 0.064g 1! to 0.640g 1. The highest adsorption capacity was
obtained in the removal of lead (II) (128.1 mg g"), followed by cadmium(Il) (93.4 mg g-1)
and finally chromium (VI) (34.4 mg g™'). Data were fitted to a polynomial function obtaining
the best reduced models. The type of system (single, multicomponent) did not affect sorption
capacity, while pH affected the sorption of Cd and Cr, but not that of lead. CeO2 Nps proved
to be effective adsorbent in removing all the three heavy metals in multicomponent system,
which opens a new window for their uses as sorbent materials in complex waters
contaminated with mixture of heavy metals.

Chao Wang et al. investigated on cerium dioxide nanoparticles for removal of lead from
contaminated water [48]. They investigated on the adsorption behavior of Pb*" on sediments
spiked with cerium dioxide nanoparticles at a weight ratio 5.0%. The results showed that the
adsorption rates at three stages occurring during adsorption clearly increase for sediments
contaminated with cerium dioxide nanoparticles. Moreover, the results obtained from the
adsorption isotherms indicated that the Langmuir isotherm model best fits the isotherm data
for both sediments and those contaminated with cerium dioxide nanoparticles. After spiking
the sediments with cerium dioxide nanoparticles, the theoretical maximum monolayer
adsorption capacity (Qmax) for Pb*" increased from 4.433 to 4.995 mg/g and the Langmuir
isotherm coefficient (KL) decreased from 8.813 to 7.730 L/g. The effects of cerium dioxide
nanoparticles on the surface charge and pore surface properties affect the adsorption of
several chemicals in sediments. The results showed that pHzrc, SBET, Sext and average pore
size of sediments contaminated with cerium dioxide nanoparticles. Hence the strong
adsorption capacity of CeO2 Nps and the changes of sediment surface charge and pore
surface properties caused by CeO2 NPs are important factors affecting the adsorption
behavior of Pb*". The potential risk of Pb>" in aquatic environment may increase with CeO:
Nps buried in sediments.

H. Sharifan et al. studied on physiochemical properties of cerium oxide nanoparticles for
removal of Cadmium and arsenic [49]. This study measured the adsorption isotherms of Cd
and As (III)/ As (V) onto 100 mg L™! cerium oxide nanoparticles (CeO2 Nps) both in presence
and absence of synthetic root exudates (SRE) in batch reactors. The adsorption study was
allowed to proceed for 48 hours to ensure equilibrium. Addition of SRE lowered the pH of
the mixture from around 5.9 to 2.3. Both As and Cd displayed strong adsorption on CeO2 Nps
at pH 5.9. The adsorption was drastically reduced at pH 2.3 without SRE. The presence of
SRE mitigated the pH effect, but the adsorption of As and Cd was invariably lower at pH 2.3
than at pH 5.9, irrespective of the SRE. The interaction of metalloids with CeO2 Nps
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significantly increased the hydrodynamic size of some CeO2 Nps to micrometer and
significantly changed the zeta potential of these nanoparticles to the range of -10 to +10 mV.
Different effects on CeO: Nps and these two metalloids on their plan uptake and
accumulation, and demonstrated for the first time that co-existing heavy metalloids may
significantly alter the fate and accumulation of ENPs in plants.

S. P. Mishra et al studied on hydrous ceric oxide for the efficient removal of cadmium ions
from aqueous solution [50]. The sample was characterized by infrared and X-ray diffraction
(XRD) technique. The adsorption of cadmium ions on hydrous ceric oxide has been studied
as a function of concentrations (102-107), temperature (303-333 K) and pH (7.08-10.47) of
adsorptive solution, applying radiotracer technique. The kinetics of adsorption was found to
follow first order rate law with respect to the adsorptive concentration and agrees well with
classical Freundlich isotherm. The effect of temperature on equilibrium adsorption values has
been utilized to evaluate the change in standard thermodynamics quantities (viz. AH®, AS°
and AG®). The sorption process was found to be endothermic and irreversible in nature.
Overall results suggest that the synthetic hydrous ceric oxide may be used for the removal of
cadmium ions from aqueous industrial wastes and should be of help in environmental
protection.

