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ABSTRACT 

 

The thesis mainly focuses on the low-temperature synthesis of layered double hydroxides (LDH) 

and their composite materials, with emphasis on optical properties and environmental aspects. 

Different spectroscopic techniques, i.e., PXRD, FTIR, TGA, SEM/EDX, XPS, and BET were 

adopted for the detailed characterization of synthesized materials. The potential application of 

synthesized Zn/Cu LDH for the selective and efficient removal of anionic azo dyes (CR, EBT, and 

MO) from synthetic and real wastewater samples was carried out and a statistical tool was 

employed for optimizing the process parameters involved during adsorption to get maximum 

efficiency. In addition, the Layered double oxide (LDO) obtained upon calcination of LDH acts as 

an efficient adsorbent and demonstrated high removal efficiency of 128.20 mg/g for cationic dye 

(Malachite green was selected as model dye). Furthermore, a smartphone-based detection 

technique was employed for the determination of dye concentration and the results obtained were 

found to be in accordance with the data obtained using UV-vis spectrophotometric analysis. 

Additionally, the present work summarizes the synthesis of EG-modified Zn/Cu hydroxy double 

salt and its adsorption behavior towards the sequestration of Congo red dye. The regeneration 

experiments performed revealed that the adsorbent can be efficiently reused for up to 5 

regeneration cycles. Furthermore, the composites of PMMA and Polystyrene (PS) with Zn/Cu 

LDH were also synthesized. The PMMA/LDH composite was used as an adsorbent for the removal 

of food dye (brilliant black BN) and the isotherm as well as kinetics of the adsorption process were 

studied using different equilibrium and kinetic models. However, PS/LDH composite films 

showed enhanced thermal, morphological, and optical properties upon the incorporation of LDH 

into the polymeric matrix. The structure regaining capability, i.e., memory effect and anion 
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exchange properties of Zn/Cu LDH were also studied where PANI was incorporated into the 

interlayer region of synthesized LDH. The PXRD, FTIR, TGA, and SEM/EDX results confirmed 

that the lattice demonstrated structure regaining capability as well as incorporation of PANI in 

interlayer region.  
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OVERVIEW OF THESIS 

 
The whole thesis is divided into eight chapters. Chapter 1 summarizes the background and relevant 

literature survey including various synthesis routes adopted for the preparation of layered double 

hydroxides (LDHs) and their applications in water treatment and as polymer additives.  

Chapter 2 deals with the synthesis of novel zinc and copper based LDHs (Zn/Cu LDH) containing 

acetate as interlayer anion. The layered arrangement of synthesized material was confirmed by 

PXRD, SEM, and TEM analysis. The central composite design-response surface methodology 

(CCD-RSM) based approach was adopted to optimize the process parameters for the sequestration 

of anionic dye (Congo red) using the synthesized anionic clay. The study shows that the material 

can be successfully employed for environmental remediation applications in real wastewater 

systems. 

Chapter 3 of the thesis deals with the synthesis and environmental applications of layered double 

oxides (LDO) obtained upon calcination of parent LDH. The formation of lattice was confirmed 

using PXRD, FTIR, and SEM/EDX analytical techniques and pore size was determined using BET 

analysis. The application of synthesized LDO in the uptake of malachite green (MG) dye has been 

studied. Furthermore, smartphone-based colorimetry which incorporates RGB parameters, proved 

to be an efficient, accurate, and quantitative technique for estimating dye removal compared to 

UV-Vis spectroscopy. In Chapter 4 the facile and one-pot synthesis of ethylene glycol-modified 

Zn/Cu hydroxy double salt and its application in removal of anionic azo dyes has been studied.  

In Chapter 5, synthesis and environmental application of polymethyl methacrylate/LDH 

composite for removal of brilliant black dye has been discussed. A comprehensive understanding 

of the effect of Zn/Cu LDH incorporation into the polymer matrix on physico-chemical and 

sorption properties of the composites has also been studied. In Chapter 6 the preparation of 
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polystyrene/LDH composite films was carried out and the effects of LDH loading on 

morphological, thermal, and optical properties of polystyrene has been examined. 

Chapter 7 deals with the study of anion exchange and memory effect properties of Zn/Cu LDH. 

The regeneration ability of Zn/Cu LDH was perceived from PXRD patterns and FTIR spectrum. 

Moreover, the incorporation of PANI in LDH was confirmed using various spectroscopic 

techniques. The conclusions and the future scope of the work have been presented in Chapter 8 of 

the thesis. 
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Chapter 1 INTRODUCTION AND LITERATURE REVIEW 
 

1.1 Introduction 

1.1.1 Layered materials 

Layered solids represent a class of inorganic materials having a two-dimensional stacked 

structure held together by weak forces of attraction including electrostatic, van der Waals 

forces, or hydrogen bonding [1].  These layered materials have been attracting a great deal 

of attention from researchers due to their anisotropy in bonding and wide-ranging 

applications in fields of catalysis, biology and medicine, energy storage, fillers in polymer 

nanocomposite materials, and environmental protection [2–6]. The layered structure and 

variable chemical composition of these materials allow them to be modified and tuned in 

a variety of ways [7]. A variety of solids for instance, clays, transition metal chalcogenides, 

layered double hydroxides (LDHs), graphene, graphite, phosphonate, etc. belong to the 

class of layered materials. Depending upon the presence of fixed charges in the planar 

macromolecule, layered solids can be classified into neutral, anionic, and cationic solids as 

depicted in Figure 1.1.  

Graphite is a neutral layered solid with a two-dimensional array of hexagonally packed 

carbon atoms stacking together to form three-dimensional structures. On the other hand, 

cationic layered solids like smectite clays consist of negatively charged layers having 

cations – mostly alkali metal ions, in the interlamellar region [8]. Anionic layered solids 

consist of positively charged layers having exchangeable anions in the interlayer region to 

maintain charge neutrality [1]. 
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Figure 1.1 Classification of layered materials. 

The maximum of layered materials occurring in the mineral form are cationic and neutral. 

However, layered materials having anion exchange properties are very limited. Although, 

they can be synthesized using various synthetic methodologies and the selection of method 

depends on the purpose for which the LDH needs to be used [9]. Recently the studies of 

these layered materials have attracted immense attention of scientific community owing to 

the anisotropy in bonding which results in properties such as ion exchange, intercalation, 

ability to swell in solvents, and formation of monolayer colloidal dispersions.  

1.1.2 Anionic layered solids 

Anionic layered materials possess properties opposite to that of cationic materials. These 

materials are composed of layers of positively charged sheets intercalated with anions and 

water molecules. Anionic layered solids can further be classified (Figure 1.1) as hydroxy 
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double salts (HDSs), layered double hydroxides (LDHs), and layered rare earth hydroxides 

(LRHs). Some of the examples of anionic layered materials are presented in Table 1.1 

1.1.2.1 Layered double hydroxides (LDHs) 

LDHs belong to one such class of layered materials and are also called anionic clays  or 

hydrotalcite-like compounds [10]. Several forms of these materials exist in nature in forms 

of minerals and can also be prepared readily in the laboratory. LDHs have gained much 

attention due to their rich intercalation chemistry, anion exchange properties, and superior 

thermal stability [11]. The general composition of LDHs is given by [M(II)1-x M(III)x 

(OH)2]
x+(An-)x/n .mH2O, where M(II) and M(III) are divalent (Zn, Cu, Co, Ni or Ca) and 

trivalent metal ions (Cr, Mn, Al or Fe) respectively and An- is an interlamellar anion having 

valency n; and x, defined as [MIII]/([MIII]+[MII]) (Figure 1.2), is generally between 0.25 

and 0.33 [12]. Despite most studies reporting M2+/M3+ cations in the layers, some groups 

have also reported the combination of the M2+/M4+ (substitution of Zr4+ in brucite layer) as 

well as M+/M3+ (the known example is Li2[Al2(OH)6]2CO3·nH2O) cations in the layer 

[13,14].  

 

Figure 1.2 Structure of Layered Double Hydroxides. 
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It is possible to construct LDHs using a variety of M(II) and M(III) cations, atomic ratios, 

and interlayer anion configurations. These compositional variations do not fundamentally 

change the material's structure [15]. LDH-based materials have the potential to be useful 

in a variety of fields such as water treatment, biomedical applications, catalysts for organic 

transformations, biosensors, polymer fillers, and flame retardants [16–22].  

1.1.2.2 Layered Hydroxy double salts (HDSs) 

HDSs represent a promising class of layered compounds that are similar to LDHs 

consisting of two types of divalent metal cations (M2+). Approximately one quarter of the 

octahedral sites in HDSs are vacant, and M2+ cations are arranged in tetrahedral 

coordination just above and below the empty octahedral sites, causing an extra positive 

charge on the layers, which is compensated by Am- anions in the interlayer region. HDSs 

is typically represented as Ma
1-yM

b
y(OH)2-x(A

m-)x/m.nH2O where Ma and Mb are bivalent 

metal ions and Am- is interlayer anion [23].  

1.1.2.3 Layered rare earth hydroxides (LRHs) 

They are a special class of solids having hydroxide layers of rare earth metal cation. The 

general composition of LRHs is Ln2(OH)6−m(Ax−)m/x·nH2O where Ln represents trivalent 

rare-earth cation and Ax- denotes interlayer exchangeable anion; 1.0 ≤ m ≤ 2.0). The 

positive charge on layers in LRHs is mainly caused by trivalent rare earth cations which is 

neutralized by interlayer anions: halides, nitrates as well as large organic anions such as 

dodecyl sulfate (DS-), 2,6-anthraquinonedisulfonate (AQDS2-), etc [24]. Examples of 

LRHs are [Eu8(OH)20(H2O)4.4]Cl4, Yb2(OH)5NO3·H2O and 

Yb4(OH)10[C14H6O2(SO3)2]·4H2O (YB-AQDS) [24]. The properties of rare earth elements 
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are coupled with intercalation chemistry and host-guest interactions to make them novel 

multifunctional materials. 

Table 1.1 Examples of anionic layered materials. 

Anionic layered 

materials 

Interlayer 

anion 

Synthesis 

method 

Application References 

Mg/Al LDH Molybdate 

(MoO4
2-) 

Co-

precipitation 

Catalyst for the 

synthesis of 

Schiff base 

[25] 

Ni/Fe LDH Molybdate 

(MoO4
2-) 

Hydrothermal Electrocatalytic 

oxidation of water 

[26] 

Co/Bi LDH Nitrate 

(NO3
-) 

Co-

precipitation 

Removal of Pb 

(II) ions 

[27] 

Zn/Al LDH Carbonate 

(CO3
2-) 

Co-

precipitation 

Anticancer, 

antimicrobial, and 

environmental 

applications 

[28] 

Ni/Zn HDS Acetate 

(CH3COO-) 

Hydrothermal Pd (II) catalyst 

support 

[29] 

Cu/M HDS (M = 

Zn, Ca, La & Pb)  

Nitrate 

(NO3
-) 

Hydrothermal Methyl orange 

degradation 

[30] 

Ni/Zn HDS Acetate 

(CH3COO-) 

Hydrothermal Catalyzed 1,4-

addition of enones 

and boronic acid  

[31] 
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RE2(OH)5NO3∙nH2O 

LRHs (RE = Sm, 

Gd, Er, and Y) 

Nitrate 

(NO3
-) 

Ion-exchange Phosphate uptake 

from water 

[32] 

Y2(OH)5Cl·1.5H 2O Chloride 

(Cl-) 

Hydrothermal Sequestration of 

selenium 

[33] 

LEuH (Layered 

europium 

hydroxide) 

Nitrate 

(NO3
-) 

Hydrothermal Naproxen drug 

delivery 

[34] 

 

1.2 Structural aspects of LDHs 
 

LDH possesses a structure very similar to that of mineral brucite [Mg(OH)2], derived from 

CdI2 consisting of Mg(OH)6 octahedra held together by hydrogen bonds. LDH can be 

constructed by substituting a fraction of M2+ cations in the brucite-type octahedral layer 

with M3+ cations, creating a positive charge on the layers. The positive charge is balanced 

by charge-compensating anions whose identity affects the interlayer spacing [35]. The 

magnesium ions are octahedrally coordinated with hydroxy ions forming infinite layers of 

octahedral units. A three-dimensional structure is formed by stacking these layers on top 

of each other. Electrostatic interaction and hydrogen bonding are responsible for bonding 

between octahedral layers and interlayers. The cations in the hydroxide layers, anions, and 

water molecules present in the interlamellar region influence the crystal parameters of 

LDH. The distance between two adjacent layers defines the gallery height of the LDH [36]. 

The basal spacings of Mg/Al based-LDHs exhibiting different interlayer anions are 

presented in Table 1.2. From the data, a clear correlation can be found in between gallery 
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height of the LDH and the presence of different anions. As the size of charge compensating 

anion increases the basal spacing increases which gives information regarding the 

orientation of anionic species present in the interlayer region.  

Table 1.2 Influence of interlayer anion on d-spacing values of Mg/Al LDHs. 

Interlayer anion of Mg/Al LDH d-spacing (Å) References 

Carbonate (CO3
2-) 7.6 [37] 

Nitrate (NO3
-) 7.9 [38] 

Sulphate (SO4
2-) 7.94 [39] 

Molybdate (MoO4
2-)  8.9 [25] 

Dodecylsulfate [CH3(CH2)11SO4
-] 26.8 [37] 

Tartrate (C4H4O6
2-) 29.0 [40] 

1.3 Conventional methods for synthesis of LDHs 

It is possible to synthesize LDHs on a laboratory and industrial scale, as they are simple 

and inexpensive materials. A variety of methods can be used to synthesize LDHs with 

desired physical and chemical properties for a wide range of applications [41]. A schematic 

representation of most commonly adopted methods for synthesizing LDHs are illustrated 

in Figure 1.3.   

1.3.1 Co-precipitation method 

LDHs are primarily synthesized by Co-precipitation or one-pot synthesis method. In this, 

M(II) and M(III) metal salts are used as precursors and numerous anions can be intercalated 

in between the hydroxyl layers. The synthesis should take place under supersaturation 

conditions for the simultaneous precipitation of divalent and trivalent metal salts. The pH 

plays a very crucial role in this preparative method as it affects the structural properties of 
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the LDHs formed. Most often alkaline solutions of NaOH, KOH, and NH4OH are used and 

solution pH is kept in the range of 8-10 for the precipitation [42]. At the initial stage, metal 

hydroxides are formed which after further addition of base leads to precipitation and 

formation of LDHs. Since Co-precipitation method is pH dependent it can be divided into 

three main types: (i) precipitation at low supersaturation, (ii) precipitation at high 

supersaturation, and (iii) precipitation at constant pH.  

 

Figure 1.3 Conventional methods of synthesis of LDHs. 

In the first type, desired amount of di and trivalent metal ion salts are added to the solution 

containing anions to be intercalated with the simultaneous addition of base to maintain the 

pH [43]. The second type includes the gradual addition of metal salt solutions to the 

alkaline solution containing desired anion for the intercalation [44]. The precipitation at 

low supersaturation gives rise to LDH exhibiting greater crystallinity in contrast to 
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precipitation at high supersaturation. The most widely used type of coprecipitation is 

precipitation at a constant pH. In this method, the metal cation solutions are added to the 

solution containing anions and to keep the pH constant the alkaline solution is added 

continuously. The final step is same for all the methods that is the product is filtered and 

washed with deionized water (DI) repeatedly and dried at moderate temperature.   

1.3.2 Urea hydrolysis route 

It is also a type of precipitation method. Urea possesses some unique properties which 

make it ideal for precipitation of metal hydroxides i.e., is highly water soluble and acts as 

a weak Bronsted base which exhibits controllable hydrolysis rate. In this method, urea is 

added to the solution of M(II) and M(III) ions and is refluxed for several hours to get the 

precipitate, which is then filtered and washed with DI water. The process of urea hydrolysis 

proceeds in two steps, first is the formation of ammonium cyanate (NH4CNO) which is 

also the rate-determining step and the second step is the subsequent rapid hydrolysis of the 

cyanate to ammonium carbonate. The hydrolysis of ammonium ions to give ammonia and 

carbonate to give hydrogen carbonate results in a pH of about 9, depending on the reaction 

temperature [45]. The ammonium carbonate formed causes the precipitation leading to 

formation of LDH having carbonate as an interlayer anion. LDHs obtained by this method 

have homogenous sizes, platelet-like particles, and hexagonal shapes.  

1.3.3 Anion exchange method 

Anion-exchange can also be used to intercalate a variety of different types of anions. The 

method involves the addition of LDH synthesized via co-precipitation having Cl-, NO3
- or 

CO3
2- as interlayer anions to the desired solution containing excess anions to be exchanged. 

It is mostly used when co-precipitation cannot be employed, such as in cases where the 
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metal salts are unstable in the alkaline solution or there is a strong possibility of interaction 

between guest anions and metal ions [46]. This method is rendered useless when carbonate 

ions are present in the lattice since they bind quite effectively to the metal hydroxide layers 

and hence, de-intercalation becomes difficult due to which the reaction is performed under 

inert atmosphere. The interlayer anions of LDHs which can be exchanged with other anions 

in the medium with the affinity is as follows: 

NO3
- < Br- < Cl- < F- < OH- < SO4

2- < CO3
2- 

Due to the relative ease with which the nitrate anions can be displaced from the interlayers 

of LDHs, these are the best precursors for anion-exchange synthesis. For an anion exchange 

to be carried out the anions to be intercalated must be stable at the exchange pH as well as 

the layers must be stable if the divalent:trivalent metal ratio is to be retained [47].  

1.3.4 Hydrothermal/Solvothermal synthesis 

Hydrothermal or solvothermal methods of synthesis are also employed for the preparation 

of LDH. For instance, the method is termed as hydrothermal when water is used as a solvent 

and conversely it is called solvothermal when organic solvent is used. In reaction when 

reactants are subjected to temperatures above the boiling point of water, they are called 

hydrothermal treatments. During high-temperature processes, the dielectric constant of 

water decreases, as does its viscosity, and the dissociation constant increases, resulting in 

an increase in electrostatic interactions, which accelerates the ripening of crystals. A 

solution containing a base is stirred vigorously at room temperature while two solutions 

containing M(II) and M(III) metal salts are added dropwise. Then, the suspension is 

transferred to a Teflon-lined autoclave and treated at high temperature and pressure [48]. 

It is used in cases where co-precipitation or ion exchange preparative methods are not 
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applicable. It generally results in high crystallinity in the products, and also reduces the 

number of byproducts produced.   

1.3.5 Reconstruction method 

It is also known as rehydration method which uses the unique structural ‘memory effect’ 

property of LDHs [14]. The LDHs are first calcined at high temperatures nearly 350-500 

°C to remove interlayer H2O, anions, and -OH groups resulting in the formation of layered 

double oxides (LDO) or mixed metal oxides (MMO). These LDOs formed can be reformed 

to the LDHs by dissolving calcined LDH in an aqueous solution of preferred anion [49]. 

The anions included need not be the same as those originally present. Therefore, LDHs 

having desired organic or inorganic species can be easily synthesized using this preparative 

method. However, it results in the formation of products with poor crystallinity and partial 

intercalation as compared to other methods. In addition to preventing the inclusion of 

competing inorganic counter anions into the LDH, the advantage of this method is that it 

also prevents the incorporation of carbonate from atmospheric CO2 into the LDH.  

1.4 Applications of LDHs 

LDHs are promising materials for many practical applications, including catalysis, 

adsorption, pharmaceuticals, photochemistry, and electrochemistry (Figure 1.4). They are 

highly versatile, easily tailored, and low in cost, enabling them to be used to produce 

materials that meet a variety of requirements [50]. LDH materials exhibit excellent 

expanding properties due to their relatively weak interlayer bonding. In light of this, over 

the past few years, layered inorganic solids have gained increasing interest as host materials 

for creating hybrid inorganic-organic host-guest structures with desirable physico-
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chemical properties [51]. A new platform of functional materials with novel properties can 

be created by forming pillared layered structures through suitable intercalation processes. 

 

Figure 1.4 Various applications of LDHs. 

1.4.1 Water treatment application 

The availability of clean and potable water is a basic requirement for a healthy lifestyle but 

the scarcity of clean water is a global problem that poses an immense threat to this basic 

human right. Water contamination has emerged as a dire issue, making it a prominent 

concern in the 21st century [52]. Recent decades have seen rapid industrial expansion, 

coupled with unregulated population growth, resulting in a degradation of water quality, 

through release of toxic effluents i.e., heavy metals, dyes, surfactants, pesticides, and 

fertilizers into the water resources [53–56]. As a consequence of the widespread use of 

dyes in various industries, including plastics, cosmetics, textiles, rubber, and food, toxic 

effluents are released into the water without prior treatment, thereby adversely affecting 
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the environment, human health, and aquatic life [57]. In addition to organic dyes, the 

discharge of heavy metal ions (arsenic, mercury, lead, cadmium, chromium, etc.) into water 

bodies from chemical industries are equally accountable for the pollution of water 

resources. 

Aquatic ecosystems are severely threatened by the cyclic structure of dyes, their high 

toxicity, chemical stability, and low degradation rate. Azo dyes contain aromatic amine 

structures that resist environmental degradation, making them carcinogenic. Owing to their 

long shelf-life, these dyes pose a threat to fauna and flora in the long run [58,59]. The 

graphical representation of toxic effluents and their impact on biotic-abiotic components is 

given in Figure 1.5. Consequently, it is imperative to find an effective way to clean up 

aquatic environments. 

 

Figure 1.5 Classification of pollutants and their harmful effects on biotic-abiotic components. 
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Traditionally, several methodologies like coagulation, precipitation, adsorption, 

photocatalysis, ion exchange, reverse osmosis, microbial degradation, etc. have been 

employed to remove toxic pollutants from aquatic environments [60,61]. However, among 

all the conventional techniques, adsorption has appeared as the highly efficient, 

economical, and most favorable technology for water remediation [62–64]. The adsorption 

process is based on the contaminant transfer from solution to the surface of the adsorbent 

material [65]. Various adsorbents (activated carbon, zeolite, silica gel, graphite oxide, etc.) 

have been explored for the elimination of toxic pollutants [66–71]. Despite that, most of 

the materials have several shortcomings like high operational cost, the problem of residual 

metal sludge disposal, etc. [72]. As a consequence, there is an imperative need to synthesize 

low-cost adsorbents for providing safe and clean drinking water [73,74]. The development 

of layered materials can open a new vista for solving the problem of the ever-increasing 

population's inability to access safe drinking water. As a result of their exceptional 

physicochemical properties, LDH-based materials have received critical attention within 

the past few years for their use as a viable alternative to traditional adsorbents [75–77]. 

Table 1.3 summarizes the efficiency of various LDH materials employed for the 

sequestration of toxic dyes, metal cations, and toxic anions from the wastewater.  

