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Preface 
  

 Interdisciplinary science and wet-chemistry methods bring together inorganic 

and organic active molecules in a single hybrid material to mark their combined 

beneficial properties. They open up new vistas of quality research in materials 

chemistry. Recently research was focused more on the design of sol-gel hybrid systems 

due to their versatile multifunctional characteristics. Boehmite gel is a layered, 

inorganic/polymeric 3D material that offers promising new hybrid-architectures. Such 

hybrids find applications as functional and protective coatings, catalysis, sensors and 

membranes. In this thesis, different kinds of inorganic-organic hybrid materials are 

designed out of sol-gel derived boehmite.  The entire thesis is centered around a 

thematic concept on ‘Inorganic-Organic Hybrid Nanomaterials from Boehmite 

[AlOOH] Gels’ for functional applications. Macroscopic shaping of boehmite hybrids and 

the transformation of these hybrids into porous gel architectures with tailoring 

functionality has been successfully accomplished. In addition to this the beneficial 

properties of the developed boehmite hybrids was validated for the potential functional 

applications. The content of this thesis have been presented in six chapters. 

 Chapter 1 deliberates the general introduction on inorganic-organic hybrid 

materials, and sol-gel synthesis of hybrid gels to porous structures. The chapter 

describes the comprehensive literature survey on the evolution of sol-gel chemistry and 

its growth towards hybrid gels. This chapter also highlights advantages of boehmite 

hybrids in different fields of science and technology. The specific objectives and outlook 

of the present work are also outlined in the introductory chapter. 

Chapter 2 devotes to the preparation of photoactive, antimicrobial 

multifunctional hybrid, CeO2@AlOOH/PEI as a promising catalytic-sorbent. Sol-gel 
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assisted nano-casting was explored for the synthesis of CeO2@AlOOH/PEI. This hybrid 

catalytic-sorbent showed enhanced adsorption and photocatalytic degradation 

performance for the treatment of industrial waste water contaminated with lignin and 

organic dye. The antibacterial property was studied against both gram positive and 

gram negative bacteria. The pronounced interfacial properties of the prepared catalytic 

sorbent, promotes itself as a promising functional material for diversified applications 

of adsorption, photodegradation, and antimicrobial activity.  

Chapter 3 describes the synthesis of electrochemically active hybrid sensor 

designed from boehmite gel and natural organic resin, CNSL (PFAC). The prepared 

hybrid sensor showed electrochemical detecting ability to the neurotransmitter 

dopamine. The PFAC hybrid sensor displays a higher electro catalytic activity toward 

DA oxidation with a wider linear detection range of 50 µM to 450 µM and a lower 

detection limit of 23× 10−9 m. Furthermore, the developed sensor demonstrated 

favorable selectivity, operational stability, and reproducibility. Here the PFAC hybrid 

was also used for the real sample analysis and interference studies, which demonstrates 

that the proposed modified electrode is a promising candidate in the pharmaceutical 

and medical fields. 

Chapter 4, reports on the formulation of hybrid coating suspension from organic 

CNSL oil, inorganic boehmite, and organic paraffin wax [PWCA]. This hybrid material 

showed superhydrohobicity and resistance to water impact. The PWCA hybrid was 

applied on cotton textile to obtain superhydrophobic flexible membrane assembly with 

a water contact angle of 160o. Stability of the as prepared superhydrophobic cotton 

textile is systematically studied under harsh chemical condition and also with knife 

scratching test. Furthermore, the coated textiles demonstrated excellent self-cleaning 

ability and could be used to selectively separate various kinds of oil-water mixture 
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including crude oil-water mixture. More interestingly, the hybrid coated fabric can 

recover its super liquid-repellent property after drying at 120 °C in an oven, even after 

immersing in water for a week. The above mentioned fascinating properties indicated 

that the PWAC coated textiles a promising candidate for oil-water separation in real 

world application. 

Chapter 5 deals with the fabrication of fire-resistance and low thermal 

conducting chitosan/boehmite hybrid aerogel (CHAL) via freeze-drying. Importantly, 

the aerogel exhibited excellent flame retardancy and self-extinguished in the vertical 

burning test. This work provides a facile, environmentally-friendly, and cost-effective 

approach to fabricating multifunctional fire-safe, low-density aerogel that has 

promising applications as green packing material.  

Finally, the major conclusion, summary, and the future perspective of the present 

thesis work are summarized in chapter 6. 

 

 

 

 



 

 

 

CHAPTER – 1 

 

Introduction: Inorganic-Organic Hybrid Materials: 

Overview & Recent Advances  
 

 

 

                                                              https://www.wiley.com  

 

This thesis mainly focuses on the fabrication of inorganic-organic hybrid materials 

from boehmite gels for multifunctional applications. Therefore, in this introductory 

chapter, basic knowledge on hybrid materials, classification of hybrid materials, 

synthetic strategies for hybrid materials with special reference to sol-gel chemistry, 

and the pathway involved in the transformation of gels into inorganic-organic hybrids 

have been described. In addition, a brief literature review on the prior-art on hybrid 

materials for functional applications has been provided. With this as a background, 

the main objective of the work and the scope of the thesis are presented at the end. 
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SOL GEL INORGANIC HYBRID MATERIALS: - An Overview 

1.1 Hybrid Materials 

 The concept of hybridization has existed in nature since the beginning of life on the 

earth. The mother nature made hybrid architectures by combining inorganic and 

organic building blocks that appropriately distributed on the (macro)molecular or 

nanoscale, where the inorganic part provides thermo-mechanical stability and an overall 

physical structure to the natural objects while the organic moiety delivers strong 

bonding to the inorganic building blocks. Bones, teeth, shells, marine sponges, and 

diatoms are typical examples of the natural bio-hybrids.1 Some of the examples of 

naturally occurring inorganic-organic hybrid material are given in Table 1.1.Mostly, 

Natural bio-hybrid materials contain organic, polymer matrix systems reinforced with 

inorganic deposits. The scientific excellence in biological hybrids is the accurate 

blending of inorganic-organic molecules formed at ambient temperatures, an aqueous 

environment, a neutral pH where a plethora of complex geometries results. Mimicking 

such structures is the current topic of research interest for the rapidly growing 

industrial needs.2, 3 

  Commonly, the synthetic hybrid materials require two constituents; one is 

the matrix and another is reinforcement. Inorganic materials in hybrid systems play 

several roles: apart from enhancing the mechanical strength and thermal stability, it 

provides modulating the refractive index, giving an accessible and interconnected 

porous network for increasing the surface area, sensing ability and catalytic efficiency, 

or contributing specific magnetic, electronic, redox, electrochemical or chemical 

properties.4-13 Organic components greatly extend the range of matrices available to 

synthetic chemists. Organic materials can offer opportunities to modify the bio to 

chemical functionality enabling the hybrids to form flexible films and fibres, for 
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obtaining various geometric structures, to control the porosity features as well as 

connectivity with inter-particle surface functional groups, for an extend to adjust the 

balance between hydrophilic/hydrophobic characteristics.  

Table 1.1. Examples of naturally occurring inorganic-organic hybrid materials 

Inorganic-organic 
Hybrid material 

Inorganic constituent Organic Constituent 

Coccoliths Calcium carbonate Protien 

Shellfish shells Calcium carbonate Chitin 

Venus sponge Silica Protien 

Ivory, bones Calcium phosphate Collagen 

Teeth of bone-skeletal 
animals 

Hydroxyapatite Collagen 

Diatoms Silica Polysaccharide 

Radiolaria Silica Protien 

Brittlestar’s lens Calcium carbonate Protien 

Magnetotactic bacteria Iron oxide protien 

Ferritin Iron Protien 

Kidney stone Calcium oxalate Uric acid 

Teeth of certain 
molluscs 

Calcium carbonate Chitin 

 

In the last decades, man-made hybrid materials were developed on a large scale 

with a lot of realized economic applications. The tremendous increase in the scientific 

publications and patent applications from the year 2005 until the year 2016 is shown in 

Fig. 1.1. explain the essentiality and demand of the hybrid architectures.14 Due to the 

possibility of tailored properties via hybridization and also to achieve multifunctional 

properties, the research community seriously considered this innovative field for 

continuous investigations.15, 16 However, the mandate is to make materials in affordable 

ways.   
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Fig. 1.2. The number of scientific publications and patents on hybrid materials research 

Scratch resistant coating technology via hybrid approach is one example in which 

the inorganic-organic hybrid formulation is easily made by the modification of 

affordable nanomaterials with a simple surface treatment that can form hybrid films or 

top-coats to finally   obtain better scratch resistance.17-19 Based on the molecular or 

nanoscale dimensions of the inorganic building blocks, light scattering in homogeneous 

matrix material is well-controlled and optically transparent nanocomposite hybrids 

suitable for optical applications are successfully produced. 20-22 In some cases phase 

separation of organic and inorganic components is used for the formation of porous 

materials. 23,24 Smart materials were also fabricated by modification of the composition 

on the molecular scale and demonstrated for applications such as adsorbents, catalysts, 

optical devices, sensors, membranes, enzyme immobilization media, electronic and 

magnetic devices, flame retardants and biomaterial coating. 25, 26 The following section 

briefly explains the classification of hybrid functional materials widely reported in the 

literature. 
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1.2. Classification of Hybrid Materials 

Functional hybrid materials are not just a physical combination. They are the molecular 

level nanocomposites, with at least one component, either the inorganic or the organic 

constituting part, with a characteristic length on the nanometer size (a few Å to several 

tens of manometers).27 The sum of the all properties of the hybrid materials are not the 

outcome of the properties of individual contributions of their components, but also from 

the strong synergy created by a hybrid interface.28, 29 The carefully tailored 

inorganic/organic interface, including the pattern of distribution, types of physical 

interactions, the surface energy, and the existence of labile bonds gives the desired 

properties. Owing to their large importance, various functional hybrid materials can be 

categorized into two main families depending on the nature of the interface combining 

the organic components and inorganic materials.27 

1.2.1. Class I hybrid architectures 

It is concerned with hybrid systems in which organic and inorganic components interact 

via weak bonds such as Van der Waals, electrostatic, or hydrogen bonds. The class I 

hybrid compounds present a number of intriguing features, such as the material's ease 

of synthesis, the avoidance of hetero functional metal-organic precursors, and, when 

desired, the simple removal of the organic phase to easily create functional architectures 

by self-assembly. The combination of inorganic clusters or particles with organic 

polymers which lack a strong (e.g. covalent) interaction between the components is one 

example of such class I hybrid material. If an inorganic and an organic network formed 

by interpenetrating each other without strong chemical interactions, so called 

interpenetrating networks, for example, if a sol–gel material is formed in presence of an 

organic polymer or vice versa. Both materials belonged to class I hybrids. 
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1.2.2. Class II hybrid systems  

Class II hybrid materials are materials in which the components are linked by covalent 

or ionic-covalent strong chemical bonds. In fact, various hybrid materials comprised 

both types of interfaces, strong and weak, but due to the importance of the presence of 

strong chemical bonds on the final hybrid material properties, these types of hybrid are 

classified as class II. However, we are currently witnessing an increase in the 

development of hybrid materials of class II.  

The presence of covalent chemical bonds between organic and inorganic mineral 

components has several advantages:  

the potential to create entirely novel materials from functionalized alkoxide, 

 ii) phase separation minimization and iii) better definition of the inorganic-organic 

interface. Such precise control can result in a better understanding of the material  

and the relationship between microstructure and properties, as well as easier adjustmet 

of the hydrophilic-hydrophobic balance, etc. The effective grafting of organic 

functionality to the inorganic network avoids disadvantages of Class I hybrid 

compounds. That is the possibility of organic components escaping while the material is 

in use, such as in sensors or catalysts. 

1.3. Synthetic Strategies for Hybrid Materials  

There are several synthetic strategies available for the fabrication and formation of 

hybrid materials, irrespective of the type of hybrid interface formed. 29-32 The reaction 

route (Fig.1.2.a.) is corresponds to soft chemistry-based routes such as conventional 

sol-gel chemistry, as well as hydro- and solvothermal synthesis, in which molecular 

precursors like alkoxides, metal salts in the presence of complexing polyfunctional 

precursors, and organofunctional precursors are used. Hydrolysis of organically 
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modified metal alkoxides or metal halides condensed with or without metallic alkoxides 

yields hybrid networks through conventional sol-gel pathways. These materials are 

typically amorphous with polydisperse size distributions. 

Path B (Fig.1.2.b.) clearly demonstrates the hybridization of well-defined 

nanobuilding blocks [NBB] through self-assembly, or intercalation and dispersion, 

simply intercalation.32-34 These NBB are precisely tuned objects such as clusters or 

nanoparticles (metal oxides, metals and alloys, chalcogenides), core/shell nanoparticle 

composite, or nano-sheets of lamellar compounds (clays, double hydroxides, and 

lamellar chalcogenides, etc.). Prefabricated nano-objects quite often exhibit reduced 

reactivity when compared to molecular precursors; the inorganic component is 

 monodispersed or the nanometer scale, allowing the development of  well-defined 

structures which facilitate characterization and control over the quality of final material. 

Path C (Fig. 1.2.c.) makes use of the self-assembly features of amphiphilic 

molecules and polymers to produce supramolecular templates that can be used to 

control the texture and morphology of the final growing solid or gel phase.34, 35 Over the 

last decade, a new field has emerged that corresponds to the templated synthesis (with 

surfactants) of mesoporous hybrids using bridged silsesquioxanes precursors. This 

process results in a new class of periodically organised mesoporous hybrid silica 

containing organic functionality within the walls. 

Literature evidence strongly indicates the construction of hierarchically 

structured hybrid materials that are integrated in real devices follows integrative 

synthesis pathways where chemistry and physics based processing are strongly coupled. 

The combination of above mentioned procedures in paths A, B, and C allow fabricating 

hierarchically organized materials with regards to structure and functions. 
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Generally, inorganic-organic hybrid materials are reported via sol-gel, solvo 

thermal, hydro thermal methods etc. Among them, the sol-gel method is the most 

promising method for producing inorganic-organic hybrids. Because it is a low-

temperature solution process for producing ceramics, hence organic component 

decomposition can be significantly reduced.36, 37 In the 1950’s, the term "sol-gel science" 

was coined to describe the art of manufacturing materials by preparing a sol, gelation 

of the sol, and removing the solvent.38 In fact, sol-gel technology has been used since the 

first experiment with colloidal materials. The sol-gel method was initially developed by 

mineralogists for the preparation of homogeneous powders to be used in phase 

equilibria, chemists for the production of nuclear fuel pellets, and ceramists for the 

preparation of advanced ceramic materials. 38 

   This thesis work is pertaining to the sol gel processing of inorganic-organic nano 

hybrids. The following section briefly describes the various stages involved in the typical 

sol gel process.  

