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INTRODUCTION

This chapter presents a detailed overview of heterogeneous catalysis and transition metal-
based layered double hydroxides (LDHSs). The technological developments in the smart
design and synthesis of transition metal based LDHs is studied over the years with the
emphasis on the exploration of pertinent heterogeneous materials for different field of
prospects. The suitable synthesis strategy for the fabrication of transition metal-based

LDHs along with their applications in various promising fields is briefly reviewed.
1.1  Background

Catalysis is considered as a key revolutionary trait in the domain of science and
technology. Typically, it is defined as the phenomenon of increasing the rate of a chemical
reaction on addition of a small quantity of an external substance known as the catalyst. A
catalyst is a substance which increases the rate of a chemical reaction without itself being
undergone any chemical change or consumed in the reaction [1]. The term catalysis was
first introduced in 1836 by Berzelius, a Swedish chemist, but scientifically defined firstly
by Ostwald in 1894 [2]. The “catalysis” word originally came from Greek words kata
(cata) which means down and lyein (lysis) means loosen. A catalyst provides an
alternative pathway for the reaction by lowering the activation energy barrier. The
catalytic reactions are carried out under milder conditions and thus saving the energy. The
reactions are very fast and reach the desired product(s) through a selective route using

fewer resources; and thus minimize the waste.

Catalysis is classified into two major types: homogeneous and heterogeneous
catalyses. In homogeneous catalysis, the catalyst is present in the same as the reactant
forming a single phase. For examples, acid-base and enzyme catalysis are considered as
the most important homogeneous catalysis. In heterogeneous catalysis, the catalyst is
present in different phase as that of the reactant and usually these are solid materials. The
surface reactions fall into this category. The heterogeneous catalysts have several
advantages over homogeneous catalysts and these are presented in Table 1.1 [3]. The
major advantages of heterogeneous catalysts are the easy separation after the completion

of reaction and reusability. In case of solid-gaseous systems, the catalyst can be easily
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separated and cleaned, and in liquid-solid systems, it can be separated simply by filtration.
But separation of homogeneous catalysts from the reaction mixture is quite difficult as
they are in one phase with the reactants. Moreover, high cost, toxicity, corrosion,
generation of huge amount of solid wastes products etc. make the homogeneous catalytic

reactions environmentally and economically unsuitable for industrial applications.

Table 1.1. Advantages of heterogeneous catalysts over homogeneous catalysts.

Homogeneous catalysts Heterogeneous catalysts
Difficult in separation and expensive Easy in separation and cheap
Single active site Multiple active sites

Poor thermal stability Good thermal stability

Non reusable Reusable

A numerous chemical processes have been carried out in industry following
catalytic route and major production of bulk chemicals involves the use of solid
heterogeneous catalysts. Since, the catalytic reaction occurs at specific surface sites, called
active sites, heterogeneous catalysts are often regarded as the surface catalysts. The

heterogeneous catalytic reaction involves the following steps [4]:

Q) Diffusion of the reactant from its bulk to the surface of the catalyst,
(i)  Chemisorption of the reactant on the catalyst surface,

(iii)  Chemical reaction on the surface,

(iv)  Desorption of the reaction products from the surface, and

(V) Diffusion of the product molecules from near the surface into the bulk.

Thus, the adsorption is considered to be the important step for any heterogeneous
catalytic reaction. An alternative sequence of elementary steps can be acquired due to the
presence of a catalyst to obtain the desired product. The efficiency of a heterogeneous
catalyst can also be understood in terms of activity and selectivity with morphological
characteristics like, crystallinity, surface area and active surface sites per unit area [5].
Heterogeneous catalysts have thus played vital role in different field of prospects. Some of

the popular heterogeneous catalysts are layered double hydroxides (LDH), zeolites, clays
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and mesoporous materials. However, in the recent years LDHs with exchangeable
interlayer anions, flexible tunability and uniform distribution of metal cations in the
brucite-like layers have found their applications in various fields as potential adsorbents,
stable and recyclable catalysts or catalyst supports with high academic and industrial
importance [6]. In view of these, we have presented herein a comprehensive overview on
the use of layered double hydroxides and mixed metal oxides derived from them as

heterogeneous catalytic system for various applications.
1.2 Layered double hydroxides (LDHs) and its structure

Layered double hydroxides (LDHSs) are inorganic lamellar compounds represented by the
general formula as [M**1 x M* (OH)2J** (A" )xn .mH,0, where, M** is divalent metal
cation such as Mg, Co?*, Ni?*, Cu** and Zn®*; and M** is trivalent metal cation such as
AIP*, Fe*" and Cr®"; x is the charge density whose value lies in the ranges of 0.2-0.33; A™
is the interlayer anion such as COs>", SO,%, NOs, Fand CI™ [7-9]. Simplicity, low cost
preparation and easy handling make these materials more suitable for the researchers.
These are commonly known as hydrotalcite-like compounds due to their structural
similarities to naturally occurring hydrotalcite mineral, [MgsAl2(OH)16(C0O3).4H,0]
whose structure is consisting of positively charged framework, with cations occupying the

octahedral sites between the sheets.

Figure 1.1 shows the schematic diagram for structural representation of LDH. The
crystal structure of LDH is analogous to that of the brucite, Mg(OH), that constituted by
sharing the edge sheets of octahedral M(OH)g units [10].The structure is based on the
stacking of hydroxides layers where a proportion of the M®* cations are replaced by M**
cations resulting in the formation of excess residual positive charges in the layers [11,12].
This resulting excess positive charge of the layers is balanced by the anions incorporated
in the gallery or interlayer region of brucite-like layers [11,12]. The interlayer region also
contains water molecules, hydrogen bonded to surface hydroxyl groups of the layer and/or
the anions located in interlayer space [13]. The stability of LDH is depends on the
electrostatic interactions and hydrogen bonding between the brucite-like layers and the

interlayer contents, holding the layers together and thus establishing the crystal structure
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[13]. Based on the stacking of brucite-like layers on top of one another, LDHs are
assigned to two forms with two layer-repeat belongs to hexagonal polytypes (2H), and
three-layer repeat belongs to rhombohedral polytypes (3R; and 3Rj;) [13]. The synthetic
LDHs are usually assigned to 3R; as well as 3R, form [13]. Like layered silicates, LDHs
have layered structure which is significantly different from the former. LDHs are anionic
clays containing positively charged brucite-layers with charge compensating anionic
interlayer or gallery species [14], while the silicates are cationic clay with positively
charged layers and gallery space containing cationic species.
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Figure 1.1. Schematic diagram for structural representation of layered double hydroxide
(LDH).

1.3 Synthetic procedures of LDHs

LDHs are simple and inexpensive materials which can be easily synthesized in the
laboratory and industrial scales. Several methods are available for synthesis of LDHs and
can be engineered with desirable physical and chemical properties for various needed
applications [15]. Different methods adopted for the synthesis of LDHs are schematically

presented in Figure 1.2.
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Figure 1.2. Various synthetic methodologies of LDH.
1.3.1 Co-precipitation method

Figure 1.3. shows the schematic diagram of co-precipitation method for preparation of
LDH. In co-precipitation method, LDHs are prepared by the addition of two solutions, one
containing metal salts of M* and M**; and another containing base, such as NaOH,
Na,CO3, NH;OH and so on. In this method, initially metal hydroxides are formed and
further addition of base results in the conversion of metal hydroxides into LDH through
precipitation mechanism. In co-precipitation method, pH is an important factor as it
adversely affects the structural and chemical properties of the LDH phases. During the
addition, the pH of the solution mixture is kept at constant in the range of 8-10 in order to
attain high chemical homogeneity in LDH [16]. The constant pH is maintained by the
simultaneous addition of a base solution to the reaction mixture. The final solution
mixture is allowed for aging for a long period of time to acquire a material of well
crystallized structure. The as obtained solid precipitate is collected by filtration, washed

thoroughly with deionized water and dried overnight.
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Figure 1.3. Schematic diagram of co-precipitation method for preparation of LDH.
1.3.2 Sonochemical method

In typical method, LDHs are prepared by co-precipitation method followed by
sonochemical treatment. In first step, two solutions containing M** and M** metal salts are
mixed slowly with another solution containing base. During the mixing, the pH of the
solution mixture is maintained at constant in the range of 8-10 depending on the nature of
the metal ions. After completion of mixing, the resulting solution is subjected to
ultrasound irradiation at a particular time and temperature. The solid precipitate is filtered,
washed thoroughly with deionized water and dried in oven overnight. This method helps

in improving the crystallinity of LDH phases [16].

The phenomenon of sonochemical method is based on the acoustic cavitation [17].
When the solution mixture is subjected to ultrasonic irradiation, rapid movement of the
fluid leads to cavitation in which microbubbles are formed and collapsed [18]. This
oscillating microbubbles create unique hot spot arises due to the compressional heating
from collapsing of bubble and thus produces extraordinary conditions inside the bubble
with extremely high temperature, pressure and cooling rates [17].
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1.3.3 Urea method

In a typical urea method, urea is added to an aqueous solution of desired M** and M**
metal salts and heated under reflux condition for several hours. The precipitate obtained is
collected by filtration, washed thoroughly with deionized water and dried overnight. The
rate of urea hydrolysis can be possible to increase upto 200 times by increasing the
reaction temperature to 100 °C [16]. The urea molecules undergo decomposition to
produce ammonium carbonate, which finally causes in the precipitation into LDH with
COs> as interlayer anion. The urea method provides high degree of crystallinity and a

narrow particle size distribution.
1.3.4 Sol-gel method

The sol-gel method was first explored by Lopez et al. [19] for the synthesis of MgAl
LDHs. In a typical method, ethoxide solution of M?* metal is added to another solution
containing acetylacetonate/ tri-sec-butoxide of M®*" metal and heated under refluxed
condition. The pH of the suspension is maintained at 10 by adding base like, NH,OH and
allowed to stir constantly until the gel like precipitate of LDH is formed. The as obtained
gel like product is filtered, washed properly with deionized water and dried overnight. The
LDHs synthesized using sol-gel method is thermally very stable, but less crystalline than

those synthesized via the co-precipitation method.
1.3.5 Hydrothermal method

In a typical method, two solutions containing M** and M** metal salts are added dropwise
to an another solution containing base under vigorous stirring at room temperature. Then,
the suspension is transferred into a Teflon-lined autoclave and heated at higher
temperature for several hours depending upon the metal ions. The pH of the supernatant
ranges 8-10. The solid precipitate is collected by centrifugation washed thoroughly with
deionized water and ethanol and dried overnight. The hydrothermal method is useful for

synthesis of highly crystalline LDHs.
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1.3.6 lon exchange method

The ion exchange method is based on the exchange of anions in interlayer space with
other anionic species. In typical method, the precursor LDH is suspended in an aqueous
solution containing the anionic species to be exchanged. The suspension is then allowed to
stir for several hours at room temperature. The precipitate is then collected by filtration,

washed several times with deionized water and dried overnight.
1.3.7 Reconstruction method

The reconstruction method for synthesis of LDHs was first described by Miyata [20]. This
method involves the reconstruction of the layered structure of brucite-like LDH by
hydrating the calcined LDH. The reconstruction method is based on one of the unique
properties of LDHSs i.e. memory effect. In first step, the LDHSs are calcined at a particular
temperature to obtain mixed oxides and then subjected to rehydration in aqueous solution
with the anion to be intercalated [16]. The solid precipitate is collected by filtration,

washed several times with deionized water and dried overnight.