Table 1.3 Water treatment application of LDHs. 

Adsorbents  Pollutants pH Adsorption 

capacity 

qemax (mg/g) 

Removal 

efficiency 

(%) 

References 

Mg/Al LDH Congo red ~7 111.11 - [78] 

Ca/Al LDH Cu(II) 

Cd(II) 

- 381.9 

1035.4 

- 

[79] 



Chapter 1 
 

15 
 

Co/Al LDH Methylene blue 

Reactive orange 16 

3 

9 

54.01 

53.04 

75 

97 

[80] 

SDS-Mg/Al 

LDH 

17β-estradiol 7 67.69 94 [81] 

Calcined 

Mg/Fe LDH 

Acid brown 14 4 370 ~100 [82] 

EDTA-Zn/Al 

LDH 

Cu(II) 

Cd(II) 

Pb(II) 

5.5 1117 

375 

871 

- 

[83] 

Mg/Al LDH Pb(II) 5.7 66.16 88 [84] 

Li/Al LDH Arsenate 4 - 67 [85] 

Zn/Al LDH Arsenate 7.4 40.37 97.1 [86] 

Calcined 

Mg/Al LDH 

Pesticide (Dicamba) ~3 - 80 [87] 

Mg/Al LDH Chromium 6 125.97 - [88] 

Ca/Al(MoS4) 

LDH 

Ciprofloxacin  

Ofloxacin 

6 

707.2  

476.7 

80 

68 

[89] 

Zn/Al MMO Salicylic acid - 28.4 94.59 [90] 

 

1.4.2 Polymer additives 

Composite materials are constituted of physically/chemically discrete phases (matrix and 

dispersed phase), having properties of bulk phase considerably different from that of the 

pure components. Due to their unique physicochemical properties, polymer matrix 
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composites are considered among the most interesting composite materials. They have a 

wide array of uses in engineering, medicine, and wastewater treatment [91,92]. Since 

polymeric materials are inexpensive, lightweight, have low specific gravities, are easily 

processable, and can withstand chemical exposure, they are extensively used in industry.  

Polymers have many advantages, but their low strength and modulus, low operating 

temperatures, and susceptibility to environmental degradation complicate their use in 

practical applications compared to metals and ceramics [93]. Consequently, the 

introduction of metal and ceramic as reinforcement materials can result in a unique 

combination of magnetic, electronic, optical, or catalytic properties [94]. Furthermore, the 

addition of inorganic fillers such as LDHs results in the formation of composites possessing 

remarkably superior properties, i.e., high modulus, high strength, chemical resistance, 

higher electrical conductivity, and flame retardancy [95,96]. LDHs also provides the ability 

to adsorb toxic pollutants efficiently, due to their high selectivity, large surface area, and 

numerous adsorption sites [97]. Due to their remarkable physicochemical properties, 

polymer/LDH composites have gained critical attention in recent years, and are seen as an 

alternative to traditional adsorbent materials [75–77]. Table 1.4 summarizes the 

applications of LDH as polymer additives reported in literature.  

Table 1.4 Application of LDHs as polymer additives. 

LDH Polymer Potential 

application 

Highlights References 

Mg/Al 

LDH 

Polystyrene 

(PS) 

Chloride 

entrapment 

Composite exhibited 

high chloride uptake 

capacity (505.05 mg/g)  

[98] 



Chapter 1 
 

17 
 

Surface-

modified 

Ca/Fe LDH 

Polyaniline  

(PANI) 

Lead ions 

removal 

LDH loading increases 

maximum adsorption 

capacity (PANI: 47 

mg/g, NC5%: 56 mg/g 

and NC10%: 110 mg/g) 

[99] 

Zn/Cr LDH Polysulfone Fluoride 

removal  

Wet composite material 

showed 91% fluoride 

uptake capacity  

[100] 

Mg/Al 

LDH 

Polymethyl 

methacrylate 

(PMMA) 

Packaging 

material 

Significant decrease in 

oxygen permeability 

(PMMA = 6 L/cm2/min 

and PMMA/LDH = 3 

L/cm2/min) 

[101] 

Cu/Al LDH Polyethyleneim

ine (PE)/Tannic 

acid 

Methylene 

blue dye 

removal 

Novel polymer/LDH 

composite exhibited 

exceptionally high 

adsorption capacity of 

1428.57 mg/g 

[102] 

Ni/Al LDH Graphene/poly

pyrrole 

(GPPY) 

Pseudo-

capacitor 

Composite exhibits 

excellent capacitive 

performance (845 F/g) 

[103] 
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Mg/Al 

LDH 

Polypropylene 

(PP) 

Lithium-

sulfur 

batteries 

Incorporation of LDH 

blocked polysulfide 

crossover 

[104] 

Zn/Al-NO3 Polypyrrole 

(PPY) 

Ni-Zn 

Secondary 

batteries 

PPY improved 

electrochemical 

performance of Ni-Zn 

batteries (Impedance 

values: Ni-Zn LDH = 

0.0289 ohm g) and 

PPY/Ni-Zn LDH = 

0.3206 ohm g) 

[105] 

Mg/Al-NO3 Chitosan Removal of 

oil particles 

Composite showed high 

removal efficiency of 

78% as compared to 

that of pure LDH (30%)  

[106] 

Mg/Al-Cl Poly(ε-

caprolactone) 

(PCL) 

Biomedical 

application 

Composite enhanced 

cell adhesion and 

proliferation 

[107] 

NC5% and NC10% = Nanocomposites with 5 and 10% LDH loading  

In a study done by Suresh et al., Polystyrene (PS) nanocomposites (NC) incorporating 

Co/Al LDH exhibit improved mechanical, structural, and thermal properties when 

compared with pure PS [108]. Barik et al. found that Polymethyl methacrylate (PMMA) 

reinforced with Mg/Al LDH could be used as an efficient packaging material because of 
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its improved heat stability and reduced oxygen permeability with the addition of LDH 

[101].  

1.4.3 Other applications of LDHs 

Considering LDH's high surface area, high charge density, uniform distribution of cations, 

and ability to intercalate catalytic anions, it acts as an excellent catalytic material. For 

instance, a wide range of reactions can be catalyzed by LDH, including organic 

transformations, photoreductions, and decomposition reactions. In brucite layers, the 

combination of abundant basic sites and even distribution of cations makes LDH sheets the 

ideal catalyst for catalysis and in addition, the cations present may also act as active sites 

for catalysis. Additionally, LDH results in formation of MMOs on calcination which also 

exhibit high catalytic properties [19]. A hybrid structure formed from LDH and other 

suitable materials can further enhance the catalytic activity of the materials. 

Layered double hydroxides can act as a promising flame retardant owing to their ability to 

retard flame growth in three possible ways: (i) due to endothermic decomposition LDHs 

act as heat sink, (ii) a thin insulating film of MMOs is formed on the surface upon 

decomposition of LDH, and (iii) the flammable gases are dispersed on release of bound 

carbon dioxide and water molecules. LDH is preferred over commercial flame retardants 

because it requires only very low concentrations, is non-toxic, and is highly efficient [109]. 

When appropriate anions such as phosphate, borate, etc. are intercalated into the inter-

gallery region of LDH, the flame retardancy can be further enhanced.  
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1.5 Significant findings and Research gap 

LDHs with varying cationic compositions have been manufactured using a variety of 

synthesis routes over the years, including co-precipitation, hydrothermal, urea hydrolysis, 

anion exchange, and reconstruction methods. However, each of these methods has its own 

set of disadvantages. The co-precipitation and urea hydrolysis methods require the usage 

of strong alkaline conditions. In addition, LDHs with high charge density cannot be 

prepared via urea hydrolysis whereas since LDHs have a very high affinity for carbonate 

ions the atmospheric carbon dioxide may interfere with the co-precipitation process. On 

the contrary, the hydrothermal and rehydration methods require high-temperature 

conditions and have high production costs, and also result in products that are poorly 

crystallized and will have partial intercalation. Comparatively to other methods, ion-

exchange also suffers the disadvantage of carbonate intercalation and since CO2 cannot be 

deintercalated easily, nitrogen atmosphere is used to avoid absorption of atmospheric 

carbon dioxide during synthesis. Conventional methods of chemical synthesis of LDHs are 

hindered by the use of extreme reaction conditions and toxic precursors. Therefore, an 

attempt has been made to fabricate novel LDH solids via acid hydrolysis method without 

use of strong acids and bases, under ambient conditions. To the best of our knowledge, 

very limited literature is available on the synthesis and intercalation study of selected 

combinations of M(II) and M(III) metal ions (M2+ = Zn, M3+ = Cu) and also their potential 

applications in water remediation is not fully explored. 

Activated carbon (AC) is the most widely used adsorbents for the uptake of dyes from 

wastewater owing to its remarkable properties including high removal efficiency, ease of 

application, and large surface area. Despite these advantages, AC has limited practical 
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applications due to its regeneration or disposal difficulties, sludge production problems, 

and economic feasibility concerns. Therefore, numerous studies on dye adsorption by non-

conventional adsorbents have been reported during the last decades, including algae, fungi, 

industrial waste, agricultural wastes, metal oxides, composites, clays, and polymers. 

However, the adsorbents derived from different origins, either organic or inorganic, exhibit 

inefficient sorption capabilities for removing dyes compared with commercially used 

activated carbon. In light of all these limitations, as well as operational hurdles, it has been 

observed that effective adsorbents are required that have characteristics including low cost, 

high surface area, and easy synthesis and regeneration ability. Furthermore, the 

physicochemical properties of LDHs and Polymer/LDH composites, suggest they are an 

ideal candidate for use as a sorbent in efficient and selective sequestration of toxic dyes 

from wastewater. 

1.6 Research objectives  

I. The optimal synthesis conditions for obtaining solids of technological importance 

were explored. 

II. Various combinations of LDH containing Zn (divalent metal ion) and Cu (trivalent 

metal ion) were synthesized using methodologies such as acid hydrolysis, and ion 

exchange. 

III. Regeneration experiments were carried out to see the structure regaining capability 

of synthesized LDH after calcination. 

IV. Intercalation of simple/complex organic and inorganic anions within the LDH 

lattices was performed using the ion exchange method. 
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V. Polymer incorporation into the LDH galleries was achieved via in situ 

polymerization of a high molecular weight macromolecule. 

VI. The synthesized organic-inorganic hybrid layered materials were thoroughly 

characterized using a variety of techniques. The formation of layered structure was 

confirmed using PXRD patterns, SEM, EDX, and TEM techniques. The presence 

of interlayer anion was verified using FTIR. The composition of these samples was 

ascertained from the results of combustion, and XPS analysis.  Thermal analysis 

methods were also employed to comprehend the stability of synthesized materials.  

VII. Optimization of phase composition was followed by a detailed study and analysis 

of adsorption and optical behavior of synthesized inorganic-organic hybrid 

materials. 
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Chapter 2 SYNTHESIS AND CHARACTERIZATION OF 

NOVEL Zn/Cu LAYERED DOUBLE HYDROXIDE: 

OPTIMIZATION OF PROCESS PARAMETERS USING 

CCD-RSM APPROACH FOR ANIONIC DYE 

SEQUESTRATION 

 

2.1 Introduction 

Layered double hydroxides (LDH) as discussed in previous chapter are synthetic inorganic 

lamellar materials (also called anionic clays) with structure similar to that of hydrotalcite 

are used extensively in multidisciplinary fields like, environmental remediation, energy 

storage, biomedical applications, polymer nanocomposites, and flame-retardant additives 

[1–4].  

The contamination of water resources by toxic pollutants affects abiotic as well as biotic 

components of the ecosystem and is one of the most critical environmental concerns in 

recent years. Dyes are complex and toxic organic compounds that are released into water 

streams from various industries including food, textile, pharmaceuticals, petrochemicals, 

etc. [5]. The cyclic structure of dyes, along with their high toxicity and chemical stability, 

and low degradation rate make these substances a serious threat to aquatic ecosystems. Due 

to the presence of aromatic amine structure in azo dye they are resistant to environmental 

degradation and are considered carcinogenic in nature [6,7]. It is therefore essential to find 

an effective method to remove these pollutants from aquatic environments.  

Till today a variety of methodologies have been opted to eradicate these toxic organic 

compounds from water streams, including membrane filtration, chemical oxidation, 
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ozonation, biosorption, and photodegradation [8]. However, all the reported methodologies 

either lead to the generation of secondary pollutants or are time-consuming. But among all 

the processes, adsorption process involving use of adsorbents that are cheap and readily 

available makes the adsorption method one of the most efficient, easiest, and economical 

approaches for removing toxic pollutants [9]. Since the efficiency of adsorption is regulated 

by the quality and cost-effectiveness of the sorbent, a variety of adsorbents has been studied 

in recent decades, including activated carbon, layered double hydroxides (LDH), graphene 

oxide (GO), clay, metal oxides (such as zinc oxide, titanium dioxide, etc.), polymer 

nanocomposites, and zeolite [10–14]. LDHs have received consistent recognition as highly 

effective adsorbents due to various advantages, including economic feasibility, high anion 

exchangeability, high adsorption capacity, and regeneration ability [15]. With the high 

chemical and thermal stability, extensive presence of hydroxyl groups, and ability to 

intercalate multiple molecules, LDHs are an important tool for removing contaminants 

from water. An investigation by Kheradmand et al. (2022) examined the sequestration of 

methylene blue and reactive orange 16 dyes by rhamnolipid-modified Co/Al LDH. 

Accordingly, both acidic and basic dyes can be effectively removed using Co/Al LDH 

(Kheradmand et al. 2022). Recently, Zhang et al. (2022) prepared Ca/Al LDH 

hydrothermally and studied its performance for the uptake of Cu (II) and Cd (II) ions [16]. 

RSM (response surface methodology) is an efficient method utilized to optimize processes 

whose outcome is dependent on more than two variables. Set of experimental designs and 

models are constructed using these statistical techniques. RSM experiment uses an 

experimental design and interaction analysis to estimate quadratic effects and interactions 

between the process parameters [17]. In RSM, six steps are involved in simulating and 
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optimizing physicochemical processes: (1) and (2) involve selection of desired response 

and strategy, (3) running the experiments, (4) analyzing experimental data and fitting a 

model, (5) validation of the fitted model and (6) optimization of the process parameters 

[18]. In addition to being an effective and reliable statistical tool, it saves time and money 

by enabling reliable and accurate experiment design and analysis. 

In the present study acid hydrolysis route was adopted for the synthesis of novel adsorbent 

containing zinc and copper as divalent and trivalent metal ions, respectively. The study 

evaluated the adsorption efficiency of synthesized lattice to remove azo dyes from 

synthetic and natural water samples. The uptake of series of anionic dyes, i.e., Congo red 

(CR), Methyl orange (MO), and Eriochrome black T (EBT) was performed out of which 

maximum efficiency was calculated for CR dye. Therefore, the adsorption experiments and 

statistical studies were performed for the same. Central composite design (CCD) was 

utilized to determine optimal operating conditions for CR dye uptake from the solution 

employing response surface methodology (RSM). An analysis of batch experimental data 

was conducted to determine the isotherm and kinetics for the removal of CR dye. 

2.2 Materials and methods 

2.2.1 Materials 

Copper acetate monohydrate, zinc acetate dihydrate and H2O2 (30 %) solution were 

purchased from Merck Germany, whereas CR, MO, and EBT were obtained from CDH. 

Table 2.1 gives information about the structure, formulas, and λmax of dyes employed.  

Table 2.1 Structure and formula of azo dyes employed in the study. 

Azo dye Structure λmax (nm) Molecular formula 
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CR 

NaO3S

H2N

SO3Na

NH2

N
N

N
N

 

498 C32H22N6Na2O6S2 

MO 
NaO3S

N

N
N(CH3)2

 

464 C14H14N3NaO3S 

EBT SO3Na

OH

NN

NO2

HO

 

531 C20H12N3O7SNa 

 

2.2.2 Instrumentation 

A Bruker D8 diffractometer was used to record the PXRD pattern in the range of 2θ = 5-

70° having step size and a scanning rate of 0.02° and 1.0 second/step, respectively, using 

Cu Kα radiation of 1.54 Å wavelength. FTIR analysis was performed using PerkinElmer 

FTIR (version 10.5.3) by preparing KBr disks. Thermal analysis was done with 

PerkinElmer thermogram at 10 °C min-1 heating rate under N2 atmosphere Zeta potential 

was determined using Pananalytical Zetasizer (Version. 7.13). Surface area and other 

related properties were determined using Brunauer-Emmett-Teller (BET) by a Quanta 

chrome Nova-1000 instrument by N2 adsorption-desorption isotherm. Tecnai G2 20 S-

Twin TEM and ZEISS Gemini FE-SEM were used to study surface morphology of 

material. 

2.2.3 Zn/Cu LDH synthesis 

Zn/Cu layered double hydroxide was synthesized using an acid hydrolysis route having 

various composition of zinc and copper metal ions. An aqueous solution of copper acetate 
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(0.5 mmol in 10 mL distilled water) was transferred to solution of zinc acetate (4.5 mmol 

in 10 mL distilled water), followed by the addition of 5 mL of oxidant (30% hydrogen 

peroxide solution) and 30 mL miliQ water. The mixture was then ultrasonicated for 30 

minutes followed by 24 hours stirring and later the obtained products were dried in oven 

at 60℃. Similar other trials were also carried out for the synthesis having varying 

compositions of Zinc:Copper metal ions, i.e., 4.9:1 mmoles, 4.9:1.25 mmoles, and 3.74:1.2 

mmoles. 

2.2.4 Batch experiments 

Batch sorption experiments were performed with 20 mg/L concentration of anionic dyes 

(20 mL) and 0.01 g of sorbent where 0.1 N NaOH and HCl were used to maintain the pH.  

Small aliquots of solutions were drawn after fixed intervals, then centrifuged and later 

analyzed using UV-Vis spectrophotometer. The removal efficiency was determined from 

equation (2.1) whereas equations (2.2) and (2.3) were utilized to determine sorption 

capacity.  

% Removal =
Co-Ce

Co
 ×  100                       (2.1) 

qe  =
Co-Ce

W
 ×  V                     (2.2) 

qt  =
Co-Ct

W
 ×  V                       (2.3) 

Where C0, Ce, and Ct are defined as concentration of dyes (mg/L) at initial stage, at 

equilibrium, and at time t, respectively. Dye solution volume and amount of adsorbent are 

denoted by V (in mL) and W (in mg). 
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2.2.5 Design of experiment using RSM  

The CCD tool of RSM allows for parallel execution of large numbers of experiments and 

is highly efficient for studying four factors at once [19]. The influence of four different 

process parameters on the CR dye uptake was assessed using RSM. pH, concentration, 

adsorbent dosage, and contact time designated as A-D respectively, are chosen as 

independent variables for the sportive removal of CR dye. Table 2.2 shows pH (A) ranging 

from 4 to 7, concentration (B) ranging from 20 to 50 mg/L, dosage (C) ranging from 0.005 

to 0.01 g, and contact time ranging from 4 to 8 minutes. Eq. 2.4 was used in the model to 

evaluate the number of experiments to be conducted: 

N = 2k + 2k + n                         (2.4) 

Where, k and n are number of factors and replicates of center point, respectively.  

Table 2.2 Independent variables and ranges in CCD method. 

Factor Name Low Level High Level -α +α 

A pH 4 7 2.5 8.5 

B Concentration of dye 20 50 5 65 

C Adsorbent dosage 0.005 0.01 0.0025 0.0125 

D Contact time 4 8 2 10 

 

The design of the experiments and processing of the obtained data was performed using 

the Design-expert13 (Stat.Ease.Inc. trial version) software. According to eq. 2.4, the CCD-

RSM approach suggested 30 experiments. Some preliminary experiments were performed 
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for the selected ranges of the variables. The significance and appropriateness of the 

regression model was confirmed using values of ANOVA and determination coefficient 

(R2). 

2.3 Results and Discussion 

2.3.1 Structural and morphological properties 

The PXRD patterns of pure phase LDHs exhibit a strong and intense peak at a lower 2θ 

value followed by low intensity peaks at higher 2θ values, i.e., characteristic of anionic 

clays. Figure 2.1 shows PXRD patterns of LDHs synthesized with varying ratios of zinc 

and copper acetate precursors.  Notably in LDH sample with 4.5:0.5 mmoles zinc-to-

copper composition, a single, sharp, and intense reflection corresponding to the (002) plane 

was observed around 12° (2θ value), suggesting a well-defined LDH phase.  

However, in LDH samples with 4.9:1.0 mmoles, 4.9:1.25 mmoles, and 3.74:1.2 mmoles 

composition, an additional peak appeared alongside the sharp (002) reflection. This 

additional peak was indicative of impurity phases, demonstrating that an increased 

concentration of copper ions introduced impurities into the LDH structure. The presence 

of impurities was consistent with the hypothesis that excessive copper incorporation might 

disrupt the LDH crystal structure, resulting in the formation of impure phase. 
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Figure 2.1 PXRD pattern of LDHs formed with different compositions of Zn and Cu (a) 4.5:0.5 

mmoles, (b) 4.9:1.0 mmoles, (c) 4.9:1.25 mmoles, and (d) 3.74:1.2 mmoles. 

The PXRD pattern of Zn/Cu LDH (4.5:0.5 mmoles) with d-spacing and hkl values is 

presented in Figure 2.2a. The intense reflections with d-spacing values of 7.47, 4.55, 3.72, 

2.72, 2.50, and 2.28 Å can be assigned (002), (003), (004), (101), (006), and (103) hkl 

planes, respectively. In addition, these prominent reflections could be indexed in hexagonal 

symmetry with a = 3.19 and c = 14.9 Å. The presence of a characteristic peak of anionic 

clays around 11.9° (2θ) with a d-spacing value of 7.47 Å confirmed the formation of a 

layered arrangement. Moreover, brucite layer thickness (4.8 Å) and acetate molecule length 

(3.6 Å) suggest monolayer arrangement of acetate ions in the interlamellar region of 

synthesized LDH [20]. Therefore, Zn/Cu lattice having 4.5:0.5 mmoles composition was 

further characterized using series of techniques to establish the presence of anions, 
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morphology, surface area, etc. and was then utilized as a sorbent for sequestration of 

anionic azo dyes. 

 

 

Figure 2.2  (a) PXRD pattern (b) FTIR spectrum (c) TG profile and (d) adsorption-desorption 

isotherm with pore size distribution of Zn/Cu LDH. 