 

Fig.1.2. The synthetic pathways for the preparation of hybrid materials 
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1.4. Sol-Gel Processing of Inorganic-Organic Hybrids 

The first metal alkoxide gel was prepared from SiCl4 by Ebelmen in the 19th century, 

who discovered the formation of Si-alkoxide to gel when exposed to air.39 It was later 

discovered that atmospheric moisture caused the Si-alkoxide to hydrolyze, which then 

condensed to form the gel network. The term 'sol-gel' was coined by Graham in 1864, 

during his work on silica sol.40 Since then, the sol-gel method has been extensively 

researched and fine-tuned for the low temperatures preparation of metal-oxide gels. In 

general, the sol-gel method entails the evolution of inorganic networks through colloidal 

suspension (sol) formation and gelation of the sol to form a network in a continuous 

liquid phase (gel). The detailed science involved in sol-gel processing has been reviewed 

in numerous books and journal publications. 41-43 Simply put, the sol-gel process is the 

“formation of an oxide gel network via poly condensation reactions of a molecular 

precursor in a liquid at low temperature”. 

In its early stages, the process was mainly used to develop highly pure and 

homogeneous inorganic materials such as glasses and ceramics obtained from inorganic 

metal-oxide gels. Eblemen reported the first inorganic gel, silica gel, derived from 

silicon-alkoxide, in 1846.39 Cossa created the first alumina gel in the year 1870.42 Since 

then, different types of inorganic gels have been developed, and sol-gel chemistry has 

made tremendous progress in the development of inorganic metal-oxide gels.42, 44 

 

1.5. Sol-Gel Route: Precursors to Gel Formation 

1.5.1. Precursors 

The major precursors of the sol-gel process consisted of metal or semimetal elements 

surrounded by various reactive ligands. The important requirements for the selection of 

sol-gel precursor are: (1) It must be soluble in the reaction medium, and (2) it must be 
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reactive enough to contribute to gel formation.45 Metal alkoxide M(OR)z are the most 

commonly used  precursors in sol-gel research, where M=Si, Ti, Zr, Al, Sn, and Ce, OR is 

an alkoxy group, and Z is the metal's valence or oxidation state. The majority of metal-

alkoxide-based sol-gel precursors involve early p-block elements (Al or Si) or early 

transition group metals (Ti or Zr). When compared to Si alkoxide precursors, metal 

alkoxides of Al, Ti, or Zr are very reactive towards water due to their low 

electronegativity and higher Lewis acidity.46 Likewise, the size and nature of the 

hydrolyzable alkoxy group (OR) attached to M affect the precursor's solubility and 

reactivity. In general, the larger alkyl group (R) is more soluble in organic solvents and 

possesses slower hydrolyzability. Although sol-gel chemistry begins with the hydrolysis 

and condensation of metal alkoxide precursors, it can also take place between hydrated 

metal species like salts, oxides, hydroxides, complexes, acrylates, and amines. 

1.5.2. Sol 

A stable colloidal suspension of solid particles within the liquid medium is termed as 

sol.47 The IUPAC defined a colloidal suspension as “the molecules or poly molecular 

particles dispersed in a medium have at least in one direction a dimension roughly 

between 1-1000 nm”.42 In this context, sol encompasses a broader range of systems, 

including inorganic particles, polymeric, and real macromolecules, such as biopolymeric 

particles formed by solvation and ionic cross-linking. The particles within a sol are small 

enough to suspend indefinitely because of Brownian motion. Compared with the solvent 

phase, there is only a small amount of the dispersed phase present, as a result long-

range forces, such as gravitation are negligible, while short range forces like Van-der 

Waals interactions and surface charges dominate in the colloidal system. Electrostatic 

forces are the major cause of stabilization of the sol as per the Stern model. The 

adsorption of charged species such as OH- or H+ on the surface (depending on the pH) 
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results in the formation of an electrical double layer at the liquid-solid interface. As a 

result, a repulsive interaction with other colloidal particles occurs, which inhibits 

aggregation to larger particles or destabilisation of the sol. 

1.5.3. Gel 

The sol-gel reaction results in the formation of two types of gels: one produced by the 

condensation of colloidal particles (1-1000 nm) or cluster growth, and the other by the 

cross-linking of polymeric molecules. As in colloidal pathway, nanoparticles with 

size less than one micrometre are synthesised, which are found to be dispersed in the 

solvent and are referred to as colloidal sol. Then, these discrete colloidal particles cross-

link with one another using hydrogen bonding or electrostatic attraction to form a three-

dimensional (3 D) gel network. The transformation of a sol to a gel is defined as the 

gelation process, and the gels obtained are known as ‘colloidal gels.'48 Metal salts such 

as chlorides, nitrates, and sulphates are commonly used to make colloidal gels. In this 

case, the gel formation mechanism is induced by the electrolytic and steric effects of the 

colloidal sol particles. As a result, these gels are also referred to as 'corpuscular gels.' 

In contrast, chemical reactions are the driving force behind gelation in polymeric 

gels. Without the intermediate formation of individual particles, linear polymeric chains 

are formed. When this happens, highly branched 3D gel suspensions are formed, which 

are referred to as ‘polymeric gels’.48 Metal-alkoxides are the most commonly used 

precursors for the formation of polymeric gels. 

1.5.3.1 Gelation 

Gelation refers to the phase transition from “sol to gel”. By passing through a transition 

point known as the gel point, a sol can be transformed into a gel (colloidal or polymeric 

gel). At this point, sol abruptly transforms from a viscous liquid to a solid phase known 
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as gel. The chemical reaction that causes gelation usually continues beyond the gelation 

point, ensuring frequent changes in the structure and properties of the gel. 

1.6. Governing Mechanism in Sol-Gel Transition    

The sol-gel reaction involves two fundamental chemical reactions: the hydrolysis of the 

alkoxide precursors to introduce a reactive hydroxyl group on the metal and their 

condensation to form metal oxide gels.42, 45, 49 The following equations depict the major 

steps involved in the sol-gel process when metal-alkoxide is used as the precursor: 

M-OR+H2O                                    M-OH+HO-R---Hydrolysis                                                    (1.1) 

 

                                                                                                                                                                  (1.2) 

Where, M and R denote metal and alkyl groups respectively. The hydrolysis and 

condensation reactions are primarily responsible for the sol to gel transition. The metal-

alkoxide's alkoxy group reacts with water to form a hydroxyl group, a process known as 

'hydrolysis.' As shown in the equation, the hydrolysis reaction involves a nucleophilic 

attack of the oxygen present in the H2O molecule on the central atom M, followed by a 

proton transfer from H2O to the alkoxy group –OR and the removal of the alcohol 

molecule (ROH) from the system. Hydrolysis commonly occurs in the presence of either 

an acid or a base catalyst. Acids protonate negatively charged alkoxide groups, whereas 

alkaline environments generate strong nucleophiles through deprotonation of hydroxo 

ligands.42 The rate of reaction of hydrolysis is also determined by the choice of 
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precursors used, because the steric factors of the alkyl group vary depending on the type 

of groups present in the precursor. The larger the alkyl group, the more crowded the 

nucleus M and thus the slower the rate of hydrolysis. In addition, the longer the chain, 

the weaker the inductive effects on the central atom and the slower the substitution 

reaction. 

In addition to the hydrolysis reaction, two other reactions can occur: the reverse 

reaction, also known as re-esterification, and transesterification, in which an alcohol 

molecule replaces an alkoxide group to produce another alcohol molecule. 

M-OR+R'OH  M-OR'+HO-R   Re-esterification (reverse reaction)            (1.3) 

The condensation process starts when some hydrolyzed molecules begin to form 

in the solution and continues along with the hydrolysis process depending on the 

amount of water and catalyst in the solution. The condensation reaction forms a metal-

oxygen-metal (M-O-M) bridge and can lead to two distinct reactions, as shown in the 

equation. Different metal atoms are linked together by an oxygen atom through an 

alcoxolation reaction between a hydroxyl group and an alkoxy group or an oxolation 

reaction between two separated hydroxyl groups. 

M-OR+HO-M   M-O-M+HO-R      Condensation alcoxolation                             (1.4) 

M-OH+HO-M        M-O-M+H2O     Condensation oxolation                                  (1.5) 

As a result, a stabilised dispersion of metal-oxide sol covered with an active 

group such as hydroxyl is formed in the solvent. Then, these are cross-linked by the 

condensation of surface active groups, resulting in the formation of metal-oxide gels. 

Process parameters such as pH, precursor concentrations, temperature, type of solvent 

and catalyst,   and so on can have a significant impact on the final gel properties. These 
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fundamental studies have been thoroughly investigated by various researchers.50-52 In a 

typical sol-gel reaction, the hydrolysis and polycondensation steps followed by ageing 

and drying process occur, and the gel network is firmly formed within the gel matrix, 

resulting in a stiff sol-gel structure. Hence, the sol-

gel process can be summarised as follows: 

(a) Preparation of the sol from hydrolysis and partial condensation of precursors 

such as alkoxide or metal salt. 

(b) Formation of the gel via poly condensation to form metal-oxo-metal or metal-

hydroxy-metal bonds.  

(c) Syneresis, also known as ageing, is the process by which condensation continues 

within the gel network, often shrinking it and causing solvent expulsion. 

(d) Drying the gel either to produce a dense xerogel via porous network collapse, or a 

cryogel via freeze drying, or an aerogel via supercritical drying. 

(e) Exclusion of surface M-OH groups by calcining at high temperatures up to 800 °C 

or above. 

Nowadays, the sol-gel process is a well-known method for producing gel-based 

advanced functional materials. Starting from a reactant precursor solution, the solid 

state can be easily reached at low temperatures via this versatile route. This feature 

greatly expands the potential for developing new materials with hybrid architectures. It 

also facilitates the creation of ultra-fine or spherical powders, fibres, dense monoliths, 

aerogels, thin films, and a wide range of nanostructured materials, as shown 

schematically in Fig. 1.3. Thus, the versatility of sol-gel nanotechnology enables 

to control the material properties required for functional applications. 
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Fig. 1.3. Different types of functional materials obtained via sol-gel synthesis 

 

 

1.7  Gel based Hybrid Materials based on Drying Techniques 

Xerogels, aerogels, cryogels, and ambigels are the classic gel porous materials derived 

from the sol-gel process. Since, the thesis is focused on porous gel derived hybrid 

materials, a more detailed account of it is described in this section. 

A typical flow diagram of the sol-gel process does not complete with gelation. The 

wet gel can be aged in its mother liquor or in the solvent after gelation. The period of 

time between the formation of a gel and its drying is referred to as ageing. During the 

ageing process, a gel does not become inert; it continues to hydrolyze and condense.53 It 

can also go through syneresis, solvent expulsion due to gel shrinkage, and coarsening. 

Dissolution and re-precipitation of particles can occur during this process, influencing 

both the chemical and structural properties of the gel after its initial formation. After 



Inorganic-Organic Hybrid Materials: - Overview & Recent Advances Chapter 1 
 

  17 
 

that, the gel is dried to remove the solvent. The drying of the gel is an important step in 

the preparation of gel porous material. Capillary pressure and shrinkage of the gels are 

the two parameters governing the drying process. It is driven by the capillary pressure, 

Pc according to the equation 1.6. 

       “Pc=2γ Cosθ/rp”                                                                                                                                   (1.6) 

Where, γ is the surface tension of the pore liquid, and rp is the pore radius, which is 

represented by the equation 1.7. 

“rp=2Vp/Sp”                                                                                                                                                 (1.7)                                                                                                                                    

Where, Vp and Sp are pore volume and surface area, respectively. Capillary tension can 

reach 100-200 MPa during drying; resulting in shrinkage and cracking.54 A detailed 

description of the porous gels produced after drying under different conditions is 

given below. 

 

Fig. 1. 4. (a) A typical phase diagram, the boundary between gas and liquid runs from the 

triple point to the critical point. Evaporative drying is the green arrow, while supercritical 

drying is the red arrow and freeze drying is the blue. (b) Example of a possible 

supercritical drying path in the pressure(p)-temperature (T) phase diagram of CO259 
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1.7.1. Xerogels 

The traditional evaporative drying process provides a significant capillary pressure 

associated with the liquid vapour interface within a pore, causing the gel network to 

shrink dramatically. Thus obtained gel is known as Xerogel. In Fig. 1.4. a., a green arrow 

represents a typical phase diagram for evaporative drying. The differential capillary 

pressure employed during evaporative drying can also cause the porous network of 

varying pore size distribution to collapse. Hence, the surface area and pore volume of 

xerogels are frequently low. Xerogel usually retains less porosity (15- 50 %), and surface 

area (10-300 m2g-1), along with very small pore size (1- 10 nm).To reduce capillary 

stresses, surfactants can be added to the liquid. It was reported that shrinkage of an 

alkoxide-derived gel is reduced by surfactants, though it is not necessarily 

eliminated.55Although, the addition of “drying control chemical additives'' (DCCA) 

including such oxalic acid, glycerol, formamide, dimethyl formamide, and 

tetramethylammonium hydroxide can lower the capillary stress and substantially shrink 

the gel network.56-58 The main reason for this drying behaviour is that the addition of 

DCCA creates a uniform pore size distribution, which in turn reduces differential drying 

shrinkage. 

1.7.2. Aerogels 

One convenient approach to reduce pore collapse is to remove the liquid from the pores 

above the critical temperature (Tc) and pressure (Pc) of the solvent, especially by 

supercritical drying (SCD).42,59 When supercritical conditions are applied, there is no 

separation between the liquid and vapour phases, and the densities become equal. As a 

result, there is no liquid-vapor interface at this point, and thus no capillary pressure. A 

typical phase diagram for SCD drying is represented by a red arrow in Fig.1.4. a. This 

method of drying prevents the formation of a liquid-vapor meniscus, which recedes 
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during the emptying of wet gel pores. The resulting dried gel is known as an aerogel, and 

it has pore volume comparable to that of the wet gel.59 SCD is composed of three major 

steps. 

(i) The wet gel is placed in an autoclave, which gradually raises the temperature. As 

a result, the pressure rises. The pressure and temperature are both increased until they 

exceed the critical temperature, Tc, and critical pressure, Pc, of the liquid entrapped in 

the pores within the gel. When the desired temperature and pressure are reached, the 

conditions are maintained for a specified period of time. 

(ii) After that, the fluid is expelled at a constant temperature, causing a pressure 

drop. 

(iii) When the vessel reaches ambient pressure, it is cooled to room temperature, 

yielding solid aerogels. 

Depending on the fluid that impregnates the wet gel, the critical conditions are 

quite different. There are two types of SCD: High Temperature Supercritical Drying 

(HTSCD) in alcohol and Low Temperature Supercritical Drying (LTCD) in CO2. In HTSCD 

process, a kind of poorly controlled ageing process occurs when the temperature and 

pressure increases used to reach the desired supercritical conditions. As a result, thus 

obtained materials are generally hydrophobic and stable when exposed to moisture. On 

the other hand, the LTSCD method does not facilitates such processes and produces 

more hydrophilic solids. Fig.1.4.b. depicts a possible supercritical drying path in the 

phase diagram of CO2 , where the pressure and temperature are increased in such a way 

that the phase boundary is not crossed; once the critical point is reached, the solvent is 

ejected at constant temperature (>Tc). 