The structural recovery however, depends upon some experimental conditions
such as, calcination temperature, duration and rate of heating. The reconstruction method

is useful mainly in the preparation of large organic anions intercalated LDH.
1.3.8 Induced hydrolysis method

In this method, metal oxides are added dropwise to an acidic solution containing M**
metal salts. The metal oxides are dissolved progressively in the acidic solution and
precipitated into LDH provided the pH is buffered by the oxide suspension [16]. The
obtained solid precipitate is filtered, washed thoroughly with deionized water and dried

overnight.

The method of induced hydrolysis can also be used for synthesis of LDH with di-

divalent, di-tetravalent and tri-trivalent systems.
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1.4 Properties of LDHs

The unique properties of LDHs such as high surface area, high adsorption capacity,
thermal stability, easily tailored properties with versatile metal compositions and M*/M**
molar ratio, adjustable surface basicity, exchangeable interlayer anions, memory effect
etc. [21,22] make them highly demandable research area for the scientist all over the globe
[23]. Moreover, LDHs are environmentally and economically feasible due to their simple
and easy handling, low cost, easy separation and reusability. The presence of surface
hydroxyl group is another important feature of brucite-like LDHSs. The efficient catalytic
activity of LDHSs can be understood in terms of two attractive features. The brucite-like
LDHs have layered structure with an abundance of basic sites, which make these materials
as potential candidate for various base catalyzed organic transformations. Moreover, the
presence of two or more than two metal cations distributed uniformly at the atomic level
within the brucite-like layers, enhances the catalytic activity and selectivity as one of
metal cations is catalytically more active [6]. The various properties of LDH are shown in

Figure 1.4.
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Figure 1.4. Various properties of LDHs.
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1.5  Applications of LDHs

LDHs are a class of inorganic layered compounds which have received considerable
importance during the past decades due to their potential applications in various chemical
and industrial processes. The various applications of LDH materials are schematically
presented in Figure 1.5. LDHs have their wide use in various fields of organic reaction
transformations [24,25], polymer [26], nanotechnology, electrochemistry [27], waste
water treatments [28,29] and bioscience [30]. Here, we have mainly focused on
applications of LDH materials in two major areas of waste water treatment and organic

reaction transformations.

Waste water treatment
Polymer Nanotechnology
Applications
of LDH
Bioscience \ Electrochemistry

Organic reaction
transformation

Figure 1.5. Various applications of LDH.
1.5.1 Waste water treatment
1.5.1.1 Organic dyes and their adverse effect on environment

Dyes are colored substance that has affinity for the substrate to which it is being applied
[31]. Dyes are highly soluble in water and/or an organic solvent. The color chemistry of
dyes can be understood in terms of various factors. They are colored because they absorb
light of wavelength in the visible rang of 400—-700 nm. They possess structure bearing at
least one chromophoric group (color-bearing group) and a conjugated system (structure
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with alternating double and single bonds). Moreover, they exhibit resonance stabilizing
structure [32]. As the name implies, natural dyes are generally obtained from natural
sources, such as plant roots, berries, bark, leaves, and wood; fungi, lichens etc.
Throughout history, people used common and locally available materials for dying
textiles. Some examples of natural plant-based dyes are indigo, saffron, woad and madder.
On the other hand, synthetic dyes are man-made and are obtained from various synthetic
resources such as petroleum by-products and earth minerals. Mauveine is the first
synthetic dye, discovered in 1856 by William Henry Perkin [31,32]. It is an organic
aniline dye, which was discovered from a failed attempt by Perkin in the total synthesis of

quinine [31]. Organic dyes are organic compounds and these may be natural or synthetic.

Dyes can be classified based on their chemical structure and use or application
method [33]. The former classification is generally adopted for practical use by the
chemists and based on certain common chemical structures. The most common and
important organic dyes belongs to azo (—-N=N-), carbonyl (C=0), phthalocyanine,
arylcarbonium ion, sulfur, polymethine and nitro chemical groups [34]. The classification
based on use or application of dyes is mostly used by the dye users, dye technologist and
attain greater interest than the former classification. Dyes belong to this classification
based on application are designed carefully with a set of properties that become suitable

for their particular application.

Various industries like paper, plastic, cosmetic, textile, pharmaceutical and food
use different types of dyes and pigments in an extensive amount [35-37]. A large quantity
of effluents is daily getting released from such industries which also contain some amount
of dyes [38]. Release of such effluents along with dyes causes severe problems to the
environment and health of the human body as well as on the aquatic organism [39-41].
Dyes are very stable and colorant in nature. When the dyes come in contact with water,
they immediately pollute the whole water bodies. Due to their high solubility in water,
presence of dyes even in a very low concentration is highly visible to the eye and hinders
the passes of sunlight through the water surface [42—44]. Since sunlight is very essential
for the photosynthesis phenomenon, it is very much difficult for the aquatic plants and

animal to survive at that situation. Dyes are very stable with complex aromatic structure
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and non degradable in nature [45,46]. Some dyes also have carcinogenic and mutagenic
properties [47]. Therefore, waste water containing dyes become a serious issue because of
the growing environmental pollution. So, it is very much essential to treat the effluents

prior to releasing to the environment.
1.5.1.2 Phenolic compounds and their adverse effect on environment

Among the various organic contaminants, phenol and its compounds are considered to be
the major pollutants due to their toxicity causing unpleasant taste and odour when
contaminating the drinking water [48-50]. Phenols have found their uses as chemical
reagents in laboratory and also as raw materials in the manufacture of various organic
compounds [51]. Phenolic compounds are also widely used in various industries including
chemical, petrochemical, refinery, pharmaceutical, paint stripping operations, plastic and
textile [52-54]. Therefore, the effluents releases from these industries are needed to treat
before them being disposed to the environment; as they may contaminant both the soil and
ground water. The phenolic compounds are very stable, persistent and are non-
biodegradable in nature [55]. Therefore, it is difficult to remove the phenolic compounds
by means of direct photolysis by sunlight. Moreover, these compounds are toxic and
carcinogenic in nature, due to which it is harmful to release such compounds into the
environment as they not only affect the aquatic system but also the human health [56-58].
Therefore, disposing of such toxic compounds safely is become a major concern and
important area of research. As the phenolic compounds are very stable, these techniques
are considered to be less effective towards the complete degradation leading to the
generation of side products which make them more time consuming and also expensive
[59-61]. Thus, it is essential to adopt such as techniques that are efficient in terms of time
and cost in order to make them more tempting to use for industrial purposes.

1.5.1.3 Methods for treatments of organic pollutants

With the increasing concern about the environmental issues related to the use of various
organic contaminants, it is very challenging to develop an effective treatment for such use.
Figure 1.6 shows the various methods developed for the treatment of organic pollutants

from aqueous solution and they include coagulation [62], oxidation [63], reduction [64],
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adsorption [65], chemical treatment, biodegradation and photocatalysis [66,67].

Methods for treatment of
organic pollutants

Adsorption Coagulation

Chemical treatment Oxidation

Biodegradation Reduction

Photocatalysis

Figure 1.6. Various methods for treatment of organic pollutants.
1.5.1.3.1 Adsorption

In general, adsorption can be defined as the adhesion of atoms, ions, or molecules from a
gas, liquid, or dissolved solid to surface of the adsorbent, creating a film of the adsorbate
over it. This is a surface based process present in many chemical, physical, biological and
natural systems and widely used in various industrial applications [68]. The adsorption
process may occur through weak van der Waals forces (physisorption) or covalent
bonding (chemisorption) and; also may occur due to electrostatic attraction between the
adsorbate and surface of the adsorbent. It is a surface phenomenon most widely adopted in

waste water treatment for removal of various organic contaminants from aqueous solution.

Various methods have been adopted for the removal of organic contaminants from
aqueous solution, however, some of the methods are expensive, effective only in case of
lower dye concentrations, time consuming and also produce toxic and harmful by-
products. Adsorption is the most effective and reliable one as it is fast, highly efficient,
less expensive, easy handing and recyclable [69—-71]. Moreover, a variety of adsorbents
are available which make the adsorption process a popular one and these includes fly ash
[72], activated carbon [73], clays [74], zeolites [75] etc. Activated carbon is considered as

effective adsorbents but economically not a feasible one [76]. Various other adsorbents
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were studied by different groups over the years with efficient adsorption efficiencies. The
effective absorption of methylene blue (MB) using graphene oxide was reported by Yang
et al. [77] with removal efficiency higher than 99%. A study on preferential and enhanced
adsorption of different dyes, such as erichrome black T (EBT), bromocresol green (BCG),
bromophenol blue (BPB), fluorescein (FLU), methyl red (MR), methylene blue (MB) and
methyl orang (MO) on iron oxide nanoparticles was explored by Saha et al.[78]. They
reported that the group of dyes, EBT, BPB, BCG, and FLU containing hydroxyl (—-OH)
groups were adsorbed more on the surface of the adsorbent. Geng et al. [79] synthesized
reduced graphene oxide (RGO)-Fe3O, nanoparticles and employed for efficient
adsorption of a series of dyes, Rhodamine B (RhB), Rhodamine 6G (R6G), acid blue 92
(AB92), orange (II) (Oll), malachite green (MG) and new coccine (NC). Again, the use of
graphene as adsorbent was demonstrated by Liu et al. [80] for removal of methylene blue

from aqueous solution with maximum adsorption capacity of 153.85 mg/g at 293K.