A.Al-Kinani investigated on Polyaniline-coated cerium oxide nanoparticles which were
synthesized in alkaline media and applied for preconcentration of ultra-trace levels of
cadmium (II) in different real samples followed by electrothermal atomic adsorption
spectrometry [51]. Cerium oxide nanoparticles were synthesized by a microwave method and
modified by poyaniline to produce Polyaniline-coated cerium oxide nanoparticles. Fourier-
transform infrared spectroscopy and scanning electron microscopy were used to characterize
the synthesized adsorbent. To optimize the critical experimental conditions; surface response
methodology- Box-Behnken experimental design was used. On the basis of the results, pH
8.4, 10mg of poyaniline-coated cerium dioxide nanoparticles, 14.4min extraction time, and
4.3min desorption time were selected as the optimum conditions. Under the optimum
conditions the calibration curve of cadmium (II) was linear in the range of 0.02-0.4 ng mL"!
with a correlation coefficient of 0.9976. The analysis of certified reference material shows
very good agreement with the certified value. Finally, the proposed method was applied for
the determination of ultra-trace levels of cadmium (II) in different water, rice, and tea
samples.

A.R. Contreras studied on cerium dioxide (CeQOz2), iron oxide (Fe3O4) and titanium oxide

(TiO2) were studied for the removal of dissolved cadmium from water at concentrations
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ranging from 25 to 350 mg/L [52]. Adsorption was the predominant mechanism for
sequestration, and particularly efficient cadmium removal was demonstrated for Fe3O4 NPs.
Experimental data were fitted to three different adsorption isotherm: Langmuir, Freundlich
and Temkin. The best fit was obtained for the Freundlich isotherm (R?>0.96 for all NPs).
Adsorption was shown to follow pseudo second order kinetics (R? > 0.91 for all NPs). All
three NPs showed some removal of cadmium in aqueous solution, but after 72hr of process,
Fe3O4 NPs showed a higher capacity of cadmium adsorption (101.1 mg Cd/g NP) than CeO:2
Nps (49.1mg Cd/g NP) or TiO2 Nps (12.2 mg Cd/g NP). These results demonstrate the
potential use of this Nps to remove dissolved cadmium at high concentrations.

S. Mandal studied on cerium oxide Polyaniline composite for the removal efficiency of Cr
(VI) from water [53]. The characterization of cerium oxide composite has been done by
various physicochemical techniques followed by mechanistic explanation of Cr(VI)
adsorption. The experimental design, parametric appraisal and prediction of the adsorption
process are performed using response surface methodology (RSM-CCD) and artificial neural
network (ANN) method, respectively. Adsorption studies with respect to various process
variables such as dose, time, pH, temperature and initial concentration is carried. A second
order predictive quadratic equation relating to removal percentage and important process
variables was developed and adequacy of the model was checked. The kinetic studies
revealed that the adsorption process followed pseudo-second order kinetics. The adsorption
data were best fitted to Langmuir model. The adsorption capacity for Cr(VI) ions was 357
mg/g at pH 6. Based on the above findings it can be stated that the material cerium oxide
Polyaniline composite can be efficient adsorbent material for the removal of Cr(VI) from
water.

J.S. da Silva Neto et al. studied on cerium doped iron oxide nanoparticles for removal of
chromium from aqueous solution [54]. The sample was characterized by X-ray diffraction
(XRD), Infrared (IR), scanning electron microscopy, analysis of porosity and surface area
(BET). The analysis of porosity and surface area were performed using the method of
nitrogen physisorption. The hexavalent chromium adsorption tests were performed at acidic
pH. Under these conditions, the surface charge of the iron oxides becomes positive due to the
protonation of the surface hydroxyl groups, thus, creating an electrostatic attraction between
the surface and the hexavalent chromium, which is present as oxyanion (HCrOs") when
hydrolyzed in water. The results showed that cerium doping is a favorable process to obtain
iron oxides with textural characteristics. The results showed that all doped sample exhibited

higher surface areas and smaller crystallite diameters. The best results on chromium removal
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was obtained for the 5% cerium doped sample, where it was possible to show that doping
enhanced the removal power both due to the specific adsorption phenomenon and as a result
of the photoreduction of Cr (VI) to Cr (III) desorption and precipitation. This favors the easy
recovery of the adsorbent produced, which can be reused in new adsorption cycles.