Steven Kistler first developed silica aerogels in the early 1930s. 60 Thereafter, a 

wide range of inorganic metal-oxide aerogels including such as  alumina, titania, 
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zirconia, and many others were produced.61-63 Non-oxidic aerogels such as 

chalcogenides, as well as organic aerogels such as carbon and polymeric aerogels, have 

recently been developed.64-66 Surprisingly, as of 2013, graphene aerogels were recorded 

as the world's lightest material. 67 

In general, the aerogel preparation process consists of three major steps:  

(i) Solution -sol transition, (ii) sol-gel transition (gelation), and (iii) gel-aerogel 

transition (drying). All three steps have the potential to influence the microstructure of 

the aerogel and thus its properties and applications. 

1.7.3 Cryogels 

The freeze drying method is another way to avoid the presence of a liquid-vapor 

interface. This method involves freezing the liquid in the gel and thereafter drying it by 

sublimation.68 The blue arrow in Fig.1.4.a. shows a typical freeze drying phase diagram. 

A liquid-vapour meniscus formation is prevented in this case. Thus obtained materials 

are known as   cryogels.  Although its surface area and mesopore volume are smaller 

than those of aerogels, they are still significant.42, 59 unfortunately, freeze-drying does 

not allow for the preparation of monolithic gels. The reason for this is that the growing 

crystals repel the gel network, pushing it out of the way until it reaches its breaking 

point. This phenomenon enables gels to be used as hosts for crystal growth: the gel is so 

effectively expelled that crystals nucleated in the pore liquid are not contaminated with 

the gel phase; the crystals can grow up to a few millimetres in size before the strain is so 

great that macroscopic fractures appear in the gel. Nonetheless, the gel network may be 

damaged by the nucleation and growth of solvent crystals, which produce very large 

pores. A rapid freeze method known as flash freezing has been developed to mitigate 

this event. It is also critical that the solvent has a low expansion coefficient and a high 

sublimation pressure. 
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1.7.4. Ambigels 

Supercritical drying is recognized as an expensive method that impedes aerogel 

commercialization. As a result, ambient pressure drying (APD) or subcritical drying of 

gels is gaining popularity. This approach is thought to be a promising solution for 

lowering the cost of aerogel production to an economical scale. Because the gels are 

dried under ambient conditions; the dried gels are referred to as ambigels. APD 

encompasses a "solvent exchange process and chemical modification of the gel's inner 

surface." Capillary forces produced during APD or subcritical drying can be lowered by 

adjusting the contact angle between the solvent/vapour interface and the pore wall. This 

implies a deliberate modification of the gel's inner surface through the silylation to 

strengthen the network and by exchange of the pore solvent to reduce capillary force. 

   The pore solvent is first exchanged with a water-free solvent in the APD method. 

Subsequently,  the reaction with silylating agents was   performed  to strengthen the 

network.69,70 The most commonly used silylating agents are vinyl trimethoxy silane 

(VTMS), Propyltrimethoxysilane (PTMS), Propyltriethoxysilane (PTES), TRimethyl 

methoxy silane (TMMS), Methyl triethoxysilane (MTES), Hexamethyldisilazane (HDMZ), 

and Hexamethyldisiloxane (HDMZO).71-76 Finally, prior to the drying step, again solvent 

exchange is performed with a low surface tension solvent, such that drying can carry 

out at ambient conditions. 

  The materials dried by freeze-drying (cryogels) and ambient pressure drying or 

subcritical drying (ambigels)methods, are also termed as aerogels or aerogel like 

materials Even so, such an extension can be stated only if it can be demonstrated that 

the pores occupy a very high percentage of a sample volume, e.g., more than 90%, 

despite the fact that no official definition exists. 
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1.8 Boehmite Hybrids via Sol-Gel Chemistry  

In this thesis work boehmite, a mono hydroxy aluminium oxide [AlOOH] based hybrid 

system was considered for the systematic investigation.  Hence a brief account of the 

synthesis of boehmite hybrids is given in the following section. The Boehmite hybrid 

was carried out of aluminium isopropoxide as a sol-gel precursor.  

1.8.1. Aluminium isopropoxide (AIP) 

AIP is a commonly used aluminium-alkoxide precursor for the preparation of boehmite 

sol. The chemical formula of AIP is Al(O-i-Pr)3, where, i-Pr is the isopropyl 

group(CH(CH3)2).It is a white powder with molecular mass 204.25 g mol-1.Hydrolyzed 

boehmite sol is the starting precursor for the preparation of boehmite gel derived 

inorganic-organic hybrids. A brief introduction of boehmite is given below. 

1.8.2 Boehmite (AlOOH) 

Boehmite is an aluminium oxy-hydroxide with varying water contents. It is classified as 

partially dehydrated aluminium hydroxides, Al(OH)3. Boehmite is the traditional 

precursor of transition aluminas. Its name is derived from the German chemist J.Böhm. 

Alumina with a large surface area is extremely important as adsorbents and catalysts in 

a wide range of chemical processes. This is primarily due to their favourable properties 

and acid–base characteristics, which vary depending on the crystal structure and surface 

hydration/hydroxylation of boehmite.77 Because the final structure of the industrially 

relevant -Al2O3 and –it is controlled by that of boehmite, a great deal of research and 

development is being done to synthesize boehmite nanoparticles of various 

morphologies and shapes.78,79 This development is consistent with the growing trend of 

using nano-scaled metal oxides to create inorganic-organic hybrids with novel 

properties. Since the primary crystallite size of boehmite can be as small as 4.5 nm, it 

can have a very high specific surface area (>300 m2 /g). As a result, boehmite is an 
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excellent inorganic moiety for creating inorganic-organic hybrids with organic polymers. 

However, the particle size of boehmite dispersed in aqueous media is 4 to 10 times that 

of its primary crystallite size. 

1.8.2.1.  Preparation  

Boehmite can be produced in various ways. The various types of preparation processes 

produce a variety of shapes, morphologies, and surface properties. The following are 

some examples of common methods: 

o Solid state decomposition of (mineral) gibbsite, Al(OH)3.80 This method is also 

termed as controlled calcinations.  

o Precipitation of acidic or basic aluminium salt solutions in an aqueous solution. 

The corresponding aluminium salt solution is neutralised and aged during this 

"hydrothermal transformation.81 ''Different sol–gel procedures usually start from 

aluminum alcoholates. 82 This route of synthesis is represented by eq. (1.8.) 

Al (O-C3H7)3 (s) + (n+2) H2O (l) + HNO3 (aq)                  AlOOH.nH2O (l) + C3H7OH (g)                  (1.8) 

A drying step is involved in the sol–gel synthesis that results in solid boehmite. 

Aside from the drying techniques discussed in section 1.7, industrial spray drying and 

spray pyrolysis are also used. 

1.8.2.2. Structure and properties of boehmite 

It is now accepted that -AlO(OH) has an orthorhombic unit cell.82-84 Boehmite has a 

double layer of oxygen octahedrons with a central Al atom in its crystal structure. 

Accordingly, in a distorted AlO6 octahedron, Al is surrounded by six oxygen atoms.84 

The oxygen on the side is bonded to the hydrolyzed groups of the neighbouring 

layer of octahedrons via H-bond.83 Fig. 1.5. represents a three dimensional (3D) 

projection of the crystalline structure of Boehmite. 
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Fig. 1.5. Crystal structure of boehmite 

1.8.2.2.1. Boehmite :- Structural features 

The various boehmite preparation methods provide numerous opportunities to tailor 

the shape and surface characteristics (specific surface area, pore volume, pore structure) 

of boehmite nanoparticles with particulate dimensions in the nanometer range, at least 

in one direction. Boehmite can be made into needle-like structures in one dimension 

(1D), such as nanorods, nanotubes, and whiskers.85-87 2D sheets were also created, both 

with and without additional porosity.88 Many commercially available boehmite 

manufactured by Sasol (trade names: Dispersal, Dispal) have 1D needle or 2D flake-like 

shapes. 

Three-dimensional (3D) morphologies such as flower-like, urchin-like, flake 

assembly, multiscale hierarchical, and various mesoporous structures can also be 

produced.89-91 The latter boehmite could have BET-specific surface areas greater than 

300 m2/g. They can function as catalysts, catalyst supports, and adsorbents.91 The 

majority of the morphology control methods mentioned above employ various types of 

surfactants as morphology inducing agents or chelating additives. In contrast to 

template-free synthesis methods, this approach is commonly referred to as a template-

directed approach. The morphology control strategy led to the development of new 



Inorganic-Organic Hybrid Materials: - Overview & Recent Advances Chapter 1 
 

  25 
 

preparation procedures such as chemical vapour deposition, thermal decomposition of 

organic complexes, the combination of hydro- and solvothermal methods, and so on.90 

Size dispersion characteristics of boehmite in aqueous (slightly acidified) solutions are 

even published by some manufacturers. This fact prompted the development of water-

assisted(WA) (mediated) boehmite incorporation in polymers.92 Surface hydroxyl 

groups may also act as "anchoring" sites for surface modification, according to Fig. 1.5. 

The physical properties of boehmite are summarized in Table1.2. 

Table 1.2. Physical properties of boehmite 

Parameters Values 

Colour White 

Molecular mass 59.99 

Density 3.04 g/cc 

Specific gravity 3.0-3.1 

Mohs hardness 3 

Refractive index 1.644-1.668 

Tenacity Brittle 

Diaphaneity Translucent 

 

1.9. Applications of Boehmite-Organic Hybrids 

According to a review of the literature, boehmite-based inorganic organic hybrid 

materials can be used for a variety of functional applications. The various application 

studies conducted with boehmite-based hybrid materials are summarised in Fig. 1.6. 

However, boehmite based inorganic-organic hybrid materials are widely used for 

protective coating and membrane filtration applications.93, 94 In this present thesis work 

inorganic-organic hybrid materials derived from boehmite gels are explored for 

applications like adsorption and photodegradation, antibacterial agent, sensor, oil-water 
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separation filters, and fire retardant material. The preceding sections provide an 

overview of previous research on these applications. 

 

Fig. 1.6. Applications of boehmite hybrids 

1.9.1. Boehmite as substrates for adsorption 

Adsorption was indeed defined as "the process by which molecules, atoms, or ions in a 

gas or liquid diffuse to the surface of a solid and are held there by weak 

intermolecular forces." The solid material is referred to as the ‘adsorbent,' and the 

solute that is adsorbed is referred to as the ‘adsorbate.'95 Du Bois-Reymond proposed 
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the term adsorption, but Kayser was the first to use it in the literature.96 Adsorption is 

widely regarded as a highly effective water treatment technology that produces high-

quality treated water. Adsorption is a surface phenomenon defined as an increase in the 

concentration of any element at the surface or interface between two constituents.96 An 

active material used for purification should be able to reduce the pollutant's 

contamination level to the standard limit before it is discharged into the environment. 

Adsorption was typically good for inorganic oxides with a rich porous structure and 

special surface properties qualifications in the field of water treatment. Various 

sorbents, such as clay, silica gel, alumina, polymeric materials, carbon materials, and 

others, were used to decontaminate polluted water. 

Because of their outstanding physicochemical properties for water treatment, Al-

based nanostructures containing aluminium oxide, aluminium hydroxide, and aluminum 

oxyhydroxide have received a lot of attention.97, 98 Boehmite has been investigated for 

the removal of heavy metals and organic pollutants in water and in sewage treatment.99 

Because of the high number of surface -OH groups, boehmite is prone to interacting with 

foreign molecules and/or heavy metal ions, making it an important adsorbent 

material.99 A boehmite-based inorganic-organic hybrid system has also recently been 

reported. Luo et al. used a Boehmite/PVA hybrid free standing film for chromium 

adsorption in 2016.100 The hybrid film had a chromium adsorption capacity of 36.41 

mg/g. Rajamani et al. investigated the adsorption of heavy metal ions by 

boehmite/chitosan hybrid desiccant and discovered that the optimum percentages for 

Cd(II), Pb(II), and Hg(II) ions were 99.54, 98.84, and 67.58, respectively.101 The 

adsorption capacity increased with pH, contact time, and adsorbent dose but decreased 

with initial concentration. The focus of this thesis is on a boehmite-organic hybrid gel 

system for organic pollutant, lignin, from the pulp and paper industry. 



Inorganic-Organic Hybrid Materials: - Overview & Recent Advances Chapter 1 
 

  28 
 

1.9.2 Boehmite as a support for photocatalysts 

Photocatalysis is a type of advanced oxidation process (AOP) that results in the complete 

and non-selective destruction of organic contaminants.102 Heterogeneous photocatalysis 

has recently received a lot of attention for wastewater treatment because it can 

mineralize persistent pollutants under mild conditions using semiconductor materials. 

The photocatalytic activity of semiconducting metal oxides such as CeO2, ZnO, TiO2, 

SnO2, MoO3, and others has been extensively studied, and the photoactivity mechanism 

is well understood. Creating hybrid nanocomposite oxide semiconductors is a new field 

of interest. 

CeO2 is a metal oxide semiconductor that is gaining a lot of attention as a 

photocatalyst for photocatalytic degradation of various pollutants. CeO2 has a band gap 

that varies from 2.6 to 3.4 eV depending on the preparation method.103 The 

photoactivity of CeO2 is governed by defects such as oxygen vacancies and oxygen 

interstitials, as well as the generation of hydrogen peroxide, superoxide, and hydroxyl 

radicals on the CeO2 surface. When CeO2 is excited by UV light with an energy greater 

than the material's band gap energy, excitons are formed, which are electrons in the 

conduction band (CB) and holes in the valence band (VB).104, 105 The electron-hole pairs 

thus formed are responsible for the degradation of the adsorbed contaminants at the 

CeO2 semiconductor surface by initiating a series of chemical reactions as described in 

Equations 1.6.-1.10.104  The generated holes may react with the surface-adsorbed OH- 

ions, resulting in the formation of OH free radicals. The OH free radicals can also be 

formed by the reaction of dissolved oxygen (O2) with the generated electrons and 

protons, which results in the formation of hydrogen peroxide (H2O2) as an intermediate 

product, which is then decomposed to the OH free radical by releasing the OH- ion into 

the aqueous solution. The formation of these active species reduces the rate of electron-
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hole recombination and allows for more time to deal with organic pollutants. The 

photocatalytic mechanism is depicted graphically in Fig 1.7. 

Catalyst + hν→ eCB− + hVB+                                                                                                                                                                         (1.8) 

 eCB −+ O2 → O – 2                                                                                                                                                                                                     (1.9)  

O − 2 + eCB −+ 2H+ → •OH + OH−                                                                                                                                                        (1.10)  

hVB++ H2O → H+ + •OH                                                                                            (1.11)  

Organic Pollutants•OH→Degradation Products (CO2, H2O,etc)                                         (1.12) 

 

              Fig. 1.7.  General photocatalytic mechanism of a semiconductor metal oxide 

Despite the fact that CeO2 has unique photocatalytic activity and UV absorption, its 

optical properties can be improved. One of the methods for improving performance 

entails combining a semiconductor with metal oxide supporting materials.106 Based on 

previous research by Shi et al., Larimi and Khorasheh, and Sun et al., aluminium oxide 

has a very high surface area, high thermal conductivity, and promising chemical and 

physical stabilities.107-109 Boehmite, has been the most important precursor or 

intermediary for the synthesis of alumina materials. Because of the abundance of surface 

hydroxyl groups (OH), it is expected that boehmite will interact with foreign molecules 



Inorganic-Organic Hybrid Materials: - Overview & Recent Advances Chapter 1 
 

  30 
 

such as pollutant molecules via the formation of hydrogen bonds, which will facilitate 

the adsorption process and improve the degradation of the absorbed molecule.99 The 

photogeneration of reactive oxygen species (ROS) in aqueous solution was investigated 

using an alginate-boehmite-riboflavin hybrid hydrogel system.110 Mendoza-Damián et 

al. reported the co-precipitation synthesis of a photocatalytic AlOOH/SnO2 system for 

the degradation of phenol under UV light.111 Based on a review of the literature, it 

appears that the combination of AlOOH and CeO2 based hybrid systems can function as a 

photocatalyst. The goal of this thesis is to develop mesoporous CeO2@AlOOH-based 

hybrid systems with a reasonable surface area because such dual functional materials 

could potentially offer desirable pollutant adsorption as well as simultaneous 

degradation. 