Owing to various advantages like simplicity, economical feasibility and high
efficacy, layered double hydroxides (LDHs) have been widely adopted as adsorbents in
the field of waste water treatment towards the removal of dyes from waste water
[6,81,82]. Ai et al. [10] studied the efficient adsorption of organic dye, methyl orange
(MO) from aqueous solution using Mg-Al LDH synthesized via hydrothermal route with
monolayer adsorption capacity of 0.453 mol-kg™. The adsorption kinetics was analysed
by pseudo first-order and the equilibrium adsorption data were fitted well to both the
Langmuir and Freundlich models. Zaghouane-Boudiaf et al. [83] reported the adsorptive
removal of anionic dye, methyl orange from aqueous solution by uncalcined and calcined
MgNiAl LDHs with maximum adsorption capacity, gmax Of 118.5 and 375.4 mg/g
respectively. They also reported the endothermic and spontaneous nature of the adsorption
process. In another report, Wu et al. [84] demonstrated the adsorption of various dyes,
basic blue (BB) as cationic; direct blue G-RB (DB), reactive yellow 4GL (RY) and acid
red GR (AR) as anionic dyes; and disperse red 3B (DR) as nonionic dye in aqueous
solution using dodecylsulfate-intercalated LDHs (LDHs-SDS). The adsorbent showed
efficient adsorption activities for removal of DB, RY, AR, DR and BB dyes with
maximum adsorption capacities, gy (mg/g) of 707.76, 392.88, 137.33, 249.24 and 165.11
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mg/g, respectively at 298 K (Figure 1.7). The adsorption isotherm data of the dyes were
best fitted to the Langmuir model except for dye, AR and the kinetics of adsorption was

well described with the pseudo-second-order model for all the dyes.

qd., (mg/g)

Dyes

Figure 1.7. Maximum adsorption capacities (qm, mg/g) for DB, RY, AR, DR and BB dyes
at 298 K using LDHs-SDS.

Pahalagedara et al. [18] reported the sonochemical synthesis of NiAl LDH for
removal of reactive azo dye, Remazol Brilliant Violet (RBV-5r). They reported that NiAl-
calcined at 250 °C (NiAI-C250SC) exhibited the enhanced dye removal efficiency of
100% in 6 min and with an adsorption capacity of 150 mg/g at 25 °C and at pH = 6. The
adsorption of reactive brilliant red X-3B dye from aqueous solution using Ni/Al-LDH,
Mg/Al-LDH and Co/Al-LDH was reported by Zhang et al. [85] with gy (maximum
adsorption capacity) values of 5.0350, 3.8358 and 2.3330 mg/mmol, respectively (Table
1.2). The adsorption process was well described with Langmuir isotherm model and the
kinetics followed a pseudo-second-order model. They also reported that the adsorption
process was spontaneous and exothermic in nature. The adsorption mechanism was
associated with the electrostatic attraction and hydrogen bonding between X-3B dye
molecules and LDH adsorbent with hydrogen bonding playing the main role in the

adsorption process.
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Table 1.2. Various adsorption parameters for removal of reactive brilliant red X-3B using

three different LDH adsorbents.

Adsorbent Om Isotherm/ Kinetics Thermodynamics
(mg/mmol)
Ni/Al-LDH 5.0350  Langmuir/Pseudo-second order Spontaneous and
exothermic
Mg/AlI-LDH  3.8358  Langmuir/Pseudo-second order Spontaneous and
exothermic
Co/Al-LDH 2.3330  Langmuir/Pseudo-second order Spontaneous and

exothermic

Zhang et al. [86] reported the fabrication of LDH—carbon dot composites for the

efficient removal of anionic methyl blue dye from aqueous solution with percentage dye

removal of 96% within 20 min (equilibrium time) with maximum uptake capability of

methyl blue, g, was 185 mg/g compared to the parent LDH adsorbent with only 45% dye

removal (Figure 1.8). They also reported that the hydrogen bonding between carbon dots

and the dye molecules along with the electrostatic attraction between anionic dye and

LDH surface are mainly responsible for the enhanced adsorption capability of the LDH-

dots composites for the removal of anionic methyl blue dye from aqueous solution.

96%

Dye removal (%)

m LDH
LDH-carbon dots

Figure 1.8. Dye removal (%) of methyl blue from aqueous solution over LDH and LDH-

carbon dots adsorbents.
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Recently, Lei et al. [87] synthesized hierarchically porous NiFe-LDH via
hydrothermal method followed by calcination to obtain LDH derived oxides (NiFe-LDO)
for the removal of Congo red (CR) dye from aqueous solution. The isotherm study
showed that the adsorption data were fitted well with the Langmuir model for both
calcined and uncalcined samples. The obtained maximum adsorption capacities were 205
and 330 mg/g for NiFe LDH and NiFe LDO, respectively. The adsorption kinetics was
well described with pseudo-second-order kinetic model. The anion exchange and
reconstruction were involved in the mechanism of adsorption process. Zubair et al. [88]
reported the efficient adsorptive removal of Eriochrome black T (EBT) dye from aqueous
solution using calcined MgAl-, CoAl- and NiFe-LDHs at pH 2. Table 1.3 showed
adsorption efficiencies of the calcined LDHSs in terms of degradation (%) and maximum
adsorption capacity, qm (mg/g) for removal of EBT. They also reported that the adsorption
of EBT followed monolayer adsorption and kinetics was well described with a pseudo-
second order model for all cases. The mechanism for enhanced adsorption of EBT on
calcined LDH adsorbents were explained on the basis of hydrogen bonding and
electrostatic attraction between surface functional groups of the adsorbent and the dye

molecule.

Table 1.3. Adsorption efficiencies of various adsorbent in terms of degradation (%) and

maximum adsorption capacity, gn, (mg/g) for removal of EBT.

Adsorbent Degradation (%) gm (Mg/g)
MgAI-CLDH 96.54 540.91
CoAl- CLDH 93.13 419.87
NiFe-CLDH 91.50 132.49

1.5.1.3.2 Photocatalysis

Photocatalysis is the acceleration of a reaction by a catalyst in the presence of photon or

light [89]. In photocatalyzed reaction, the activity of a photocatalyst mainly depends upon
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its ability to generate electron—hole pairs which create highly active oxidative free radicals
such as hydroxyl radicals (*OH), and thus able to undergo oxidative degradation process.
When the catalyst is subjected to light irradiations, photons with energy (4v) equal to or
greater than the band gap of the catalyst excite the electrons from valence band to the
conduction band leaving behind positive holes (h*) in the valence band and thus the pairs
of positive hole and negative electron are generated to promote the degradation process
[90,91]. The H,0O molecules in the reaction medium combine with the positive holes in the
valence band and generates OH’ radicals. The adsorbed O, molecule on the catalyst
surface form superoxide radicals, 0, by combining with the photogenerated negative
electrons in the conduction band. The O, radicals thus formed again combine with H*
ions and generates H,O' radicals, which in return combining with another molecule of
H,O  radicals result in the formation of H,O,. This insitu generated H,O; finally forms the
oxidizing species, OH’ radicals, which are mainly considered as the active species for
initiating the degradation of phenolic compounds. The overall possible degradation
mechanism for photocatalytic degradation of organic pollutants over LDH can be
expressed as follows,

LDH +hv - h* + e~
2H,0 + h* - 20H + 2H*
0, + e - 0,
0, + H* - HO,
HO, + HO, - H,0,+ 0,
H,0, - 20H’
OH + Organic pollutants — Degraded products

The possible mechanism for photocatalytic degradation of organic pollutants is
schematically represented in Figure 1.9.
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Figure 1.9. Schematic diagram of the proposed mechanism for photocatalytic degradation

of organic pollutants.

On increase demand of the environmental remediation, a number of studies on
photocatalytic degradation of various organic pollutants have been reported. Chen et al.
[92] reported the photocatalytic degradation of Fluoresein, Orange Il and Red acid G,
using a magnetically separable photocatalyst, TiO,/SiO,/y-Fe,O3 (TSF) under visible and
UV irradiation. Another report on the efficient photocatalytic degradation of phenol over
Co0304/BiVO, composite was demonstrated by Long et al. [93] under visible light
irradiation with the highest efficiency for the composite loaded with 0.8 wt % cobalt and
calcined at 300 °C. Lv et al. [94] synthesized the microwave-assisted ZnO-reduced
graphene oxide composite for efficient photocatalytic degradation of methylene blue with
maximum degradation efficiency of 88% under UV light irradiation in 260 min at neutral
pH. An efficient degradation of Rhodamine B (RhB) was reported by Jothivenkatachalam
et al. [95] using WOj3 supported zeolite-Y under visible, UV and solar light irradiation. At

the same time, Purushothaman et al. [96] reported the photocatalytic activity of wafer
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level GaN nanowires grown under catalytic and self-catalytic approach was investigated

for the degradation of methylene blue under UV and visible light irradiation.

The use of layered double hydroxides (LDHs) as photocatalyst has drawn
increasing attention towards the treatment of organic contaminants over the years [97-99].
The presence of surface —OH group in the LDH structure make it an interesting material
of choice as photocatalyst for the oxidative degradation of organic pollutants. Seftel et al.
[100] reported the photocatalytic degradation of the methyl-orange dye using Zn/Al-
LDHs. They also reported that Zn/Al-LDH with the cationic ratio of 4 and calcined at 500
°C exhibited dye removal of 93%. Shao et al. [101] demonstrated the efficient
photocatalytic activity of Zn—Ti layered double hydroxide for degradation of methylene
blue (MB) under visible-light irradiation with % degradation of ~100% in 100 min. The
synthesis of various anions such as chloride, nitrate and carbonate intercalated ZnFe
layered double hydroxides were demonstrated by Parida et al. [102] and employed as
photocatalyst for degradation of methyl violet (MV) and malachite green (MG) using
solar light. They reported that the carbonate intercalated LDH (ZnFe-CO3 LDH) showed
the efficient photocatalytic activity with degradation (%) of 99 and 98.5%; and high
apparent rate constant, Kap value of 0.036 and 0.032 for MV and MG, respectively
compared to the other intercalated LDHSs (Table 1.4).

Table 1.4. Degradation (%) and Kap, values for photodegradation of MV and MG over

various anion intercalated ZnFe LDH photocatalysts.