As can be viewed from Figure 2.2b, the FTIR spectrum confirms the existence of acetate 

as an interlamellar anion in Zn/Cu LDH. A broad absorption band at 3407 cm-1 is 

accompanied by hydroxyl groups in brucite-like sheets and interlayer H2O molecules. As 

a result of the substantial hydrogen bond formation in these materials, the band accredited 

to the hydroxyl groups is fairly broad. The bands at 1567, 1432, 1022, 954, 692, and 607 
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cm-1 corroborate the presence of acetate as interlayer anion [21]. Further, at 1567 and 1432 

cm–1 strong absorption bands were obtained due to the stretching of -COO- groups 

antisymmetrically and symmetrically, respectively. The band centered at 1022, 692, and 

607 cm-1 were ascribed to the -CH3 group rocking vibration, O-C-O bending, and rocking 

vibration of CO2
- group, respectively [22]. Moreover, the band at 513 cm-1 evidenced the 

presence of metal-oxygen linkage (Zn/Cu-O) in the lattice. 

The thermal stability of Zn/Cu LDH was assessed by performing thermal degradation 

under N2 atmosphere (Figure 2.2c). It can be observed that a continuous loss of weight of 

52.28 % occurred until 430℃, after which it remained constant. The decomposition of 

LDH mainly take place in three steps: (1) removal of surface adsorbed and interlayer H2O 

molecules, (2) dehydroxylation of lattice, and (3) decomposition of acetate anions [23].  

Surface area and porosity of Zn/Cu LDH were measured to an in-depth comprehension of 

the factors influencing the adsorptive properties of Zn/Cu LDH as adsorbent. The N2 

adsorption/desorption isotherm (type-IV isotherm) recorded at 77K is given Figure 2.2d 

with a hysteresis loop implying the material’s mesoporous nature [11]. The specific surface 

area of synthesized material obtained from the BET method was 61.841 m2g-1. Based on 

the BJH (Barrett–Joyner–Halenda) method of pore size distribution, pore diameter and 

pore volume were estimated as 3.658 nm and 0.030 cm3g-1, respectively. The inset of 

Figure 2.2d displays pore size distribution of the Zn/Cu LDH. 
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Figure 2.3 (a) SEM micrograph (b) EDX analysis (c-d) TEM image and (e) SAED pattern of 

Zn/Cu LDH. 

The morphology of the sorbent material was examined by SEM/EDX and TEM analysis 

and are presented in Figure 2.3. The SEM micrograph (Figure 2.3a) revealed that the 

synthesized lattice exhibits plate-like morphology which is typical of inorganic layered 

materials [24]. The EDX analysis (Figure 2.3b) confirmed the uniform distribution of zinc 

and copper metal ions in the lattice.  

The formation of pure phase material with the plate-like morphology can be also be 

confirmed from TEM images shown in Figure 2.3c-e. A clear diffraction ring pattern can 
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be viewed in the SAED pattern (Figure 2.3e) of the synthesized lattice which signifies the 

presence of a layered arrangement [25].  

2.3.2 Adsorption studies 

2.3.2.1 Adsorption of various azo dyes 

The sorption capacity of the Zn/Cu LDH was examined mainly for the sequestration of 

three anionic dyes, i.e., CR, EBT, and MO. The initial adsorption experiments were carried 

out by providing similar experimental conditions, i.e., adsorbent dose: 0.01 g, adsorbate 

concentration: 20 mg/L, and contact time: 4 min.  

The data for the percentage removal of azo dyes before and after sorption is given in Figure 

2.4a-b. The adsorption efficiency follows the trend CR (99 %) > EBT (98 %) > MO (57 

%) within 4 minutes of contact time. From the above experiment, it was deduced that the 

Zn/Cu LDH can be utilized as an efficient sorbent for anionic dye sequestration, especially 

CR. 
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Figure 2.4 (a) Plot of percentage removal of and (b) visual representation of different anionic dyes 

after adsorption using Zn/Cu LDH. 

2.3.2.2 Central composite design  

The impact of parameters on CR dye uptake was examined using the CCD model of RSM. 

For environmental processes the most commonly used design approach is CCD. The CCD 

matrix with the experimental and predicted data for the response is presented in Table 2.3. 

The results were fitted to a modified quadratic model by employing ANOVA which is 

expressed by Eq. 2.5 where R is the percentage removal of CR dye [18]. 

R = X0 + X1A + X2B + X3C + X4BC + X5A
2 + X6C

2                    (2.5) 

Table 2.3 Central composite design statistics with observed and predicted % removal responses. 

  Variables % Removal 

Run A: pH 

B: Concentration 

of dye (mg/L) 

C: Adsorbent 

dosage (g) 

D: Contact 

time (min) 

Observed Predicted 

1 5.5 35 0.0075 10 97.7 96.32 

2 5.5 35 0.0125 6 98.56 99.64 

3 7 20 0.005 8 99.91 97.67 
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4 (C) 5.5 35 0.0075 6 97.93 96.32 

5 5.5 35 0.0075 2 97.21 96.32 

6 (C) 5.5 35 0.0075 6 97.25 96.32 

7 (C) 5.5 35 0.0075 6 97.55 96.32 

8 7 20 0.01 8 99.12 101.52 

9 4 50 0.01 8 98.86 94.62 

10 5.5 5 0.0075 6 98.2 112.86 

11 4 50 0.005 4 50.4 47.66 

12 5.5 35 0.0025 6 46.98 48.84 

13 7 50 0.01 8 99.29 106.53 

14 2.5 35 0.0075 6 48.01 62.67 

15 4 20 0.01 4 95.17 89.6 

16 7 50 0.005 8 58.41 59.58 

17 7 50 0.005 4 54.95 59.58 

18 4 50 0.005 8 47.02 47.66 

19 4 50 0.01 4 99.76 94.62 

20 5.5 65 0.0075 6 79.2 79.78 

21 7 50 0.01 4 99.91 106.53 

22 8.5 35 0.0075 6 98.21 86.49 

23 7 20 0.01 4 99.14 101.52 

24 (C) 5.5 35 0.0075 6 97.72 96.32 

25 4 20 0.01 8 98.41 89.6 

26 (C) 5.5 35 0.0075 6 97.39 96.32 

27 4 20 0.005 4 84.96 85.76 

28 4 20 0.005 8 92.98 85.76 

29 7 20 0.005 4 99.39 97.67 
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30 (C) 5.5 35 0.0075 6 97.18 96.32 

(C) = Center points 

Using the data obtained from RSM experiments a modified quadratic model was developed 

after the omission of nonsignificant terms as given in the following equation (in terms of 

designated factors): 

R = 96.53 + 5.96A – 8.27B + 12.7C + 10.78BC – 5.51A2 – 5.6C2                  (2.6) 

The outcomes of ANOVA (given in Table 2.4) were used to assess the predicted modified 

quadratic model. The relevance of the fitted model was correlated with the coefficient of 

determination (R2) value and was further examined by the F-test (Fisher test). The high F-

value for the model, i.e., 39.91 suggested that the model is considerable and there is only a 

0.01% possibility that noise results in this high F-value. Statistically significant results 

obtained from the present study, shows that the developed quadratic model can predict % 

dye removal with a low p-value (<0.05). In the current study only those terms which have 

a p-value < 0.05 are included in the model other terms are considered insignificant. The 

high value of coefficient of determination (R2 = 0.9124) suggested that the calculated and 

predicted response data were in good agreement.  

Table 2.4 Table 2.4 ANOVA for Reduced Quadratic model. 

Source 

Sum of 

squares 

df 

Mean 

square 

F-value p-value  

Model 9803.22 6 1633.86 39.91 < 0.0001 significant 

A-pH 851.41 1 851.41 20.8 0.0001   

B-Concentration of dye 1641.18 1 1641.18 40.09 < 0.0001   



Chapter 2 
 

56 
 

C-Adsorbent dosage 3871.21 1 3871.21 94.56 < 0.0001   

BC 1858.27 1 1858.27 45.39 < 0.0001   

A² 864.97 1 864.97 21.13 0.0001   

C² 891.83 1 891.83 21.78 0.0001   

Residual 941.63 23 40.94       

Lack of Fit 941.63 18 52.31    

Pure Error 0 5 0       

Cor Total 10744.85 29         

Standard deviation  6.38     

Mean  87.56     

C.V.%  7.3     

R2  0.9124     

Adjusted R2  0.8895     

Predicted R2  0.7347     

Adequate Precision  21.145     

C.V.% = Coefficient of variation, df = Degree of freedom 

Table 2.4 also presents the fit statistic data for the model. The difference among Predicted 

R² (0.7347) and Adjusted R² (0.8895) was < 0.2, i.e., the values obtained were in good 

agreement. The obtained value of Adeq Precision is 21.145 indicating an adequate signal. 

Thus, confirming that the model can be utilized to direct the design space. 

2.3.2.3 Optimization of adsorption parameters using the desirability function 

The ideal conditions for the dye uptake were obtained by the desirability calculation 

employing design-expert software (trial version), with 0.963 value of desirability. In this 

method, factors that contribute to positive outcomes are maximized, while factors that 
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cause negative outcomes are minimized. The target function is set as high as possible to 

get the maximum percentage removal. Based on the predicted model, the optimum 

parameters for maximum dye uptake were found to be at pH 7 having dye concentration 

50 mg/L and 0.01 g of adsorbent within 4 minutes contact time (Table 2.5). The percentage 

removal of CR dye predicted by the model was computed to be 100 % which was in 

correlation with experimentally observed value (99.91 %). Based on these results, the CCD 

model was proven to be effective in studying and optimizing the colour removal process. 

Table 2.5 Optimized conditions for dye uptake obtained by desirability function. 

Coded Variables Predicted %R Experimental %R 

A: 7 B: 50 ppm C: 0.01 g D: 4 min 100 99.91 

 

2.3.2.4 Effect of operating parameters on dye uptake 

RSM was employed to analyze the impact of independent variables on the CR dye uptake 

using Zn/Cu LDH adsorbent. In the present study, the plot obtained by desirability 

calculations (Figure 2.5) illustrates that the % removal of CR dye was independent of 

contact time as it shows zero value for desirability. It also depicts that the response was 

equally influenced by pH and concentration of dye whereas the impact of adsorbent dosage 

was slightly less than the other two factors.  

Based on these observations the interactions between these three variables with respect to 

CR dye uptake was studied using 3-D response surface plots illustrated in Figure 2.6. It 

was evident from these plots that the curvature indicates the extent to which variables are 

interacting. In Figure 2.6a the interactive influence of pH and dye concentration at constant 
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adsorbent dosage (0.01 g) is depicted. Results demonstrated that pH greatly affects 

percentage removal of CR dye as removal increases with increasing pH.

 

Figure 2.5 Desirability plot for different variables and their combined effect. 

The adsorbent amount is one of the key factors that directly influences uptake of dye, 

Figure 2.6b illustrates the 3D response surface plot of % removal dependent on pH and 

dose of sorbent. It clearly states that with increasing adsorbent amounts, the % removal 

increases as a larger surface area and increased active sites become accessible for sorption.  
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Figure 2.6 Counter plots for interaction between (a) pH and dye concentration, (b) pH and 

adsorbent amount, and (c) dye concentration and adsorbent amount. 

In addition, the interaction between adsorbent dosage and dye concentration is depicted in 

Figure 2.6c which clearly indicates that % removal maximizes at higher adsorbent dosage 

and lower initial concentration of dye. A decrease in dye concentration results in a lower 

ratio between the concentration of solute and active adsorbent sites, which accelerates dye 

adsorption, resulting in an increase in dye uptake. Whereas, at increased dye concentration 

the saturation of adsorption sites of adsorbent results in a decrease in adsorption. 
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2.3.2.5 Adsorption equilibrium isotherm 

For understanding adsorption mechanisms, isotherm studies are helpful since they provide 

information about the adsorption capacity and how the adsorbate molecules interact with 

the adsorbent, i.e., physically or chemically. The adsorption was performed at different 

concentrations of CR dye (keeping other parameters constant) to investigate the sorption 

mechanism. The obtained data were analysed using three isotherm models: Langmuir, 

Freundlich, and Temkin. According to the Langmuir isotherm (LI) (Eq. 2.7) adsorbents are 

assumed to bind at specific homogeneous sites, and adsorbed ions are assumed to adhere 

to the homogeneous surface of adsorbents in monolayer. There occur no interactions 

between molecules of adsorbent. Freundlich isotherm (FI) (Eq. 2.8) states that adsorption 

occurs on non-homogeneous adsorbent sites (multilayer adsorption) with non-uniform 

energy distribution to the active sites [26]. An adsorption isotherm for a two-phase system 

is represented by the Temkin isotherm (TI) by considering some aspects of indirect 

adsorbate-adsorbent interactions. The linear expression of the model is given in Eq. 2.9. 

Ce

qe
=

1

qmaxKL 
+

Ce

qmax
                            (2.7) 

ln qe = ln KF +
1

n
ln Ce                         (2.8) 

qe = B ln AT + B ln Ce                      (2.9) 

Where qe and qmax (mg/g) are equilibrium and maximum adsorption capacity, respectively 

and Ce is final dye concentration (mg/L). Langmuir and Freundlich equilibrium constants 

are denoted by KL (L/mg) and KF (mg/g) respectively, constant n is Freundlich adsorption 

intensity and the value of n>1 indicates favorable condition for adsorption. Constant B is 

associated with heat of adsorption (J/mol) and AT (L/g) is binding constant of Temkin 

isotherm. 
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The favourability of the adsorption can be predicted by the LI by using a separation factor 

RL (a constant without dimensions) and can be expressed as follows: 

RL =
1

1+kLC0
                       (2.10) 

where the process can be called irreversible, favorable, linear, and unfavorable when R = 0, 0 < 

RL < 1, R = 1, and R > 1, respectively. 

 

 

Figure 2.7 Linear plots for (a) Langmuir (b) Freundlich and (c) Temkin isotherms. 

Based on the linear fit of experimental data, isotherm parameters and R2 values are 

presented in Table 2.6 and plots are presented in Figure 2.7. LI model showed the 

maximum value of determination coefficient (R2) among all the isotherms studied, 
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denoting that the adsorbent molecules are adsorbed homogeneously on the surface of 

Zn/Cu LDH in a monolayer arrangement. In addition, the value of maximum adsorption 

capacity was calculated to be 167.22 mg/g. Additionally, RL values evaluated in this study 

range from 0 to 1, suggesting a favorable process for dye adsorption over Zn/Cu LDH.  

Table 2.6 Equilibrium constants for CR dye removal. 

Equilibrium isotherms Plot Slope and 

intercept 

Parameters 

Langmuir 

Ce

qe
=

1

qmaxKL 
+

Ce

qmax
 

Ce/qe vs 

Ce 

Slope = 1/qmax 

Intercept = 

1/(KLqmax) 

qmax (mg/g) 

KL (L/mg) 

R2 

167.22 

11.96 

0.9965 

Freundlich 

ln qe = ln KF +
1

n
ln Ce 

ln qe vs 

ln Ce 

Slope = 1/n 

Intercept = ln KF 

KF (mg/g) 

(L/mg)1/n 

1/n 

R2 

292.54 

0.55 

0.9913 

Temkin 

qe = B ln AT + B ln Ce 

qe vs ln 

Ce 

Slope = B 

Intercept = B ln 

AT 

B (J/mol) 

AT (L/g) 

R2 

40.29 

89.38 

0.9208 

 

2.3.2.6 Adsorption kinetics 

Kinetic studies were performed using Zn/Cu LDH (dose = 0.01 g at solution pH 7.0) with 

50 ppm initial CR concentration. Following adsorption, samples were taken at fixed 

intervals and analysed for CR dye concentration. The experimental data was fitted in linear 
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equations of three different kinetic models. The reversible equilibrium between adsorbent 

and adsorbate phases is expressed by the first model, i.e., pseudo-first-order (PFO) model 

(Eq. 2.11). The pseudo-second-order kinetics (PSO) (Eq. 2.12) presumes that the chemical 

adsorption is the rate limiting step of adsorption process. As a result of assumption of 

exponential growth of adsorption sites, the Elovich model (Eq. 2.13) indicates multilayer 

sorption [27].  

ln(qe-qt) = ln qe- K1t                     (2.11) 

t

qt
=  

1

K2qe
2 +  

t

qe
                      (2.12) 

qt = β (ln αβ) +  β lnt                      (2.13) 

Where qe and qt (mg/g) are denoted as adsorption capacity at equilibrium and time t 

respectively. The PFO and PSO rate constants are denoted by K1 (min-1) and K2 (g mg-1 

min-1), respectively. β (mg/g min) is desorption constant and α (mg/g min) is the adsorption 

rate at initial stage. 
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Figure 2.8 The linear plots of (a) PFO (b) PSO and (c) Elovich models. 

Table 2.7 Kinetic parametric values for CR dye uptake. 

Kinetic models Plot Slope and intercept Parameters 

Pseudo-first order 

ln(qe-qt) = ln qe- K1t 

ln (qe-qt) 

vs t 

Slope = -K1 

Intercept = ln qe 

K1 (min-1) 

qe (mg/g) 

R2 

0.43 

4.37 

0.9826 

Pseudo-second order 

t

qt
=  

1

K2qe
2 +  

t

qe
 

t/qt vs t  Slope = 1/qe 

Intercept = 1/(K2qe
2) 

K2 (g mg-1 

min-1) 

qe (mg/g) 

R2 

0.24 

101.01 

1.0 

Elovich model 

qt = β (ln αβ) +  β lnt  

qt vs ln t Slope = β 

Intercept = β (ln αβ) 

α (mg g-1 

min-1) 

β (g mg-1) 

R2 

2.42 

0.61 

0.6756 

Experimental value - - qexp (mg/g) 99.72 

 

The linear plots of models employed are illustrated in Figure 2.8 and the linear regressions 

and kinetic parameters of the models are summarized in Table 2.7. It is apparent from the 
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data obtained that the PSO model has the maximum determination coefficient value 

(almost equal to 1) and also the calculated value of adsorption capacity (101.01 mg/g) is in 

accordance with the experimentally obtained value (99.72 mg/g). Whereas a significant 

deviation in qe and qexp can be observed for PFO model. Thus, confirming the 

appropriateness of PSO model to fit the kinetic data and inferring that the CR dye 

adsorption onto Zn/Cu LDH is chemisorption process. 

2.3.2.7 Thermodynamic studies 

The synthesized lattice was used as an adsorbent to study CR adsorption at 303.15, 313.25, 

and 323.15 K temperatures. The thermodynamic parameters, i.e., enthalpy, entropy, and 

free energy were estimated from the following equations:  

ln K = -
ΔH0

RT
+

ΔS0

R
                      (2.14) 

K =
qe

Ce
                       (2.15) 

ΔG0 = ΔHo-TΔS0                          (2.16) 

Where, K, R, Ce, T, and qe, are the equilibrium constant, gas constant (8.314 J K-1 mol-1), 

concentration of dye at equilibrium, temperature (K), and adsorption capacity (mg/g), 

respectively. ΔS°, ΔH°, and ΔG° are change in entropy (J/mol/K), enthalpy (kJ/mol), and 

Gibbs free energy (kJ/mol) respectively (the values are given in Table 2.8).  
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Figure 2.9 (a) Van’t Hoff plot for ln K vs 1/T and (b) plot of effect of temperature on adsorption 

capacity. 

Van’t Hoff plot was used to calculate the value of enthalpy and entropy, whereas ΔG° was 

calculated using Eq. 2.16. According to the results, with increasing solution temperature, 

the adsorption capacity decreases owing to the weakening of adsorbent-adsorbate 

adsorptive forces [28]. It can also be stated that with an increase in temperature the 

equilibrium shifts in the backward direction resulting in the release of adsorbed ions at 
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higher temperatures (Figure 2.9).  As a result of a negative enthalpy change, the adsorption 

is exothermic in nature. In addition, the entropy change was also negative thus, attributing 

to a decrease in the degree of randomness of adsorbed species. The negative value of free 

energy indicated that sorption process is feasible and spontaneous. 

Table 2.8 Thermodynamic parametric values for CR uptake. 

Temperature (K) qe (mg/g) ΔS° (J/mol/K) ΔH° (KJ/mol) ΔG° (KJ/mol) 

303.15 99.87 -100.50 -49.16 -18.70 

313.15 99.83   -17.69 

323.15 99.52   -16.68 

 

2.3.3 Different adsorbents for CR uptake 

The study also compared the optimized conditions and removal efficiency of some of the 

newly reported sorbents for the removal of CR with Zn/Cu LDH (Table 2.9). The results 

showed the absorbent used in the present study was highly effective at removing CR dye 

in a very short timeframe, compared to other adsorbents reported. In addition to its 

excellent porous structure, it contains positively charged metal hydroxide sheets, which 

contributes to its high adsorption capacity toward anionic CR dye. 

Table 2.9 Different sorbents reported for uptake of CR dye. 

Adsorbent Removal 

percentage 

(%) 

Adsorption 

capacity 

(mg/g) 

Contact 

time (min) 

pH References 

MWCNTs 92 352.11 60 11 [29] 
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pTSA-Pani@GO-

CNT 

- 26.8 300 5 [30] 

Chitosan 

hydrogel beads 

impregnated with 

CNT 

- 450.4 360 5 [31] 

ILNO-NH2 97 43.10 30 4 [32] 

Zeolite/algae 

composite (ZPG) 

78.89 11.26 480 7 [33] 

Fly ash - 22.12 180 Natural 

pH of 

dye 

[6] 

Cashew net shell 98.52 5.184 120 2 [34] 

Cu-Ca-Al-

LDH/gellan gum 

nanocomposite 

- 100 60 5 [35] 

Acetate 

intercalated 

Zn/Cu LDH 

>99 167.22 4  7 Present 

work 

 

2.3.4 Sequestration of CR dye in real water samples 

For the purpose of evaluating the real-time applicability of the synthesized material, the 

adsorption behavior was studied for CR dye sequestration from tap water, groundwater, 



Chapter 2 
 

69 
 

and textile water. The results obtained from real water sample analysis were then compared 

with that of distilled water (Figure 2.10a). The textile wastewater (obtained from Bawana 

Industrial Area New Delhi, India) used for analysis was first filtered to remove solid 

aggregates. Since native samples contained small traces of CR dye, they were spiked with 

a certain concentration of analyte. The trend for percentage removal of CR dye follows the 

order: Distilled water (98 %) > Tap water (94 %) > Groundwater (88 %) > Textile water 

(85 %). Thus, the synthesized layered material may be employed for environmental 

remediation applications in real wastewater as well as these observations support the 

current work more effectively than those reported in the literature. 

2.3.5 Reusability of Zn/Cu LDH 

A recyclability study of the adsorbent was also carried out to ensure the relevance of the 

system for real-time applications. For regeneration purposes, the adsorbent was collected 

and washed with water:ethanol mixture after adsorption, later dried in an oven to check its 

reusability. The removal efficiency of CR dye was estimated to be more than 85% in first 

three cycles and it decreased up to 70 % in the fourth cycle (Figure 2.10b). Hence, Zn/Cu 

LDH was able to adsorb effectively and could be reused multiple times. 
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Figure 2.10 Plot of (a) percentage removal of CR dye in different water samples and (b) reusability 

of adsorbent up to 4 cycles. 