1.9.3. Water Disinfection 
 

Water disinfection is an important area of materials science. Access to safe drinking 

water at an affordable price has become increasingly difficult in recent years.112 

Antibacterial materials can be used to safely disinfect water bodies.113 Locally, 

antibacterial compounds either kill or slow the growth of bacteria. Organic antibacterial 

agents are less stable and, as a result, are not recommended for use in water 

disinfection. With the advent of nanotechnology, stable inorganic 

antibacterial/antimicrobial agents were created. Previous research has shown that 

metal oxide nanomaterials (e.g., TiO2, SiO2, ZnO, MgO, CaO, CuO, Al2O3, Ag2O, and CeO2) 

have good antimicrobial activity.114, 115 Factors such as photocatalytic bacterial 

disruption and reactive oxygen species (ROS) play critical roles in killing bacteria in 

water bodies with nanoCeO2. 116 In the presence of light, the production of reactive 

oxygen species (ROS) on the surface of CeO2 nanoparticles causes oxidative stresses in 

bacterial cells, eventually leading to cell death.117 Fig. 1.8. depicts a possible 



Inorganic-Organic Hybrid Materials: - Overview & Recent Advances Chapter 1 
 

  31 
 

antibacterial mechanism provided by semiconducting metal oxide photocatalytic 

nanoparticles.118 According to a literature review, the combination of CeO2 with 

boehmite-based hybrid nanostructures ideally kills bacteria through both photoactive 

catalytic activity and direct interaction. 

 

Fig. 1.8. Depiction of the general mechanism of action of CeO2 nanoparticles on a bacterial 

cell and its components118 

 

1.9.4.  Boehmite as superhydrophobic hybrid materials 

Superhydrophobicity can be imparted to a surface by chemically/physically modifying 

the hierarchical surface roughness and topography of low energy surfaces and/or 

coating the surface with a superhydrophobic component.119 It is possible to accomplish 

this by modifying the surface geometry followed by a change in surface energy, or vice 

versa; the two steps can also be performed concurrently.120 Superhydrophobic surfaces 
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have been successfully created on a variety of substrates including metal, paper, textile, 

wood, and various polymers, ceramics, and composites. Superhydrophobic surfaces 

must be extremely resistant to harsh environments and conditions.  

 

Table 1.3. Applications of superhydrophobic inorganic- organic boehmite hybrids 

Materials Methods Contact Angle Application Reference 

AlOOH/APTES/Oleic 
acid/PAN 

Sonochemical/ 
Dipcoating 

152 Oil/Water 
Separation 

123 

AlOOH/Stearic acid Hydrothermal 167.5 Metal 
corrosion 
protection 

127 

AlOOH/GPTMS/PFOTES Sol-gel 150 Metal 
corrosion 
protection 

128 

AlOOH/FAS Powder hydrolysis 155 NA 129 

AlOOH/FAS Sol-gel 150 Antireflective 130 

 

Various superhydrophobic materials, such as TiO2, cellulose, polymer membrane, 

silica, ZnO, zeolite, hydrogel, graphene oxide, Al2O3, boehmite, and others, have been 

developed to date for oil-water separation via appropriate surface energy as well as the 

construction of hierarchical rough surfaces.121-123 In fact, many superhydrophobic 

inorganic surfaces have been successfully manufactured, with micro/nano hierarchical 

architectures typically used to create appropriate roughness. Boehmite is a good 

candidate material among them due to its non-toxicity, low cost, chemical inertness, 

high mechanical thermal stability, and easily controlled morphology. Until now, various 

superhydrophobic boehmite coatings have been fabricated on various substrates with 

varying hierarchical structures.124-126 Zhang et al., for example, created a 

superhydrophobic boehmite membrane on austenitic stainless steels by immersing a 

boehmite gel film in boiling water (Contact angle (CA) 152°).124 A simple two-phase 

thermal method was used to fabricate a superhydrophobic boehmite film from anodic 
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alumina oxide (AAO) surface with a copper catalyst, yielding a water CA of 152.8°.125 In 

addition, Wang et al prepared a superhydrophobic γ- boehmite nanosheets film on a 

glass substrate by hydrothermal method and the water CA reached 160°±3°.126 Based on 

the literature review, it is clear that boehmite is a viable candidate for a strong 

superhydrophobic material. Boehmite-based inorganic-organic hybrid 

superhydrophobic materials for oil-water separation, on the other hand, are rarely 

reported. Table 1.3. summarizes some of the literature on boehmite hybrids as 

superhydrophobic materials. 

1.9.5. Electrochemical sensor 

A chemical sensor is a device that converts chemical information into an analytically 

useful signal, ranging from the concentration of a specific sample component to total 

composition analysis.131 Chemical sensors are typically made up of two basic 

components that are linked in series: a chemical (molecular) recognition system 

(receptor) and a physico-chemical transducer.132 In the category of chemical sensing 

methods, electrochemical sensors are very popular. It has a quick response time, a high 

sensitivity, and in-situ real-time detection.133 Cyclic voltammetry (CV) has received a lot 

of attention among voltammetry techniques because it can be used to understand 

electrode processes and redox mechanisms.132The principal stages in the operation of 

an electrochemical sensor are provided in the Fig. 1.9. 

  Electrochemical sensors are classified as enzyme-based or non-enzymatic. 

Because of their numerous advantages, enzyme-based sensors are becoming 

increasingly popular. The main disadvantages of enzymatic sensors are lack of chemical 

and heat stability (due to the intrinsic nature of enzymes), loss of activity (easily 

denatured during immobilization process), intolerance to extreme acidic and basic 

conditions, deactivation by toxic chemicals and humidity, expensive in terms of enzyme 
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cost, need for specific storage conditions, and time consuming protocols.134 Non-

enzymatic sensor research is becoming increasingly important in order to overcome 

these constraints.135 The benefits of enzyme free sensors include: no special storage 

requirements, the ability to perform under ambient conditions, stability towards 

temperature, pH, humidity, and toxic chemicals, etc., simplicity, high sensitivity, unique 

selectivity, reproducibility, cost effectiveness, and so on.134 Instead of enzymes, the 

atoms on the surface of modified electrodes act as electrocatalysts in non-enzymatic 

sensors. Pesticides are the main concern in research on electrochemical sensors to 

examine food adulteration. Medical diagnosis is another important application of 

chemical sensors.  

  

Fig.1.9. Schematic illustration of the working principle of an electrochemical sensor 

Non-enzymatic dopamine detection is based on direct electro oxidation of 

dopamine on catalytic surfaces such as metal or metal oxides. Precious metals such as Pt, 

Au, and Pd have been used in the direct electro oxidation of dopamine. The risk of 

chloride poisoning has been observed in Pt and Au-based sensors. At low pH, Ni 

electrodes become unstable.134 These precious metal-based sensors frequently exhibit 

slow kinetics, poor operational stability, a lack of selectivity, and a low antitoxic 
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ability.136 Ions can pass through nanostructured substrates with nanopores because 

they have large surface affinity areas. Nanostructured substrates have been used for 

biosensing in a variety of applications due to their ability to integrate electrochemical 

impedance spectroscopy. Because of their established fabrication processes, nano-

ordered structures, dramatically large surface areas, easy surface modifications, high 

surface reaction rate, and intensified output signals, nanoporous alumina have become a 

hot research area. 137 Nanoporous alumina has numerous applications, including DNA 

detection, lipid membrane-based biosensors, food borne pathogen biosensing, and virus 

and cancer cell detection.137Similarly, boehmite, an oxy hydroxide form of alumina with 

a higher surface area than its bulk compound, can provide a higher adsorption capacity, 

which can be very useful for improving analyte accumulation at the electrode surface in 

the case of modified electrode preparation. According to recent reports, boehmite 

modified system is a promising support material for electrochemical analyte 

detection.138-140 However, there is no information on the use of a boehmite-based 

inorganic organic hybrid material as an electrochemical sensor. 

1.9.6. Flame retardancy 

To prevent or delay the spread of fire, flame retardants are frequently added to other 

materials. Flame retardant demand in the global industrial sector has surpassed two 

million tonnes per year. The residential building materials contribute significantly to 

this requirement. Given the annual increase in building-related energy consumption, the 

development of energy-saving green residential building materials, designs, and 

methods is of strategic importance to the world. As a result, it is necessary to reduce the 

possibility of accidents caused by fire and smoke generated during thermal and 

electrical shock. 
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Flame retardants are classified into four types: halogenated, metal hydroxides, 

phosphorus and nitrogen-based, and intumescent products. Although halogen-based 

flame retardants are very effective, they emit toxic smoke when burned, so they are 

outlawed in many countries. Phosphorus and nitrogen-based polymers are also 

effective, but they reduce the polymer's thermal and mechanical stability.141, 142 Organic 

polymer aerogels, such as resorcinol-formaldehyde, are sometimes derived from 

expensive and toxic materials, whereas inorganic aerogels have poor mechanical 

properties.143, 144  As a result, inorganic-biopolymer-based aerogels derived from low-

cost precursors have received a lot of attention in recent years. Biopolymers such as 

cellulose, pectin, silk fibroin, chitin, chitosan, and others have been used to make 

inorganic organic hybrid aerogels for thermal insulation and fire retardant 

applications.145, 146 Similarly, silica, clay, graphene, carbon-based materials, and alumina 

oxides and hydroxides are used to create inorganic organic hybrid aerogels.144, 146 

Due to its demonstrated properties such as heat resistance, non-volatile, non-

toxic, environmentally friendly, and inexpensive nature, inorganic boehmite is one of the 

most widely used inorganic flame retardant agent and reinforcing filler for plastics, 

adsorbent, precursor of catalysis, and ceramics. Boehmite has a layered structure that is 

similar to other layered structures such as montmorillonite, fluorohectorite, and 

hydrotalcite. It has the potential to build up surface layers during burning to act as a 

barrier to mass and heat transfer while also improving char forming properties.147 

Table 1.4. shows the boehmite hybrids used for flame retardant and thermal insulation 

applications.  Chitosan (CS) is also a promising substitute for traditional flame 

retardants because it contains a high concentration of hydroxyl and amino groups, 

resulting in an aerogel with excellent charring and thermal insulation properties.148 

Furthermore, when exposed to a flame, CS can form a more tightly bound bond with 
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inorganic substrates such as boehmite, resulting in a compact char layer that protects 

the aerogel from burning. Furthermore, when compressed, biopolymer aerogels, such as 

CS aerogel, exhibit more plastically deformable and less brittle behaviour than pure 

inorganic aerogels, resulting in better compression performance.148 Boehmite and 

chitosan are good candidates for making inorganic-organic hybrid flame retardant 

aerogels. 

Table 1.4. Studies on boehmite hybrid system in fire retardant and thermal 

insulation application 

Materials Synthetic Methods Properties Reference 

AlOOH/PC/ABS/PTFE Dispersion-Coagulation Flame retardancy 
 

149 

AlOOH/GPTMS/PET Sol-Gel Flame retardancy/ 
Textile coating 

150 

AlOOH/PUF Dispersion Flame retardancy/ 
Li-Fe battery 

151 

AlOOH/PVA/EPS Dispersion/Dipcoating Flame retardancy 
 

152 

AlOOH/PES Meltcompounding Thermal Insulation 
 

153 

AlOOH/Cellulose aerogel Sol-Gel Thermal Insulation 
 

154 

 

1.10. Scope of the Present Thesis  

The remarkable properties of boehmite put forward endless possibilities for the design 

and synthesis of hybrid functional materials for advanced applications. In the area of 

boehmite based hybrid materials, the scientific research works are mostly published on 

functional coatings for automobile fields mainly scratch and corrosion resistant coatings. 

The demand for longer product life, higher quality, and efficiency have put new 

challenges on the synthesis and processing approaches of boehmite hybrid materials. 

Industrial production of technologically important hybrid materials demands low-cost, 

abundantly available natural raw materials with minimal environmental impact for the 

mass production. This includes effective utilization of the Natural Organics and replaces 
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toxic materials. Some major scientific gaps that can be identified in this area are outlined 

below:  

● Lots of research is confined in the direction of preparation of boehmite with 

different morphology and shape. Boehmite based Inorganic-Organic hybrid materials 

other than the area of membranes for the treatment of a wide variety of environmental 

pollutants is not well documented.  

● Boehmite based hybrid architectures as catalysts for the various organic 

reactions, sensors, and sorbents are not extensively studied by scientists and 

researchers.  

● Cashew nut shell liquid (CNSL), an agro industrial waste widely recommended as 

corrosion inhibitors, is a promising natural resin for hybrid architectures. Utilization of 

CNSL for inorganic-organic hybrids is not widely reported.  

● In particular no literature evidence on the studies related to hybrid design of 

boehmite with CNSL based natural organic resin.  

● Electrochemical sensor applications of boehmite based inorganic-organic hybrid 

materials are very limited.  

Systematic research can bridge the gap in the area of boehmite based hybrid materials. 

Based on the relevant information on the boehmite hybrids, the entire thesis work 

focuses on the synthesis of inorganic-organic hybrid materials from boehmite gels for 

functional applications. 

1.11. Objectives and Outlook of the Present Work 

The main objective of the thesis is “Design and Development of Boehmite [AlOOH] 

based Hybrid Nanomaterials for Functional Applications”. The distinctive objectives 

are as follows: 
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● Develop  Boehmite Gel Hybrids and study the material as Adsorbent, 

Photocatalyst, and Antimicrobial Agent 

Boehmite, Polyethyleneimine[PEI], and nano ceria will be exploited for the synthesis of 

hybrid photocatalytic sorbent for the treatment of highly concentrated lignin 

(considered as pollutant in pulp and paper industry and biofuel industry) polluted 

water. Poly ethylene imine is selected due to its inherent adsorption affinity towards 

anionic pollutants and their mixtures. Nano ceria is chosen because of its photoactivity 

and antibacterial property which will be an additional advantage to the Boehmite/PEI 

hybrid. CeO2@Boehmite/PEI hybrid system will be explored for the adsorption and 

photodegradation of lignin and also antimicrobial agent against Gram positive and Gram 

negative bacteria. 