Photocatalyst Degradation (%) Kapp (Min™Y)

MV MG MV MG
ZnFe-Cl LDH 75 72 0.012 0.009
ZnFe-NO3z LDH 66 64 0.008 0.007
ZnFe-CO3 LDH 99 98.5 0.036 0.032

Xia et al. [103] reported the synthesis of a series of Zn/M—NQO3-LDHs (M = Al,
Fe, Ti, and Fe/Ti) and tested the catalytic activity for the photodegradation of Rhodamine

B (RB) under visible-light irradiation. Figure 1.10 shows the degradation performance of
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RB using Zn/M-NOs-LDHs following the order: Zn/Ti—NO3-LDHSs (98%) > Zn/Al-NOs-
LDHs (96%) > Zn/Fe/Ti-NOs-LDHs (88%) > Zn/Fe—NOs-LDHSs (72%). The Zn/Ti-NOs-
LDHs exhibit the efficient photocatalytic activity for the degradation of RB with Kkagap
value of 0.0329 min™* than the other Zn/M—NO;-LDH:s.
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Figure 1.10. Degradation (%) of rhodamine B (RB) on photodegradation by Zn/M—-NOs-
LDHs.

Xia et al. [104] reported the synthesis of three types of Ti-based LDHSs; Zn/Ti—-NO3—
LDHs, Zn/Al-Ti/Schiff-base—-LDHs and CeO,/ZnTi—-LDH composite for photocatalytic
degradation of methyl orange and methylene blue under visible light. Roy Chowdhury et al.
[105] synthesized 2:1 Ni/Ti layered double hydroxide (LDH) using hydrothermal route and
used as photocatalyst for degradation of methylene blue in aqueous solution under visible
light. The material showed efficient photocatalytic activity for degradation of methylene
blue (99.8% degradation) compared to various commercially available catalysts such as
ZnO, ZnS, NiO, TiO, and Degussa P25 (Figure 1.11). The enhanced photocatalytic
efficiency of the material was associated with the high surface area, narrow band gap
energy and surface defects present within the layered material.
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Figure 1.11. Photocatalytic efficiencies of Ni/Ti LDH and various commercially available

catalysts for degradation of methylene blue in aqueous solution under visible light.

Similarly, the photodegradation of phenol and its derivatives using LDHs was also
reported by various research groups. Mantilla et al. [106] studied the photodegradation of
phenol and cresol in aqueous medium by using ZnAlFe LDH derived mixed oxides under
UV light irradiation. They also reported 98 and 100% degradation of phenol and p-cresol
in 6 and 4h, respectively. Tzompantzi et al. [107] demonstrated that ZnAl LDH derived
mixed oxides efficiently degraded phenol and p-cresol using UV light with % degradation
of 95% for both cases in 4 and 6h of irradiation, respectively. In another report, Paredes et
al. [108] reported the photocatalytic degradation of phenol using TiO,/MgAl LDH
mixtures. At the same time, Valente et al. [109] studied the highly efficient photocatalytic
elimination of phenol and chlorinated phenols by CeO,/MgAl layered double hydroxides
under UV light irradiation. The efficient photocatalytic degradation of various organic
pollutants such as, xanthene dyes (Rhodamine B, Rhodamine 6G) and substituted phenol
(4-chloro 2-nitro phenol) using Zn-Cr-CO3 LDH under visible light irradiation was
reported by Mohapatra et al. [110]. Puscasu et al. [111] reported the synthesis of ZnTi-
Layered double hydroxides (LDHs) and their derived mixed metal oxides (MMO) for
photocatalytic degradation of phenol under UV light irradiation. Figure 1.12 shows the
degradation (%) of phenol over ZnTi-LDH and derived mixed oxides. They demonstrated
that presence of surface —OH groups in the LDH-matrix favored the enhanced

photocatalytic activity of ZnTi-LDH for degradation of phenol in aqueous solution and the
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decrease in the photocatalytic efficiency of the LDH derived mixed oxides could be
attributed to the loss of the —OH groups of the LDH surface on increasing the calcination

temperature.
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Figure 1.12. Degradation (%) of phenol over ZnTi-LDH and derived mixed oxides

calcined at different temperatures.
1.5.2 Organic transformations
1.5.2.1 Nitro-aldol condensation reaction

Nitro-aldol condensation reaction is one of the most important C—C bond formation
reactions [112,113]. Nitro-aldol reaction is commonly known as Henry reaction after the
name of the Belgian chemist Louis Henry who first discovered the reaction in 1895. It is
the combination of nitroalkanes containing an a-hydrogen with carbonyl compounds such
as aldehydes or ketones in the presence of a base catalyst to form 2-nitro-alkanols or /-

nitro-alkanols (Figure 1.13).

NO, 0 NO,
B OH
ase catalyst N R
+ Y
R1 H R3 R4 R4
R, R2
Rs
Nitroalkane Carbonyl compound B—nitroalkanol

Figure 1.13. Schematic diagram for nitro-aldol condensation (Henry) reaction.
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The general mechanism for nitro-aldol condensation (Henry) reaction is shown in
Figure 1.14. The mechanism is initiated with the abstraction of a proton from nitroalkane
at a-carbon position by the base catalyst. It results in the formation of a resonance
stabilized anion, which subsequently attacks on the carbonyl compound and form g-nitro
alkoxide. The protonation of the alkoxide from conjugate acid of the base give the final
product, g-nitro alcohol [114,115].
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Figure 1.14. Schematic diagram for general mechanism of nitro-aldol condensation

(Henry) reaction.

The product finds importance in many syntheses including synthesis of various
important biological compounds [116,117]. Because of its great importance, it is widely
used in bulk and fine chemical industries [118]. The utility of the Henry reaction product,
2-nitro-alkanol or fS-nitro-alkanol is schematically shown in Figure 1.15, which includes
the formation of various important compounds such as 2-amino alcohol, ketons, amino

sugars, and so on [119].

The classical method for the synthesis of 2-nitro-alkanol involves the use of
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various bases including alkali metal hydroxides, carbonates, bicarbonates etc. [120,121]
and also the use of hazardous solvents which cause environmental problem. The main
drawback of the Henry reaction is its tendency to form side products, which include the
formation of nitro-alkene by the elimination of water molecule and formation of self-
condensation reaction product (Cannizzaro reaction) in case of sterically hindered
substrate [118]. Therefore it is very much challenging to develop an economically viable

and environmentally safer way for selective synthesis of 2-nitro-alkanol.
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Figure 1.15. Schematic representation for various applications of Henry reaction product,

2-nitro-alkanol.

With increase demand of green chemical synthesis, chemists are aware of adopting
newer catalytic systems with improved reaction conditions to obtain high product yield
under mild conditions and minimizing the side reactions. Ballini et al. [122] reported the
synthesis of g-nitroalcohols using Amberlyst A-21, as the efficient heterogeneous basic
catalyst under both solvent and solvent free conditions. They showed that the reactions
with both primary and secondary nitroalkanes, exhibited good product yield under solvent
free conditions. Again, Devi et al. reported that KF loaded NaY zeolite efficiently
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catalysed nitroaldol reaction in MeOH-H,O solvent at room temperature with good to
moderate yields [116]. In another report, Sutradhar et al. [123] demonstrated the synthesis
of a new cyclic binuclear Ni(ll) complex as a heterogeneous catalyst for nitroaldol
(Henry) reaction in water with maximum conversion of ca. 93% and syn:anti selectivity
ratio of 76:24.

Although a variety of base catalysts have been studied for this reaction, searching
of a better catalyst in order to achieve high yield of the desired product with simultaneous
control of the formation of side products is an ongoing research. In the recent years, LDHs
as heterogeneous solid base catalysts have drawn significant attention in the field of
various organic transformations, owing to various advantages of high surface area, thermal
stability, simplicity, cost effectiveness and reusability [124-126]. The thermal treatment
of LDHs result in the formation of mixed oxides with unique ability to provide Bragnsted
basic sites suitable for several important organic reactions replacing homogeneous
catalysts. Choudary et al. [121] demonstrated the convenient and selective synthesis of -
nitroalkanols by the Henry reaction using activated Mg—-Al hydrotalcite in the liquid
phase. The activated catalyst displayed efficient catalytic activity with quantitative yields
in short reaction times under mild reaction conditions. The efficiency of the solid base
catalyst could be related with the Bronsted hydroxy sites present in the modified
hydrotalcite. Bulbule et al. [127] reported the efficient heterogeneous Henry reaction
between aldehydes and nitroalkanes producing threo-nitroalkanols in high yields and
diastereoselectivity. Again, the exclusive synthesis of 2-nitroalkanols was demonstrated
by Choudary et al. [128] in excellent yields and 100% selectivity at faster rates using Mg—
Al-O-t-Bu hydrotalcite in liquid phase under mild reaction conditions. Khan et al. [129]
reported the use of MgAl-hydrotalcite as a safe and reusable base catalyst in ionic liquid
for Henry reactions with significant alteration in the diastereoselectivity in case of
nitroethane. The nitroaldol reaction between a variety of aldehydes (aromatic and
aliphatic) and simple nitroalkanes (nitromethane and nitroethane) using non-activated
Mg:Al hydrotalcite with Mg/Al molar ratio of 2:1 as catalyst was reported by Cwik et al.
[130]. The non-activated MgAl hydrotalcite showed efficient catalytic activity for the base

catalysed reaction. Using nitromethane, 2- nitroalcohols was obtained as product in good
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to excellent yields at room temperature. On increasing the reaction temperature upto 100
°C, 1,3-dinitro compounds were obtained and thus opened up a new mechanism using
commercially available HT products. Thangaraj et al. [131] demonstrated the
functionalization of diaminosilane into silicate intercalated hydrotalcite (HT-Si) via a
post-synthesis method. The functionalized materials were tested as base catalyst for nitro-
aldol condensation of benzaldehyde and nitromethane. The catalyst exhibited efficient
catalytic activity for the condensation reaction under solvent-free conditions and the
enhanced activity could be attributed to the surface basicity possessed by the diamine-

functionalized materials.
1.5.2.2 Microwave assisted organic reaction

Microwave (MW) assisted reactions are environmentally benign reactions [132], which
have attracted greatest importance in the recent years. These microwave assisted reactions
provide simple process that minimizes the environmental harmfulness of classical
reactions with enhanced reaction rates at shorter reaction time with greater selectivity of
the desired product by reducing the side reactions [133]. Various reactions that are unable
to proceeds under conventional conditions can be done easily under microwave heating.
Figure 1.16 shows the difference between microwave and conventional heating.
Microwave heating is homogeneous, selective and rapid or simply it can be said that
microwave heating provides internal heating in deeper extend by interaction of microwave
energy with the reaction mixture. The phenomenon of microwave heating is based on the
ability to transfer microwave energy to heat by a specific reagent or solvent within
reaction mixture. The transfer of energy is mainly depended on the dielectric properties of
the materials. The polar compounds (high dielectric constants) are microwave active,
whereas the less polar compounds are not. In case of conventional heating, it is a process
of superficial heating. In conventional heating, the surface of the reaction mixture is
comparatively at a higher temperature than the bulk phase and energy can be transferred
from the surface to the bulk phase following the convection and conduction mechanism.
Moreover, the reaction vessel sometime must be overheated in order to reach the desired

temperature.
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Figure 1.16. Difference between conventional and microwave heating.