2.3.6 Adsorption mechanism 

The adsorption of toxic organic pollutants by LDHs mainly follows interlayer anion 

exchange, electrostatic interaction, and surface complexation [36]. The mechanistic aspects 

of anionic dye adsorption onto the synthesized sorbent can be elucidated from the results 

of zeta potential, FTIR, and PXRD analysis.  
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One of the significant factors affecting the adsorbent-pollutant interaction is the surface 

charge of the sorbent which can be determined using zeta potential [37]. The Zn/Cu LDH 

possesses a net positive surface charge of 30.1 mV and 10.5 mV before and after the CR 

dye uptake, respectively. The net positive charge of the material was found to decrease 

with the adsorption of anionic dye molecules. These results indicated that there occurred 

an electrostatic attractive interaction among positively charged layered material and 

anionic dye molecules. Thus, the material can act as a potential sorbent for anionic dyes. 

 

Figure 2.11 Comparative plots of adsorbent before and after sorption (a) FTIR and (b) PXRD. 

An analysis of the FTIR spectra (Figure 2.11a) of the adsorbent before and after sorption 

depicted a notable decrease in the intensity of prominent bands along with the shifting of 

bands to a lower wavenumber value suggesting the occurrence of chemical interactions 

between CR dye and the adsorbent. The shift in hydroxide bands towards lower 

wavenumber, i.e., from 3407 to 3380 cm-1 can be ascribed to the H-bonding between -OH 

groups of Zn/Cu LDH and nitrogen/oxygen-containing groups of dye. Furthermore, the 
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decrease in intensity of the strong absorption band of acetate ions was observed which may 

be due to the exchange of interlayer acetate ions with that of the dye molecules [38].  

The PXRD of synthesized adsorbent was recorded before and after adsorption of CR dye 

to examine the textural changes in the lattice after dye adsorption. The PXRD results 

obtained for the same are shown in Figure 2.11b with corresponding d-spacing values. The 

sample after the adsorption of CR dye shows a significant change in the PXRD pattern in 

which the sharp and intense reflection at 2θ value, i.e., 11.98° shifted to a lower 2θ value 

of  7.99° that maybe due to the strong chemical interactions existing in between dye 

molecules and the adsorbent as evident from the FTIR results [39,40]. In addition, no 

characteristic peaks of pure LDH and CR dye were observed in the PXRD pattern. 

Therefore, CR dye adsorption is governed by electrostatic interaction and anion exchange 

mechanisms, based on the above inferences. 

2.4 Conclusion 

In the present work, a facile and efficient method has been adopted for the fabrication of 

novel Zn/Cu LDH which overcomes the limitations posed by conventionally used methods 

including usage of extreme reaction conditions and toxic precursors which serve as a 

hindrance in the economical synthesis of LDHs. The study summarizes a comprehensive 

study of experimental and statistical results for the uptake of organic dyes in synthetic and 

real wastewater. RSM-CCD methodology was employed to predict the optimum 

parameters and conditions for removing CR dye. The outcomes of ANOVA established 

that modified quadratic model was considerable for removal of CR dye. Under the 

optimum conditions, i.e., 50 mg/L dye concentration, pH 7, and 0.01 g adsorbent dosage 
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within 4 minutes, the dye removal efficiency was maximum (99.91 %). Batch experiments 

have shown that CR adsorption onto Zn/Cu LDH followed Langmuir isotherm with 167.22 

mg/g of maximum adsorption capacity and fitted well with PSO kinetic model. The 

reusability study suggested that adsorbent's efficiency was not significantly affected even 

after 3 cycles of adsorption and >85 % of CR was removed when tested on environmental 

water samples (tap water and groundwater). In conclusion, Zn/Cu LDH demonstrated 

efficiency and practicability in removing CR under optimized process conditions by 

CCD/RSM model. 
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Chapter 3 SYNTHESIS AND CHARACTERIZATION OF 

Zn/Cu LAYERED DOUBLE OXIDE: SMARTPHONE-

BASED AND SPECTROPHOTOMETRIC DETECTION OF 

ULTRASOUND ASSISTED UPTAKE OF MALACHITE 

GREEN 
 

3.1 Introduction 

Natural water resources are indispensable to humans, plants, and animals; therefore, 

contaminating water with chemicals and other toxic species is a significant issue that must 

be addressed immediately [1]. Different industries discharge toxic dyes into water that are 

highly carcinogenic, mutagenic, and teratogenic, posing serious health and ecological risks 

[2]. Most commonly utilized cationic dye in textile, lather, and paper industries is 

Malachite green (MG) dye. Although despite having various applications several groups 

have reported the toxicity of MG dye. It is extremely toxic to aquatic organisms due to its 

strong chelating tendency towards metal ions.  Therefore, MG dye effluent must be 

removed or treated from aquatic stream to reduce its toxic impact on the ecosystem [3]. 

Till today dye effluents have been treated using a variety of wastewater treatment 

techniques, including coagulation, sorption, ion exchange, membrane filtration, catalysis, 

and photodegradation. Among all adsorption emerged out as one of the most widely 

applied techniques due to its high potential, cost-effectiveness, ease of operation, and eco-

friendliness [4]. For carrying out water purification several sorbent materials have been 

used, such as activated charcoal, bio-adsorbents, silicates, polymeric adsorbents, etc [5–

8]. These adsorbents, however, have limited application owing to their high cost, low 

adsorption efficiency, and complexity in regeneration.  
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The study of two-dimensional layered materials such as LDHs has recently gained 

increased attention as sorbent material because of its variable pore size, high surface area, 

tunable properties, and ability to exchange anion. The treatment of LDH at optimum 

temperature results in the topotactic transformation to mixed metal oxide (MMO) or 

layered double oxide (LDO) that can acts as efficient sorbent, catalyst, etc. [9,10].  

The adsorption efficiency of LDH or LDO can be enhanced further by using sonication 

technique. Sonication is a method of agitating particles in a sample by applying sound 

energy. The process is called ultrasonication when ultrasonic frequencies are used. The 

phenomenon of acoustic cavitation is the driving force of the ultrasonication process where 

the formation and collapse of microbubbles formed near the ultrasound source intensify 

the mass transfer and breaks the adsorbent-adsorbate affinities [11]. Thus, the combined 

effect of the ultrasound-assisted adsorption process may result in shorter reaction time and 

improved efficiency [12].  

Smartphones can be used for the colorimetric detection of organic/inorganic effluents 

depending upon the color received from the analyte solution. The advent of 

smartphones with high-resolution cameras and large storage capacities allows users to 

capture clear and detailed pictures.  Analytical chemistry practices aim to take advantage 

of this IT boom to improve data collection, handling, and processing as well as make it 

easier and quicker without requiring sophisticated instruments and specialized knowledge 

[13].  An inexpensive, field-portable, and user-friendly platform based on RGB color 

modelling is offered in this approach for performing analytical tests, and its ease of use 

allows for effortless quantification of dye uptake, which has opened up new horizons for 

data analysis [14]. In a recent study by Bahrami et al. (2022) Fe-Cr LDH was employed 
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for mercury ions uptake and smartphone-based colorimetric method was used for the 

detection [15].  

In the present study Zn/Cu based LDH was calcined to obtain Zn/Cu LDO for the sorptive 

uptake of MG dye. LDO was characterized using PXRD, FTIR, XPS, SEM/EDX, and BET 

techniques. The impact of various factors such as pH, time of ultrasonication, concentration 

of dye, and adsorption under different conditions have been studied. To propose a system 

that is applicable under all conditions, adsorption isotherms and kinetic models were 

examined. In addition, a smartphone-based detection (‘Colorpicker application’) of MG 

dye after adsorption has also been employed as an alternate method for colorimetric 

detection of residual concentration of MG dye.  

3.2 Experimental Details 

3.2.1 Chemicals and reagents 

The MG dye was purchased from CDH. Accurate quantity of MG dye was dissolved in 

500 mL of deionized (DI) water to prepare the stock solution of dye (100 mg L-1). The 

details of azo dye employed in the study are given in Table 3.1.  

Table 3.1 Structure and formula of MG dye. 

Azo dye Structure λmax 

(nm) 

Molecular 

formula 

Molecular 

weight 

Malachite 

green 

C

N N

CH3

CH3
H3C

H3C

Cl

 

617  C32H22N6Na2O6S2 364.911 g/mol 
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3.2.2 Synthesis of Zn/Cu LDH and Zn/Cu LDO 

Firstly Zn/Cu LDH was prepared by hydrolysis method [16]. Metal salt solutions were 

prepared with 0.9877 g of Zn(CH3COO)2.2H2O and 0.0998 g of Cu(CH3COO).H2O in DI 

water.  Then hydrogen peroxide solution (5 mL H2O2 + 30 mL DI water) was added to the 

metal salt solutions. The mixture was then ultrasonicated for 30 minutes and later stirred 

for 24 hours following drying of the product at 60℃. The prepared Zn/Cu LDH was then 

further calcined at 350℃ for six hours in a muffle furnace to obtain the Zn/Cu LDO. 

3.2.3 Instrumentation 

A Bruker D8 advance diffractometer operating at Cu K radiations at a step size 

of 0.02° was used in the 2θ = 5-70° range to record PXRD patterns. PerkinElmer 

spectrometer was used to analyze the sample (version 10.5.3). N2 adsorption-desorption 

isotherm was measured using a Quantachrome USA, Novatouch LX4 to determine the 

Brunauer-Emmett-Teller (BET) surface area at 77 K. A Zeiss GeminiSEM was used for 

FE-SEM with EDX analysis of Zn/Cu LDO. XPS measurements were recorded with Al 

Kα photoelectron excitation using a PHI 5000 VersaProbe III.  

3.2.4 Ultrasound-assisted adsorption studies 

The experiments were performed in batch mode in an ultrasonic bath where a fixed amount 

of Zn/Cu LDO was added to different initial concentrations of MG dye (in 50 mL) solution 

for 30 minutes. Following adsorption and centrifugation for 10 minutes the remaining 

concentration of MG dye was determined using UV-visible spectrophotometer, Cary Series 
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(Cary 300). The λmax of MG was chosen at 617 nm and the removal efficiency and 

adsorption capacities were estimated using following equations: 

Removal efficiency (%) =
Co-Ce

Co
 × 100 %                     (3.1) 

 qe  =
Co-Ce

W
 ×  V                        (3.2) 

qt  =
Co-Ct

W
 × V               (3.3) 

Where C₀, Ce and Ct are dye concentrations at initial, equilibrium, and final stage, 

respectively. qe and qt are the adsorption capacities and equilibrium and time t, respectively. 

V and w are volume of solution and amount of the adsorbent, respectively. 

3.3 Results and Discussion 

3.3.1 Structural and morphological properties of LDO 

The PXRD patterns of both Zn/Cu LDH and Zn/Cu LDO are shown in Figure 3.1a. The 

formation of LDH was established by the presence of a sharp intense peak at 2θ value of 

11.96°, ascribed to (002) reflection, indicating acetate intercalation in interlayer region. 

However, upon calcination at 350℃, the (002) reflection of LDH disappeared in the PXRD 

pattern of LDO as a result of the dehydroxylation/decomposition of interlayer acetate ions. 

From the PXRD pattern of Zn/Cu LDO was found to be similar to that of pure zinc oxide. 

The characteristic peaks of Zn/Cu LDO were observed at 31.99°, 34.64°, and 36.43° with 

a slight shift to lower angles from that of pure ZnO. 

The FTIR spectra of Zn/Cu LDH and LDO (Figure 3.1b) demonstrated the disappearance 

of characteristic peaks of interlayer acetate ion on calcination. The spectra of LDH and 

LDO exhibit a broad band at 3418 and 3382 cm-1 corresponding to the presence of -OH 
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groups. The peaks in the range of 600-400 cm-1 can be assigned to the metal oxygen (M-O 

and M-O-H) linkages present in the lattices. In addition, the disappearance of a broad band 

around 3000 cm-1 due to the hydrogen bonding in LDH also corresponds to the removal of 

acetate ions confirming formation of LDO.  

To determine the morphology and composition of LDO, SEM/EDX analysis was 

performed (Figure 3.1c-e). On calcination the plate-like structure of parent LDH 

transformed into smaller particles. The average particle size was also calculated from SEM 

image and was found to be 58 nm.  The EDX analysis demonstrated the uniform or 

homogeneous distribution of zinc, copper, and oxygen elements. 
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Figure 3.1 (a) PXRD pattern, (b) FTIR spectra of LDH and LDO, (c) SEM image, (d) average 

particle size distribution histogram, and (e) EDX plot of Zn/Cu LDO. 

The BET surface area analysis was utilized to assess the size and pore volume of the 

adsorbent, as well as its specific surface area. The data for surface properties of prepared 

LDO in comparison with parent LDH are given in Table 3.2 [17]. In accordance with the 

IUPAC classification system, the nitrogen adsorption-desorption isotherm falls under type 

IV category with H4 hysteresis loop (Figure 3.2a), which indicates microporous nature of 

material. Pore volumes of Zn/Cu LDO (0.122 cm3/g) are greater than that of pristine LDH 

(0.030 cm3/g), suggesting the collapse of layered arrangement after calcination (Figure 
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3.2b). Moreover, the removal of acetate ions and H2O molecules from the interlamellar 

region resulted in an increased surface of LDO in comparison with LDH. It can also be 

summarized that the presence of interlayer anion in LDH resulted in smaller pore volume 

and larger diameter, respectively than that of Zn/Cu LDO [18]. 

Table 3.2 Surface properties of synthesized adsorbent. 

Adsorbent BET surface area 

(m2/g) 

Pore diameter (nm) Pore volume 

(cm3/g) 

Zn/Cu LDH 61.841 3.658 0.030 

Zn/Cu LDO 84.217 1.171 0.122 

 

 

Figure 3.2 (a) N2 adsorption-desorption isotherm and (b) pore size distribution plot of Zn/Cu LDO. 
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3.3.2 Adsorptive removal of Malachite green dye 

3.3.2.1 Effect of contact time 

Figure 3.3a-b represent the impact of sonication time on the removal efficiency of 

synthesized sorbent at 30 mg/L concentration of MG dye and 0.2 g/L of adsorbent dosage. 

A significant and sharp increase in the removal efficiency can be observed in the initial 5 

minutes of ultrasonic irradiation, i.e., reaching >85% after which equilibrium was achieved 

gradually. Consequently, of the adsorbent's large surface area and active sites, it exhibits a 

high initial adsorption rate. In addition, a large amount of mass is transferred from the 

adsorbate to the adsorbent during sonication which contributes to the high MG adsorption. 

 

Figure 3.3 (a) Wavelength vs absorbance and (b) contact time vs percent dye removal plots. 

3.3.2.2 Effect of concentration of MG 

Experiments were performed with different initial MG concentrations in order to assess the 

influence of the dye concentration on the removal efficiency of the Zn/Cu LDO (Figure 

3.4a). A fixed amount of adsorbent was added to different initial concentrations of MG dye 
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(5-30 mg/L) solutions and ultrasonically treated for 30 minutes. According to the findings 

of the study, a higher initial dye concentration resulted in increased adsorption of MG dye 

at equilibrium. When concentrations are high, molecular collisions are more likely to occur 

with adsorbent surfaces, leading to greater transfer of masses from solution to solid. In 

response to increasing collisions, molecules are removed from the solution phase at a faster 

rate.  

 

 

Figure 3.4 Plot of (a) concentration variation of MG dye vs adsorption capacity, (b) % removal vs 

pH of dye solution, (c) pHpzc vs ΔpH, and (d) effect of adsorbent dosage of MG dye sequestration. 
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3.3.2.3 Effect of pH and pHPZC determination  

The sorption of effluents from the aqueous phase is strongly affected by pH of solution 

because it influences surface charge of adsorbent. It is noteworthy that the detection of MG 

dye is difficult above pH 8 due to the interaction of hydroxy ions and cationic dye 

molecules leading to the precipitation of MG, which discolors the dye solution [19]. In 

addition, MG dye is unstable and decolorizes at high pH therefore, the impact of pH on 

dye uptake was investigated in 3 to 7 pH range. At low pH conditions there exists higher 

concentration of H+ ions which may compete with the positively charged dye molecules 

for the sorbent adsorption sites. Figure 3.4b depicts that dye removal efficiency increases 

with increase in pH values which may be ascribed to the negative surface charge of the 

adsorbent at high pH conditions which interact with the positive dye molecules. 

The pHpzc was found to be 5.86 implying that the surface of adsorbent is positive and 

negative below and above 5.86 pH value, respectively (Figure 3.4c). As a result, above pH 

5.86 there occurs an electrostatic interaction between dye molecules (positively charged) 

and adsorbent surface (negatively charged). Additionally, LDO has the advantage of being 

able to carry out adsorption process at a pH range that is compatible with drinking water.  

3.3.2.4 Effect of adsorbent dosage 

Removal of contaminants from aqueous solutions is greatly influenced by the amount of 

the adsorbent. The MG removal efficiency increased from 74 to 90% as the dosage rate 

increased from 0.1 to 0.4 g L−1 (Figure 3.4d). Increased dosage results in a greater number 

of active sites for adsorption, contributing to a higher removal efficiency. 
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3.3.2.5 Adsorption kinetics 

The adsorption kinetic study was conducted to understand possible mechanisms and predict 

adsorption rates. Pseudo-first-order (PFO), pseudo-second-order (PSO), and elovich 

models were employed to simulate the experimental kinetic factors of the adsorbent. 

The general expression of the linearized form of PFO is as follows: 

ln(qe-qt) = ln qe- K1t            (3.4) 

Where qe (mg g-1) and qt (mg g-1) are adsorption capacities at equilibrium and at time t, 

respectively and K1 (min-1) is the PFO rate constant [20].  

Unlike other adsorption models, the PSO model predicts the adsorption behavior over the 

entire absorption range since it is based on the assumption that adsorption capacity depends 

on the available active sites [21]. The linearized form of PSO is expressed as:  

t

qt
=  

1

K2 qe
2

+ 
t

qe
             (3.5) 

Where K2 (g mg-1 min-1) is the second order rate constant which can be estimated from the 

linear plot of t/qt vs t. 

A second order kinetic equation based on adsorption capacity has been successfully 

described using the Elovich equation in linear form (Eq. 3.6), provided the solid surfaces 

are energetically heterogeneous. However, the equation does not propose a specific 

mechanism for the adsorbate–adsorbent interaction [22]. In general, it is widely agreed that 

the following semi-empirical equation can accurately describe the chemisorption process: 

qt = β (ln αβ) +  β lnt             (3.6) 

Where α (mg g-1 min-1) is the adsorption rate at initial stage and β (g mg-1) is desorption 

constant.  
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Figure 3.5 Plots of (a) PFO, (b) PSO, and (c) Elovich models. 

Table 3.3 Kinetic parameters for MG dye sequestration. 

Pseudo-first-order Pseudo-second-order Elovich 

K1(min-

1) 

0.14 

qe 

(mg 

g-1) 

23.07 

R2 

0.8938 

K2 (g 

mg-1 

min-1) 

0.015 

qe (mg 

g-1) 

136.99 

R2 

0.9998 

β (mgg-

1min-1) 

0.24 

α (gmg-1) 

9.32 

R2 

0.9771 
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Based on the models the kinetic parameters and correlation coefficients were calculated 

and are given in Table 3.3 and the plots are shown in Figure 3.5. The value of adsorption 

capacity calculated from the PSO kinetic model (qe calculated) was found to be 136.99 

mg/g which was in close agreement with the value obtained from UV-vis measurements (qe 

experimental = 135.32 mg/g). Based on R2 and qe values, PSO model better explains the 

kinetics of adsorption, suggesting chemisorption is involved. 

3.3.2.6 Adsorption isotherm 

Adsorption isotherms were analyzed to determine the maximum adsorption capacity of 

adsorbent and to understand the nature of adsorption LI, FI, and TI were employed. First, 

LI was used to fit the ultrasound-assisted MG adsorption data. In the Langmuir model, 

adsorbent molecules are assumed to have no interaction with one another adsorption occurs 

in homogenous sites on the adsorbent. Furthermore, a finite amount of adsorbate can be 

absorbed by the adsorbent (at equilibrium) and all adsorption sites have the same energetic 

properties [23]. The linear form of LI is given below: 

1

qe
=

1

qmKL Ce
+

1

qm
             (3.7) 

Where qe (mg g-1) and Ce (mg L-1) are adsorption capacity and concentration of adsorbate 

at equilibrium. The maximum adsorption capacity is denoted by qm (mg g-1), and KL (L 

mg-1) is termed as Langmuir constant. 

RL is a dimensionless separation parameter that explains the main characteristics of the LI 

that is favorability of adsorption and is given by formula: RL = 1/(1 + KLC0). When the 

value of RL lies in the range of 0 to 1 the process is favorable, and is unfavorable, linear, 

and irreversible when the value of RL is more than 1, equal to 1 and equal to 0, respectively. 
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In FI, the adsorption is non-ideal and reversible and deals with multilayer adsorption on 

heterogeneous surfaces having distinct adsorption energies and affinities [24]. 

ln qe = ln KF +
1

n
ln Ce            (3.8) 

The Freundlich constants KF and 1/n refer to the adsorbent's adsorption capacity and the 

favorability of isotherm, respectively, as follows: 

0 < 1/n < 1 favorable 

1/n = 0 irreversible 

1/n > 1 unfavorable 

In the Temkin isotherm model, all molecules in a layer are subjected to a linear decrease 

in heat of adsorption with coverage as a result of interactions between adsorbent and 

adsorbate molecules, and their binding energies are uniformly distributed [25]. 

qe = B ln KT + B ln Ce            (3.9) 

Here KT and B are Temkin constants termed as equilibrium binding constant (L mg-1) and 

heat of adsorption (J mol-1), respectively. 

The plots for MG adsorption isotherm are given in Figure 3.6 and Table 3.4 summarizes 

the values of constants and correlation coefficients (R2) obtained from different models. 

The Langmuir equation fitted the experimental data well, thus suggesting monolayer 

adsorption. It also appears that MG adsorption onto Zn/Cu LDO is a favorable process as 

the calculated value of RL lies between 0 and 1, i.e., 0.1591. 
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Figure 3.6 Plots of (a) Langmuir, (b) Freundlich, and (c) Temkin isotherms. 

Table 3.4 Equilibrium parameters for MG dye removal. 

Langmuir Freundlich Temkin 

KL 

(min-1) 

0.18 

qm 

(mg/g) 

128.20 

R2 

0.9960 

KF (g mg-1 

min-1) 

26.80 

1/n 

1.45 

R2 

0.9814 

KT (L mg-

1) 

1.35 

B 

84.57 

R2 

0.8654 
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3.3.2.7 Regeneration study 

The regeneration study was performed at optimum conditions and obtained results are 

given in Figure 3.7a. The desorption of dye from the surface of adsorbent was carried out 

using 0.1M NaOH solution. As the regeneration cycle progressed, the removal efficiency 

decreased from 90% to 73%. The decrease in removal efficiency can be accredited to the 

adsorbent-adsorbate strong interactions, which results in decrease in number of active sites 

for adsorption after every cycle.  