● Design a New CNSL Resin-Boehmite Gel Hybrid and develop Electrochemical 

Biosensor for Neurotransmitter Dopamine 

Next milestone is to use boehmite as an electrode for electrochemical sensors. Here, the 

major challenging question is how a non-conducting boehmite acts as an electrode. For 

that a hybrid material will be synthesized out of boehmite and cashew nut shell liquid 

(CNSL). Hydroxyl rich boehmite and CNSL will attract the dopamine and facilitate the 

electron transfer mechanism.  This hybrid system will be further explored for the 

electrochemical detection of dopamine. 

● Fabricate Super hydrophobic Boehmite Gel hybrid and Study the material for oil- 

Water Separation towards Crude oil and other Organic Solvents 

To achieve the third objective of the thesis work, boehmite is hybridised with CNSL and 

then with paraffin wax to obtain super hydrophobic coating formulation. Then the super 

hydrophobic hybrid suspension will coat on the textile and will be analyzed for the oil 

water separation of light oil and heavy oil including crude oil.Durability of the super 
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hydrophobic substrate is the major concern of oil-water separation process. This 

challenge will also be addressed in this work. 

● Processing of Boehmite Hybrid Aerogels and Study the Thermal Insulation and 

Flame Retardant properties 

Boehmite has the excellent fire retardant property and is extensively used as a 

promising material that could endow polymer materials with excellent flame 

retardancy.  As a final attempt boehmite will be used for the synthesis of hybrid aerogels 

for thermal insulation and fire retardant application. Biopolymer chitosan will be 

explored for the fabrication of hybrid aerogel and freeze drying technique will be 

utilized. Chitosan is selected because; it is a promising substitute for traditional flame 

retardant because it contains plenty of hydroxyl groups and amino groups, which 

endows aerogel with excellent charring capability and thermal insulation. 

All the above objectives are in fact very much new to the field of Boehmite based 

functional hybrids. The scientific contributions made in this PhD work is an additional 

exploratory research to bring out the beneficial properties of boehmite based hybrids 

other than the well-established thermo-mechanical coating applications.   
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2.1. Abstract  

In this study amine functionalized, mesoporous monohydroxy aluminium oxide (boehmite) 

(AlOOH/PEI) hybrid is prepared and further catalytically engineered with nano-CeO2 to 

make a multifunctional photoactive and antimicrobial catalytic-sorbent 

(CeO2@AlOOH/PEI). This hybrid catalyst is explored for the treatment of industrial waste 

water contaminated with lignin and organic dye. Structural and physico-chemical 

properties of this catalytic-sorbent were characterized using powder XRD, FT-IR, SEM, 

TEM, N2 sorption analysis, TGA and zeta-potential measurements. Efficiency of both 

AlOOH/PEI hybrid and CeO2@AlOOH/PEI hybrid nanocomposite for the lignin adsorption 

was first examined with respect to various adsorption parameters and subsequently the 

adsorption kinetics was verified with standard Lagergren pseudo-first-order and pseudo-

second-order mathematical models. The results revealed that the adsorption kinetics 

follows pseudo-second-order model. A comparative study was also done with other known 

conventional sorbents and the preparedCeO2@AlOOH/PEI catalytic sorbent shows a better 

adsorption capacity towards lignin. Photodegradation of lignin and methyl orange dye 

using CeO2@AlOOH/PEI hybrid nanocomposite was also investigated under sunlight and 

UV irradiation. More than 85% of both the pollutant degraded within the time interval of 

100 min. Above all, the antibacterial property of CeO2@AlOOH/PEI sorbent was also 

studied against both gram positive and gram negative bacteria and showed efficient 

antimicrobial activity against the tested bacteria. An eco-friendly, self-regenerative, 

sustainable CeO2@AlOOH/PEI catalytic sorbent is designed and validated for the recovery 

of water resources from the lignin and dye contaminated industrial effluent.  
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2.2. Introduction 

Adsorption and photodegradation are two highly connected, simple processes for the 

effective recovery of reusable water from industrial waste stream. Many known 

conventional sorbents and catalysts are not high enough to perform simultaneously 

both functions in a solo material. Nanostructured hybrid materials exhibiting multiple 

functions such as selective adsorption to hazardous pollutants, photocatalytic 

degradation of toxic elements, thermo-chemical stability, and resistance against 

microbial attack, have great potential as advanced functional material. Design and 

development of such catalytically engineered high surface area, mesoporous hybrid 

adsorbents possessing self-regeneration capability to regain its catalytic efficiency by 

simple photoirradiation became extremely essential for the sustainable waste water 

treatment technologies. 

 Paper mills, bio-fuel production plants and textile dye units require such 

catalytic sorbents for the treatment of voluminous industrial effluents. Processed water 

from these industries are usually contaminated with intensely coloured lignin and 

organic dyes.1-3 Over 10000 different dyes has been used by textile industry with an 

annual consumption of 7 x 105 tons and ultimately gushed into the natural water bodies. 

3,4 A paper mill typically discharges 8700 gallons of lignin contaminated water per ton 

of paper produced.5 It causes severe environmental pollution not only to the land mass 

fertility but also to the aquatic systems, and also increases the COD and BOD of the 

water bodies.5, 6Despite of all these downsides; lignin an aromatic biopolymer is 

composed of phenyl propanoid units such as p-coumaryl alcohol, coniferyl alcohol and 

sinapyl alcohol linked through a variety of C-C bonds and ether linkages.7 These lignin 

derivatives have good industrial values and hence the removal of lignin in a safe manner 

is also considered to be a great concern in such industries.8  
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For several years, wastewater treatment is being carried out via adsorption, 

coagulation, flotation, oxidation, biosorption, biodegradation, UV photodecomposition 

and ultrafiltration, but these methods are not cost-effective.9, 10 Adsorption is 

considered to be one of the most promising methods for effluent treatment due to its 

high efficiency, low cost and easy handling.10,11 Several studies have been reported on 

adsorption of lignin using activated carbon from xylo-oligosaccharides, pre-hydrolysis 

kraft and waste water from mechanical pulping.12-14 Similarly, photocatalytic methods 

also found to be a better technology for the decomposition of toxic wastes. The main 

advantage seen here is the complete degradation of organic pollutants to carbon dioxide 

and water.15-17 For this purpose, use of nanostructured semiconducting TiO2, CeO2, ZnO, 

Fe2O3 photocatalytic metal oxides are being explored.15 Rare studies were reported for 

photocatalytic degradation of lignin. Kobayakawa et al. studied the complete 

mineralization of lignin using TiO2 as photocatalyst.18 Ohnishi et al. reported noble 

metal loaded TiO2and demonstrated extreme competence in decolourization of lignin 

effluent.19   

However, in recent years integrated adsorption and degradation are emerging as 

a more efficient and simplest technology for waste water treatment. Hence, engineered 

hybrid catalytic-sorption technologies using catalytically modified carbon, mesoporous 

silica and alumina, as well as bio-polymeric catalytic-sorbents are recently explored.20-

22Such synergetic effect was reported using powdered TiO2 and activated carbon (AC) in 

the sorption and catalytic degradation of organic pollutants.22 Cordero et al. studied the 

associative effects between TiO2 and AC during the photodegradation of 4-Chlorophenol 

using various kinds of AC.23 

In this work, a catalytic-sorbent material CeO2@AlOOH/PEI hybrid 

nanocomposite was designed out of inorganic and organic functional moieties having 
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competent adsorptive and photocatalytic functions for single-stage cleaning 

technologies. Boehmite (AlOOH), a layered inorganic oxy hydroxide form of alumina is a 

thermally stable, inert medium, used as solid industrial inorganic adsorbent for the 

removal of toxic pollutants from effluents.24-25 Sol-gel is a technique recognized for 

synthesizing porous metal-oxides with controlled pore architecture. Hence, the surface 

characteristics of sol-gel synthesised AlOOH was tailored by introducing organic 

polyethylene imine (PEI) functionality to further enhance the adsorption capacity. 

Additionally, CeO2 is decorated over AlOOH/PEI hybrid gels to obtain CeO2@AlOOH/PEI 

hybrid nanocomposite framework. CeO2is an n-type semiconductor, with a band gap of 

2.9- 3.2 eV, well known for non-toxicity, high thermal stability and recognized as a 

visible light driven photocatalyst.26 Monolithic macro beads of CeO2@AlOOH/PEI 

porous supports were fabricated via sol-gel granulation technique, so that it can be 

easily packed in a reactor for the continuous operation. Effective performance of the 

CeO2@AlOOH/PEI catalytic sorbent was then studied primarily for lignin adsorption as 

well as a model methyl orange dye with respect to various adsorption parameters and 

the results are discussed. The photocatalytic degradation of lignin and dye were also 

studied in presence of UV and sunlight to recover the water from contaminated source. 

Additionally, we have also analysed the adsorption efficiency of the material using lignin 

contaminated effluent received from the local paper mill. 

We have also explored the antibacterial ability of the proposed material. 

Nowadays, the need for functional materials with antimicrobial property in water 

treatment is more investigated. The designing of a material which can act as an 

adsorbent, photocatalyst and antimicrobial agent is still considered to be a challenge 

task. The antibacterial property of proposed hybrid material was assessed using Gram-
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negative E. coli, K. pneumoniae and Gram-positive S. aureus as model organisms and the 

results are discussed. 

2.3. Experimental Section 

2.3.1. Materials 

All chemicals and reagents used were of analytical grade. Aluminium isopropoxide (AIP, 

purity >98%), alkali kraft lignin, branched-polyethylene imine (PEI, MW  ~ 25000) and 

cerium dioxide (CeO2,nanopowder, ˂ 25 nm particle size) were purchased from Sigma 

Aldrich and Methyl Orange (MO) from SD fine chemicals was used as model anionic 

organic dye. Black liquor, a paper mill effluent, was kindly supplied by the company 

Hindustan Newsprint Limited, Kerala, India. Staphylococcus aureus MTCC 902 (S. 

aureus), Escherichia coli MTCC 2622 (E. coli) and Klebsiella pneumonia MTCC 109 (K. 

pneumoniae) were used as test bacterial pathogens for antimicrobial studies. All the test 

microorganisms were purchased from Microbial Type Culture collection Centre, 

IMTECH, Chandigarh, India. The test bacteria were maintained on nutrient agar slants. 

2.3.2. Sol-gel synthesis of boehmite sol (AIP-sol)  

A stable boehmite sol (AIP-sol) was prepared by the well known Yoldas process, 

involving the hydrolysis and condensation of AIP.27 The alkoxide precursor, AIP was 

first hydrolysed in 1000 mL distilled water at 80-85oC, and after stirring for 1 h, the 

hydrolysed product, was peptized with 1 M HNO3 until the pH become 3. The peptized 

AIP sol was then refluxed overnight at 90-95 oC. The resultant sol was gravimetrically 

estimated for the boehmite (AlOOH) content. The AlOOH concentration in the resultant 

AIP sol was 0.0675 g mL-1. 
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2.3.3. Preparation of AlOOH/PEI hybrid and CeO2@AlOOH/PEI hybrid 

nanocomposite gels and monoliths 

In a typical process, 1 M AIP sol (50 mL) containing 3.37 g of AlOOH content was mixed 

with 1.5g of PEI, and stirred for 2 h. A rapid coagulation occurred and the sol 

transformed into stiff gel. The gel was treated further with 1 M HNO3 to control the pH 

in the range 2 to 3. At this stage, the thick gel collapsed and resulted in flowable gel 

mass to obtain AlOOH/PEI hybrid gel. For the preparation of catalytically engineered 

CeO2@AlOOH/PEI hybrid nanocomposite gel, the same experiment was repeated as 

mentioned above. To the AlOOH/PEI hybrid gel, 0.8 g nano-CeO2was mechanically 

blended. The gel mixture was stirred for 3-5 h to obtain a well homogeneous 

CeO2@AlOOH/PEI hybrid nanocomposite gel. The chemical interaction of AlOOH with 

PEI and CeO2 modified AlOOH/PEI gels is illustrated in the Fig.2.1. 

 The gels obtained were then moulded into cylindrical and spherical monolithic 

structures. The gel was aged in ammonia in cylindrical vials to obtain cylindrical 

monoliths. The gel was subjected to spherical granulation process by an injector into 

the ammonia bath maintained at pH = 8.5, prepared with a top-layer out of paraffin oil. 

The acidified gel when dropped in ammonia bath, undergo immediate gelation and self-

assembled to highly uniform, spherical shape wet gel beads. The wet gel samples were 

evaporative dried in hot air oven to obtain xerogels samples. 
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Fig.2.1. Simplified scheme of synthetic steps involved in the formation of AlOOH/PEI 

hybrid and CeO2@AlOOH/PEI hybrid nanocomposite 

2.3.4. Characterization 

X-ray diffraction (XRD) patterns of the samples were obtained with a Philips X’pert Pro 

X-ray diffractometer in the 2θ range 10-80° using Cu Kα radiation (λ = 1.54178 Å)under 

a voltage of 40 kV and current of 40 mA. Fourier Transform Infrared (FTIR) analysis 

was performed using Shimadzu IR Prestige-21 spectrophotometer to understand the 

chemical interaction in the hybrid system. A standard KBr pellet technique was 

employed and the chemical structure of the hybrid was analysed in the wavelength 

range of 4000-400 cm-1through transmission method. The thermal decomposition of 

AlOOH/PEI and CeO2@AlOOH/PEI was investigated by Shimadzu TG-50 Thermo 

Gravimetric Analyser (TGA), between the temperature range 100-1000oC at a constant 

heat flow of 10oC min-1 in air atmosphere. The bulk micro-structural characteristics of 

the hybrid monoliths were examined using JEOL 5600 SL Scanning Electron Microscope 
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(SEM). The morphological features of the hybrids were ascertained further by Tecnai 

G2, FEI Transmission Electron Microscope (TEM) operated at an accelerating voltage of 

300 kV. The surface charge analysis was carried out using 3000H Malvern Zetasizer 

Instrument. Surface area and porosity nature was studied by standard N2 adsorption 

technique using Micromeritics Gemini 2375 surface area analyzer after degassing the 

samples at 200oC for 2 h. Brunauer-Emmett-Teller (BET) model was utilized to calculate 

the specific surface areas. A desorption isotherm was used to determine the pore-size 

distribution using the Barrett-Joyner-Halenda (BJH) model. Shimadzu UV 240 IPC 

UV/Vis spectrophotometer was used to determine the concentration of lignin and 

organic dye MO in aqueous solution. The characteristics peaks at wavelengths 280 and 

464 nm, was considered for the analysis of lignin and MO, respectively.  

2.3.5. Application study for removal of lignin from aqueous sample 

2.3.5.1. Adsorption studies 

Adsorption capacities of AlOOH/PEI and CeO2@AlOOH/PEI sorbents towards kraft 

lignin were investigated by batch experiment at room temperature. For the adsorption 

experiments, lignin stock solution was prepared with 10g lignin in 1L distilled water. 