F. Wang et al studied on fibrous mat of chitosan/polyvinyl alcohol (CS/PVOH/Ce) containing
cerium (III) for the removal of chromium (VI) from aqueous solution [55]. The sample was
prepared by electrospinning technique and used as a biosorbent. The chemical, structural and
morphology characteristics of the fibrous mat are determined by Fourier infrared spectrum
(FTIR), scanning electron microscopy, and X-ray diffraction (XRD) method. The adsorption
kinetics studies of Cr (VI) on the CS/PVOH/Ce fibrous mat were performed based on
pseudo-first order and pseudo-second order. The data indicated that the adsorption kinetics of
Cr (VI) on the CS/PVOH/Ce fibrous mat followed the pseudo-second order. The equilibrium
data have been analyzed using the Langmuir isotherm. It was found that data followed by
Langmuir isotherms and the equilibrium adsorption capacities for Cr (VI) is 52.88 mg/g. The
adsorption of Cr(VI) on the surface of the CS/PVOH/Ce fibrous mat is found to depend
mainly on the pH of the solution. The adsorption of Cr(VI) in acidic pH is higher as
compared to alkaline pH. The mechanism of adsorption of Cr (VI) on CS/PVOH/Ce fibrous
mat can be explained in terms of a combination of electrostatic adsorption coupled with
reduction. Meanwhile, the experiment result proves that the CS/PVOH/Ce fibrous mat is
more efficient than bare chitosan. Thus, this system is promising as a filter that can get rid of
Cr (VI) ions.

A.B. Albadarin et al. studied on hydrous cerium oxide (HCO) for the removal of hexavalent
chromium from aqueous solution [56]. The sample was characterised by BET method, X-rat
diffraction study and FTIR analysis. Simple batch experiments and 25 factorial experimental
designs were employed to screen the variables affecting Cr(VI) removal efficiency. The
effects of the process variables; solution pH, initial Cr(VI) concentration, temperature,
adsorbent dose and ionic strength were examined. Analysis of variance demonstrated that Cr
(VI) adsorption significantly increases with decreased solution pH, initial concentration and
amount of adsorbent used (dose), but slightly decreased with an increase in temperature and
ionic strength. The optimization study indicates 99% as the maximum removal at pH 2, 20,
1.923 mM of metal concentration and a sorbent dose of 4g/dm?>. At these optimal conditions,
Langmuir, Freundlich and Redlich-Peterson isotherm models were obtained. The maximum
adsorption capacity of Cr (VI) adsorbed by HCO was 0.828 mmol/g, calculated by the

Langmuir isotherm model. Desorption of chromium indicated that the HCO adsorbent can be
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regenerated using NAOH solution 0.1 M (up to 85%). The adsorption interactions between
the surface sites of HCO and the Cr (VI) ions were found to be a combined effect of the both
anion exchange and surface complexion with the formation of an inner-sphere complex.
Hence, HCO nanoparticles are promising material for the efficient removal of toxic Cr (VI)
from the waste water.

S.Jena studied on the Ceria nanopowder which was synthesized by using Cerium chloride and
sulphuric acid at a pH of 7 to remove the chromate by Ceria nanopowder in batch mode [57].
The adsorbent is characterized by various analytical techniques like FTIR, SEM, XRD, BET
and AAS. The percentage removal of hexavalent chromium was studied as a function of pH
of the solution, contact time, dosage of adsorbent and reaction temperature. From SEM-
EDAX report it is found that the material is nano fibre and do not have identifiable pores.
From BET, the specific surface area of the material is not incorporated because the results of
the analysis are awaited. The removal efficiency of the hexavalent chromium from water is
done by using this material is conducted by varying the variable parameters like contact time,
pH, amount of adsorbent and temperature and initial concentration. The hybrid material was
found to have a maximum efficiency for the removal of hexavalent chromium with 86 to
88%, pH at 7, adsorbent dose of 0.07gm and temperature of 28+2°C and initial concentration
of 10 ppm. The structure of the material is confirmed by the FTIR data which shows the
presence of metal-oxygen bonding. From all the above observations it may be concluded that
the material is suitable to act as adsorbent for the removal chromium (VI) from water and
also it requires a further study.