3.3.3 Assessment of ultrasound-assisted method for MG dye uptake 

The adsorption efficiency of Zn/Cu LDO using ultrasound-assisted adsorption was 

compared with traditional adsorption methods such as magnetic stirring and incubator 

shaking (with contact time: 30 min, adsorbent dose: 10 mg, MG initial concentration: 30 

mg/L). Figure 3.7b shows the percentage removal of MG with different adsorption 

methods. The % removal of MG in 30 minutes of reaction time followed the order: 

Ultrasonication (90 %) > Magnetic stirring (74 %) > Incubator shaker (64 %). 

Consequently, ultrasonication and sorption have synergistically reduced reaction time 

while enhancing dye removal efficiency as a result. Ultrasonic treatment of an adsorbent-

adsorbate system enhances the surface porosity, thereby causing dye molecules to be 

distributed evenly inside the porous holes of the sorbent, which accelerates the mass 

transfer and sorption process and reduces the equilibrium time considerably. 
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Figure 3.7 Plots of (a) Dye uptake efficiency of Zn/Cu LDO up to 4 cycles and (b) assessment of 

adsorption methods for MG dye uptake. 

The adsorption capability of synthesized lattice was also compared with previously 

reported sorbents (Table 3.5). According to the proposed method, Zn/Cu LDO showed 

superior removal performance compared to other reported adsorbents in terms of 

adsorption capacity and contact time. As a consequence, the synthesized adsorbent can be 

used as potential material for the uptake of MG dye. 

Table 3.5 Different sorbents reported in literature for MG dye uptake. 

Adsorbent Removal 

percentage 

(%) 

Adsorption 

capacity 

(mg/g) 

Contact 

time 

(min) 

pH References 

Fe3O4@PANI 98 240  240 7 [26] 

Acid treated coffee 

husk 

96 264.81 120 6.8 [27] 
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GumT-cl-HEMA-

TiO2 hydrogel 

99.3 103.09 110 7 [19] 

Zeolitic imidazole 

framework-8 (ZIF-

8) 

 95 224.14 90 7 [28] 

Cu-MOFs/Fe3O4 90 113.67 70 - [29] 

Coal-assisted soil > 95 89.97  60 6 [30] 

Zn/Cu LDO >90 128.20 30 7 Present work 

 

3.3.4 Smartphone-assisted determination of percentage dye uptake  

An approach based on smartphone colorimetry was utilized for the analysis of dye removal 

by using a simple and portable setup. The use of a smartphone to estimate dye adsorption 

rates using RGB (red, green, blue) color intensity is a rapid and efficient way to assess dye 

removal on-site [14]. Smartphones have an inbuilt camera and are capable of processing 

images, they eliminate the need for specialized instruments, and since they are readily 

available and simple to use, they do not require professional training. The setup uses two 

smartphones where one smartphone's screen is used to detect RGB values, while the other 

is used to generate white light, mounted on a fixed base separated by a fixed distance 

(Figure 3.8a). In the current study, MG dye color intensity was analyzed using Colorpicker 

app (Smartphone: iPhone 13 possessing 12 MP dual camera). Owing to non-linear 

relationship between RGB values and solution concentrations, a logarithmic scale was 

chosen and a calibration curve has been constructed for MG dye concentrations using 

RGBparameter which can be computed using the following equations: 
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RGBreference∕sample =
(R+G+B)

3
                    (3.10) 

RGBparameter = Log
(RGBreference)

(RGBsample)
           (3.11) 

Table 3.6 Color parameters of known concentration of malachite green dye. 

Concentration 

(mg/L) 

R G B RGBparameter 

0 255 255 255 0.0 

2   184 227 237 0.07 

4  130 216 239 0.12 

6  85 205 239 0.16 

8  37 187 236 0.22 

10  1 171 238 0.27 

 

It is evident from the table that the RGB parameter increases as MG concentration 

increases, which is analogous to the absorption of light by the solution. The RGB 

parameters for known concentration of MG dye are given in Table 3.6 and the calibration 

curves obtained from smartphone app and UV-vis spectrophotometer are illustrated in 

Figure 3.8b-c, respectively. It is possible to determine the unknown dye concentration 

through calibration of the RGBparameter with the dye concentration. The good agreement 

between the % R and regression coefficient values obtained from smartphone (% R = 87 

%, R2 = 0.9977) and UV−vis spectrophotometry (% R = 90 %, R2 = 0.99) demonstrates the 

validity of the smartphone-based colorimetry process for dye adsorption.  



Chapter 3 
 

101 
 

 

 

Figure 3.8 (a) Setup for smartphone-based determination of RGB and calibration plot for MG dye 

concentration based on (b) RGBparameter and (c) UV-vis spectrophotometry. 

3.4 Conclusion 

In conclusion, Zn/Cu LDO obtained from calcination of Zn/Cu LDH was utilized as a 

potential sorbent for the uptake of MG dye under the presence of ultrasonic waves at 

optimum conditions (dye: 30 mg/L, adsorbent dosage: 0.2 g/L, pH: 7, sonication time: 30 

min). Zn/Cu LDO demonstrated a good fit to LI and PSO kinetic models for MG dye and 

exhibited a maximum monolayer adsorption capacity of 128.20 mg/g. Additionally, 

smartphone-assisted colorimetry based on RGB parameters proved to be a rapid, cost-
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effective, precise, and quantitative method for estimation of percentage removal of dye 

(87%) in comparison to the data obtained using conventional method of detection, i.e., UV-

vis spectroscopy (90%).  
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Chapter 4 SYNTHESIS AND CHARACTERIZATION OF 

ETHYLENE GLYCOL MODIFIED Zn/Cu HYDROXY 

DOUBLE SALT: MORPHOLOGICAL, THERMAL AND 

ADSORPTION STUDY  
 

4.1 Introduction 

In recent years, two-dimensional (2D) materials have attracted immense attention owing 

to their exceptional physiochemical and optical properties giving rise to potential 

applications in the field of catalysis, photonics, electronics, drug delivery, energy storage, 

etc [1–4]. Hydroxy double salts (HDS) are considered as a promising class of layered 

compounds, consisting of two types of divalent metal cations (MII).  The general 

composition of HDSs is Ma
1-yM

b
y(OH)2-x(A

m-)x/m.nH2O where Ma and Mb are divalent 

metal ions and Am- is interlamellar anion [5]. In HDS, one-quarter of octahedral sites are 

empty, and MII cations are tetrahedrally coordinated just above and below the empty sites, 

as a consequence, a surplus of positive charge is produced, which is neutralized by charge 

compensating ions (Am-) in the interlamellar region. Subsequently high surface area, high 

porosity, and anionic exchange capacity of HDS, result in efficient sorption of 

various anionic species [6]. The compositional diversity and intercalation chemistry enable 

these HDSs to be employed in a broad range of applications including wastewater 

remediation, drug delivery, catalysis, etc. Kaassis and group (2016) performed the 

intercalation of various bioactive anions in the Co/Zn and Ni/Zn HDSs and investigated 

their performance in drug delivery application [7]. Li et al. (2018) prepared another layered 

material for glucose detection using nanoflowers of Cu hydroxy double salt (HDS) [8]. Lu 
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et al. (2016) presented the formation of gold nanoclusters that supported Zn HDS for the 

sensing of silver ions [9]. 

Contamination of water resources with heavy metals and organic pollutants has aggravated 

environmental problems in the past few decades. Dyes are one of these pollutants, which 

are discharged into water resources from many sources, including textile, paper, leather, 

cosmetics, plastic, paint, food, and petrochemical industries [10]. The problems relating to 

dye effluent treatments arise from their differing synthetic origins and aromatic 

compositions. They are indeed not biodegradable either. Congo red is an anionic diazo dye 

composed of benzidine-based compounds that can cause allergic reactions and can be 

metabolized into Benzidine, a carcinogenic compound [11]. Traditional wastewater 

treatment processes cannot completely eliminate contaminants, so advanced technologies 

are needed to eliminate them from aqueous environments. In addition to enhanced 

oxidation technologies, constructed wetlands, adsorption, and filtration strategies are 

employed [12,13]. Adsorption is the most frequently used environmental remediation 

technique which is an economical, effective, flexible, and environmentally friendly 

technique and enables the development of a low-energy separation process with low-cost 

operational procedures and without toxic by-products [14]. 

In the past, HDS has been shown to remove several contaminants from the water via 

adsorptive removal [15]. Copper-containing hydroxy double salts (Cu-M HDSs where M 

= Zn, Ca, La & Pb) have been synthesized by Weeramonkhonlert et al. (2019) and its 

catalytic application for the degradation of carcinogenic methyl orange dye was 

investigated [16]. The synthesis of various organic species modified HDS reported in the 

literature led us to consider these materials as sorbent for organic pollutants and particularly 
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the anionic species. Table 4.1 outlines some of the sorbents identified in the literature for 

eliminating the CR dye based on their maximum adsorption capacities. 

Table 4.1 Analyses of adsorption efficiencies of some sorbents for removal of CR dye. 

Adsorbents Adsorption capacity, 

qm (mg/g) 

Percentage 

removal (%) 

pH References 

Mg-Al-LDH 111.11 93.4 9 [17] 

Dialdehyde 

microfibrillated 

cellulose/chitosan film 

152.5 99.9 - [18] 

Shrimp shell powder 288.20 96 <10.6 [11] 

Kenaf-based activated 

carbon 

14.749 95 6 [19] 

Carboxymethyl 

chitosan/phytic acid 

hydrogel 

8.49 89.7 7 [20] 

 

Xanthan gum-g-

Polyacrylamide/SiO2 

nanocomposite 

209.205 96.37 4 [21] 

 

To best of our knowledge, no previous work has reported the synthesis of EG modified 

Zn/Cu HDS via a one-pot synthesis route. Detailed characterization of layered material has 

been studied using various techniques involving PXRD, FTIR, TGA, SEM/EDX, and XPS. 

In the present work, the efficiency of EG modified HDS in uptake of CR dye has been 
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investigated. Studies were carried out to study contact time effect on CR removal. Also, 

mathematical models were employed to analyze experimental data to evaluate adsorption 

kinetics and equilibrium. 

4.2 Experimental Section 

4.2.1 Chemicals 

All chemicals including Zinc acetate dihydrate [Zn(CH3CO2)2.2H2O], Copper acetate 

monohydrate [Cu(CH3COO2)2.H2O], and Ethylene glycol [(CH2OH)2] were purchased 

from Merck and were of high purity. The chemical structure of the Congo red dye is shown 

in Figure 4.1.  

NaO3S

H2N

SO3Na

NH2

N
N

N
N

 

Figure 4.1 Structure of Congo red dye. 

4.2.2 Preparation of EG modified Zn-Cu HDS 

1.2 g of Zinc acetate and 0.42 g of copper acetate were dissolved in a mixture of distilled 

water and ethylene glycol (50:50 by volume). After that, the mixture was ultrasonicated 

for 30 minutes, and, then it was heated in the oven at a constant temperature of 120℃ till 

total volume was reduced to 10 mL. Following filtration and washing with distilled water 

and ethanol, the product was dried at 60°C in an oven. 
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4.2.3 Instrumentation  

PXRD patterns of the samples were recorded using a high-resolution Bruker D8 advanced 

diffractometer, employing Cu Kα radiation (λ = 1.5418 Å) obtained through a gobel mirror 

with a scan rate of 1.0 second/step and step size 0.02° at 298 K over the range of 2θ = 5-

70°. FTIR spectra were recorded using PerkinElmer (version 10.5.3) spectrometer using 

KBr disks. Thermogravimetric analysis was conducted using the PerkinElmer TGA in the 

range 50-900°C under flowing nitrogen at a uniform heating rate of 10°C min-1. FE-SEM 

with EDX analysis of Zn/Cu HDS was performed using a Zeiss GeminiSEM. Brunauer-

Emmett-Teller (BET) surface area was recorded at 77 K using Quanta chrome Nova-1000 

instrument by N2 adsorption-desorption isotherm. PHI 5000 VersaProbe III was used to 

record XPS measurements with Al Kα for photoelectron excitation. 

4.2.4 Details of adsorption experiments 

EG modified HDS was used as an adsorbent for the sequestration of CR dye where an 

adsorption experiment was performed in triplicates. Kinetic studies were conducted to 

determine how contact time affects removal of CR dye in a batch experiment. At 3000 rpm, 

the mixture was centrifuged for 10 minutes to separate the adsorbent from the residual 

solution. The residual concentration of CR dye solution at 497 nm (λmax) was measured 

using a double beam UV-visible spectrophotometer (Cary 300 UV-Vis). sThe percentage 

removal of CR dye and amount of dye adsorbed (qe in mg/g) was calculated by using the 

following equations:  

% Removal =
Co-Ce

Co
 × 100                       (4.1) 

Adsorption capacity at equilibrium = qe  =
Co-Ce

W
 × V                   (4.2) 
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Adsorption capacity at time t = qt  =
Co-Ct

W
 × V                    (4.3) 

4.3 Results and Discussion 

4.3.1 Structure, morphology, and thermal stability 

The PXRD pattern of Ethylene Glycol (EG) modified Zn/Cu HDS exhibits strong intense 

reflection at a low value of 2θ (around 10.76°) followed by less intense reflections at a 

higher values of 2θ around 21°, 32°, 36°, 44° and 57° suggesting the presence of EG 

molecules in the interlayer region of Zinc/Copper HDS (Figure 4.2). The observed 

reflections could be indexed in rhombohedral symmetry with a = 3.15 and c = 25.77 Å. It 

is reported that the first intense peak at (003) reflection is attributed to the sum of 

interlamellar distance and thickness of the brucite-like sheet (4.8 Å). The observed gallery 

height of EG modified Zn/Cu HDS is 3.42 Å which is close to the thickness of the EG layer 

(4.2 Å) [22]. Therefore, ethylene glycol anions may be accommodated in the monolayer 

arrangement in the layered structure of Zn/Cu HDS. 

 

Figure 4.2 PXRD pattern of EG modified Zn/Cu HDS. 
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The FTIR spectrum of the layered HDS is depicted in Figure 4.3. The existence of a broad 

and intense band at 3434 and 1574 cm-1 signifies the stretching and bending vibrations of 

hydroxide ions and indicates the hydrogen bonding between them. The bands positioned 

at 2883 and 2834 cm-1 are due to the asymmetric and symmetric vibration of the -CH2 

group, respectively. The lower wavenumber values as well as broadening and weak nature 

of C-H stretching vibrations as compared to pure EG (2941, 2874 cm-1) confirm the 

intercalation of EG in the interlamellar region. In addition, a series of low-intensity 

absorption bands observed at 1412, 1071, and 908 cm-1 may be ascribed to CH2 wagging, 

C-O-H bending, and CH2 rocking vibrations of modified ethylene glycol anions, 

respectively [22–24]. Although the original bands for CH2 rocking vibration in EG 

molecules appear at at 882 and 864 cm-1 but in present case, it can be observed that it gets 

shifted to higher wavenumber side (908 cm-1) with a single broad absorption which might 

be due to the increased bond order of C-C bond in modified HDS [25]. The bands in the 

range of 500-800 cm-1 arise from metal-oxygen linkages  [26].   

 

Figure 4.3 FTIR analysis of EG modified Zn/Cu HDS. 
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EG modified Zinc/Copper HDS showed sheet-like morphology in SEM micrograph as 

shown in Figure 4.4. This observation strengthened our assignment of layered structural 

arrangement for EG-modified Zn/Cu HDS. The EDX analysis revealed that the as-obtained 

EG modified Zn/Cu HDS contain Zn, Cu, and O elements. Element mapping images, as 

shown in Figure 4.4(c-f), clearly illustrates even distribution of the elements within a 

lattice. 
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Figure 4.4 (a) SEM image, (b) EDX spectrum and (c−f) corresponding elemental mapping of O, 

C, Zn, and Cu respectively of EG intercalated Zn/Cu HDS. 

The thermal analysis was carried out under a flowing nitrogen atmosphere and the obtained 

traces are reproduced in Figure 4.5. Though the lattice was losing weight gradually and 

constantly with increasing temperature, three distinct steps could be observed in the 

thermogravimetric (TG) trace of the sample. The mass loss below 174 °C could be 

attributed to the elimination of surface adsorbed molecular water. Whereas the weight loss 

between 174-260 °C could be accredited to departure of the water and physically adsorbed 

ethylene glycol molecules. Weight loss between 260-465°C suggested the combustion of 

EG, as well as the dehydroxylation of the lattice [27,28]. No weight loss after 560℃ was 

observed thus conforming the formation of metal oxide. 
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Figure 4.5 Thermogravimetric trace of EG modified Zn/Cu HDS. 

The sample was analyzed using XPS for elemental distribution and oxidation state 

determination. Figure 4.6 presents the survey XPS spectrum and the core level spectra of 

Zn 2p, Cu 2p, O 1s, and C 1s. The full survey spectrum shown in Figure 4.6a suggested  

the presence of zinc, copper, oxygen, and carbon elements.  
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Figure 4.6 (a) Survey XPS spectrum of EG modified Zn/Cu HDS. (b), (c), (d), and (e) show the 

XPS spectrum of C 1s, O 1s, Zn 2p, and Cu 2p, respectively. 

The deconvolution of C 1s spectrum (Figure 4.6b) of EG modified Zn/Cu HDS was 

attempted and two peaks were detected at 284.96 and 288.30 eV which are assigned to the 

C-C and C-O bonds of ethylene glycol, respectively [29]. The deconvoluted O 1s spectrum 

(Figure 4.6c) exhibits two peaks at 529.94 and 531.44 eV, corresponding to the C-OH 

group of ethylene glycol and metal-oxygen linkage (M-O), respectively. The observance 

of two prominent peaks in Figure 4.6d at 1021.40 and 1044.50 eV in core spectra of Zn 2p 

confirmed the presence of Zn (II) ions [30]. The existence of copper in the sample in the 
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core level XPS spectrum of Cu 2p has been confirmed from peaks at 932.64 and 952.42 

eV (Figure 4.6e). 

The porosity of EG-modified Zn/Cu HDS sample was examined using N2 adsorption-

desorption isotherm. According to BET calculations, the adsorbent has a specific surface 

area of 32.295 m2/g, whereas the average pore size diameter and pore volume evaluated by 

BJH (Barrete-Joynere-Halenda) method are 2.218 nm and 0.070 cm3g-1 respectively 

(Figure 4.7a). The isotherm depicts a type-IV isotherm with H3 hysteresis loop, that is 

suggestive of the material's mesoporous nature [31]. The H3 hysteresis is a feature of 

materials with slit-shaped pores [32].  

 

Figure 4.7 (a) N2 Adsorption-desorption isotherm and (b) Plot of BJH pore size distribution of EG-

modified Zn/Cu HDS. 

BJH pore size distribution indicated that the lattice was composed of pores sizes ranging 

from 2.13 to 3.74 nm, as shown in Figure 4.7b. According to these findings, the porous 

nature of the synthesized material contributes greatly to its excellent sorption properties. 

With large surface areas and small pore sizes, mesoporous channels offer a sufficient 
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surface to adsorb molecules of large size such as organic dyes. As a result of the 

mesoporosity of the material, its potential as a sorbent for CR dye uptake from solution 

phase has been examined. 

4.3.2 Adsorption study 

4.3.2.1 Adsorption of various dye pollutants 

In order to assess the efficacy of synthesized lattice for the uptake of various dyes 

adsorption experiment was performed.  For this study, two cationic dyes (crystal violet 

(CV) and methylene blue (MB)) and three anionic dyes (congo red (CR), methyl orange 

(MO), and eriochrome black T (EBT)) were selected. The sequestration of dyes was 

performed with 20 mg/L concentration of dye with a fixed sorbent dose. Figure 4.8a 

illustrates the plot for uptake of different dyes and it can be observed that it follows the 

trend: CR (96 %) > EBT (77 %) > MO (70 %) > CV (13 %) > MB (2 %). From the order, 

it can be deduced that the synthesized material exhibit higher affinity for the anionic dyes 

which can be attributed to the fact that Zn/Cu HDS possess excess positive charge on the 

layers and there occurs an electrostatic interaction between the positively charged layers 

and anionic dye molecules.  

In addition, selective adsorption of CR dye was also performed in presence of cationic dye, 

i.e., MB under similar reaction conditions. The synthesized adsorbent exhibits high 

selectivity towards the anionic dye with the removal efficiency of 96 %. The results 

obtained are illustrated in Figure 4.8b. 
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Figure 4.8 Plots of (a) % removal of different dyes and (b) selective removal of CR dye. 

4.3.2.2 Effect of contact time  

Treatment of wastewater by the adsorption route relies significantly on the contact time 

between adsorbents and pollutants. The plot of absorbance vs contact time is depicted in 

Figure 4.9a. CR dye uptake was shown to have greatly increased with time and 

subsequently reached equilibrium afterward. A significant increase in dye adsorption 

occurred during the first 5 minutes of reaction time as shown in Figure 4.9b, reaching 

>90%, following which equilibrium was achieved (after 10 minutes). More than 96% of 
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the CR was removed, and it remains almost constant as contact time increases, suggesting 

that equilibrium has been reached. This was mainly because of the large area of surface 

area available for adsorption during the initial five minutes of contact time.  Subsequently, 

vacant sites decreases as the contact time increases because of repulsive interactions 

between solid and bulk phases. 

 

 

Figure 4.9 Plots of (a) absorbance vs wavelength, (b) effect of contact time and (c) effect of 

adsorbent dosage on percentage dye removal. 
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4.3.2.3 Effect of adsorbent dosage 

The effect of the amount of adsorbent on the removal of dye was studied using three 

different doses of adsorbent (0.05g, 0.1g, and 0.2g) while maintaining the other parameters 

(initial dye concentration of 20 ppm and reaction time of 30 minutes) constant. Figure 4.9c 

shows that the percentage removal of dye increases with an increase in adsorbent dosage, 

which confirms the fact that the more adsorption sites, the greater the removal. 

4.3.2.4 Effect of pH on dye removal 

The pH of the dye solution plays a crucial role in determining the efficiency of adsorbents 

for water treatment applications. Experiments were performed at varying pH (pH 3–11) 

with 20 ppm concentrations of dye solutions and 0.05 g of adsorbent dosage for 30 mins. 

Figure 4.10a shows the removal of dye at different pH values. As pH varied from 3 to 11 

removal percentage was decreased from 99.54% to 21.62% and pH = 3 & 7 showed 

maximum removal. In general, the adsorption of anionic dyes like Congo Red decreases 

with an increase in pH. The presence of excessive hydroxide ions at higher pH values 

causes dye molecules to compete for sorption sites, resulting in decreased adsorption 

capacity as the pH increases. 