From this stock solution, different concentrations of lignin solution (500, 1000, 2000, 

2500, 3000, 4000, 6000, 8000 mg L-1) were prepared. In a typical batch experiment, 0.5 

g of sample was added to 25 mL of lignin solution. For analyzing the adsorption 

efficiency, 1 mL of the lignin solution was withdrawn from the bulk at definite time 

intervals. After centrifugation (8000 rpm, 10 min at room temperature), the 

concentration of the lignin in solution was determined by UV/Vis spectrophotometer 

and the amount of lignin adsorbed was calculated using equations (2.1. and 2.2): 

% Adsorption= (C0-Ce)/C0 x100                                                                    (2.1) 

Qe = (Co-Ce) x V/ m                                                                      (2.2) 
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where Qe(mg g-1) is the amount of lignin adsorbed, Co (mg L-1) is the initial lignin 

concentration, Ce(mg L-1) is the lignin concentration at equilibrium, V (mL) is the 

volume of lignin solution, and m(g) is the amount of adsorbent added. The effect of pH 

and temperature on lignin adsorption process was studied over pH range 1 to 12 and 

temperature 30, 35, 45, 55 and 65 °C. The pH of the lignin solution was adjusted using 

0.1M NaOH and 0.1M HNO3. The rate of adsorption of lignin was studied at different 

time intervals that were as long as 700 min using different initial concentrations as 

mentioned above at pH 5 and 30°C.  

2.3.5.2. Photoactivity studies 

Photocatalytic activity of the as prepared samples was evaluated by the 

photodecomposition of kraft lignin with the illumination of sunlight and UV. 0.5 g of the 

catalytic material was stirred with 75 mL of lignin (4000 mg L-1).  Prior to any 

irradiation, the reactant solutions were magnetically stirred in the dark for 30 min to 

establish adsorption/desorption equilibrium between lignin and the catalyst surface. 

Later, the samples were exposed to UV/sunlight irradiation. About 5 mL of sample was 

collected at different time intervals and centrifuged for separating the residue.  

Degradation of lignin was analysed by the decrease in the absorption peak at λmax 280 

nm for lignin with the aid of UV/Vis spectrophotometer. The percentage of lignin 

degradation was calculated using the equation (3): 

% Degradation = (C/C0) x 100                                                        (2.3) 

where C0 is the initial concentration and C is the concentration of the lignin at time t. 

2.3.5.3. Application study for removal of organic dye from aqueous sample 

Batch adsorption experiments were carried out by adding 0.5 g of the samples to 25 mL 

of 25 mg L-1of organic dye MO in aqueous solution. The mixture was shaken vigorously 

at 30℃ for different lengths of time. The supernatant was then collected, centrifuged 
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(8000 rpm, 10 min at room temperature) and was assayed in a spectrophotometer. The 

amount of adsorbed MO was calculated from the absorbance measured at 464 nm 

before and after adsorption. Similarly, photodegradation studies were also conducted 

by illumination with UV and sunlight. The percentage adsorption and degradation were 

calculated as mentioned above. 

2.3.5.4. Bacterial resistance test 

2.3.5.4.1. Antibacterial assay by disc diffusion method  

The antibacterial activity of the test samples was determined by the disc diffusion 

method against the test bacteria on Muller–Hinton agar, according to the Clinical and 

Laboratory Standards Institute (CLSI). The media plates (MHA) were streaked with 

bacteria 2-3 times by rotating the plate at 60ºC angles for each streak to ensure the 

homogeneous distribution of the inoculums. After inoculation, discs (10 mm Hi-Media) 

loaded with 100 µg mL-1 of the test samples were placed on the bacteria-seeded plates 

using sterile forceps. The plates were then incubated at 37ºC for 24 h. The inhibition 

zone around the discs was measured and recorded. Ciprofloxacin (Hi-Media) was used 

as the positive controls to compare the efficacy of the test samples. The assays were 

carried out in duplicates.  

2.3.5.4.2. Test bacterial culture preparation  

All the three bacterial strains were streaked onto nutrient agar plates. The plates were 

incubated at 37°C for 24 h and further maintained at 4°C. A single isolated colony of 

each culture was inoculated in nutrient broth and incubated at 37°C for 18 h until the 

stationary growth phase was reached. After incubation, the cells were harvested by 

centrifugation at 10,000 rpm for 10 min, washed twice in sterile phosphate buffered 

solution and finally resuspended in phosphate buffered solution.CeO2@AlOOH/PEI 

catalytic sorbents were then added into the bacterial suspension and then incubated for 

1h.    
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2.4. Results and Discussion 

2.4.1. Structural and chemical analysis of synthesized hybrid nanocomposite 

 

Fig.2. 2. (A) Optical images (B) powder XRD patterns (C)FTIR spectra and (D) TGA 

analysis of the synthesised material, in all the graphs (a) pure AlOOH (black line) (b) 

AlOOH/PEI (red line) and (c) CeO2@AlOOH/PEI (blue line) 

Fig.2.2.A. shows the optical micrograph of monolithic structures fabricated from the 

functionally engineered AlOOH/PEI and CeO2@AlOOH/PEI hybrid nanocomposite 

xerogels. Monolithic structures especially spherical shape for functional porous 

materials is more preferable in the case of specific adsorbent/catalytic support used in 

fluidized bed for separation and purification processes. This is because spheres can be 

uniformly suspended with higher packing density, can reduce breakage loss by collision 

and lower pressure drop. Herein, the as-prepared granules have a size of around 2-3 

mm in diameter, which shrinks to 1 mm in diameter during drying which is suitable for 

use as an adsorbent/catalytic support. We have carried out all the further 

characterization and studies of this microspherical monolithic supports. 
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 The powder XRD of the sol-gel AlOOH, and its hybrids AlOOH/PEI and 

CeO2@AlOOH/PEI are shown in Fig.2.2.B. In the XRD pattern of the obtained boehmite 

(curve a), the diffraction peaksat 2θ values 14.2o, 27.8o, 38.3o, 49.1o and 64.1o can be 

indexed for the Bragg reflection planes (020), (120), (031), (200), and (231) of 

orthorhombic boehmite crystals. These peaks are found to be closely matching with the 

standard reported for the AlOOH crystals (JCPDS card 21–1307).28 Upon hybridization 

of organic moiety PEI and immobilization ofnano-CeO2, the crystalline peaks notably 

changed. In AlOOH/PEI system (curve b), the peak width is broadened and the intensity 

is decreased indicating the bulk effect of amine moieties. In comparison to the XRD 

patterns of AlOOH/PEI, CeO2 decorated AlOOH/PEI hybrid nanocomposite (curve c), 

peaks correspond to nano crystalline CeO2 is seen at 2θ = 28.6o, 33.1o, 47.5o and 56.3o 

which are attributed to the presence of (111), (200), (220), and (311) planes, 

respectively (JCPDS card 34-0394).29 These pattern clearly, suggesting that the nano-

CeO2 is well distributed in the AlOOH/PEI hybrid gel network forming a nanocomposite 

hybrid system. 

The hybrid nature of the catalytically activated AlOOH/PEI sorbent was also 

confirmed by FT-IR analysis. In Fig. 2.2.C, the FTIR spectra show the characteristic 

feature of AlOOH hybrid functionally modified with PEI and nano-CeO2. The chemical 

interaction of the reactive functional groups in PEI with inorganic AlOOH to form 

AlOOH/PEI and CeO2@ AlOOH/PEI hybrid nanocomposites is clearly understood from 

the respective characteristic FTIR bands. Alkoxide derived sol-gel AlOOH (curve a) 

exhibits the characteristic band for Al-O-Al stretching vibration at 1066cm-1.30 The 

peaks at 3295, 1633, 1162 cm-1can be assigned to stretching, bending mode of adsorbed 

water and deformation mode of –OH group, respectively. The hybrid formation was well 

confirmed by the presence of symmetric and asymmetric stretching vibration of 
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functional groups C-H (-CH2-), associated to the PEI organic component, at 2900-2834 

cm-1 and the existence of N-H bending at 1633 cm-1 (curve b).Similarly, Stretching 

vibration of N-Hand C=N were also observed at 3295 cm-1and 1648 cm-1respectively. 

While, in nano-CeO2 decorated hybrid catalyst (curve c), the appearance of absorption 

band between 500-750 cm-1 is attributed to the characteristic stretching vibration mode 

of Ce-O. A vibration band at 1377 cm-1 appeared in CeO2@AlOOH/PEI due to the 

presence of vibration overtone of surface hydroxyl group of nano-CeO2. 

Thermal stability of hybrid nanocomposite was assessed by TGA and the 

corresponding thermogram is shown in Fig.2.2.D. The thermal decomposition patterns 

of AlOOH/PEI and CeO2@AlOOH/PEI hybrids with unmodified AlOOH in the 

temperature range 50 to1000oC. All the three systems exhibit two stage weight losses; 

one at 100 and 450oC and another between 450 to 1000oC. It can be summarized that 

the first stage weight loss can be attributed to the dehydration of adsorbed water 

molecules in the hydrolysed AlOOH. Decomposition of sol-gel AlOOH is well 

documented and the dehydroxylation is recorded at temperatures 250 to 400 oC. The 

weight loss at 450oC is credited to the dehydroxylation of hydroxyl group in the phase 

transition from AlOOH to γAl2O3. The mass loss is comparatively low for hybrid 

AlOOH/PEI (5.1%) and hybrid nanocomposite CeO2@AlOOH/PEI (3.5%) than single 

phase parent AlOOH (9.4%). AlOOH having a structure of double layers of octahedra 

exposes oxygen atom by crystallite surface.31 These oxygen atoms can readily react with 

hydroxyl and hydrogen ions of water molecules. Hence more number of water 

molecules can be adsorbed on the surface of AlOOH. In the case of AlOOH/PEI and 

CeO2@AlOOH/PEI, these surface oxygen atoms are not available because of the cross 

linking with highly reactive amino (-NH2) group present in the PEI polymer. The 

thermogram shows additional weight loss due to polymer degradation at temperatures 
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250-300 oC in AlOOH/PEI and CeO2@AlOOH/PEI. The parent AlOOH exhibits a steep 

weight loss of 32% in the entire temperature range whereas AlOOH/PEI and 

CeO2@AlOOH/PEI show a gradual total weight loss of 29.4 and 23.4 %, respectively. The 

change in slope of the weight loss curves indicates better thermal stability in 

AlOOH/PEI and CeO2@AlOOH/PEI. 

2.4.2. Microstructural analysis of synthesized hybrid nanocomposite  

Fig.2.3. depicts the SEM microstructures of bulk AlOOH/PEI and CeO2@AlOOH/PEI 

granules. In case of AlOOH/PEI hybrid Fig. 2.3.a and 2.3.b, the surface texture is very 

homogeneous and it appears that the hybrid gel spheres have random assemblage 

during wet gel granulation and the polymeric PEI has played definite role as structure 

directing macromolecule. A sign of thermal-stress during drying is noticed. Overall the 

image confirms the clustering of boehmite nanolamellar during gelling and retained the 

agglomerated structure during drying. Structurally modified AlOOH/PEI hybrid has 

porous texture.  Fig. 2.3.c. and 2.3.d. represent the SEM images of nano-CeO2 modified 

AlOOH/PEI hybrid. The surface texture clearly indicates that nano-CeO2 particles are 

uniformly distributed in the hybrid gel matrix.  

 

Fig.2.3. SEM images of (a) and (b) AlOOH/PEI (c) and (d) CeO2@AlOOH/PEI at 

magnifications of 10 KX and 20 KX, respectively. 
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 The microstructure also reveals the relatively smooth surface and 

ordered gel assembly with minimal drying stress.  The nanolamellar AlOOH particle and 

also the distribution of PEI and nano-CeO2 in boehmite hybrid are further confirmed by 

the TEM images. The dispersion of pure AlOOH deposited on Cu-grid clearly shows the 

nano-dimensional, lamellar type AlOOH crystallites (Fig. 2.4.a.). In hybrid AlOOH/PEI 

(Fig. 2.4.b. and 2.4.c.) homogeneous distribution of lamellar boehmite crystallites on 

PEI polymer is observed. The TEM images (Fig.2.4.d.) for pure CeO2 shows nano-

octahedron type morphology. Hence, in the bulk CeO2@AlOOH/PEI hybrid 

nanocomposite, the presence of uniformly distributed nanoparticulate octahedron CeO2 

is very well observed in AlOOH/PEI network. The SEM and TEM images also confirmed 

the hybrid gel mass is porous and catalytically modified which can be better exploited 

for the adsorption and photodegradation of organic contaminants.  

 

 

Fig.2.4. TEM micrographs (a) pure AlOOH, (b and c) AlOOH/PEI (d) pure CeO2and (e and f) 

CeO2@AlOOH/PEI 
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2.4.3. Textural features and surface charge of synthesized hybrid nanocomposites 

Surface area and the functional groups on the surface of the adsorbents are the two 

crucial factors influencing the adsorption process. The bulk surface area and associated 

pore feature of the catalytically modified AlOOH sorbent is analysed through N2 sorption 

analysis. Fig.2.5.a. shows the N2 adsorption/desorption isotherm of parent AlOOH, 

AlOOH/PEI and CeO2@AlOOH/PEI. All the three samples display a typical Type IV 

isotherm with steep hysteresis loop in the relative pressure range of 0.45 - 0.95, which 

suggests that the hybrids have mesoporous structures. The mesoporous AlOOH has high 

specific surface area of 311 m2 g-1 and an average pore diameter of 4.8 nm.  In aminated 

and nano-CeO2 modified hybrids, the BET surface area are slightly decreased to 260 and 

215 m2 g-1 respectively implying that the organic functional group and catalytic nano-

CeO2 trap in the mesopores considerably. Table 2.1. summarizes the BET surface area 

and pore feature evaluated for the boehmite and hybrids. Moreover, the pore size 

distribution (Fig.2.5.b.) shows of AlOOH/PEI and CeO2@AlOOH/PEI exhibits higher 

pore diameter 6.5 and 5.6 nm, respectively than the parent AlOOH (4.8 nm). Therefore, 

the higher surface area and porosity of the hybrid material can provide more active 

sites to improve its adsorption capability. 

 The susceptibility of the prepared samples towards adsorption can also be 

evaluated through the zeta potential measurements. This is measured to examine the 

surface charge of synthesised material at different pH ranges. The results are presented 

in Fig.2.5.c. The isoelectric point (IEP) of AlOOH/PEI and CeO2@AlOOH/PEI hybrid 

were found to be 9.8 and 5.5, respectively indicating the adsorbents will be positively 

charged below this pH values and hence adsorption of anionic pollutant became more 

prominent. 
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Fig.2.5. (a)Nitrogen adsorption and desorption isotherms and (b) Pore-size distribution 

curve (c) Zeta potential analysis of pure AlOOH, AlOOH/PEI and CeO2@AlOOH/PEI as a 

function of pH 

 
Table 2.1.Pore textural parameters of the synthesized hybrid gels 

 
Samples BET/Langmuir 

Surface areaa 

(m2g-1) 

Mesopore 
volume 
(cm3g-1) 

Total pore 
volumeb 
(cm3g-1) 

Pore 
diameterc 

(nm) 

AlOOH 311/512 0.3009 0.3256 4.8 

AlOOH/PEI 260/430 0.2863 0.4675 6.5 

CeO2@AlOOH/PEI 215/356 0.2833 0.2933 5.6 

a Surface area calculated from nitrogen adsorption isotherms using the BET equation, b Pore 

volume calculated from nitrogen adsorption at p/p0 = 0.9, c Determined using the BJH model of 

the nitrogen adsorption curve. 