The improvement of product yield in short reaction time can be achieved through
microwave assisted organic synthesis which make it highly demandable for research as
well as industrial applications [134]. Microwave assisted nitroaldol (Henry) reaction has
been practiced by many research groups over the years under solvent and solventfree
conditions using various catalytic systems. Varma et al. [135] studied the solventless
henry reaction of nitroalkanes with arylaldehydes in the presence of ammonium acetate
under microwave irradiation for one step synthesis of conjugated nitroalkenes without the
isolation of intermediary B-nitro alcohols. Kumar et al. [136] reported the rapid addition
of nitroalkanes to aromatic aldehydes to give 2-nitroalkanols in moderate to high yields in
dry media using activated SiO, under microwave irradiation. Rodriguez et al. [137]
demonstrated microwave assisted Henry reaction for one-pot synthesis of nitroolefins
from aryl aldehydes using ammonium acetate as a catalyst without solvent. They also
reported that the yield of the nitroalcohols was improved on use of microwave irradiation
as the energy source. Neelakandeswari et al. [138] studied the microwave-assisted Henry
reaction of nitromethane with a series of aromatic aldehydes using nickel hydroxyapatite
nanocomposite (Ni-HAp) as a green catalyst under solvent free condition to afford
nitrostyrenes. An environmentally benign way to synthesize g-nitroalcohols in methanol—
water solvent with excellent yield and selectivity under microwave irradiation using

potassium salt modified NaY zeolite was reported by Devi et al. [139]. However, the
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study on microwave assisted nitro aldol (Henry) reaction using LDHs and mixed metal
oxides derived from them are limited. Herein, we have explored the combined benefits of
microwave irradiation with highly basic sites of LDHSs and their derived mixed oxides for

the reaction under solvent free condition.
1.6 Objectives of the research work

Going through the extensive literature survey, the main objectives of the research work

are set according to the following points:

(i) To synthesize various LDHs and LDH derived mixed metal oxides with varying

metal compositions via the co-precipitation method and sonochemical method.

(if) To characterize the obtained LDHs and LDH derived mixed metal oxides by using
various techniques such as XRD, FTIR, TGA, SEM, TEM, N-adsorption desorption
method, UV-DRS, Raman etc.

(iii) To utilize the various ternary and binary LDHs of varying metal compositions
synthesized via the co-precipitation method and sonochemical method for adsorptive

removal of different organic dye pollutants from aqueous solution.

(iv) To utilize the Zn-based LDH synthesized via the co-precipitation method for
photocatalytic degradation of various organic pollutants such as dyes and phenolic
compounds from aqueous solution.

(v) To utilize the various ternary LDHs derived mixed metal oxides for base catalyzed

nitro-aldol condensation reaction.



Chapter 1 | 1-30

REFERENCES

[1] Puri, B. R., Sharma, L. R., and Pathania, M. S. Principles of Physical Chemistry.
Vishal Publication, Jalandhar, India, 42nd edition, 2007.

[2] Cornils, B., Herrmann, W. A., Schlégl, R., and Wong, C. H. Catalysis from A to
Z, Wiley-VCH, 2003.

[3] Farnetti, E., Monte, D. R., and Kaspar, J. Homogeneous and heterogeneous
catalysis in Inorganic and bioinorganic chemistry, volume Il of Encyclopedia of
life support systems, Bertin, I., eds.

[4] Chakrabarty, D. K. and Viswanathan, B. Heterogeneous catalysis. New Age
International, New Delhi, 1st edition, 2008.

[5] Mapa, M. Synthesis,Characterization and catalytic studies of heteroatoms
incorporated ZnO. PhD thesis, Catalysis Division, National Chemical
Laboratory, Pune, India, 20009.

[6] Fan, G., Li, F., Evans, D. G., and Duan, X. Catalytic applications of layered
double hydroxides: recent advances and perspectives. Chemical Society Reviews,
43(20):7040-7066, 2014.

[7] Dou, L. and Zhang, H. Facile assembly of nanosheet array-like CuMgAl-layered
double hydroxide/rGO nanohybrids for highly efficient reduction of 4-
nitrophenol. Journal of Materials Chemistry A, 4:18990-19002, 2016.

[8] Chitrakar, R., Tezuka, S., Sonoda, A., Sakane, K., and Hirotsu, T. A new method
for synthesis of Mg-Al, Mg-Fe, and Zn-Al layered double hydroxides and their
uptake properties of bromide ion. Industrial & Engineering Chemistry Research,
47(14):4905-4908, 2008.

[9] Luo, W. and Dahn, J. R. Preparation of Co; ;Al,(OH),(NOs), layered double
hydroxides and Li(Co; ;Al;)O,. Chemistry of Materials, 21(1):56-62, 2009.

[10] Ai, L., Zhang, C., and Meng, L. Adsorption of methyl orange from aqueous
solution on hydrothermal synthesized Mg-Al layered double hydroxide. Journal
of Chemical Engineering Data, 56(11):4217-4225, 2011.

[11] Chisem, I. C. and Jones, W. lon-exchange properties of lithium aluminium
layered double hydroxides. Journal of Materials Chemistry, 4(11):1737-1744,
1994,



Chapter 1 | 1-31

[12] Bontchev, R. P., Liu, S., Krumhansl, J. L., Voigt, J., and Nenoff, T. M.
Synthesis, characterization, and ion exchange properties of hydrotalcite
MgsAl(OH)16(A)(A)2x-4H20 (A, A’ = CI', Br, I, and NO*, 2> x> 0)
derivatives. Chemistry of Materials, 15(19):3669-3675, 2003.

[13] Xu, Z. P., Zhang, J., Adebajo, M. O., Zhang, H., and Zhou, C. Catalytic
applications of layered double hydroxides and derivatives. Applied Clay Science,
53(2):139-150, 2011.

[14] Guo, Y., Li, D., Hu, C., Wang, E., Zou, Y., Ding, H., and Feng, S. Preparation
and photocatalytic behavior of Zn/Al/W(Mn) mixed oxides via polyoxometalates
intercalated layered double hydroxides. Microporous and Mesoporous
Materials, 56(2):153-162, 2002.

[15] Galvdo, T. L. P., Neves, C. S., Caetano, A. P. F., Maia, F., Mata, D., Malheiro,
E., Ferreira, M. J., Bastos, A. C., Salak, A. N., Gomes, J. R. B., Tedim, J., and
Ferreira, M. G. S. Control of crystallite and particle size in the synthesis of
layered double hydroxides: Macromolecular insights and a complementary
modeling tool. Journal of Colloid and Interface Science, 468:86-94, 2016.

[16] Forano, C., Hibino, T., Leroux, F., and Taviot-Gueho, C. Layered double
hydroxides. In Bergaya, F., Theng, B. K. G., and Lagaly, G., editors, Handbook
of clay science, volume 1 of Developements in Clay Science, pages 1021-1094,
Elsevier, 2006.

[17] Cabanas-Polo, S., Suslick, K. S., and Sanchez-Herencia, A. J. Effect of reaction
conditions on size and morphology of ultrasonically prepared Ni(OH), powders.
Ultrasonics sonochemistry, 18(4):901-906, 2011.

[18] Pahalagedara, M. N., Samaraweera, M., Dharmarathna, S., Kuo, C. H.,
Pahalagedara, L. R., Gascon, J. A., and Suib, S. L. Removal of azo dyes:
Intercalation into sonochemically synthesized NiAl layered double hydroxide.
The Journal of Physical Chemistry C, 118(31):17801-17809, 2014.

[19] Lopez, T., Bosch, P., Ramos, E., Gomez, R., Novaro, O., Acosta, D., and
Figueras, F. Synthesis and Characterization of Sol— Gel Hydrotalcites. Structure
and Texture. Langmuir, 12(1):189-192, 1996.

[20] Miyata, S. Hydrotalcites in relation to composition. Clays and Clay Mineral,
28(1):50-56, 1980.



Chapter 1 | 1-32

[21] Zou, Y., Wang, X., Wu, F., Yu, S., Hu, Y., Song, W., Liu, Y., Wang, H., Hayat,
T., and Wang, X. Controllable synthesis of Ca-Mg-Al layered double hydroxides
and calcined layered double oxides for the efficient removal of U(VI) from
wastewater  solutions. ACS Sustainable Chemistry &  Engineering,
5(1):1173-1185, 2017.

[22] Parida, K., Mohapatra, L., and Baliarsingh, N. Effect of Co®* substitution in the
framework of carbonate intercalated Cu/Cr LDH on structural, electronic,
optical, and photocatalytic properties. The Journal of Physical Chemistry C,
116(42):22417-22424, 2012.

[23] Liang, H., Li, L., Meng, F., Dang, L., Zhuo, J., Forticaux, A., Wang, Z., and
Jin, S. Porous two-dimensional nanosheets converted from layered double
hydroxides and their applications in electrocatalytic water splitting. Chemistry of
Materials, 27(16):5702-5711, 2015.

[24] Tan, Y., Sun, D., Chen, L., and Li, C. C. Porous Ru/RuOx/LDH as highly active
heterogeneous catalysts for the aerobic oxidation of alcohols. New Journal of
Chemistry, 40:8364-8370, 2016.

[25] Antonyraj, C. A., Gandhi, M., and Kannan, S. Phenol hydroxylation over Cu-
containing LDHs and their calcined forms: Profound cobivalent metal influence.
Industrial & Engineering Chemistry Research, 49(13):6020-6026, 2010.