6. Removal of Uranium

K. Kuncham et al. investigated the factors influencing the adsorption behavior of uranium
(VI) onto the ceria nanocrysatls like pH, dosage, time of contact and initial metal crystal
.They used mechanism of adsorption based on the isothermal and kinetic studies [58]. A
monolayer surface of adsorption capacity of 270mg/g involving adsorptive pore filling and
electrostatic interactions was indicated. The ceria nanocrystals could be regenerated and
reused without significant reduction of adsorption capacities. Nanosized cerium oxide was
prepared by adopting a co-precipitation method using cerium nitrate. The synthesized ceria
nanocrysatls were characterized by X-ray diffraction pattern, Brunauer-Emmett-Teller
method, UV-Vis diffuse reflection spectra measurements, X-ray photoelectron spectroscopy.
The ceria nanocrystals were synthesized using a template free and eco-friendly methodology
and were successfully applied for the selective adsorption of U (VI) ions from aqueous

solutions at a near neutral pH. The experimentally observed adsorption, results confirms the
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high efficiency of nanosized materials towards the remediation and preconcentration of the
radio nuclide in presence of varying aqueous environments through multicycles. The
experimental results in batch experiments were in good agreement with pseudo second order
kinetic model. The empirical data of the variation of concentration of the metal ion fitted
better with Langmuir adsorption isotherm compared to Freundlich adsorption isotherm.
Hence above study for uranium adsorption using ceria nanocrystal is economical, selective

and environment benign.
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Conclusion

Removal of toxic elements from water is one of the important reasons to control the
environment pollution problem. This paper reviewed the usable adsorption technologies for
the removal of toxic elements from aqueous solution. In this paper, Ceria and its composites
used for contaminant remediation in the recent years have been reviewed. The adsorption of
contaminants to large extent by cost-effective and efficient ceria-based adsorbents offers
better alternatives for existing adsorbents. The large surface area combined with ability to
form ceria and composites in variable morphological properties makes them component
adsorbents for treating toxic contaminants water. These studies suggested that the novel
nanocomposites could be used as a potential efficient and good renewable adsorbent for the
removal of toxic element from the polluted water. Future research should focus on
developing less toxic, more efficient, cost-effective and increasingly reusable

nanoadsorbents.

28



Chapter 1V

REFERENCES



REFERENCES

[I]JRoya Kelishadi, (2012), Environmental pollution: Health effect and operational
implication for pollutants removal.

[2]S, -R Lim and J.M. Schoenung, Human health & ecological toxicity potentials due to
heavy metal content in waste electronic devices with flat panel displays, (2010), J. Hazard
Mater. , 177 (1-3), 251-259.

[3]Phoebe Zito Ray & Heather J. Shilpy, (2015), Inorganic nanoadsorbents for the removal of
heavy metals and arsenic: review, RSC advances publication.

[4]J. Lee, B. Dhar, (2012), Bio processing of solid wastes and secondary resources for metal
extraction- A Review, Waste Manag. 32, 3-18

[5]P. C Madu, G.D Akpayio, I. Ikoku, (2011), Biosorption of Cr**, Pb**, and Cd** ions from
aqueous solution using modified and unmodified millet chaff, J.chem. Pharm. Res. 3, 467-
477.

[6]O. Krystofova, V. Shestivska, M. Galiova, K. Novotony, J.Kaiser, J. Zehnalek, P. Babula,
R. Opatrilova, V. Adam, R. Kizek, (2009), Sunflower plants as bioindictors of environmental
pollution with lead (II) ions, Sensors. (5010-5058).

[7]B. Dhir, P.Sharmila, P.P Saradhi, (2009), Potential of aquatic macrophytes for removing
contaminants from the environment, Crit. Rev. Environ. Sci Technol. 39, 754-781

[8]Sharon Olivera, K. Chaitra, Krishna Vekatesh, Handanahally Basavarajaiah Muralidhara,
Inamuddin, Abdullah M. Asiri, Mohd Imran Ahamed, (2018), Cerium dioxide &composites
foe the removal of toxic meal ion.

[9]Raichur AM, Panvekar V (2002) Removal of As(V) by adsorption onto mixed rare earth
oxides.

[10]Hokkanen S, Repo E, Lou S, Sillanpdd M (2015) Removal of arsenic(V) by magnetic
nanoparticle activated microfibrillated cellulose. Chem Eng J 260:886—894.