PZC (point of zero charge) of the sorbent can explain the decline in adsorption efficiency 

with increased pH. PZC is the pH at which a material's surface becomes neutral. When pH 

of the material is below pHPZC, the material’s surface exhibits a positive charge, while 

above pHPZC, the material is negatively charged. In this study, the PZC was found to be 7.6 

(Figure 4.10b) indicating that the synthesized HDS exhibits a positively charged surface at 

pH < 7.6, resulting in enhanced dye adsorption due to electrostatic interactions. As the pH 



Chapter 4 
 

123 
 

of solution rises above 7.6, HDS hydroxide ions contest with anionic dye molecules 

causing a decline in the dye removal efficacy. 

 

 

Figure 4.10 (a) pH effect on percentage dye removal and (b) plot of pHPZC. 

4.3.2.5 Effect of initial dye concentration 

The impact of dye concentration was studied for aqueous solutions of 20-100 mg/L 

concentrations of dye with 0.05 g of EG modified Zn/Cu HDS (adsorbent) for 30 minutes. 

From Figure 4.11a. it can be observed that when the CR concentration increased from 20 

to 100 mg/L (ppm), the adsorption capacity also increased from 39.18 to 195.25 mg/g. In 
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summary, the initial high concentration of dye presents a greater concentration slope or a 

stronger driving force between the liquid phase (dye solution) and adsorbent phase, leading 

to higher rate of adsorption.  

4.3.2.6 Effect of interfering anions 

Textile dyeing processes generate a large amount of toxic effluent, which generally 

contains various inorganic salts such as sodium chloride, sodium carbonate, etc. [33]. To 

estimate the dye removal efficacy of EG-modified Zn/Cu HDS as an adsorbent, the 

adsorption procedure needs to be analyzed to determine the impact of these anions. During 

this study, chloride (Cl−), carbonate (CO3
2−), nitrate (NO3

-), and sulfate (SO4
2−) anions were 

investigated and the adsorption experiment was carried out by taking 0.05 M concentration 

of each anion.  A decrease in dye uptake was observed when Na2SO4 and Na2CO3 were 

added to the dye solution, as opposed to when NaCl, NaNO3, or none of the electrolytes 

were added as given in Figure 4.11b. Cl− and NO3
- are monovalent ions and they did not 

influence the adsorption efficiency to great extent. Since carbonate ions are divalent ions 

and exhibit the strongest affinity for positively charged layers of anionic materials, the 

adsorption efficiency was decreased most in this case.  Owing to the competitive uptake of 

dye molecules and inorganic salts on surface of adsorbent, dye solutions containing 

inorganic salts have a decreased adsorption efficiency. Consequently, it can also be stated 

that presence of divalent ions strongly influences the adsorptive removal of CR dye as 

compared to monovalent ions, which is in agreement with the fact that HDS has a high 

affinity for anions having high charge density [34]. 
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Figure 4.11 Influence of (a) concentration variation on adsorption capacity and (b) interfering 

anions on dye adsorption. 

4.3.2.7 Adsorption isotherms 

This study used Langmuir, Freundlich, and Temkin isotherm models to analyze the 

equilibrium adsorption experimental data for removing CR dye. LI implies that adsorptions 

take place on uniform, homogeneous surfaces with identical sites on an adsorbent and it is 
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often used to describe monolayer adsorptions [35]. The nonlinear and linearized form of 

LI is given in following equation: 

Ce

qe
=

1

qmkL 
+

Ce

qm
                        (4.4) 

Where qe is adsorption capacity (mg/g), Ce is equilibrium concentration (mg/L) of CR dye, 

qm and KL are Langmuir constants related to monolayer or maximum adsorption capacity 

(mg/g), and energy of adsorption (L/mg) respectively. In accordance with Eq. 4.4, when 

the Langmuir equation holds, the plot of Ce/qe versus Ce should consist of a straight line 

with a slope of 1/qm and an intercept of 1/qmKL. A dimensionless factor, RL, allows us to 

quantify this characteristic of the LI, which is given by: 

RL =
1

1+kLC0
                         (4.5) 

Where C0 is initial concentration of dye (mg/L) and the RL value indicates the nature of the 

adsorption: unfavourable (RL > 1), linear (RL = 1), favourable (0 < RL < 1), or irreversible 

(RL = 0). 

In contrast to the monolayer LI model, the FI model can be linearly expressed as a function 

of interactions between adsorbed molecules and applies to all adsorption on heterogeneous 

surfaces:  

ln qe = ln kF +
1

n
ln Ce                       (4.6) 

where 1/n and KF are Freundlich constant related to intensity and capacity of adsorption 

respectively. By plotting ln qe against ln Ce, values of KF and 1/n can be obtained from the 

slope and intercept of the plot. An adsorption process is characterized as favorable if the 

1/n ratio is higher than 1, indicating favorable conditions for adsorption [36]. 

The indirect adsorbate-adsorbent interactions are taken into consideration in Temkin 

model. The increase in surface coverage is assumed to cause a linear decrease (rather than 
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logarithmic) in the heat of adsorption for all molecules in the layer as well [37,38]. The 

linear form of Temkin adsorption isotherm is given as follows: 

qe = B ln AT + B ln Ce                       (4.7) 

B is constant related to the heat of sorption and AT denotes the Temkin isotherm 

equilibrium binding constant. 

The results for LI, FI, and TI fittings are depicted in Figure 4.12a-c, respectively. The 

relevant parameters of these isotherms are also given in Table 4.2. By examining the values 

of R2, it is clear that the LI fits well with the experimental adsorption data, indicating the 

monolayer adsorption of CR dye onto EG-Zn/Cu HDS adsorbent. 
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Figure 4.12 (a) Langmuir, (b) Freundlich, and (c) Temkin isotherm plots for removal of CR dye 

using EG-Zn/Cu HDS. 

Table 4.2 Langmuir, Freundlich, and Temkin isotherm constants for the adsorption of CR dye 

onto EG modified HDS from aqueous solution. 

Equilibrium isotherms Parameters 

Langmuir qm (mg/g) 

181.81 

KL (L/mg) 

0.90 

R2 

0.9969 

Freundlich KF (mg/g) (L/mg)1/n 

74.73 

1/n 

0.39 

R2 

0.8147 

Temkin B (J/mol) 

36.71 

AT (L/g) 

10.26 

R2 

0.8803 

4.3.2.8 Kinetic studies  

For design and modelling of adsorption processes, kinetic parameters can be used to predict 

adsorption rates. Based on the kinetic data, PFO, and PSO, and Intra-particle diffusion 

kinetic models were applied.  
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Adsorption rates can be expressed in terms of adsorption capacity based on Lagergren's 

first-order rate [39]. The linearized form of the PFO equation is as follows: 

ln(qe-qt) = ln qe- K1t                       (4.8) 

where, qe = amount of dye adsorbed at equilibrium (mg/g), qt = amount of dye adsorbed at 

time t, and K1 = pseudo-first-order rate constant (min-1). 

Ho proposed that the adsorption kinetics may also be described by a PSO model [40]. The 

linearized equation for PSO kinetic is given as follows: 

t

qt
=  

1

K2 qe
2 +  

t

qe
                        (4.9) 

where, qe = amount of dye adsorbed at equilibrium (mg/g), qt = amount of dye adsorbed at 

time t, and K2 = PSO rate constant (g mg-1 min-1) which can be calculated from the linear 

plot of t/qt vs t. The chemisorption step is assumed to be the rate-limiting step in the PSO 

kinetic model which is used to predict the behavior over the entire range of adsorption. 

The linear form of the Intra-particle diffusion model is formulated in Eq. 4.10: 

qt =  Kid t
1∕2 +  C                      (4.10) 

where qt = amount of dye adsorbed at time t, Kid is the intra-particle diffusion rate constant. 
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Figure 4.13 Linear plots of (a) PFO, (b) PSO, and (c) Intra-particle diffusion kinetic models. 

The kinetic parameters for all the models are shown in Table 4.3 and linear plots are given 

in Figure 4.13a-c. It was evident that the PSO kinetic model, R2 (0.9999) fits well over the 

entire range. Moreover, the value of adsorption capacity, qe calculated (39.52 mg/g) from 

the PSO equation was highly consistent with the experimental value (39.23 mg/g). The 

results showed that adsorption of CR by synthesized HDS followed a PSO kinetic model. 

Table 4.3 Kinetic parameters for CR dye adsorption onto EG modified Zn/Cu HDS. 

Kinetic models Parameters 

Pseudo-first order K1 (min-1) 

0.0660 

qe (mg/g) 

5.50 

R2 

0.9310 

Pseudo-second order K2 (g mg-1 min-1) 

0.0331 

qe (mg/g) 

39.52 

R2 

0.9999 

Intra-particle 

diffusion 

Kid (g/mg min-0.5) 

1.2215 

C 

32.47 

R2 

0.7475 
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4.3.2.9 Proposed adsorption mechanism 

Hydroxy double salts are porous materials having numerous adsorption sites. The 

mechanisms involved in the adsorption of pollutants using layered materials generally 

include physical adsorption, ion exchange reactions, electrostatic interactions, pi-pi 

interactions, and chemical bonding [41]. The mechanism of adsorption can be explained 

by the change in values of the zeta potential value of the adsorbent. The zeta potential value 

of Zn/Cu HDS was found to be 9.79 and 4.95 mV before and after adsorption, respectively. 

The positive value of zeta potential suggests that the surface of the adsorbent possesses a 

positive charge. However, CR has a high solubility in water and exists in anionic form 

under aqueous phase. Thus, a decrease in value of zeta potential upon adsorption of CR 

can be attributed to the electrostatic interactions occurring between the positive layers of 

adsorbent and negative dye molecules at neutral or low pH environments. Therefore, it can 

be stated that electrostatic interaction (between metal ions and dye molecules), as well as 

hydrogen bonding (between EG and dye molecules), are responsible for the high removal 

efficiency of synthesized adsorbent towards CR dye. The proposed mechanism of 

adsorption is depicted in Figure 4.14. 
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Figure 4.14 Plausible mechanism of adsorption of CR dye onto EG-Zn/Cu HDS. 

4.3.2.10 Effect of temperature 

During adsorption, entropy and energy are important factors to consider when determining 

the spontaneity of the process. A thermodynamic analysis of CR adsorbed at equilibrium 

at different temperatures, 303.15, 313.15, and 323.15 K, was conducted in order to 

determine the thermodynamic parameters of the adsorption system. The following 

equations were used to estimate changes in enthalpy, Gibbs free energy, and entropy of 

adsorption: 

ln K = -
ΔH0

RT
+

ΔS0

R
                          (4.11) 

K =
qe

Ce
                      (4.12) 

ΔG0 = ΔHo-TΔS0                              (4.13) 

The adsorbates’ distribution coefficient, gas constant, and absolute temperature are denoted 

by K, R (8.314 J/K/mol), and T, respectively. The values of ΔH° and ΔS° can be obtained 
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from the linear plot of ln K vs 1/T (Figure 4.15a). The parameters calculated are in given 

in Table 4.4. The positive value of change in enthalpy demonstrated that adsorption process 

is endothermic in nature and during adsorption, there is a higher degree of disorderness at 

the solid-solution interface. The adsorption capacity increased with increase in 

temperature. The collision rate of dye and Zn/Cu HDS increased at elevated temperatures 

because of the increase in kinetic energy of adsorbate molecules (Figure 4.15b). Generally, 

when enthalpy changes are high, chemisorption is more likely to occur (more than 20 KJ 

mol-1) than physisorption (<20 KJ mol-1) [42]. Since the ΔH° value obtained in the present 

case is 38.83 KJ mol-1, it can be stated that the adsorption process is a chemisorption 

process. Furthermore, it can also be stated that physisorption and chemisorption take place 

in exothermic and endothermic processes, respectively [43]. In addition, the negative value 

of ΔG° confirms that process is spontaneous and increasing value of ΔG° with increasing 

temperature suggests that rate of adsorption is higher at high temperatures.  

Table 4.4 Thermodynamic parametric values for CR dye uptake. 

Temperature (K) qe (mg/g) ΔG° (KJ/mol) ΔH° 

(KJ/mol) 

ΔS° 

(J/mol/K) 

303.15 39.68 -13.61 38.83 173.02 

313.15 39.72 -15.35   

323.15 39.88 -17.07   
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Figure 4.15 (a) Van’t Hoff plot for ln K vs 1/T and (b) effect of temperature on adsorption capacity. 

4.3.2.11 Regeneration study 

In order to investigate synthesized adsorbent's stability, regeneration ability, and reusability 

for removing Congo red dye set of experiments were performed under same reaction 
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conditions for up to five cycles. Following adsorption, the EG-Zn/Cu HDS adsorbent was 

centrifuged, washed with ethanol, and dried, then reused for the subsequent cycles. The 

recovered adsorbent was found to be reusable up to five cycles without significant loss in 

its dye uptake efficiency. The plot for removal efficiency for consecutive five cycles is 

presented in Figure 4.16.  

 

Figure 4.16 Reusability of EG-Zn/Cu HDS for Congo red removal. 

Adsorption efficiency for CR dye uptake in the first cycle was 96.06%. and it decreased 

slightly in the subsequent cycles and reached 92.86% after 4 cycles. After 5 cycles of 

regeneration study, the percentage removal decreased further in the 5th cycle and it was 

found to be 85. 98%. In light of these results, EG-Zn/Cu HDS serves as a potential 

candidate for dye-loaded wastewater remediation due to its stability and reusability. 
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4.4 Conclusion 

Ethylene glycol modified HDS containing zinc and copper metal ions have been 

synthesized via a one-pot synthesis route and characterized using PXRD, FTIR, TGA, 

SEM/EDX, and XPS analysis. The present study demonstrated that EG modified HDS acts 

as an efficient sorbent for CR dye uptake. To do so, batch experiments, adsorption 

isotherms, and kinetic studies for CR sorption on synthesized layered material have been 

examined. The maximum dye removal percentage was 96% with sorption capacity 39.23 

mg/g (with only 0.05 g of adsorbent).  It was found out that the kinetic data fit well with 

the PSO kinetic model and the adsorption isotherm followed the Langmuir model. In 

addition, results indicated that EG modified HDS showed a maximum monolayer 

adsorption capacity of 181.81 mg/g. Hence, EG modified HDS can be used as a cost-

effective alternative material for removing CR dye from wastewater. 
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Chapter 5 SYNTHESIS AND CHARACTERIZATION OF 

PMMA/Zn-Cu LDH COMPOSITES:  MORPHOLOGICAL, 

THERMAL AND ADSORPTION PROPERTIES 
 

5.1 Introduction 

Over the past few years research and development concerning polymer composites have 

received considerable attention. In order to meet the increasing demands for unique 

materials, composites were developed with superior thermal, mechanical, and adsorption 

properties [1]. Composite materials are combinations of two or more distinct materials with 

the purpose of creating a new material that exhibits enhanced and tailored properties.  

Polymer/layered materials belong to new class of composite materials where the addition 

of inorganic fillers result in enhanced chemical, mechanical, thermal, and optical properties 

of the material in comparison to the neat polymer [2]. The incorporation of inorganic fillers 

in polymer matrices led to the application of polymer composites in various fields such as 

environmental remediation, packaging and automotive industries, etc.   

Poly(methyl methacrylate) (PMMA) is an amorphous, colorless material that has excellent 

thermal properties and is extremely resistant to sunlight and has been extensively used in 

the fields of dentistry, construction buildings, automotive parts, home appliances, etc. [3]. 

Considering these factors, researchers selected PMMA as the host matrix for preparing 

enormous advanced polymer composite materials dispersed with appropriate amounts of 

inorganic and/or organic nanofillers. Most of the polymer composite studied till date are 

synthesized using cationic layered materials like silicates, montmorillonite, etc. whereas 

limited groups have studied the behavior of anionic layered materials like layered double 
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hydroxides (LDH) incorporated polymer composites [4]. A study by Sundaram and 

Dharmalingam reported that PMMA/clay nanocomposite act as a potential sorbent for the 

uptake of cationic dyes (amido black 10B and malachite green) [5]. Lin et al. synthesized 

PMMA/Na+–montmorillonite (MMT) membranes acting as cation exchangers and carried 

out the adsorptive removal of methyl violet dye [6].  

In preparing multifunctional polymer/layered composites, LDH is considered to be the 

most preferred layered material due to its tunable properties. Manzi-Nshuti et al. 

demonstrated that the addition of Al-based LDH enhanced the thermal, morphological, fire 

retardant, and mechanical properties of PMMA nanocomposite in comparison to neat 

polymer [7].  Barik et al. reported that PMMA reinforced with Mg/Al LDH resulted in 

improved thermal stability and reduced oxygen permeability enabling the nanocomposite 

to act as an efficient material for packaging application [8]. In literature mostly groups have 

studied the applications of PMMA/LDH composites in packaging industry, flame retardant 

materials, energy storage, etc., whereas their application in environmental remediation is 

yet to be explored [2],[9].  

Water pollution is a significant problem associated with the food industry due to the large 

volumes of effluent discharged from the industry. In addition to being easily visible even 

in extremely diluted forms, dyes are non-biodegradable and are almost always toxic to 

microorganisms, humans, and aquatic life. Additionally, dye-containing effluents may 

increase biological, chemical, and oxygen needs in water sources [10]. Thus, it is crucial 

to eliminate dye contaminants before they are released into the environment.  In the food 

industry, natural or synthetic dyes are often used to improve food's appearance and make 

it more appealing and appetizing by correcting or enhancing its natural color. Brilliant 
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black (BB) BN is a diazo anionic food dye which is prevalently used in food processing 

[11]. The presence of lone pairs of electrons in its chemical structure makes BB dye capable 

of bonding with and mobilizing toxic metals in the aquatic environment as well as 

triggering intolerance reactions and worsening illnesses such as asthma. In addition, there 

is very little literature concerning the removal of BB dye, while plenty of literature is 

available regarding the uptake of other dyes [12].  

The sequestration of dyes from water resources can be accomplished through a number of 

processes, including biological, chemical, and physical ones. Adsorption is one of the most 

prevalent methods employed for environmental remediation and adsorbents such as 

activated carbon, metal hydroxide sludge, fly ash, etc. have been utilized by researchers 

for the treatment of industrial wastewater [13]. In the last few decades, it has been reported 

that polymer/composite materials can act as potential adsorbents for wastewater 

remediation.  

The aim of the present study is four-fold. Firstly, PMMA has been synthesized via free 

radical polymerization using H2O2 solution as an oxidant instead of benzoyl peroxide 

which is traditionally used for PMMA preparation and is a more toxic precursor. Secondly, 

PMMA/Zn-Cu LDH composites (with 10% and 20% loading of LDH) have been prepared 

via solvent blending method where acetone has been used as the solvent. Thirdly, 

morphological, structural, and thermal properties of synthesized composites were 

investigated using FTIR, PXRD, SEM/EDX, and TGA analyses. Furthermore, i an attempt 

has been made to study the potential application of PMMA/LDH composite materials in 

wastewater treatment. Therefore, the composite was utilized for the sorptive removal of 

Brilliant black BN (food dye) from synthetic wastewater system. 
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5.2 Experimental Section 

5.2.1 Materials and method 

Methyl methacrylate (MMA) and Brilliant Black BN dye were obtained from CDH, 

whereas Zn(CH₃COO)₂.2H₂O, Cu(CH₃COO)₂.H₂O, and H₂O2 were purchased from Merck.  

5.2.2 Preparation of Poly(methyl methacrylate) (PMMA) 

To 10 mL methyl methacrylate (MMA) solution, 3 mL 30% H₂O2 was added and was 

stirred magnetically at 80℃ in air atmosphere till polymerization process was complete. 

The obtained viscous solution was then cooled to room temperature and the dried product 

was later crushed into fine powder to get powdered poly(methyl methacrylate) (PMMA) 

polymer. The diagrammatic illustration of synthesis of PMMA is presented in Figure 5.1a. 

5.2.3 Preparation of PMMA/LDH composites 

Zn/Cu LDH was prepared by hydrolysis route [14]. PMMA/LDH composites were 

prepared by solvent blending approach with 10 wt % and 20 wt % of Zn/Cu LDH loading 

(relative to PMMA) using acetone as a solvent. 0.5g of synthesized PMMA was added to 

15 mL acetone and stirred till it dissolved completely. After that, a desired amount of LDH 

was added to PMMA solution and ultrasonicated for one and a half hour to get a completely 

dispersed solution. The reaction mixture was again stirred for 2 hours and later dried at 

room temperature to obtain the desired product. The pure polymer and its composites with 

10 and 20 wt % are referred as PMMA, PML10, and PML20, respectively. Figure 5.1b 

shows the procedure for synthesis of polymer/LDH composites. 
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Figure 5.1 Schematic representation for synthesis of (a) pure PMMA and (b) PMMA/LDH 

composites. 

5.2.4 Ultrasound-assisted adsorption experiment 

Batch adsorption studies were performed using different starting concentrations of BB dye 

and all experiments were performed in a bath ultrasonicator. The impact of following 

parameters was studied on dye sequestration: pH of dye solution = 3 to 11, sonication time 

= 0 to 30 minutes, sorbent dose = 0.05 to 01 g, and dye concentration = 10 to 60 mg/L. The 

starting and equilibrium concentrations of BB dye were recorded using a 

spectrophotometer at 572 nm (λmax) wavelength. The mixture was withdrawn at 

predetermined intervals and analyzed using UV–Vis absorption spectrophotometer. 

Following equations were utilized to compute the percent removal efficiency and 

adsorption capacities (qe and qt in mg/g) of the synthesized adsorbent: 

Removal efficiency (%) =
Co-Ce

Co
 × 100 %                     (5.1) 
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 qe  =
Co-Ce

W
 × V             (5.2) 

qt  =
Co-Ct

W
 × V               (5.3) 

Where Ce and C₀, and Ct stand for dye concentration at equilibrium, initial stage and at 

time t, respectively. W denotes the amount of adsorbent and V is the volume of dye solution 

in mL. 

5.2.2.1 Isotherm study 

The outcomes of the sorption experiment were examined using Langmuir isotherm (LI) 

and Freundlich (FI) isotherm models and the appropriate model was selected on the basis 

of linear regression. Based on the LI hypothesis, there would be homogenous adsorption 

with single layer formation on the sorbent’s surface and there would be no molecular 

interactions between the adsorbate and the active sites. The linear form of LI model is given 

as follows: 

 Ce

qe
=

1

qmKL 
+

 Ce

qm
             (5.4) 

where adsorption energy constant is denoted by KL (L/g), and the maximum adsorption 

capacity is demoted by qm (mg/g). 