[26] Dou, Y., Han, J.,, Wang, T., Wei, M., Evans, D. G., and Duan, X. Temperature-
controlled electrochemical switch based on layered double hydroxide/poly (N-
isopropylacrylamide) ultrathin films fabricated via layer-by-layer assembly.
Langmuir, 28(25):9535-9542, 2012.

[27] Liu, S., Lee, S. C., Patil, U., Shackery, I., Kang, S., Zhang, K., Park, J. H.,
Chung, K. Y., and Jun, S. C. Hierarchical MnCo-layered double
hydroxides@Ni(OH), core—shell heterostructures as advanced electrodes for
supercapacitors. Journal of Materials Chemistry A, 5:1043-1049, 2017.

[28] Mohapatra, L. and Parida, K. M. Zn-Cr layered double hydroxide: Visible light
responsive photocatalyst for photocatalytic degradation of organic pollutants.
Separation and Purification Technology, 91:73-80, 2012.



Chapter 1 | 1-33

[29] Li, Z.,, Yang, B., Zhang, S., Wang, B., and Xue, B. A novel approach to
hierarchical sphere-like ZnAl-layered double hydroxides and their enhanced
adsorption capability. Journal of Materials Chemistry A, 2:10202-10210, 2014.

[30] Hu, H., Xiu, K. M., Xu, S. L., Yang, W. T., and Xu, F. J. Functionalized layered
double hydroxide nanoparticles conjugated with disulfide-linked polycation
brushes for advanced gene delivery. Bioconjugate Chemistry, 24(6):968—978,
2013.

[31] Wikipedia contributors. Dye. Retrieved on 30 Mar. 2017 from
https://en.wikipedia.org/w/index.php?title=Dye&oldid=768362200, 3 March

2017.
[32] IARC Working group on the evaluation of carcinogenic risk to humans. General

introduction to the chemistry of dyes. Retrieved on 30 Mar. 2017 from
https://www.ncbi.nlm.nih.gov/books/NBK385442/, no date.

[33] Hunger, K. (Ed.). Industrial dyes: chemistry, properties, applications. John
Wiley & Sons, 2007.

[34] Christie, R. M. Colour chemistry. Royal Society of Chemistry, 2nd edition,
2004.
[35] Li, M., Wang, H., Wu, S., Li, F., and zhi, P. Adsorption of hazardous dyes

indigo carmine and acid red on nanofiber membranes. RSC Advances, 2:900—
907, 2012.

[36] Malik, P. K. Use of activated carbons prepared from sawdust and rice-husk for
adsorption of acid dyes: A case study of acid yellow 36. Dyes and Pigments,
56(3): 239-249, 2003.

[37] Chen, H. and Zhao, J. Adsorption study for removal of congo red anionic dye
using organo-attapulgite, Adsorption, 15(4):381-389, 2009.

[38] Teixeira, T. P. F., Pereira, S. I., Aquino, S. F., and Dias, A. Calcined layered
double hydroxides for decolorization of azo dye solutions: Equilibrium, Kinetics,
and recycling studies, Environmental Engineering Science, 29(7):685-692,
2012.

[39] Ai, L. and Jiang, J. Fast removal of organic dyes from aqueous solutions by
AC/ferrospinel composite. Desalination, 262(1-3):134-140, 2010.


https://en.wikipedia.org/w/index.php?title=Dye&oldid=768362200
https://www.ncbi.nlm.nih.gov/books/NBK385442/

Chapter 1 | 1-34

[40] Wan Ngah, W. S., Teong, L. C., and Hanafiah, M. A. K. M. Adsorption of dyes
and heavy metal ions by chitosan composites: A review. Carbohydrate
Polymers, 83(4):1446-1456, 2011.

[41] Wei, W., Lu, R., Xie, H., Zhang, Y., Bai, X., Gu, L., Da, R., and Liu, X.
Selective adsorption and separation of dyes from an aqueous solution on
organic—inorganic hybrid cyclomatrix polyphosphazene submicro-spheres.
Journal of Materials Chemistry A, 3:4314-4322, 2015.

[42] Arami, M., Limaee, N. Y., Mahmoodi, N. M., and Tabrizi, N. S. Equilibrium and
kinetics studies for the adsorption of direct and acid dyes from aqueous solution
by soy meal hull. Journal of Hazardous Materials, 135(1-3):171-179, 2006.

[43] Liu, L., Gao, Z. Y., Su, X. P, Chen, X,, Jiang, L., and Yao, J. M. Adsorption
removal of dyes from single and binary solutions using a cellulose-based
bioadsorbent. ACS Sustainable Chemistry & Engineering, 3(3):432—442, 2015.

[44] Vakili, M., Rafatullah, M., Salamatinia, B., Abdullah, A. Z., Ibrahim, M. H.,
Tan, K. B., Gholami, Z., and Amouzgar, P. Application of chitosan and its
derivatives as adsorbents for dye removal from water and wastewater: A review.
Carbohydrate Polymers, 113:115-130, 2014.

[45] Machado, F. M., Bergmann, C. P., Lima, E. C., Royer, B., de Souza, F. E.,
Jauris, I. M., Calvete, T., and Fagan, S. B. Adsorption of reactive blue 4 dye
from water solutions by carbon nanotubes: Experiment and theory. Physical
Chemistry Chemical Physics, 14:11139-11153, 2012.

[46] Nigam, P., Armour, G., Banat, I. M., Singh, D., and Marchant, R. Physical
removal of textile dyes from effluents and solid-state fermentation of dye-
adsorbed agricultural residues, Bioresource Technology, 72(3):219-226, 2000.

[47] Mezohegyi, G., van der Zee, F. P., Font, J., Fortuny, A., and Fabregat, A.
Towards advanced aqueous dye removal processes: A short review on the
versatile role of activated carbon, Journal of Environmental Management,
102:148—164, 2012.

[48] Zhou, S., Gu, C., Qian, Z., Xu, J., and Xia, C. The activity and selectivity of
catalytic peroxide oxidation of chlorophenols over Cu—Al hydrotalcite/clay
composite. Journal of Colloid and Interface Science, 357(2):447-452, 2011.



Chapter 1 | 1-35

[49] Zhou, Y., Gu, X., Zhang, R., and Lu, J. Influences of various cyclodextrins on
the photodegradation of phenol and bisphenol A under UV light. Industrial &
Engineering Chemistry Research, 54(1):426—433, 2015.

[50] Grabowska, E., Reszczynska, J., and Zaleska, A. Mechanism of phenol
photodegradation in the presence of pure and modified-TiO,: A review. Water
Research, 46(17):5453-5471, 2012.

[51] Wu, Z.- L., Ondruschka, B., and Cravotto, G. Degradation of phenol under
combined irradiation of microwaves and ultrasound. Environmental Science &
Technology, 42(21):8083-8087, 2008.

[52] Seftel, E. M., Puscasu, M. C., Mertens, M., Cool, P., and Carja, G. Assemblies
of nanoparticles of CeO,—ZnTi-LDHs and their derived mixed oxides as novel
photocatalytic systems for phenol degradation. Applied Catalysis B:
Environmental, 150-151:157-166, 2014.

[53] Chowdhury, P., Moreira, J., Gomaa, H., and Ray, A. K. Visible-solar-light-
driven photocatalytic degradation of phenol with dye-sensitized TiO,: Parametric
and Kkinetic study. Industrial & Engineering Chemistry Research,
51(12):4523-4532, 2012.

[54] Liu, D., Zheng, Z., Wang, C., Yin, Y., Liu, S., Yang, B., and Jiang, Z. CdTe
quantum dots encapsulated ZnO nanorods for highly efficient
photoelectrochemical degradation of phenols. The Journal of Physical Chemistry
C, 117(50):26529—-26537, 2013.

[55] Puscasu, C. -M., Seftel, E. M., Mertens, M., Cool, P., and Carja, G. ZnTiLDH
and the derived mixed oxides as mesoporous nanoarchitectonics with
photocatalytic capabilities. Journal of Inorganic and Organometallic Polymers
and Materials, 25(2):259-266, 2015.

[56] Parida, K. M. and Pradhan, A. C. Fe/meso-Al,O3: An efficient photo-Fenton
catalyst for the adsorptive degradation of phenol. Industrial & Engineering
Chemistry Research, 49(18):8310-8318, 2010.

[57] Koilraj, P. and Srinivasan, K. ZnAl layered double hydroxides as potential

molybdate sorbents and valorize the exchanged sorbent for catalytic wet



Chapter 1 | 1-36

peroxide oxidation of phenol. Industrial & Engineering Chemistry Research,
52(22):7373-738, 2013.

[58] Al-Kandari, H., Abdullah, A. M., Mohamed, A. M., and Al-Kandari, S.
Enhanced photocatalytic degradation of a phenolic compounds’ mixture using a
highly efficient TiO./reduced graphene oxide nanocomposite. Journal of
Materials Science, 51(18):8331-8345, 2016.

[59] Varma, R. J. and Gaikwad, B. G. Rapid and high biodegradation of phenols
catalyzed by Candida tropicalis NCIM 3556 cells. Enzyme and Microbial
Technology, 43(6):431-435, 2008.

[60] Pardeshi, S. K. and Patil, A. B. A simple route for photocatalytic degradation of
phenol in aqueous zinc oxide suspension using solar energy. Solar Energy,
82(8):700-705, 2008.

[61] Wang, R. -C. and Yu, C. -W. Phenol degradation under visible light irradiation
in the continuous system of photocatalysis and sonolysis. Ultrasonics
Sonochemistry, 20(1):553-564, 2013.

[62] Kasperchik, V. P., Yaskevich, A. L., and Bil’dyukevich, A. V. Wastewater
treatment for removal of dyes by coagulation and membrane processes.
Petroleum Chemistry, 52(7):545-556, 2012.

[63] Li, W., Sun, T., and Li, F. Highly efficient iron nanocatalyst stabilized by
double-walled carbon nanotubes and mixed metal oxides for degradation of
cationic and anionic dyes by a Fenton-like process. Industrial & Engineering
Chemistry Research, 53(47):18095—-18103, 2014.

[64] Kurtan, U., Baykal, A., and SoOzeri, H. Recyclable Fe;O,@tween20@Ag
nanocatalyst for catalytic degradation of azo dyes. Journal of Inorganic and
Organometallic Polymers and Materials, 25(4):921-929, 2015.

[65] Dong, S. and Wang, Y. Removal of acid red 88 by a magnetic graphene
oxide/cationic hydrogel nanocomposite from aqueous solutions: Adsorption
behavior and mechanism. RSC Advances, 6:63922-63932, 2016.