[[1]Yamamura S, Bartram J, Csanady M etal (2003) Drinking water guidelines and
standards. Arsenic, water, and health: the state of the art. World Health Organization,
Geneva, Switzerland

[12]Albadarin AB, Mangwandi C, Walker GM et al (2013) Influence of solution chemistry
on Cr(VI) reduction and complexation onto date-pits/tea-waste biomaterials. J Environ
Manage 114:190-201.

[13]Recillas S, Colon J, Casals E et al. (2010), Chromium VI adsorption on cerium oxide
nanoparticles & morphology changes during the process. ] Hazard Mater 184: 425-431.
[14]Huang X, Pan M (2016) The highly efficient adsorption of Pb(II) on graphene oxides: a

30



process combined by batch experiments and modeling techniques. J Mol Liq 215:410-416.
[15)Jarup L, Berglund M, Elinder C etal (1998) Health effects of cadmium exposure: a
review of the literature and a risk estimate. Scand J Work Environ Health 24:1-51.

[16]S. Demim, N. Drouiche, A. Aouabed, T. Benayad, O. Dendene-Badache, S. Semsari,
Cadmium and nickel: Assessment of the physiological effects and heavy metal removal using
a response surface approach by L. gibba, Ecol. Eng. 61 (2013) 426-435.

[17]S. Yang, J. Li, D. Shao, J. Hu, X. Wang, Adsorption of Ni(II) on oxidized multi-walled
carbon nanotubes: Effect of contact time, pH, foreign ions and PAA, J. Hazard. Mater. 166
(2009) 109-116.

[18]I. Mobasherpour, E. Salahi, M. Ebrahimi, Removal of divalent nickel cations from
aqueous solution by multi-walled carbon nano tubes: Equilibrium and kinetic processes, Res.
Chem. Intermed. 38 (2012) 2205-2222.

[19]S. Malamis, E. Katsou, A review on zinc and nickel adsorption on natural and modified
zeolite, bentonite and vermiculite: Examination of process parameters, kinetics and
isotherms, J. Hazard. Mater. 252-253 (2013) 428-461.

[20]S. Kumari, G.S. Chauhan, New Cellulose — Lysine Schiff -Base-Based Sensor —
Adsorbent for Mercury lons, ACS Appl Mater Interfaces. 6 (2014) 5908—5917.

[21]L. Windham-Myers, J.A. Fleck, J.T. Ackerman, M. Marvin-DiPasquale, C.A. Stricker,
W.A. Heim, P.A.M. Bachand, C.A. Eagles-Smith, G. Gill, M. Stephenson, C.N. Alpers,
Mercury cycling in agricultural and managed wetlands: A synthesis of methylmercury
production, hydrologic export, and bioaccumulation from an integrated field study, Sci. Total
Environ. 484 (2014) 221-231.

[22]S. Malar, S.V. Sahi, P.J.C. Favas, P. Venkatachalam, Mercury heavy-metal-induced
physiochemical changes and genotoxic alterations in water hyacinths [Eichhornia crassipes
(Mart.)], Environ. Sci. Pollut. Res. 22 (2015) 4597—4608.

[23]M. Hadavifar, N. Bahramifar, H. Younesi, M. Rastakhiz, Q. Li, J. Yu, E. Eftekhari,
Removal of mercury(Il) and cadmium(Il) ions from synthetic wastewater by a newly
synthesized amino and thiolated multi-walled carbon nanotubes, J. Taiwan Inst. Chem. Eng.
000 (2016) 1-9.

[24] P. Miretzky, A.F. Cirelli, Hg(I) removal from water by chitosan and chitosan
derivatives: A review, J. Hazard. Mater. 167 (2009) 10-23.

[25] H. Parham, B. Zargar, R. Shiralipour, Fast and efficient removal of mercury from water
samples using magnetic iron oxide nanoparticles modified with 2mercaptobenzothiazole, J.

Hazard. Mater. 205-206 (2012) 94—100.

31



[26]C. Fermina Carolin, P. Senthil Kumar, A. Saravanan, G. Janet Joshiba and Mu. Naushad
(2017), Efficient techniques for the removal of toxic heavy metals from aquatic environment:
A Review.