In accordance with FI model, a multi-layered adsorption occurs on the surface of adsorbent 

due to interactions between molecules that have been adsorbed. The FI expression is an 

exponential equation, so adsorbate concentration on the adsorbent surface increases as a 

function of adsorbate concentration. Eq. 5.5 represents the linearized form of FI model. 

ln qe = ln KF +
1

n
ln Ce            (5.5) 

In the above equation, n represents the heterogeneity factor and KF represents the 

Freundlich constant. 
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5.2.2.2 Kinetic study 

Using kinetic models, the adsorption data were tailored to determine the pattern of 

adsorption kinetics. The linearized forms of PFO and PSO models are given in the 

following equations: 

ln(qe-qt) = ln qe- K1t                         (5.6) 

t

qt
=  

1

K2 qe
2

+  
t

qe
             (5.7) 

where K1 (min-1)) (PFO rate constant), K2 (g mg-1 min-1) (PSO rate constant) and qe 

(adsorption capacity, mg/g) were calculated based on the intercept and slope of the plots. 

5.3 Results and Discussion 

5.3.1 Structural and morphological properties 

The PXRD patterns of pure PMMA, Zn/Cu LDH, and PMMA/LDH composites (PML10 

and PML20) are presented in Figure 5.2a. The broad peaks at 2θ values of 14 and 30° 

correspond to the amorphous nature of pure PMMA. The synthesized PMMA/LDH 

composites showed the predominant peaks of both PMMA and LDH. However, with 

increase in the concentration of LDH the intensity of basal reflection of Zn/Cu LDH tends 

to increase. The observed trend can be accredited to the exfoliation of LDH layers during 

composite formation. 
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Figure 5.2 (a) PXRD pattern, (b) FTIR spectra, and (c)-(e) SEM/EDX analysis of pure PMMA, 

PML10, and PML20. 
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The FTIR spectra of PMMA, LDH, and PMMA/LDH composites are presented in Figure 

5.2b. The occurrence of characteristic peaks of PMMA in the FTIR spectrum confirmed 

the successful synthesis of pure polymer. The weakly intense peaks centred at 3000 and 

2953 cm-1 correspond to the C-H stretching vibrations of methyl and methylene groups 

whereas a strong band at 1725 cm-1 is attributed to the presence of carbonyl group in the 

polymer [4]. Other peaks at 1433 and 1145 cm-1 can be accredited to O-CH3 deformation 

and O-CH2 stretching vibrations, respectively. However, Zn/Cu LDH exhibit broad and 

sharp bands around 3500 and 1600-1400 cm-1 corresponding to the hydroxy groups present 

in LDH and acetate groups, respectively conforming the presence of acetate ions in inter 

gallery region. It can be observed that the synthesized composites exhibit the characteristic 

bands of both PMMA and Zn/Cu LDH. All composites synthesized shows signature bands 

due to both PMMA and LDH. Thus, it can be concluded that the PMMA/LDH composites 

were successfully prepared.  

The surface morphology of neat PMMA, Zn/Cu LDH and PMMA/LDH composites was 

studied using SEM analysis and the micrographs are presented in Figure  5.2c-e. The 

surface of neat PMMA is relatively smooth and does not exhibit any microstructure [15]. 

SEM images of PMMA composites indicate that LDH particles are randomly distributed 

within the polymer matrix and as the LDH loading is increased the amount of dispersion 

of LDH into the polymer increases. EDX results confirmed the dispersion of zinc and 

copper metal ions in the synthesized PMMA composites. 

5.3.2 Thermal stability 

One of the commonly used techniques for assessing thermal stability of different materials 

and assessing a polymer's decomposition at various temperatures is thermogravimetric 
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analysis. TGA thermograms of pure PMMA, Zn/Cu LDH, and PMMA/LDH composites 

are given in Figure 5.3a. It is evident from the thermogravimetric (TG) trace that the sample 

was losing weight steadily in three distinct steps with increasing temperature. The first 

spanning from 100 to 190 °C was attributed to the elimination of water molecules from the 

surface and interlayer region. The second weight loss step from 190-220°C corresponds to 

dihydroxylation of hydroxide layers and the final stage corresponds to decomposition of 

interlayer anion. It can be observed that the major weight loss of pure PMMA occurred in 

the range of 304-436 °C and approximately 4% residue is left beyond 450 °C. The 

thermogram displayed that there occurred a two-step degradation of PMMA/LDH 

composites where in the first step, weight loss occurs due to the removal of surface 

absorbed and interlayer water molecules of the layered material in the temperature range 

of 150-250 °C. The second weight loss step ranging from 250-580 °C resulted in 

formation of char on decomposition of organic component of the composite. After 

complete degradation only inorganic residue is left resulting in flat curves above 600°C.   

In Figure 5.3b, the derivative curves of pure PMMA and its composites are given, where 

the peaks denote the maximum degradation temperature, i.e., Tmax. Compared to pure 

PMMA, the composites show increased value of Tmax and the decomposition temperatures 

for PMMA, PML10 and PML20 was found to be to be 356.36, 362.95, and 369.12 °C 

respectively. The results indicate that PMMA composites are more thermally stable than 

pure PMMA and the stability increases with increase in LDH loading. 
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Figure 5.3 (a) TGA thermogram and (b) Derivative of TGA plot. 

The TGA thermogram can also be utilized to govern the factors determining the thermal 

stability of materials, including char yield and IPDT. Doyle proposed an Eq. (5.8) for the 

determination of the integral procedure decomposition temperature (IPDT) from TGA 

thermograms which can be used to evaluate the inherent thermal stability of polymeric 

composite materials [16].  

IPDT (℃) = A*K* (Tf-Ti) + Ti       (5.8) 

Where A* =
S1+S2

S1+S2+S3
 and K* =

S1+S2

S1
 

A* and K* can be defined as the area ratio of experimental curve divided by total TGA 

thermogram and coefficient of A*, respectively. The initial and final temperature of 

experiment are given by Ti and Tf, respectively. In Figure 5.3a, areas S1, S2, and S3 

indicate the 3 regions into which the TGA plot was divided. The thermal analysis data is 

shown in Table 1 where it can be seen that with increasing LDH content in the PMMA 

composites the IPDT increases (Figure 5.4b). Therefore, it can be stated that with the 
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addition of inorganic content into the polymer matrix the thermal stability of composites 

increases.  

 

 

Figure 5.4 (a) Representation of S1, S2, and S3 for IPDT determination and (b) linear dependence 

of LDH content on thermal stability of PMMA composites. 

Table 5.1 TGA data of PMMA and its composites. 
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Materials Tmax (°C) IPDT (°C) Char yield (weight%) 

PMMA 356.36 399.55 3.76 

PML10 362.95 499.24 17.89 

PML20 369.12 684.17 24.89 

5.3.3 Adsorption behavior 

5.3.3.1 Factors affecting uptake of Brilliant Black dye 

Influence of pH. Since pH affects the properties of both adsorbent and adsorbate, it acts 

as one of the crucial factors which influences the adsorption process. The pH variation 

associated with dye adsorption is therefore consistent with the nature of the solute-surface 

interaction, which can be either electrostatic or non-electrostatic. The impact of pH on BB 

dye removal was studied in the range of pH 3 to 11. Based on Figure 5.5a, it is evident that 

the maximum dye removal efficiency occurred at pH 9 (90 %). When the pH is increased 

from 2 to 9, removal efficiency increases and then declines sharply as it increases further. 

It is possible that OH- ions could compete with anionic dye molecules at higher pH values 

due to an abundance of hydroxyl ions. 

Influence of starting concentration of dye. In the removal process, the starting 

concentration of dye is crucial in predicting how it will affect equilibrium adsorption 

capacity (qe). The effect of initial dye concentration was studied at pH 9 with 0.1 g of 

adsorbent. From Figure 5.5b it can be deduced that when the initial dye concentration is 

low there are sufficient number of available adsorption sites on the adsorbent material, 

allowing for effective dye removal. However, as the dye concentration increases, the 

number of available adsorption sites becomes limited, and the adsorbent becomes 
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saturated. This leads to reduced removal efficiency as the adsorption sites become 

occupied. 

Influence of sonication time. The impact of sonication time on the removal efficiency and 

adsorption capacity of the sorbent is presented in Figure 5.5c. The dye uptake rapidly 

increases within first 2 minutes and slowly reached equilibrium in 30 minutes. The reason 

for this is that at the beginning, there is an abundance of adsorption sites and a high 

concentration of BB, but after 2 minutes, both BB concentration and number of adsorption 

sites decreased simultaneously. 

Influence of amount of adsorbent. When analysing adsorption isotherms as well as in 

practical applications, absorbent mass is a crucial parameter to optimize. Following 

conditions were used to study the impact of adsorbent amount on removal efficiency: pH 

= 9, dye concentration = 10 mg/L, sonication time = 30 minutes and amount of sorbent = 

0.05, 0.1 and 0.2 g. The experimental results suggested that there occurs a decrease in 

adsorption capacity (qe) and increase in removal efficiency (% R) with increase in the 

adsorbent dosage (Figure 5.5d). Increasing the amount of sorbent results in enhanced 

removal efficiency due to the increased number of adsorption sites and functional groups. 
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Figure 5.5 Influence of (a) pH, (b) dye concentration, (c) time, and (d) adsorbent dosage on removal 

efficiency of BB dye. 

The BB dye uptake was also studied using pure PMMA and PML10 composite and the 

results were compared with that of PML20. The sorption experiment was performed at 

similar reaction conditions (dye concentration = 10 mg/L, pH = 9, sonication time = 30 

min) where fixed amount of PMMA, PML10, and PML20 were added. The results obtained 

are depicted in Figure 5.6 where it can be seen that the incorporation of Zn/Cu LDH into 

the polymer matrix results in high removal efficiency towards BB dye. Pure PMMA 
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exhibits poor adsorption properties. With 10 wt % loading of LDH it was increased to 30 % 

whereas with further increase in LDH loading the removal efficiency was increased 

approximately up to 90 %.  

 

Figure 5.6 Comparison of removal efficiencies of PMMA, PML10, and PML20. 

5.3.3.2 Isotherm behavior 

The interaction between BB dye and PMMA/LDH adsorbent was examined utilizing 

Langmuir and Freundlich isotherms. Table 5.2 presents the results of BB dye adsorption 

on PML20. The linear LI model is accompanied by a high correlation coefficient (R2 = 

0.9806) and exhibits a maximum monolayer adsorption capacity (qm) of 25 mg/g (Figure 

5.7a). FI is another model used to assess the adsorption behavior of BB dye onto PML20’s 

surface. According to the ln qe vs ln Ce plot shown in Figure 5.6b the values of KF and 1/n 

were calculated from the intercept and slope. In accordance with the results obtained it can 

be stated that the adsorbent's surface adsorb BB dye molecules in monolayer fashion. 
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Figure 5.7 Linear plots of (a) Langmuir and (b) Freundlich isotherm for BB dye uptake. 

Table 5.2 Equilibrium constants for CR dye removal. 

Adsorption isotherms Plot Slope and 

intercept 

Parameters 
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Langmuir 

Ce

qe
=

1

qmaxKL 
+

Ce

qmax
 

Ce/qe vs Ce Slope = 

1/qmax 

Intercept = 

1/(KLqmax) 

qmax (mg/g) 

KL (L/mg) 

R2 

25 

0.44 

0.9806 

Freundlich 

ln qe = ln KF +
1

n
ln Ce 

ln qe vs ln 

Ce 

Slope = 1/n 

Intercept = ln 

KF 

KF (mg/g) (L/mg)1/n 

1/n 

R2 

9.29 

0.28 

0.8650 

 

5.3.3.3 Kinetic behavior 

PFO and PSO models have been employed to study the kinetic behavior of the adsorption 

process. The linear graph for PFO shown in Figure 5.8a illustrates that the rate constant, 

K1, and qe can be calculated from ln (qe - qt) vs time (t) plot. Figure 5.8b shows the slope 

and intercept of the t/qt vs t plot, which are used to calculate equilibrium adsorption 

capacity (qe) and second order rate constant (K2). The values obtained from PFO and PSO 

models for rate constants, adsorption capacities and related R2 are presented in Table 5.3 

where it can be seen that the PSO exhibits the highest R2 values, concluding that it is the 

most suitable kinetic model. Moreover, the qe value obtained from PSO model (9.00 mg/g) 

is in accordance with the experimentally obtained value (9.04 mg/g).  
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Figure 5.8 Plots of (a) PFO and (b) PSO kinetic models. 

Table 5.3 Kinetic parametric values for BB dye uptake. 

Kinetic model Plot Slope and 

intercept 

Parameters 

Pseudo-first order 

ln(qe-qt) = ln qe- K1t 

ln (qe-

qt) vs t 

Slope = -K1 

Intercept = 

ln qe 

K1 (min-1) 

qe (mg/g) 

R2 

0.07 

1.33 

0.9417 
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Pseudo-second order 

t

qt
=  

1

K2qe
2 +  

t

qe
 

t/qt vs t  Slope = 1/qe 

Intercept = 

1/(K2qe
2) 

K2 (g mg-1 min-1) 

qe (mg/g) 

R2 

0.21 

9.00 

0.9996 

 

5.3.3.4 Comparison with reported sorbents for BB dye 

The removal efficiency of synthesized material for BB dye sequestration was also 

compared with the adsorbents reported in literature which are presented in Table 5.4. The 

qmax obtained in the present study is almost the highest among the previously reported 

sorbents.   

Table 5.4 Comparison of maximum sorption capacity of sorbents reported in literature for BB dye 

sequestration.  

Material Maximum 

adsorption capacity 

(qmax) (mg/g) 

Time  pH References 

Chitosan-lignin-TiO2 15.80 30 min 5.8 [17] 

Iron-modified 

hydrochar 

10.49 26.30 min - [11] 

Activated pine wood 2.50 24 hours 2 [10] 

Acid-activated-

kaolinitic clay 

1.05 24 hours 7 [18] 

Chemically activated 

biochar 

23.40 24 hours 2 [19] 
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PMMA/ZnCu LDH 25 30 min 9 This work 

 

5.4 Conclusions 

The current work summarizes the synthesis of PMMA via free radical polymerization using 

H2O2 solution as an oxidant. Afterwards, PMMA/Zn-Cu LDH composites (with 10% and 

20% loading of LDH) were successfully synthesized using solvent blending method where 

acetone was used as the solvent. The structural, morphological, and thermal properties of 

synthesized composites were studied using PXRD, FTIR, SEM/EDX, and TGA analyses. 

Furthermore, the potential application of PMMA/LDH composite material in wastewater 

treatment was studied. The composite material was later utilized as an adsorbent for the 

removal of Brilliant black BN (BB) dye. The results obtained suggested that the 

incorporation of Zn/Cu LDH into the polymer matrix results in high removal efficiency 

towards BB dye. Pure PMMA exhibits poor adsorption properties whereas with 10 wt % 

loading of LDH it was increased to 30 % however, with further increase in LDH loading, 

i.e., 20 wt %, the removal efficiency was increased approximately up to 90 %. Therefore, 

the synthesized composite can be efficiently used for its real-time application in wastewater 

treatment.  
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Chapter 6 SYNTHESIS AND CHARACTERIZATION OF 

POLYSTYRENE AND Zn/Cu LDH COMPOSITE FILMS: 

MORPHOLOGICAL, THERMAL, AND OPTICAL 

PROPERTIES 

 

6.1 Introduction 

During the last few years, there have been enormous advances in the research and 

development of hybrid materials that combine natural and synthetic polymers with 

inorganic particles to create multifunctional materials. Polymer/layered inorganic hybrid 

materials have become the subject of extensive research due to their unique mechanical, 

thermal, optical, morphological, and physicochemical properties, which are not found in 

pure polymers or traditional composite materials [1]. Recent studies have demonstrated 

that the dispersion of layered compounds can alter the properties of polymers. Although 

most of the studies have investigated the effect of cationic materials like montmorillonite 

whereas anionic layered materials such as LDHs, have been less explored. Owing to the 

highly tunable properties of LDHs, they are considered to be among the most suitable filler 

materials for the synthesis of multifunctional polymer-layered composite systems [2],[3]. 

The versatility of composition is one of the most attractive features of LDHs since they can 

be tailored to possess a broad range of desirable properties [4]. Various applications have 

been explored for LDH-based composites, including energy storage, bioimaging, 

optoelectronics, hydrogen production, bioremediation, and catalysis. Additionally, LDH-

based polymer composites exhibit excellent flame retardancy, excellent thermal stability, 

and outstanding mechanical properties [5]. A variety of polymers including poly (methyl 
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methacrylate) (PMMA), poly (vinyl chloride) (PVC), polystyrene (PS), polyethylene (PE), 

polypropylene (PP), polyamide 6 (PA 6), and polyethylene-vinyl acetate (PEVA) have 

been thoroughly studied over a range of applications. Manzi-Nshuti et al. modified 

polyethylene (PE) with oleate intercalated Zn/Al LDH to enhance its fire retardancy. It was 

observed that PE became more thermally stable and fire-resistant when 10 or 20% ZnAl 

LDH was loaded [6]. A study conducted by Suresh et al. studied the mechanical structural, 

and thermal properties of Co/Al LDH-incorporated PS nanocomposites and reported that 

the synthesized nanocomposites exhibit enhanced thermal and mechanical properties as 

compared to pure PS [7]. Synergistic effects between LDH and polymer result in the 

improvement of these properties of the synthesized composite materials.  

A thermoplastic polymer, polystyrene (PS), is a valuable material for large-scale 

applications owing to its high thermal resistance, low density, and mechanical durability 

[8]. While there has been abundant research on polymer/LDH composites, few studies have 

examined PS/ LDH 's optical properties. The exceptional chemical and physical properties 

of PS have enabled it to be used for the development of optoelectronic devices such as 

LEDs, solar cells, etc. Researchers have found that the physicochemical properties of the 

polymer matrix can be enhanced by incorporating uniformly dispersed LDHs in it.  

The materials interaction with light plays a significant role in optical applications, as a 

result of the wide application of optical properties, various researchers focused their studies 

on this aspect. Polymers can be made to exhibit optical and electrical properties by 

incorporating inorganic materials into the matrix [9]. In literature, there have only been a 

few studies so far that investigated the optical properties of PS/LDH composites. 
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Therefore, an attempt has been made to fabricate PS/LDH composite films to study their 

optical properties.  

In the current work, the solvent casting method was employed to fabricate composite films 

of PS loaded with 5 and 10% of LDH. The objective of this work was to examine how the 

Zn/Cu LDH loading affects the structural, morphological, thermal, and optical properties 

of PS/LDH composites formulated via solvent blending method where xylene is used as a 

solvent. The synthesized composite films were characterized using different spectroscopic 

techniques, i.e., PXRD, SEM/EDX, FTIR, and TGA. The optical properties of PS/LDH 

films were also studied in detail using Photoluminescence spectroscopy. 

6.2 Experimental Section 

6.2.1 Preparation of Zn/Cu LDH and PS/LDH composite film  

The preparation of the Zn/Cu LDH precursor was based on the previously described 

hydrolysis route [10]. The polystyrene and Zn/Cu LDH composite films were fabricated 

by solvent casting method where xylene is used as a solvent. Firstly, the desired quantity 

of Zn/Cu LDH (5 and 10 weight % relative to polystyrene) was added to 10 mL xylene 

solution and ultrasonicated for three hours. Afterwards, LDH solution was added to PS 

solution (1g PS in 20 mL Xylene), and stirred for 24 hours. PS/LDH composite films were 

formed at room temperature by spreading the mixture over a glass plate and leaving it 

undisturbed. The prepared films were named PS, PSL05, and PSL10 having 0%, 5%, and 

10% LDH loading, respectively. 
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Figure 6.1 Preparation of Polystyrene/LDH composite files with 0%, 5%, and 10% loading of 

LDH. 

6.2.2 Instrumentation 

A High-resolution Bruker D8 advanced x-ray diffractometer was used to record PXRD 

patterns having Cu Kα radiation (λ = 1.5418 Å), with a scan rate and step size of 1.0 

second/step and 0.02°, respectively. PerkinElmer (version 10.5.3) spectrometer was used 

to record FTIR spectra. A PerkinElmer TGA was used at a uniform temperature rate of 
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10°C per minute in the range 50-900°C under flowing nitrogen for thermal analysis. A 

Hitachi S-3700 M microscope was used for SEM micrographs and EDS analysis of the 

samples. An Agilent Technologies, Cary 60 UV–Vis spectrometer was used for optical 

absorption measurements.  

6.3 Results and Discussion 

6.3.1 Structural and morphological properties 

The PXRD patterns of PS and PS/LDH composites loaded with 5 and 10 wt% of Zn/Cu 

LDH are depicted in Figure 6.2. In the PXRD pattern of pure polystyrene, a broad peak in 

the range of 2θ (15-20°) was observed, signifying the amorphous nature of pure PS. 

However, the appearance of additional reflections of Zn/Cu LDH with weak intensity at 2θ 

value of 12.5° in the PXRD pattern of PS/LDH composite indicated the formation of 

intercalated or exfoliated structures [11]. It can further be observed that with increase in 

the loading of LDH the intensity of peak conforming to LDH increases in the PXRD pattern 

of PS/LDH composites.  
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Figure 6.2 PXRD patterns of PS, PSL05 (5% LDH), PSL10 (10% LDH), and Zn/Cu LDH. 

The FTIR spectra of pure polystyrene and PS/LDH composites are shown in Figure 6.3. In 

the FTIR spectrum of polystyrene peak at 3027 cm-1 can be observed which corresponds 

to the aromatic stretching vibration (=C-H) followed by two peaks at 2919 and 2854 cm-1 

indicating antisymmetric and symmetric vibrations of -CH2 group, respectively. Three 

peaks at 1600, 1492, and 1448 cm-1 can be ascribed to the stretching vibrations of the 

benzene ring. The out-of-plane bending vibrations of C-H group appeared at 752 and 695 

cm-1 [12].  
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Figure 6.3 FTIR spectra of PS, PSL05 (5% LDH), PSL10 (10% LDH), and Zn/Cu LDH. 

However, the typical peak at 3451 cm-1 is accredited to the O-H stretching vibrations while 

the characteristic peaks of carboxylate group (COO-) can be observed at 1568 and 1472 

cm-1 in LDH spectrum [13]. FTIR spectra of PS/LDH composites show peaks due to PS 

(around 3000 and 1500 cm-1) and Zn/Cu LDH (around 3400, 1600, and 500 cm-1). It can 

be seen that with increased LDH concentration, the intensity of characteristic peaks of PS 

i.e., vibrations associated with benzene ring decreases, whereas the intensity of peaks 

attributable to LDH including hydroxyl, acetate, and meta-oxygen bonds increases. 

Figure 6.4 presents the SEM micrograph images and EDX analysis of PS, PSL05 (5% 

LDH), and PSL10 (10% LDH) composite films. The surface of composite films exhibits a 

dense and homogeneous appearance with better LDH dispersion in polymer matrix [14]. 