2.4.4. Lignin adsorption and photocatalytic degradation studies  

2.4.4.1. Adsorption studies 

Lignin adsorption studies were conducted in batch process. Effect of very relevant 

influential factors such as concentration, contact time, pH and temperature was 

systematically studied. The initial lignin concentration is an important driving force to 
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overcome the mass transfer resistance of the lignin from the aqueous to the solid phase. 

The uptake of lignin by AlOOH/PEI and CeO2@AlOOH/PEI hybrid sorbents were first 

determined with the initial lignin concentration in the range (5-100) x 102 mg L-1at pH 5 

(Fig. 2.6.a.). A pronounced increase in the lignin adsorption capacity by AlOOH/PEI and 

CeO2@AlOOH/PEI hybrid is seen with increasing lignin concentration. The maximum 

adsorption capacity estimated for AlOOH/PEI and CeO2@AlOOH/PEI hybrids is 66.31 

mg g-1 and 97.53 mg g-1 respectively at the initial concentration of 4000 mg L-1. Similarly, 

% lignin removal for both the hybrid systems initially increased at lower concentration 

and then decreased with increasing concentration. This is because at higher lignin 

concentrations, the increased number of adsorbate ion can interact with the available 

binding site of the adsorbent and facilitate faster uptake of lignin. Hence, for the further 

studies a fixed initial concentration of 4000 mg L-1 was used. 

 For water treatment technology, a perfect adsorbent should possess faster 

uptake of pollutants and reach equilibrium in shorter time. Fig. 2.5.b. shows the effect 

of contact time on the adsorption efficiency of lignin using AlOOH/PEI and 

CeO2@AlOOH/PEI by altering the time of contact from 0-150 min. It was observed that 

uptake of lignin increases with increase in contact time and the equilibrium adsorption 

was reached within 30 min for both the sorbents.  

 The solution pH is another critical factor affecting the adsorption process. pH of 

the solution directly alters the solution chemistry and chemical interaction with the 

binding sites of the adsorbent surface. The adsorption of lignin onto the hybrid sorbents 

was assessed at pH values in the range 1-12 (Fig. 2.6.c.). The hybrids show a strong 

dependence of pH on the adsorption capacity of the lignin. As the pH of lignin solution 

increases from 1 to 5, the adsorption capacity of the hybrid sorbent increased due to the 

positively charged sorbent surface. Maximum adsorption of lignin by hybrid is seen at 

about:blank
about:blank
about:blank
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pH 5. Under acidic pH, the protonation of imine and amine functional groups present in 

the hybrid adsorbent occurs.32 Thus, a strong electrostatic force of attraction between 

protonated adsorbent and negatively charged lignin can lead to better adsorption (Fig. 

2.9.). When the pH increases above 5, the lignin adsorption tendency gradually 

declined. At this pH ranges, probably deprotonation of surface amino groups occurs and 

results in electrostatic repulsion with lesser uptake of lignin. Also, AlOOH/PEI shows 

maximum adsorption in broad range of pH when compared to   CeO2@AlOOH/PEI, 

probably due to the variation in the IEP (AlOOH/PEI - 9.8 and CeO2@AlOOH/PEI - 5.5). 

Hence, sorption kinetic and photodegradation studies were carried out at a fixed pH 5. 

 

Fig. 2.6. Effect of (a) initial concentration (b) contact time (c) lignin solution pH, and (d) 

temperature on amount of lignin adsorbed by AlOOH/PEI and CeO2@AlOOH/PEI hybrid 

sorbent 

 In addition to pH, the temperature effect is also studied for the lignin adsorption 

between temperature range 35 to 65 oC and the results are shown in Fig. 2.6.d. It was 

found that, in both the adsorbents the lignin uptake increases with increasing 
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temperature. It is renowned that increase in temperature decreases the solution 

viscosity.33 In such case it can enhances the mobility of lignin molecules and provides 

adequate energy to facilitate the interaction between lignin molecules and sorption sites 

at the surface of sorbents. 

It is observed from Fig. 2.7.a. and 2.7.b., the adsorption proceed quickly in the 

initial stage of reaction and then becomes slow until the sorption process nearly reach 

equilibrium. The initial rapid adsorption of lignin by AlOOH/PEI and CeO2@AlOOH/PEI 

is due to the presence of large number of adsorption sites (amine and imine group 

present in the polymer PEI) on hybrid and nanocomposite. The subsequent slow step is 

attributed to the limited active adsorption sites on the surface of the adsorbent.34Lignin 

adsorbed on the surface would further hinder the diffusion of other lignin resulting in a 

long time to reach equilibrium. Based on the data obtained from experimental runs, 

pseudo-first-order model and pseudo-second-order model were used to simulate the 

kinetics adsorption of lignin on to both the AlOOH/PEI shown in Fig.2.7.(c and d)  and 

CeO2@AlOOH/PEI shown in Fig.2.7. (e and f).The used kinetic model equations are 

given below: 

Pseudo-first-order:       log (qe-qt) = log qe - (k1/2.303) t                           (2.4) 

Pseudo-second-order:   t/qt = (1/k2qe2) + (1/qe) t                            (2.5) 

Where qe and qt are the amounts of lignin adsorbed on the adsorbents (mg g-1) at 

equilibrium and at time t (min), respectively. k1 (min-1) and k2 (g mg-1min-1) are the rate 

constants of the pseudo-first-order and pseudo-second-order adsorption, respectively. 

Kinetic data modelling was performed by a linear regression analysis and the results are 

shown in Table 2.2.  
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Fig.2.7.Adsorption kinetics study of (a) AlOOH/PEI and (b) CeO2@AlOOH/PEI with lignin 

conc. 500-4000 mg L-1, equilibration time t = 600 min (graph shown only up to 300 min), 

kinetic model fit for pseudo-first-order and pseudo-second-order adsorption(c and d) 

AlOOH/PEI and (e and f)CeO2@AlOOH/PEI 

The kinetic plot shows that the lignin adsorption process on AlOOH/PEI and 

CeO2@AlOOH/PEI were found to fit better with pseudo-second-order with a high 

correlation coefficient (R2=0.999) than pseudo- first-order (R2=0.97). The best 

correlation of pseudo-second-order model with the experimental data reveals that the 

rate limiting step in adsorption process is controlled by chemisorption, which is a 

monolayer adsorption. 35 The rate of adsorption is one of the most important parameter 

in the kinetic study. From the Table 2.2., it is evident that the values of k2 decreases 
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with increasing concentration. This may be due to the fact that, at higher concentration 

of lignin solution, lower is the possibility of lignin to get attached to the active site of the 

adsorbent surface. 

Table 2.2. Kinetic parameters of lignin adsorption on AlOOH/PEI and 
CeO2@AlOOH/PEI 

 AlOOH/PEI                                           CeO2@AlOOH/PEI 

Kinetic 
models 

Co 
(mg L-1) 

K a x 10-2 R2 Co 
(mg L-1) 

K a x 10-2 R2 

 
 
 
 

Pseudo-first- 
order 

500 0.3339 
 

0.8981 
 

500 
 

0.4606 
 

0.8441 
 

1000 
 

0.2625 
 

0.8797 
 

1000 
 

0.4606 
 

0.7544 
 

2000 
 

0.1711 
 

0.8624 
 

2000 
 

0.4606 
 

0.9767 
 

2500 
 

0.1871 
 

0.8650 
 

2500 
 

06909 
 

0.9787 
 

3000 
 

0.3707 
 

0.9519 
 

3000 
 

04606 
 

0.9044 
 

4000 0.5849 0.9368 4000 0.6909 0.9478 

 
 
 
 

Pseudo-
second order 

500 
 

0.7871 
 

0.9985 
 

500 
 

0.2483 
 

0.9998 
 

1000 
 

0.4063 
 

0.9985 
 

1000 
 

0.8423 
 

0.9999 
 

2000 
 

0.8905 
 

0.9997 
 

2000 
 

0.1239 
 

0.9994 
 

2500 
 

0.7701 
 

0.9998 
 

2500 
 

0.1246 
 

0.9997 
 

3000 
 

0.9526 
 

0.9999 
 

3000 
 

0.1176 
 

0.9993 
 

4000 1.4330 0.9999 
 

4000 0.1018 
 

0.9997 
 

a Pseudo-first- order kinetic model K= k1 (min-1) and Pseudo-second-order kinetic 

model K=k2 (g mg-1 min-1) 

Compared to PEI cross linked AlOOH hybrid, the nano-CeO2 modified hybrid 

display enhanced adsorption. From the adsorption data it is understood that the most 

probable mechanism controlling the lignin adsorption is as follows; surface of the 

hybrid adsorbent possess large number of amino (-NH2) group which get protonated. 

Thus the adsorption of anionic organic pollutant takes place by electrostatic interaction 

with protonated amino group on the surface (Fig. 2.9.a.). In addition to the -NH2 group, 

AlOOH nanoparticles have large number of surface hydroxyl group that may also uptake 

DELL-PC
Highlight



 Chapter 2 
 

  77 
 

anionic pollutants by hydrogen bonding and van der Waals interaction (Fig. 2.9.a.).  

Hence, a complete decolorization of lignin was observed within the adsorption 

equilibrium (Fig. 2.9.b.). The adsorption capacity of the prepared sorbents was 

compared with the known conventional sorbents and results are summarized in Table 

2.3. It demonstrates that CeO2@AlOOH/PEI hybrid sorbent possess remarkable 

adsorption capacity than some of the known conventional sorbents. 

Table 2. 3. Comparison of results obtained in this study with other adsorbents 

Adsorbents        Adsorption parameters 

       pH                        Temperature (o C) 

Adsorption 
capacity   (mg g-1) 

Bentonite 5 30 25.54 

n-Silica 5 30 27.51 

Zeolite 5 30 27.93 

AlOOH/PEI 5 30 66.31 

CeO2@AlOOH/PEI 5 30 97.53 

 

2.4.4.2. Photocatalytic Degradation Studies 

 The photocatalytic activity of the developed material towards lignin under sunlight and 

UV irradiation after the dark adsorption is shown in Fig.2.8. It can be seen from the 

Fig.2.8.(a and c), the photodegradation of lignin using AlOOH, AlOOH/PEI was 

negligible under both the sunlight and UV than that of CeO2@AlOOH/PEI. For the 

photodecomposition of lignin, adsorption efficiency of the catalyst plays a key role, since 

photocatalytic reaction generally occurs at the surface of catalyst than in the bulk. 

Lower the value of C/C0 denotes higher degree of photoactivity, where, C0 and C are the 

initial concentration and the original concentration of lignin at different irradiation 

time, respectively. To quantitatively assess the photocatalytic efficiency of the catalyst, 

kinetic data of these reactions fit the apparent first order rate equation,  

ln(C0/C) = k x t                                                         (2.6) 
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where C0 and C are the concentrations of lignin at the time t = 0 and t 

respectively; k is the rate constant. After 100 minutes of irradiation 98 and 96 % of 

lignin was degraded with CeO2@AlOOH/PEI under UV and sunlight, respectively with 

decay rate constant of  k=0.038 (UV) and k=0.003 min-1 (sunlight). 

 

Fig.2.8.  Photocatalytic degradation and corresponding regression curves of ln (C0/C) 

versus irradiation time of lignin on AlOOH, AlOOH/PEI and CeO2@AlOOH/PEI under 

sunlight (and b) and UV (c and d), respectively 

Mechanism of the degradation of lignin under both the UV and sunlight includes 

the absorption of photon by semiconductor oxide (nano-CeO2) and generate electron-

hole pair.36 This is pictorially represented in Fig. 2.9.c. The dissolved oxygen in the 

lignin solution captured the electron ejected from the valence band to form super oxide 

radical anion (●O2-) and hydrogen peroxide (H2O2). These intermediates are capable of 
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producing strong oxidizing agent such as hydroxyl radical (●OH) which can degrade the 

pollutants. The photodegradation process described detail by the following equations. 

CeO2 + hµ → e- + h+                                           (2.7) 

O2 + e- → O2●-                                                                 (2.8) 

H2O + h+→ ●OH                                (2.9) 

O2●- + H+ → ●OOH                              (2.10) 

●OOH + O2●- + H+ → O2 + H2O2                                       (2.11) 

H2O2 + O2●- → ●OH + OH- +O2                                       (2.12) 

Organic pollutant + (●OH, ●O2-, and / or O2) → degraded products                       (2.13) 

 

Fig. 2.9. Schematic illustration (a) of the possible interaction between CeO2@AlOOH/PEI 

hybrid nanocomposite sorbent with lignin and MO dye molecule (b) photograph of 

CeO2@AlOOH/PEI and lignin solution before and after adsorption (c) proposed 

mechanism for photocatalytic degradation of the organic pollutants under light 

irradiation 
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2.4.4.3. Removal of organic dyes from environmental aqueous samples 

 MO, a typical anionic dye was selected as a model dye pollutant for the adsorption 

performance of the proposed material. Fig. 2.10.  (a and b) showed the removal 

percentage (%) for MO after different lengths of time. As expected, the removal 

efficiency of CeO2@AlOOH/PEI hybrid nanocomposite material for MO was 95 % within 

30-40 min, which was superior to that of the original materials remarkably for AlOOH 

and AlOOH/PEI 34 % and 67 % respectively. This phenomenon can be explained by 

electrostatic interaction between the positively charged sorbent and negatively charged 

MO molecule as described earlier. 

The evaluation of photocatalytic activity of the prepared sample was also carried 

out using MO. Fig. 2.10.  (c and d) illustrates the photocatalytic activity of the catalytic 

sorbent under both the sunlight and UV light irradiation. It was noticed that about 90 % 

of MO was degraded within 120 min under UV and 85% degradation under sunlight 

with CeO2@AlOOH/PEI. In contrast photocatalytic activity of AlOOH and AlOOH/PEI 

were extremely lower than that of CeO2@AlOOH/PEI, which indicates that removal has 

only occurred due to adsorption. The kinetics of the photodegradation of MO was 

assessed using the first order reaction. The apparent rate constant Kapp determined for 

CeO2@AlOOH/PEI was 0.57 and 0.72 min-1 under sunlight and UV, respectively. 
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Fig. 2.10. (a and b) Adsorption curves of  MO from aqueous solution at various time 

intervals (c and d) regression curves of ln(C0/C) versus irradiation time of MO on AlOOH, 

AlOOH/PEI and CeO2@AlOOH/PEI under sunlight and UV 

 

2.4.4.4. Antibacterial Activity of the proposed materials  

The antibacterial property of the prepared hybrid material was assessed using Gram-

negative (E. coli, K. Pneumonia) and Gram-positive (S. Aureusas) bacteria as a model 

microorganisms by the disc diffusion method. These bacteria were selected for the 

investigation of antibacterial efficacy, because they are usually associated with water 

distribution systems which cause infections. Fig.2.11. shows the results obtained for 

disc diffusion assay of AlOOH, AlOOH/PEI and CeO2@AlOOH/PEI. We observed that 

both aminated and CeO2 decorated hybrid system shows the clear zone of inhibition 

around the samples after 24 h of incubation when compared to pure AlOOH. Among the 

three tested bacteria, K. Pneumonia shows larger zone of inhibition of around 13 mm 

radius and E. coliand S. aureushave comparatively smaller zone of inhibition of 10 and 

11 mm radius, respectively (Fig. 2.11.).  
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 From the earlier reports, it was observed that quaternary ammonium 

compounds causes lysis of the bacterial cell walls by binding with cell components and 

further causes the seepage of cytoplasm.37 Similarly, PEI was demonstrated to have a 

broad spectrum of antimicrobial activity against large number of Gram-positive and 

Gram-negative bacteria.37, 38 A strong antibacterial effect against all tested bacteria was 

observed in PEI modified AlOOH hybrid material. The acidified AlOOH/PEI gel results in 

the formation of quaternary ammonium in the gel framework, which strongly interacts 

with bacterial cell walls and disrupts negatively charged bacterial cell membrane. 