[66] Malwal, D. and Gopinath, P. Enhanced photocatalytic activity of hierarchical

three dimensional metal oxide@CuO nanostructures towards the degradation of



Chapter 1 | 1-37

congo red dye under solar radiation. Catalysis Science & Technology,
6:4458—-4472, 2016.

[67] Zhou, X., Yang, H., Wang, C., Mao, X., Wang, Y., Yang, Y., and Liu, G. Visible
light induced photocatalytic degradation of rhodamine B on one-dimensional
iron oxide particles. The Journal of Physical Chemistry C, 114(40):17051—
17061, 2010.

[68] Wikipedia contributors, Adsorption. Retrieved on 5 Apr. 2017, from
https://en.wikipedia.org/w/index.php?title=Adsorption&oldid=771916676, 24
March 2017.

[69] Ma, J., Yu, F., Zhou, L., Jin, L., Yang, M., Luan, J., Tang, Y., Fan, H., Yuan, Z.,
and Chen, J. Enhanced adsorptive removal of methyl orange and methylene blue
from aqueous solution by alkali-activated multiwalled carbon nanotubes. ACS
Applied Material & Interfaces, 4(11):5749-5760, 2012.

[70] Yagub, M. T., Sen, T. K., Afroze, S., and Ang, H. M. Dye and its removal from
aqueous solution by adsorption: A review. Advances in Colloid and Interface
Science, 209:172-184, 2014.

[71] Yu, B., Zhang, X., Xie, J., Wu, R., Liu, X., Li, H., Chen, F., Yang, H., Ming, Z.,
and Yang, S.-T. Magnetic graphene sponge for the removal of methylene blue.
Applied Surface Science, 351:765-771, 2015.

[72] Chatterjee, D., Patnam, V. R., Sikdar, A., and Moulik, S. K. Removal of some
common textile dyes from aqueous solution using fly ash. Journal of Chemical
& Engineering Data, 55(12):5653-5657, 2010.

[73] Martins, T. D., Schimmel, D., dos Santos, J. B. O., and da Silva, E. A. Reactive
blue 5G adsorption onto activated carbon: Kinetics and equilibrium. Journal of
Chemical & Engineering Data, 58(1):106—114, 2013.

[74] Bhatt, A. S., Sakaria, P. L., Vasudevan, M., Pawar, R. R., Sudheesh, N., Bajaj,
H. C., and Mody, H. M. Adsorption of an anionic dye from aqueous medium by
organoclays: Equilibrium modeling, Kinetic and thermodynamic exploration.
RSC Advances, 2:8663-8671, 2012.



Chapter 1 | 1-38

[75] Zhu, J., Wang, Y., Liu, J., and Zhang, Y. Facile one-pot synthesis of novel
spherical zeolite—reduced graphene oxide composites for cationic dye
adsorption. Industrial & Engineering Chemistry Research, 53(35):13711-13717,
2014,

[76] Giirses, A., Karaca, S., Do gar, C., Bayrak, R., A¢ikyildiz, M., and Yalgin, M.
Determination of adsorptive properties of clay/water system: Methylene blue
sorption. Journal of Colloid and Interface Science, 269(2):310-314, 2004.

[77] Yang, S. T., Chen, S., Chang, Y., Cao, A., Liu, Y., and Wang, H. Removal of

methylene blue from aqueous solution by graphene oxide. Journal of colloid and
interface science, 359(1):24-29, 2011.

[78] Saha, B., Das, S., Saikia, J., and Das, G. Preferential and enhanced adsorption of
different dyes on iron oxide nanoparticles: a comparative study. The Journal of
Physical Chemistry C, 115(16):8024-8033, 2011.

[79] Geng, Z., Lin, Y., Yu, X., Shen, Q., Ma, L., Li, Z., Pan N., and Wang, X. Highly
efficient dye adsorption and removal: A functional hybrid of reduced graphene

oxide—Fe3;04 nanoparticles as an easily regenerative adsorbent. Journal of
Materials Chemistry, 22(8):3527-3535, 2012.

[80] Liu, T., Li, Y., Du, Q., Sun, J., Jiao, Y., Yang, G., Wang, Z., Xia, Y., Zhang, W.,
Wang, K., and Zhu, H. Adsorption of methylene blue from agqueous solution by
graphene. Colloids and Surfaces B: Biointerfaces, 90:197-203, 2012.

[81] El Gaini, L., Lakraimi, M., Sebbar, E., Meghea, A., and Bakasse, M. Removal of

indigo carmine dye from water to Mg-Al-COs-calcined layered double
hydroxides. Journal of Hazardous Materials, 161(2-3):627-632, 2009.

[82] Shan, R. -R., Yan, L. -G, Yang, Y. -M,, Yang, K., Yu, S. -J., Yu, H. -Q., Zhu, B.
-C., and Du, B. Highly efficient removal of three red dyes by adsorption onto
Mg-Al-layered double hydroxide. Journal of Industrial and Engineering
Chemistry, 21:561-568, 2015.

[83] Zaghouane-Boudiaf, H., Boutahala, M., and Arab, L. Removal of methyl orange

from aqueous solution by uncalcined and calcined MgNIAl layered double
hydroxides (LDHs). Chemical engineering journal, 187:142-149, 2012.

[84] Wu, P., Wu, T., He, W., Sun, L., Li, Y., and Sun, D. Adsorption properties of

dodecylsulfate-intercalated layered doublehydroxide for various dyes in water.



Chapter 1 | 1-39

Colloids and Surfaces A: Physicochemical and Engineering Aspects, 436:726—
731, 2013.

[85] Zhang, C., Yang, S., Chen, H., He, H., and Sun, C. Adsorption behavior and
mechanism of reactive brilliant red X-3B inaqueous solution over three kinds of
hydrotalcite-like LDHSs. Applied Surface Science, 301:329-337, 2014.

[86] Zhang, M., Yao, Q., Lu, C., Li, Z, and Wang, W. Layered double
hydroxide—carbon dot composite: High-performance adsorbent for removal of

anionic organic dye. ACS Applied Materials & Interfaces, 6(22):20225-20233,
2014,

[87] Lei, C., Pi, M., Kuang, P., Guo, Y., and Zhang, F. Organic dye removal from
aqueous solutions by hierarchical calcined Ni-Fe layered double hydroxide:
Isotherm, kinetic and mechanism studies. Journal of Colloid and Interface
Science, 496:158-166, 2017.

[88] Zubair, M., Jarrah, N., Manzar, M. S., Al-Harthi, M., Daud, M., Mu’azu, N. D.,
and Haladu, S. A. Adsorption of eriochrome black T from aqueous phase on
MgAl-, CoAl- and NiFe- calcined layered double hydroxides: Kinetic,
equilibrium and thermodynamic studies. Journal of Molecular Liquids, 230:344—
352, 2017.

[89] Wikipedia contributors, Photocatalysis. Retrieved on 9 Mar. 2017, from
https://en.wikipedia.org/w/index.php?title=Photocatalysis&oldid=769364340,

23 April 2017.
[90] Ahmed, S., Rasul, M. G., Brown, R., and Hashib, M. A. Influence of parameters

on the heterogeneous photocatalytic degradation of pesticides and phenolic
contaminants in wastewater: A short review. Journal of Environmental
Management, 92(3):311-330, 2011.

[91] Gaya, U. I. and Abdullah, A. H. Heterogeneous photocatalytic degradation of
organic contaminants over titanium dioxide: A review of fundamentals, progress
and problems. Journal of Photochemistry and Photobiology C: Photochemistry
Reviews, 9(1):1-12, 2008.

[92] Chen, F., Xie, Y., Zhao, J., and Lu, G. Photocatalytic degradation of dyes on a

magnetically separated photocatalyst under visible and UV irradiation.
Chemosphere, 44(5):1159-1168, 2001.


https://en.wikipedia.org/w/index.php?title=Photocatalysis&oldid=769364340

Chapter 1 | 1-40

[93] Long, M., Cai, W., Cai, J., Zhou, B., Chai, X., and Wu, Y. Efficient
photocatalytic degradation of phenol over Co304/BiVO,4 composite under visible
light irradiation. The Journal of Physical Chemistry B, 110(41):20211-20216,
2006.

[94] Lv, T., Pan, L., Liu, X,, Lu, T., Zhu, G., and Sun, Z.. Enhanced photocatalytic
degradation of methylene blue by ZnO-reduced graphene oxide composite
synthesized via microwave-assisted reaction. Journal of Alloys and Compounds,
509(41):10086—10091, 2011.

[95] Jothivenkatachalam, K., Prabhu, S., Nithya, A., and Jeganathan, K. Facile
synthesis of WO;3; with reduced particle size on zeolite and enhanced
photocatalytic activity. RSC Advances, 4(41):21221—-21229, 2014.

[96] Purushothaman, V., Prabhu, S., Jothivenkatachalam, K., Parthiban, S., Kwon, J.
Y., and Jeganathan, K. Photocatalytic dye degradation properties of wafer level
GaN nanowires by catalytic and self-catalytic approach using chemical vapor
deposition. RSC Advances, 4(49):25569-25575, 2014.

[97] Lan, M., Fan, G., Yang, L., and Li, F. Significantly enhanced visible-light-
induced photocatalytic performance of hybrid Zn—Cr layered double
hydroxide/graphene nanocomposite and the mechanism study. Industrial &
Engineering Chemistry Research, 53(33):12943-12952, 2014.

[98] Parida, K., Satpathy, M., and Mohapatra, L. Incorporation of Fe** into Mg/Al
layered double hydroxide framework: Effects on textural properties and
photocatalytic activity for H, generation. Journal of Materials Chemistry,
22:7350-7357, 2012.

[99] Sahu, R. K., Mohanta, B. S., and Das, N. N. Synthesis, characterization and
photocatalytic activity of mixed oxides derived from ZnAlITi ternary layered
double hydroxides. Journal of Physics and Chemistry of Solids, 74(9):1263—
1270, 2013.

[100]  Seftel, E. M., Popovici, E., Mertens, M., De Witte, K., Van Tendeloo, G., Cool,
P., and Vansant, E. F. Zn-Al layered double hydroxides: Synthesis,
characterization and photocatalytic application. Microporous and Mesoporous
Materials, 113(1-3):296-304, 2008.