[27]Rekha Sharma, Sapna Raghav, Manjula Nair, and Dinesh Kumar, (2018), Kinetics and
Adsorption Studies of Mercury and Lead by Ceria Nanoparticles Entrapped in Tamarind
Powder, Department of Chemistry and Department of Chemistry, Banasthali Vidyapith,
Banasthali, Rajasthan 304022, India.

[28]Lihui Tian, Caiting Li, Qun Li, Guangming Zeng, Zhao Gao, Shanhong Li, Xiaopeng
Fan, (2009), Removal of elemental mercury by activated carbon impregnated with CeO2,
College of Environmental Science and Engineering, Hunan University, Changsha 410082,
China

[29]Juan He, Gunugunuri K. Reddy, Stephen W Thiel, Panagiotis G. Smirniotis, and Neville
G. Pinto. Ceria-Modified Manganese Oxide/Titania Materials for Removal of Elemental and
Oxidized Mercury from Flue Gas, (2011).

[30]Qiang Lv , Ming Cai, Chang'an Wang, Yang He, Defu Che, Investigation on elemental
mercury removal by cerium modified semi-coke, (2019).

[31]Dongjing Liu, Weiguo Zhou, and Jiang Wu, (2018), Kinetic behaviour of elemental
mercury sorption on cerium- and lanthanum- based composite oxide.

[32]D. J. Liu, W. G. Zhou and J. Wu, Korean J. Chem. Eng. 33 (2016) 1837.

[33]J. Wu, D. J. Liu, W. G. Zhou, Q. Liu and Y. Huang, High-Temperature H2S Removal
From IGCC Coarse Gas (Springer Nature Singapore Pte Ltd., Singapore, 2018).

[34]Samira Mohajer, Mahmoud Chamsaz, Elaheh K. Goharshadi & Sara Samiee, (2017),
Nanometer-sized Cerium Oxide particles for solid phase extraction of trace amounts of
mercury in real samples prior to cold vapor atomic adsorption spectroscopy.

[35]Tamara Minovi Arsi, Ana Kalijadis, Branko Matovi, Milovan Stoiljkovi, Jelena Panti,
Jovan Jovanovi, Rada Petrovi, Bojan Joki, Biljana Babi, Arsenic(Ill) adsorption from
aqueous solutions on novel carbon cryogel/ceria nanocomposite, (2016).

[36]Qinzhong Feng, Zhiyong Zhang, Yuhui Ma, Xiao He, Yuliang Zhao and Zhifang Chai,
(2012), Adsorption and desorption characteristics of arsenic onto ceria nanoparticles.
[37]Ling Yu, Ying Ma, Choon Nam Ong, Jianping Xieb and Yanbiao Liu, (2015), Rapid
adsorption removal of arsenate by hydrous cerium oxide—graphene composite

[38]Radha Sawana, Yogesh Somasundar, Venkatesh Shankar Iyer, Babita Baruwati, (2016),
Ceria modified activated carbon: an efficient arsenic removal adsorbent for drinking water

purification, Journal of Springer.

32



[39]Prashant Kumar Mishra Amit Saxena Ashok Singh Rawat Pradeep Kumar Dixit, Rakesh
Kumar, Pramod Kumar Rai, (2017), Surfactant-Free One-Pot Synthesis of Low-Density
Cerium Oxide Nanoparticles for Adsorptive Removal of Arsenic Species.

[40]Jing Chen, Jianyan Wang, Gaosheng Zhang, Qiuyue Wu, Dongtian Wang, Facile
fabrication of nanostructured cerium-manganese binary oxide for enhanced arsenite removal
from water, (2018).

[41]Lingfan Zhang, Tianyi Zhu, Xin Liu, Wenqing Zhang, (2016), Simultaneous oxidation
and adsorption of As(IIl) from water by cerium modified chitosan ultrafine nanobiosorbent
[42]R.Murugan, G.Vijayaprasath, T.Mahalingamb and G.Ravia, (2016), Room Temperature
Ferromagnetism of Ni doped Cerium Oxide Single Crystalline Thin Films Deposited by using
rf Magnetron Sputtering.