The EDX analysis also confirmed the distribution of metal ions in the composites.  
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Figure 6.4 SEM micrographs and EDX analysis of (a) PS, (b) PSL05, and (b) PSL10. 
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6.3.2 Thermal properties 

Polymer nanocomposites' thermal stability is considered one of the most important factors 

both in science and industry that determines their usability. The thermograms of pure PS 

and composites with varying amounts of LDH (5 and 10 %) are given in Figure 6.5a. 

Comparing PS composites with pure PS, the TGA curve shows delayed decomposition, 

i.e., the thermal stability is enhanced. It is also evident that with an increase LDH content 

the thermal stability of composites increases. This improvement in thermal stability can be 

attributed to the hindrance effect caused by LDH platelets on low molecular mass 

molecules during thermal degradation. Additionally, during the degradation of PS/LDH 

composites, LDH facilitates the formation of carbonaceous layered char [15]. 

 

Figure 6.5 TGA plots of PS, PSL10 (10% LDH), and Zn/Cu LDH. 

The DTG curves depicted in Figure 6.5b further demonstrate the improved thermal stability 

of PS composites. The broad and downward peaks indicate the temperature (Tmax) at which 

maximum degradation occurs. Pure PS has a Tmax value of 385℃, whereas PS 
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nanocomposite with 10 wt % Zn/Cu LDH has a Tmax value of 395℃, indicating an 

improvement of 10℃ over pure PS [16]. 

6.3.3 Optical properties  

In the emission spectra of Zn/Cu LDH (Figure 6.6a) a broad emission peak can be observed 

in the range of 400-550 nm which can be deconvoluted into four distinct peaks at 410, 430, 

457, and 512 nm. The bands in UV region are generally believed to occur due to surface 

defects. LDHs have high surface area which results in increased surface defects, which 

ultimately act as traps for the generation of luminescence. However, the presence of copper 

ions resulted in additional peaks in visible region due to d-d transitions.  

 

Figure 6.6 Photoluminescence emission spectra of (a) Zn/Cu LDH and (b) pure PS and PS/LDH 

composite films with 5% and 10% loading of Zn/Cu LDH. 

The photoluminescence (PL) emission spectra of PS, PSL05, and PSL10 are presented in 

Figure 6.6b.  The PL spectra of pure polymer and its composites were recorded at an 

excitation wavelength of 280 nm. Pure polystyrene is generally considered optically 
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inactive and shows a broad emission peak around 350 nm corresponding to the π-π* 

transition of the benzenoid unit of PS. An additional peak in visible region around 435 nm 

can be noticed in the PL spectra of composite films which can attributed to the loading of 

copper ions containing LDH. Further, with increase in LDH loading an increase in PL 

intensity and red shift can also be observed [17].  

6.4 Conclusion 

In the current study, LDH-based polystyrene composite film was prepared by solvent 

casting method with 5 and 10 weight % Zn/Cu LDH i.e., PSL05 and PSL10. The structural, 

thermal, and optical properties of composite films were studied. PXRD and FTIR analysis 

confirmed the incorporation of LDH into the polymer matrix. The thermal analysis data 

(TGA) depicted that the thermal stability of composite films increases with increased LDH 

loading. In addition, the optical properties of synthesized films were also studied which 

suggested that resulting films exhibit enhanced photoluminescence behavior as compared 

to the pure polymer. These obtained results suggested that the synthesized composite 

material may act as a potential candidate for optoelectronic applications in photodetectors, 

optoelectronic gadgets, solar cells, etc. 
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Chapter 7 STRUCTURAL MEMORY EFFECT PROPERTY 

AND ANION EXCHANGE ABILITY OF Zn/Cu LAYERED 

DOUBLE HYDROXIDE 

 

7.1 Introduction 

Anionic clays or LDHs are highly adaptable materials and their properties can be 

modified/tuned easily by varying the nature of metal ions, anions or metal ions ratio [1].  

The positively charged layered structure of LDHs contributes to anion mobility, surface 

basicity, and anion exchangeability [2]. LDHs can therefore be intercalated with a wide 

variety of organic/inorganic anions and polymers using anion exchange reactions [3]. The 

intercalation chemistry and anion exchange property of LDHs, as well as their superior 

thermal stability, have attracted enormous attention from researchers [4].  Zhao et al. 

demonstrated that carbonate and SDS intercalated Mg/Al LDH act as potential sorbents for 

removal of thiophene with removal efficacy of 73 and 78%, respectively [5]. Colombo et 

al. synthesized molybdate ions intercalated Ni/Zn LDH via anion exchange method and 

demonstrated that the lattice having molybdate as interlayer anion shows catalytic 

efficiency towards methyl transesterification of soyabean oil [6].  A study by Suresh et al. 

suggested that polystyrene intercalated Co/Al LDH demonstrated superior thermal 

properties. They reported that the introduction of LDH increased the maximum degradation 

temperature of pure polymer from 415.7 to 421.8℃ [7].  

Another notable characteristic of LDHs is the "memory effect" property which is usually 

achieved by treating the mixed metal oxide with a solution containing the desired anion 
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after the LDH has been decomposed at a high temperature. Anions incorporated need not 

necessarily be the same as those present in the pristine LDH, and thus memory effect also 

acts as a valuable method for obtaining LDHs with various intercalated inorganic or 

organic anions. A substantial influence on the reconstruction process can be attributed to 

the calcination temperature of the LDH sheets as well as the chemical composition of the 

species involved [8]. It should be noted that when calcination temperature is sufficiently 

increased the memory effect property is lost due to the diffusion of divalent metal ions into 

tetrahedral sites, resulting in production of spinels. Anions can be introduced in the 

interlamellar region of layered hosts materials using this structure regeneration ability of 

layered materials [9,10] (Figure 7.1).  

 

Figure 7.1 Illustration of structural memory effect of LDH. 

Recently, researchers have focused a great deal of attention upon inorganic 

nanocomposites containing polymeric species within the LDH hosts [11]. Among all the 

widely studied polymeric species the good environmental and redox stability, high specific 

capacitance and electrical conductivity make polyaniline (PANI) the most widely explored 

conducting polymer [12]. The structure of different forms of PANI are presented in Figure 

7.2. Its numerous advantages have made PANI an excellent material for electronic devices, 

supercapacitors, photocatalysis, humidity sensors, and environmental applications [13–
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15]. PANI exhibit a strong affinity towards inorganic and organic molecules since it 

contains various imine and amine functional groups. Additionally, the nitrogen-containing 

functional groups of PANI interact with the hydroxyl or carboxyl groups of the LDH 

surface to incorporate PANI into the layered structure. As a result of synergistic 

interactions between PANI and LDH, a hybrid material with improved properties is also 

formed [16].  

 

Figure 7.2 Structures of different forms of polyaniline. 

Recently, studies have shown that PANI can improve active surface areas, electrochemical 

performance, and electronic conductivity of electrode materials by combining it with 

inorganic materials [17]. The PANI functionalized Cobalt/Aluminum LDH modified 

glassy carbon electrode prepared by Jiao et al. described efficacy of the synthesized 

material in detecting pesticides including carbaryl and isoprocarb [18]. In a study by Hu et 

al., a PANI coated molybdate-intercalated nickel-cobalt LDH was synthesized and the 

electrochemical properties (overpotential = 307 mV) of the nanocomposite were reported 

to be enhanced as compared to the LDH alone [19]. In a paper by Dinari and Neamati, a 
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Ca/Fe LDH and PANI nanocomposite was synthesized and exhibited high sorption 

capacity of 109.71 mg/g towards lead ions [13]. Thus, the research work proposed a simple 

and efficient approach for exchange of intergallery acetate anion with PANI, leading to the 

production of a material exhibiting enhanced electrical, thermal, and optical properties that 

can be employed in different applications. 

7.2 Experimental Section 

7.2.1 Decomposition and regeneration of layered structure  

For regeneration of layered structure, 0.1 g of MMO or LDO obtained on calcination of 

Zn-Cu LDH (0.25 g) at 350℃ (for 6 hours) was first suspended in the 50 mL of acetic acid 

solution. The resultant solution was then kept for heating with simultaneous stirring till the 

total volume of the solution was reduced to 10 mL. After that 30 mL of deionized water 

and 2 mL H2O2 was added to the above solution and later stirred for 24 hours, then dried 

at 60°C in an oven. 

7.2.2 PANI modified Zn/Cu LDH synthesis 

First, the Zn/Cu LDH was prepared via hydrolysis route as reported in Chapter 2. Later 

oxidative in situ polymerization was utilized to synthesize PANI/LDH [20]. The synthesis 

was carried out by mixing 25 mL aniline, 0.25g of Zn-Cu LDH, and 2.5 mL of H2O2. 

Afterwards, reaction mixture was refluxed at at 60°C for 9 hours with continuous stirring 

at 400 rpm was followed by washing the obtained product with acetone, DMSO, and 

ethanol and drying at 60°C. 
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7.2.2 Instrumentation  

The PXRD pattern of the synthesized lattice was recorded by an advanced Bruker D8 

diffractometer over the range of 2θ = 5-70°, employing Copper Kα radiation with 1.5418 

Å wavelength acquired via a gobel mirror with 1.0 second/step scan rate and 0.02° step 

size at 298 K. The sample was analyzed using a PerkinElmer FTIR (version 10.5.3). 

Thermogravimetric analysis was conducted using the PerkinElmer TGA in the 50-900°C 

range under flowing nitrogen and at a uniform heating rate of 10°C min-1. PHI 5000 

VersaProbe III was used to record XPS measurements with Al Kα for photoelectron 

excitation. FE-SEM with EDX analysis of Zn/Cu HDS was accomplished using a Zeiss 

GeminiSEM. 

7.3 Results and discussion 

7.3.1 Memory effect property of synthesized material 

Following the successful synthesis of Zn/Cu LDH, the memory effect property of lattice 

was investigated by conducting calcination-regeneration experiments. The decomposition 

of Zn/Cu LDH at 350°C for 6 hours in a muffle furnace resulted in the formation of copper-

doped zinc oxide. The PXRD pattern of the calcined oxide (Figure 7.3a) confirms the loss 

of acetate anions from the interlayer region in addition to disintegration of the layered 

arrangement and shows reflection due to amorphous wurtzite ZnO [21]. 

A regeneration experiment was carried out where the LDO was introduced to a similar 

environment as the parent LDH and its structure regaining capability (referred to as 

memory effect) was analyzed. The PXRD patterns of parent and regenerated product are 

depicted in Figure 7.3a, consisting of high intensity sharp peak at the low value of 2θ 
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(around 12°) accompanied by weak reflections at high values of 2θ. Moreover, the 

nonexistence of sharp intense reflection at d = 9.42 Å due to copper hydroxide acetate 

indicated the successful formation of a hydrotalcite structure in the pure phase [22,23]. The 

reconstructed LDH pattern also demonstrates good structural integrity, both in peak 

positions and relative intensities, compared to the parent LDH. Molecular regeneration of 

the LDH pattern resembles the pattern of the parent LDH sufficiently well, concluding that 

the structural memory effect has been successfully stimulated. The FTIR spectra of parent 

lattice and regenerated LDH were similar, indicating successful reconstruction of lattice 

after calcination and rehydration (Figure 7.3b).  

Additionally, the thermally treated sample may exhibit large anion exchange capacities, 

which may result in selective adsorption of anionic species during the regeneration process 

[9]. Thus, the ‘memory effect’ can act as a rational and effective approach for the synthesis 

of LDH-based materials with potential biomedical and environmental applications. 
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Figure 7.3 Comparative plots of (a) PXRD patterns and (b) FTIR spectra of pristine and 

regenerated Zn/Cu LDH. 

7.3.2 PANI-modified Zn/Cu LDH 

The PXRD patterns of parent lattice and polyaniline intercalated Zn-Cu LDH are presented 

in Figure 7.4a & b. From PXRD pattern it can be seen that the intercalation of polyaniline 

influences the intergallery distance of the layered structure and the expansion of the c-axis 

from 7.53 Å to 15.57 Å can observed thereby suggesting successful incorporation of PANI 

into the lattice [24]. 
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Figure 7.4 PXRD pattern of (a) Zn-Cu LDH having acetate as interlayer anion and (b) PANI 

intercalated Zn-Cu LDH. 

The presence of acetate and PANI in the synthesized lattices was confirmed using FTIR 

analysis (Figure 7.5). FTIR spectrum of pristine LDH (Figure 7.5a) corroborated the 

existence of the interlayer acetate anion in the lattice. The -OH groups of the brucite layer 

and the interlayer H2O molecules resulted in a strong and broad band centred at 3409 cm-1 

[25]. The bands observed at 1570, 1421, 1025, 689, and 614 cm-1 established the presence 

of acetate ions in the interlayer region [26]. Further, a metal-oxygen band centred at 517 

cm-1 suggested the presence of direct metal-oxygen linkage [27]. It can be noticed that 

FTIR spectrum of composite (Figure 4.5b) exhibits bands corresponding to both LDH and 

PANI. The band at 3257 cm-1 can be accredited to the binding N-H and O-H bonds, whereas 

the band near 3500 cm-1 can be credited to the stretching vibration of free hydroxyl and 

amine groups of LDH and PANI, respectively [27]. Incorporation of PANI into the lattice 

is strongly supported by the observed bands at 1575, 1499, 1293, 1171, 750, 697, 606 cm-

1. The bands at 1575 and 1499 cm-1 are ascribed to C=N and C=C stretching vibrations 
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(characteristic of the benzenoid units and quinoid units in PANI) [19], [28]. The band 

centered at 1293 cm−1 corresponds to the C–N stretching vibration of 2° aromatic amine. 

However, band observed near 1171 cm−1 corresponds to the vibrational mode of (B-NH+-

B) or (B-NH+=Q) states. Bands below 800 cm-1 correspond to M-O, M-O-M, and O-M-O 

vibrational modes [29]. 

 

Figure 7.5 FTIR spectrum of (a) Zn-Cu LDH having acetate as interlayer anion and PANI 

intercalated Zn-Cu LDH. 

Table 7.1 Functional group analysis of pristine and modified LDH using FTIR. 

Wavenumber (cm-1) Functional group Inference 

Zn/Cu LDH 

3409 O-H stretch. Due to stretching vibration of -OH groups 

where broadness indicates the H-bonding 

between -OH groups and interlayer H2O 

molecules 

1570 & 1421 Anti symmetric 

and symmetric 

Confirm the presence of acetate anions 
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stretch. of COO- 

group 

1025 C-H rocking 

960 C-C stretch. 

689 O-C-O bending 

614 CO2
- rocking 

517 M-O stretch. Presence of metal oxygen linkage 

PANI-modified LDH 

3500 

N-H & O-H 

stretch. 

Presence of free hydroxyl and amine 

groups  

3257 Binding N-H & O-H 

1575 C=N stretch. Confirm the presence of benzenoid and 

quinoid units of polyaniline 1499 C=C stretch. 

1293 C-N stretch. Presence of secondary aromatic amines 

1171 - Presence of B-NH+-B or B-NH+=Q 

states (B = benzenoid & Q = Quinoid) 

750 
M-O, M-O-M, O-

M-O 

Metal oxygen linkages 697 

571 

 

The thermal stability of acetate and PANI intercalated Zn-Cu LDH was investigated using 

thermogravimetric (TG) analysis (Figure 7.6). The decomposition of pristine LDH 

eoccurred in three-step (Figure 7.6a) where the initial step observed within the temperature 

range of 50 to 190 °C can be ascribed to the elimination of H2O molecules from surface 
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adsorbed and interlamellar region. However, second and third steps observed in the range 

of 190 to 370°C  and above 370°C corresponds to the dehydroxylation of lattice and 

elimination of interlayer acetate ion [26],[30]. Thermal analysis further confirmed the 

fabrication of polyaniline modified Zn-Cu LDH, as depicted in Figure 7.6b. The weight 

loss below 260 °C can be accredited to the loss of physisorbed H2O molecules. 

Nevertheless, above 260 °C dehydration and removal of the interlayer anion is the main 

cause of weight loss. Additionally, polyaniline-modified LDHs exhibit a steep downward 

trend in the TG curve, further confirming that PANI has been incorporated successfully 

into the lattice of LDHs [19]. 

 



Chapter 7 
 

192 
 

 

Figure 7.6 Thermogravimetric traces of (a) Zn-Cu LDH having acetate as interlayer anion and (b) 

PANI-modifies Zn/Cu LDH. 

Table 7.2 TGA data for Zn/Cu LDH and PANI-modified LDH. 

Sample Temperature range 

(℃) 

Weight loss 

(%) 

Total weight 

residue (%) 

LDH    

Stage I 32-190 5.01  

52.27 Stage II 190-370 45.70 

Stage III < 370 1.72 

PANI/LDH    

Stage I 27-260 11.70 73.50 

Stage II < 260 62.05 

The SEM micrographs of parent LDH and PANI modified LDH are presented in Figure 

7.7. According to Figure 7.7b, PANI tubes grow alongside Zn/Cu LDH, with the structure 
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and plate-like morphology of parent LDH remaining intact after the addition of PANI. It 

appears that the carbon, nitrogen, zinc, and copper elements are uniformly dispersed in the 

PANI/LDH lattice based on the EDX (Figure 7.8b) and elemental mapping (Figure 7.9) 

results [32].  

  

Figure 7.7 (a) SEM micrograph and (b) EDX of synthesized LDH. 

  

Figure 7.8 (a) SEM micrograph and (b) EDX of PANI intercalated LDH. 
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Figure 7.9 Elemental mapping of various elements of PANI intercalated LDH. 

Chemical composition and electronic state of PANI intercalated LDH were determined 

using XPS. The presence of carbon 1s, oxygen 1s, nitrogen 1s, zinc 2p, and copper 2p was 

revealed by the survey spectrum of PANI/LDH as depicted in Figure 7.10a.  
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Figure 7.10 (a) XPS survey spectrum and core-level spectra of (b) C 1s, (c) N 1s, (d) Zn 2p, and 

(e) Cu 2p of PANI/Zn-Cu LDH. 

C 1s spectrum is presented in Figure 7.10b exhibits three peaks at binding energy values 

of 284.60, 285.47, and 286.16 eV that can be ascribed to C=C, C-H, C-N, and C=NH+ 

groups. The N 1s spectrum (Figure 7.10c) confirmed the presence of quinonoid imine 

(398.38 eV), benzenoid amine (399.64 eV), and positively charged nitrogen atoms of 

polyaniline (400.27 eV) in the lattice. In Figure 7.10d, two sharp peaks conforming to Zn 

2p3/2 (1022 eV) and Zn 2p1/2 (1045 eV) can be seen [32,33]. Two peaks can be observed at 

935.09 and 954.82 eV in the spectrum of Cu 2p (Figure 7.10e), along with a satellite peak 

at 943.64 eV confirming that copper is in the +3-oxidation state [34]. Consequently, all 
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constituent elements of polyaniline and LDH can be detected in the composite according 

to the XPS survey spectrum. 

7.4 Conclusion 

Herein, the regeneration experiment verified that the synthesized Zn/Cu LDH exhibits 

structural memory effect property after calcination. The reconstitution of layered structure 

could be used as an intermediate step for the functionalization of LDHs by intercalating 

suitable anions in the interlayer region. Furthermore, PANI incorporated Zn/Cu LDH was 

prepared via oxidative in situ polymerization where interlayer acetate anion was employed 

to carry out anion exchange reaction. Adding conductive polymer resulted in an increase 

in interlayer spacing (to 15.57 Å from 7.53 Å) and the preservation of the host framework 

following intercalation of PANI. The incorporation of polyaniline was confirmed using 

FTIR and TGA studies. The composition and electronic states of the elements employed 

were confirmed using SEM/EDX and XPS analyses. Consequently, the study opens up the 

possibility of fabricating new inorganic–organic composite materials with unusual 

mechanical, chemical, and thermal properties by using such host lattices with adjustable 

interlayer spacing. 
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Chapter 8 CONCLUSION AND FUTURE PROSPECTS 

 

8.1 Conclusion 

The layered double hydroxide and their composites containing Zn and Cu metal ions 

have been successfully synthesized. The formation of pure phase lattices was 

established by PXRD, BET, TGA, FTIR, SEM/EDX, and XPS analyses. The adsorptive 

behavior of parent lattice i.e., Zn/Cu LDH was studied for the sequestration of anionic 

azo dyes and the optimization of process parameters was performed using CCD-RSM 

approach. The impact of four operational factors including pH of dye solution, 

adsorbate concentration, adsorbent amount and contact time were investigated for the 

efficient removal of CR dye using Zn/Cu LDH. The optimum conditions derived from 

CCD-RSM approach for CR dye uptake were found to be: pH =7, dye concentration = 

50 mg/L, dose of adsorbent = 0.01 g and contact time = 4 minutes. However, the Zn/Cu 

LDO obtained on calcination of LDH acted as a useful sorbent for the uptake of cationic 

azo dye (malachite green). The study also revealed that a smartphone-based detection 

technique can be efficiently employed for the determination of dye concentration as 

compared to the conventionally used method, i.e., UV-Visible spectroscopy.  

Moreover, the EG-modified Zn/Cu HDS demonstrated high efficiency towards anionic 

dyes in comparison to cationic dyes. The material also showed high reusability up to 5 

adsorption-desorption cycles. The PMMA/LDH composites were synthesized with 

different weight % of Zn/Cu LDH and the composite with 20 wt % LDH displayed 

adsorption behavior towards the food dye i.e., Brilliant black (anionic dye).  
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In addition, formation of PS/LDH composite films suggested that the incorporation of 

LDH resulted in enhanced thermal, morphological, and optical properties of the 

polymeric materials. 

Furthermore, the LDO obtained on calcination of parent lattice showed regeneration 

ability i.e., memory effect property. The anion exchange property of Zn/Cu LDH was 

also studied in which polyaniline was incorporated into lattice showing increase in the 

gallery height from 7.53 to 15.57 Å.  

In conclusion, a series of Zn/Cu LDH based materials have been successfully 

synthesized that may act as potential sorbent for sequestration of anionic and cationic 

azo dyes. The materials exhibit potential to replace traditionally used adsorbents 

suggesting their real time applicability for wastewater treatment. Furthermore, LDH 

incorporation act as a means of enhancing the overall performance of polymeric 

materials.  

8.2 Future prospects  

Zn/Cu LDH based materials have shown promising potential for practical application 

in environmental contexts based on the current research work. Following key aspects 

can be explored in future research in this field: 

• Investigation of photocatalytic efficiency of the synthesized lattices for the 

sequestration of other toxic pollutants including pharmaceutical wastes, toxic 

metal ions, fertilizers, pesticides, microplastics, etc. 

• Further investigation of PANI/LDH composite for energy storage, catalysis, and 

sensing applications. 
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