Chapter 1 | 1-41

[101] Shao, M., Han, J., Wei, M., Evans, D. G., and Duan, X. The synthesis of
hierarchical Zn-Ti layered double hydroxide for efficient visible-light
photocatalysis. Chemical Engineering Journal, 168(2):519-524, 2011.

[102] Parida K. M., and Mohapatra, L. Carbonate intercalated Zn/Fe layered double
hydroxide: A novel photocatalyst for the enhanced photo degradation of azo
dyes. Chemical Engineering Journal, 179:131-139, 2012.

[103] Xia, S. -J., Liu, F. -X., Ni, Z. -M., Xue, J. -L., and Qian, P. -P. Layered double
hydroxides as efficient photocatalysts for visible-light degradation of rhodamine
B. Journal of Colloid and Interface Science, 405:195-200, 2013.

[104] Xia, S. -J., Liu, F. -X., Ni, Z. -M., Shi, W., Xue, J. -L., and Qian, P. -P. Ti-based
layered double hydroxides: Efficient photocatalysts for azo dyes degradation
under visible light. Applied Catalysis B: Environmental, 144:570-579, 2014,

[105] Roy Chowdhury, P. and Bhattacharyya, K. G. Ni/Ti layered double hydroxide:

Synthesis, characterization and application as a photocatalyst for visible light
degradation of aqueous methylene blue. Dalton Transactions, 44:6809-6824,
2015.

[106] Mantilla, A., Tzompantzi, F., Ferndndez, J. L., Géngora, J. D., and Gémez, R.
Photodegradation of phenol and cresol in aqueous medium by using Zn/Al+ Fe
mixed oxides obtained from layered double hydroxides materials. Catalysis
Today, 150(3-4):353-357, 2010.

[107]  Tzompantzi, F., Mantilla, A., Bafiuelos, F., Fernandez, J. L., and Gomez, R.
Improved photocatalytic degradation of phenolic compounds with ZnAl mixed
oxides obtained from LDH materials. Topics in Catalysis, 54(1-4):257-263,
2011.

[108] Paredes, S. P., Valenzuela, M. A., Fetter, G., and Flores, S. O. TiO,/MgAl
layered double hydroxides mechanical mixtures as efficient photocatalysts in
phenol degradation. Journal of Physics and Chemistry of Solids, 72(8):914-919,
2011.

[109] Valente, J. S., Tzompantzi, F., and Prince, J. Highly efficient photocatalytic
elimination of phenol and chlorinated phenols by CeO,/MgAl layered double
hydroxides. Applied Catalysis B: Environmental, 102(1):276-285, 2011.



Chapter 1 | 1-42

[110]  Mohapatra, L. and Parida, K. M. Zn—Cr layered double hydroxide: Visible light
responsive photocatalyst for photocatalytic degradation of organic pollutants.
Separation and purification technology, 91:73-80, 2012.

[111]  Puscasu, C. -M., Seftel, E. M., Mertens, M., Cool, P., and Carja, G. ZnTiLDH

and the derived mixed oxides as mesoporous nanoarchitectonics with
photocatalytic capabilities. Journal of Inorganic and Organometallic Polymers
and Materials, 25(2):259-266, 2015.

[112]  Choudary, B. M., Ranganath, K. V. S., Pal, U., Kantam, M. L., and Sreedhar, B.
Nanocrystalline MgO for asymmetric Henry and Michael reactions. Journal of
the American Chemical Society, 127(38):13167-13171, 2005.

[113] Palomo, C., Oiarbide, M., and Laso, A. Recent advances in the catalytic
asymmetric nitroaldol (Henry) reaction. European Journal of Organic
Chemistry, 2007(16):2561-2574, 2007.

[114]  Henry, L. Nitro-alcohols. Comptes rendus de I'Académie des sciences,
120:1265-1268, 1895.

[115]  Wikipedia contributors. Nitroaldol reaction. Retrieved on 31 Mar. 2017 from
https://en.wikipedia.org/w/index.php?title=Nitroaldol_reaction&oldid=74307810
5, October 2016.

[116] Devi, R., Borah, R., and Deka, R. C., Design of zeolite catalysts for nitroaldol
reaction under mild condition. Applied Catalysis A: General, 433-434(8):122—
127, 2012.

[117] Blay, G., Herna'ndez-Olmos, V., and Pedro, J. R. A catalytic highly
enantioselective direct synthesis of 2-bromo-2-nitroalkan-1-ols through a Henry
reaction. Chemical Communications, 4840-4842, 2008.

[118] Choudary, B. M., Kavita, B., Sreenivasa Chowdari, N., Sreedhar, B., and
Kantam, M. L. Layered double hydroxides containing chiral organic guests :
Synthesis, characterization and application for assymmetric C—C bond forming
reactions. Catalysis Letters, 78(1):373-377, 2002.

[119] Ono, N. The nitro-aldol (Henry) reaction. In Feuer, H. editor, The nitro group in
organic synthesis, pages 30-69, ISBN: 978-0-471-31611-4. Wiley-VCH, New
York, 2001.


https://en.wikipedia.org/w/index.php?title=Nitroaldol_reaction&oldid=743078105
https://en.wikipedia.org/w/index.php?title=Nitroaldol_reaction&oldid=743078105

Chapter 1 | 1-43

[120]  Majhi, A., Kadam, S. T., and Kim, S. S. TMEDA catalyzed Henry (nitroaldol)
reaction under metal and solvent-free conditions. Bulletin of the Korean
Chemical Society, 30(8):1767— 1770, 2009.

[121]  Choudary, B. M., Kantam, M. L., Reddy, Ch. V., Rao, K. K., and Figueras, F.
Henry reactions catalysed by modified Mg—Al hydrotalcite: An efficient reusable
solid base for selective synthesis of b-nitroalkanols. Green Chemistry, 187-189,
1999.

[122] Ballini, R., Bosica, G., and Forconi, P. Nitroaldol (Henry) reaction catalyzed by
amberlyst A-21 as a far superior heterogeneous catalyst. Tetrahedron,
52(5):1677-1684, 1996.

[123]  Sutradhar, M., da Silva, M. F. C. G., and Pombeiro, A. J. A new cyclic binuclear
Ni (II) complex as a catalyst towards nitroaldol (Henry) reaction. Catalysis
Communications, 57:103-106, 2014.

[124] Das, N. N. and Srivastava, S. C. Catalytic characterization of bi-functional
catalysts derived from Pd-Mg-Al layered double hydroxides. Bulletin of
Materials Science, 25(4):283-289, 2002.

[125] Labidi, N. N., Ghorbel, A., Tichit, D., and Delahay, G. Catalytic activity of
CoMgAl, CoAl and MgAl of mixed oxides derived from hydrotalcites in the
selective catalytic reduction of NO with ammonia. Reaction Kinetics and
Catalysis Letters, 88(2):261-268, 2006.

[126] Hou, Z. and Yashima, T. Meso-porous Ni/Mg/Al catalysts for methane
reforming with CO,. Applied Catalysis A: General, 261(2):205-209, 2004.

[127]  Bulbule, V. J., Deshpande, V. H., Velu, S., Sudalai, A., Sivasankar, S., and
Sathe, V. T. Heterogeneous Henry reaction of aldehydes: Diastereoselective
synthesis of nitroalcohol derivatives over Mg-Al hydrotalcites. Tetrahedron,
55(30):9325-9332, 1999.

[128] Choudary, B. M., Kantam, M. L., and Kavita, B. Synthesis of 2-nitroalkanols by
Mg-Al-O-t-Bu hydrotalcite. Journal of Molecular Catalysis A: Chemical,
169(1-2):193-197, 2001.

[129] Khan, F. A., Dash, J., Satapathy, R., and Upadhyay, S. K. Hydrotalcite catalysis
in ionic liquid medium: A recyclable reaction system for heterogeneous
Knoevenagel and nitroaldol condensation. Tetrahedron letters, 45(15):3055-
3058, 2004.



[130]

[131]

[132]

[133]

[134]

[135]

[136]

[137]

[138]

[139]

Chapter 1 | 1-44

Cwik, A., Fuchs, A., Hell, Z, and Clacens, J. -M. Nitroaldol-reaction of
aldehydes in the presence of non-activated Mg:Al 2:1 hydrotalcite; a possible
new mechanism for the formation of 2-aryl-1,3-dinitropropanes. Tetrahedron,
61(16):4015-4021, 2005.

Thangaraj, B., Jayaraj, C., and Srinivasan, R. Diaminosilane-functionalized on
silicate-stabilised hydrotalcite(MA-HTSIi-DA): As potential catalyst for nitro-
aldol condensation. Journal of Molecular Catalysis A: Chemical, 409:11-18,
2015.

Varma, R. S., Dahiya, R., and Kumar, S. Microwave-assisted Henry reaction:

Solventless synthesis of conjugated nitroalkenes. Tetrahedron Letters,
38(29):5131-5134, 1997.

Marjani, K., Asgari, M., Ashouri, A., Mahdavinia, G. H., and Ahangar, H. A.
Microwave-assisted aldol condensation of benzil with ketones. Chinese
Chemical Letters, 20(4):401-403, 2009.

Lidstrom, P., Tierney, J., Wathey, B., and Westman, J. Microwave assisted
organic synthesis—a review. Tetrahedron, 57(45):9225-9283, 2001.

Varma, R. S., Dahiya, R., and Kumar, S. Microwave-assisted Henry reaction:
Solventless synthesis of conjugated nitroalkenes. Tetrahedron letters,
38(29):5131-5134, 1997.

Kumar, H. S., Reddy, B. V. S., and Yadav, J. S. SiO, catalyzed henry reaction:
Microwave assisted preparation of 2-nitroalkanols in dry media. Chemistry
Letters, 27(7):637-638, 1998.

Rodriguez, J. M. and Pujol, M. D. Straightforward synthesis of nitroolefins by
microwave-or ultrasound-assisted Henry reaction. Tetrahedron Letters,
52(21):2629-2632, 2011.

Neelakandeswari, N., Sangami, G., Emayavaramban, P., Karvembu, R.,
Dharmaraj, N., and Kim, H. Y. Mesoporous nickel hydroxyapatite
nanocomposite for microwave-assisted Henry reaction. Tetrahedron Letters,
53(24):2980-2984, 2012.

Devi, R., Borah, R., and Deka, R. C. Investigation of structural change and
basicity of NaY zeolite upon loading KF and their application in Henry
nitroaldol reaction under microwave irradiation condition. Catalysis letters,
144(10):1751-1758, 2014.