[43]Chang-Yan Cao Zhi-Min Cui, Chao-Qiu Chen, Wei-Guo Song and Wei Cai, Ceria
Hollow Nanospheres Produced by a Template-Free Microwave-Assisted Hydrothermal
Method for Heavy Metal Ion Removal and Catalysis, (2010)

[44]Aaron L. Santos, Rodrigo A. Reis, Vinicius Rossa, Marcelo M. Reis, André L.H. Costa,
Claudia O. Veloso, Cristiane A. Henriques, Fatima M.Z. Zotin, Marcio L.L. Paredes, Erika B.
Silveira, Sandra S.X. Chiaro, (2015), Silica—alumina impregnated with cerium, nickel, and
molybdenum oxides for adsorption of sulphur and nitrogen compounds from diesel.

[45]Yu Su, Weiyi Yang, Wuzhu Sun, Qi Li, and Jian Ku Shang, (2015), Synthesis of
mesoporous cerium-zirconium binary oxide nanoadsorbents by a solvothermal process and
their effective adsorption of phosphate from a water.

[46]Wei Gu, Qiang Xie, Mingchao Xing, Deyi Wu, Enhanced adsorption of phosphate onto
zinc ferrite by incorporating cerium,(2016).

[47]Contreras A.R., Casalas E., Puntes V., Komilis D., Sanchez A., Font X., (2015), Use of
cerium oxide nanoparticles for the adsorption of dissolved cadmium (II), lead (II), and
chromium (VI) at two different pHs in single and multi-component systems.

[48]Chao Wang, Xiulei Fan, Peifang Wang, Jun Hou, Yanhui Ao, Lingzhan Miao, (2016),
Adsorption behaviour of lead on aquatic sediments contaminated with cerium dioxide
nanoparticles.

[49]Hamidreza Sharifan, Xianoxuan Wang, Binglin Guo, and Xingmao Ma, (2018),
Investigation on the modification of physicochemical properties of cerium oxide
nanoparticles through adsorption of Cd and As (IIl)/ As (V), ACS sustainable chemical &

engineering.

33



[50]Shuddhodan P. Mishra and Vinod K. Singh Efficient Removal of Cadmium lons from
Aqueous Solutions by Hydrous Ceric Oxide - A Radiotracer Study, (1995), Nuclear and
Radiochemistry Laboratory, Department of Chemistry, Banaras Hindu University, Varanasi
221005.

[51]Alaa Al-Kinani, Mohammad Eftekhari, Mohammad Gheibi & Mahmoud Chamsaz
Polyaniline-coated cerium oxide nanoparticles as an efficient adsorbent for preconcentration
of ultra-trace levels of cadmium (II) followed by electrothermal atomic absorption
spectrometry, (2018).

[52]Ada Rebecca Contreras, Ana Garc, Edgar Gonzalezb, Eudald Casals, Victor Puntes,
Antoni Sa'ncheza, Xavier Fonta, Sonia Recillasa, Potential use of CeO2, TiO2 and Fe304
nanoparticles for the removal of cadmium from water, (2012).

[53]S. Mandal , S.S. Mahapatra b, R.K. Patel, (2015), Enhanced removal of Cr(VI) by
cerium oxide poyaniline composite: Optimization and modeling approach using response
surface methodology and artificial neural networks , (2015), Department of Chemistry,
National Institute of Technology, Rourkela, Odisha, India.

[54]Jose Sabino da Silva Neto, Vivian Stumpf Madeira, Gicelia Rodrigues, Jerlan Alves da
Silva and Mariana Fortini Moreira, (2019), Chromium (VI) removal using cerium doped iron
oxide nanoparticles.

[55]Fangfang Wang and Minggiao Ge, (2016), Fibrous mat of chitosan/polyvinyl alcohol
containing cerium (III) for the removal of chromium(VI) from aqueous solution.

[56]Ahmad B. Albadarina, Zheyu Yang, Chirangano Mangwandi,Yoann Glocheux, Gavin
Walkera, M.N.M. Ahmad,Experimental design and batch experiments for optimization of
Cr(VI) removal from aqueous solutions by hydrous cerium oxide nanoparticles, (2014).
[57]Miss Shilpa Jena, Synthesis of Ceria Nanopowder for the removal of Hexavalent
Chromium from synthetic Cr (VI) solution.

[58]Kuntaiah Kuncham, Sajitha Nair, Smeer Durani, Roopa Bose, (2017), Efficient removal
of uranium(VI) from aqueous medium using ceria nanocrystals: an adsorption behavioural

study, Journal of Springer.

34



35