 

Fig. 2.11.Photographs of the antibacterial test of ■AlOOH, ●AlOOH/PEI and 

▲CeO2@AlOOH/PEI against Gram-negative Escherichia coli, Klebsiella pneumoniae and 

Gram-positive Staphylococcus aureusas model microorganisms 

Furthermore, CeO2 itself has antibacterial effect. The formation of oxygen species 

and reactive oxide species (ROS) in CeO2 can be utilized for the bacterial toxicity 

effect.39 The most prominent ROS responsible for the bactericidal effect are hydroxyl, 
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super-oxide radicals and H2O2 formation.39,40 When bacteria come in contact with CeO2, 

it interrupts the transport of electron, protein oxidation and also causes the membrane 

potential collapse. Hence, the coupled oxidation by the dissolved oxygen binding to the 

surface of CeO2, production of ROS from H2O2, and basic exciton formation through the 

semiconducting nature are the major reason for efficient antibacterial activity exhibited 

by the developed hybrid material. 

 

Fig. 2.12. SEM images CeO2@AlOOH/PEI hybrid material after 10 minutes incubation 

with(a) S. aureus(b) E. Coli (c) K.pneumoniae. Optical images of the used bacteria for the 

experiment are shown in the inset corresponding SEM images. High magnification images 

showing the disruption of cell walls of the bacteria (d) S. aureus (e) E. coli (f) K. 

pneumonia as a result of antibacterial efficiency of the material 

Antibacterial activity of CeO2@AlOOH/PEI against E. coli, K. Pneumonia and S. 

aureus was further investigated using SEM microscopy. The CeO2@AlOOH/PEI porous 

microbead was incubated with bacterial solution at room temperature for 1 h. It was 

found that large number of bacteria was attached and killed all through the time of 

contact with the bacterial solution (Fig. 2.12.). Slow disruption of bacterial cell wall was 

also clearly noticed form SEM (Fig. 2.12. d-f). Among the three tested bacteria, larger 

number of K. pneumoniae is adhered on the surface of the hybrid sorbent when 
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compared to other two test bacteria. Probably the reason for this is K. pneumonia cell 

surface consist of filaments with thin hair-like extension, as a result large number of it 

get adhered on the material surface. Hence, all these results indicates that it a promising 

material in removal of bacterial pathogens from water. 

 

2.5. Conclusions 

In summary, a novel multifunctional photocatalytic-sorbentCeO2@AlOOH/PEI was 

developedby simple sol-gel synthesis route for adsorption and degradation of organic 

pollutants and micro-organisms. The monolithic photocatalytic sorbent can be designed 

in any dimension and shape to facilitate the separation from the treated waste 

water.The detailed investigation of the adsorption behaviour of the Photocatalytic 

sorbent revealed that the adsorption performance was mainly dominated by 

electrostatic, hydrogen bonding and Vander Waals interaction between the surface of 

the sorbent and the organic pollutants. The adsorption efficiency of CeO2@AlOOH/PEI 

towards lignin and MO is about 95%and 98% respectively within the time interval of 30 

min. The maximum adsorption capacity of the sorbent CeO2@AlOOH/PEI towards lignin 

was 97 mgg-1. We also found that the pseudo-second-order equation (R2=0.99) gave the 

better correlation for the adsorption kinetics of lignin than the pseudo-first-order 

equation (R2=0.97). The excellent Photocatalytic activity of CeO2@AlOOH/PEI was 

found to retain under both sunlight and UV for lignin and MO. About 98% of lignin and 

89 % of MO can be decomposed within the time interval of 100 and 120min with UV 

light irradiation.Also, more than 85% of both lignin and MO degraded under sunlight 

with an irradiation time of 100 min.The prepared hybrid AlOOH/PEI and hybrid 
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nanocomposite CeO2@AlOOH/PEI shows the better adsorption and excellent 

antibacterial efficiency towards both gram positive and gram negative bacteria. 
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3.1. Abstract 

A new inorganic-organic hybrid electrode assembly is designed out of the layered 

oxyhydroxy alumina (AlOOH) combined with natural plant derived oil, cashew nut shell 

liquid (CNSL) and reported for the first time for electrochemically detecting dopamine      

(DA). In this hybrid architecture,the presence of inherent meso/micro porosities in layered 

AlOOH and its active surface hydroxyl groups favourably generate synergistic effect with 

polyphenol functional groups in CNSL that promote diffusion of dopamine through − 

interaction to catalytically oxidize the molecule showing sensitivity with accuracy. The 

study confirmed that this sensor design displays higher electro-catalytic activity toward 

DA oxidation with a wider linear detection range of 50 µM to 450 µM and a lower 

detection limit of  23×10−9 m. The efficiency of the sensor electrode was further examined 

in human blood serum. The results obtained in this study encourage that the designed 

‘green-electrode' can be used as an electrochemical sensor in the pharmaceutical and 

medical fields. The electro-catalytic performance and operational efficiency of this new 

hybrid sensor system was established using electrochemical impedance spectroscopy, 

cyclic voltammetry, and chronoamperometry tools. The present study is significant and 

futuristic because the organic electrode from CNSL oil is not only a value addition but also 

opened a way to fabricate lead and carbon free sensor devices.     

 

3.2. Introduction 
 
Neurotransmitters are endogenous chemicals that act as the messenger for the 

transmission of nerve impulses. Dopamine (DA) is an important neurotransmitter 

belonging to the catecholamine family ensuring a pivotal role in inter-neuronal 

communication.1-3 Abnormal level of dopamine causes neurological diseases and 

therefore the concentration of dopamine in blood as well as urine is usually monitored 
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in the medical diagnostics.1,4,5 To date, various analytical methods have been deployed 

for the determination of DA in vivo/vitro; includes high performance liquid 

chromatography, fluorescence spectrophotometry, capillary electrophoresis, UV-visible 

spectrophotometry, and enzymatic methods.6-10 These techniques provide excellent 

selectivity in the detection of DA. However, due to the fascinating electroactivity of DA, 

its determination via electrochemical methods is seriously considered.11- 14 

The sensing ability of the DA sensors highly depends upon their performance 

toward electro-catalytic oxidation of DA. Conventional bare electrodes have certain 

limitations to detect DA selectively and accurately due to electrode fouling and 

degradation of response. Moreover, DA concentration is extremely low in the 

extracellular fluid of the central nervous system making the detection a great challenge.  

Another difficulty in accurately monitoring the DA is due to a substantial interference of 

ascorbic acid that may cause serious misinterpretation of the medical diagnostics 

data.15-17 Hence, it is very critical to develop highly efficient EDO catalysts. Surface 

modification of the electrode with a suitable material has been a strategy employed to 

obtain greater electrochemical accuracy. In this regard, researchers have screened 

series of materials ranging from conducting polymers, nanoparticle-polymer, metal, 

metal oxides, metal complexes, semiconductor nanoparticles, metal-organic 

frameworks to carbonaceous materials like graphene, carbon nanotubes (CNT), carbon 

fibre electrode (CFE), and carbon-paste electrode (CPE).18-20 

 Recent reports recommend materials possessing significantly large specific 

surface area and surface permeability, mesoporous structure can be considered for 

designing modified electrode assembly. 21-23 In this category, use of layered boehmite, a 

mono hydroxy aluminium oxide (AlOOH) is recently reported.  It is a stable inorganic 

material preferred as a support for electrochemical sensor because of its chemical 
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resistance, layered nature, mechanical durability and transparency.24, 25 More 

importantly, boehmite due to its surface hydroxyl groups and high surface area offers 

better chemisorption of analyte molecules.  The high adsorption capacity of boehmite 

nanoparticles enhances the accumulation of analyte at the electrode surface during the 

fabrication of modified electrodes. The boehmite hydroxyl groups also provide endless 

possibilities for any functionalization making it a suitable substrate for the designing of 

hybrid electrochemical sensors.  

 In this work, new hybrid architecture is designed using oxy-hydroxy alumina, 

boehmite (AlOOH) and CNSL oil that surprisingly showed enhanced electrochemical 

response for the detection of dopamine. CNSL is an agro-industrial by-product from the 

cashew nut industry. Presence of reactive phenolic hydroxyl group and meta 

substituted unsaturated aliphatic chain in CNSL oil, it is considered to be very promising 

for the development of synthetic and functional products.26-29 Earlier works show, CNSL 

is a feedstock for the production of a wide variety of organic/polymeric materials. The 

interest is growing to utilize CNSL and its components as green, non-toxic starting 

material for making of new molecules and products.30, 31 As on today, CNSL oil finds 

industrial uses in coatings to obtain anti-fouling, anti-corrosive, and self-curing 

properties.32, 33 To the best of our knowledge and also from the literature survey, it is 

confirmed that there is no reports on the application CNSL oil as such for the fabrication 

of electrode and electrochemical sensors.  

 Also, there are not many reports on boehmite for the modification of 

electrochemical sensors. A very few researchers published the electrochemical behavior 

of boehmite for electrochemical sensor application. Ganjali et al. studied the voltametric 

determination of dopamine using a glassy carbon electrode modified with ZnO/Al2O3 

nanocomposite. 34 Ghalkhani M. et al. reported a design of multiwalled carbon 
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nanotubes combined with the boehmite nanoparticle, a modified composite electrode, 

and studied for the electrochemical sensitivity for catecholamines.25 Wei et al. also used 

AlOOH@SiO2/Fe3O4 magnetic microspheres for the electrochemical detection of toxic 

metal ions present in drinking water.35 The clever combination of inorganic and organic 

nanomaterials leading to the development of a multifunctional system with enhanced 

properties may open a new possibility for utilizing hybrid materials as enhanced 

elements for constructing electrochemical sensing platform with high performance. 

This is because hybrid materials could provide larger electrochemically active surface 

areas for the adsorption of analyte and effectively accelerate the electron transfer 

between electrode and detection molecules, which could lead to a more rapid and 

sensitive current response. 36 

 In this work, nano size boehmite particles were first obtained by the well-known 

sol-gel process .37 The sol gel derived boehmite surface was further tailored with 

organic functional groups such as polyvinyl alcohol (PVA) and CNSL oil in order to 

increase the surface adsorption capacity. PVA is a water-soluble polymer, offers easy 

film-forming and notably good permeability characteristics .38  Large number of OH 

groups present in PVA and CNSL oil could develop the electrostatic repulsion with the 

OH group present in the DA, and possibly increases the voltametric response. It is 

expected to show selective determination of DA even in the presence of ascorbic acid 

(AA). The synergistic effect of the AlOOH/CNSL oil hybrid assembly was systematically 

analysed for electrochemically sensing the dopamine. This demonstrative study is 

reported for the first time.  
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3.3. Experimental Section 

3.3. 1. Materials  

All reagents were used as received without any further purification. Aluminium 

isopropoxide [AIP] (purity ≥ 98%), Dopamine [DA (C8H11NO2)], Caffeic acid [CA], Uric 

acid [UA], Ascorbic acid [AA], Glucose, and Blood serum were purchased from Sigma 

Aldrich. Formaldehyde [HCHO] (37%) was procured from Merck. Polyvinyl alcohol 

[PVA] (86-89% hydrolysed) was obtained from Alfa Aesar. CNSL oil was kindly supplied 

by Vijayalaxmi Cashew Company, Kollam, Kerala. 

3.3. 2. Preparation of boehmite-CNSL hybrid  

Firstly, AlOOH colloid suspension was prepared at pH 3 via Yoldas process according to 

the previous reported work.37 Nano size boehmite powder was obtained by directly 

drying the colloid at 70 °C in an oven.10 wt.% PVA solution was prepared by heating 

PVA granules in distilled water at 80 °C for 4 hrs.  In this typical synthesis, 3 mL of 

formaldehyde was added into 25mL of 10 wt.% PVA solution, followed by vigorous 

shaking for 30 min and subsequently 1g AlOOH nano powder was added to get the 

stabilized, homogeneous, boehmite colloid. With this resultant boehmite colloid, 1 g of 

CNSL oil was ultrasonically blended, resulting in the formation of a brown color, thick 

homogeneous, viscous hybrid gel. This hybrid gel was further used as a sensor material. 

All physio-chemical and electro-chemical characterizations were studied out of this 

hybrid gel.  For convenience, this hybrid sensor thus obtained was given a notation as 

PFAC hybrid [PVA/Formaldehyde/AlOOH and CNSL oil].  

3.3.3. Fabrication of the inorganic-organic hybrid electrode (PFAC/GCE) 

Prior to the surface modification of glassy carbon electrode(GCE), it was mechanically 

polished with a BAS polishing kit assay. Then, the GCE was electrochemically pretreated  

using cyclic voltammetry (CV) in PBS solution (pH 7 ) at a potential scan rate (V) of 50 
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mV s-1between -1.0 V and 1.0 V for 50 no. of cycles (n=50) for attaining the reproducible 

responses. After the pretreatment, a thin film of PFAC hybrid was coated on the surface 

of GCE by drop casting 2 l of PFAC ultrasonically dispersed in ethanol medium. It was 

allowed to dry in air for 20 min at room temperature and cycling in the optimal 

potential window from -0.5 V to 1 V against Ag/AgCl. The PFAC hybrid modified GCE 

was designated as PFAC/GCE. For comparison, different concentrations of PFAC hybrids 

were fabricated using similar procedure. To prepare Dopamine immobilized electrodes, 

both the bare GCE and PFAC/GCE were immersed in PBS (pH 7) containing 1 mM 

Dopamine for 10 min. The immersed electrode was removed and washed with double 

distilled water to remove the PFAC/GCE surface bound Dopamine and potential cycled 

in the optimal potential window.  

3.3. 4. Real sample preparation 

For the Real Sample Analysis, 100 µL of human blood serum was ultrasonically 

homogenized with 10 ml of PBS at pH 7. The mixture was filtered and appropriately 

diluted with pH 7 PBS solution (dilution factor 1:5 ratio). 10 ml of the prepared real 

sample was taken, and DA was added at different concentrations from the real sample 

stock solution prepared with1 mM DA using a standard addition approach. DA 

quantification of real samples in the absence and presence of known concentrations of 

added DA was carried out using chronoamperometry. 

3.3.5. Characterization 
 
Rheology studies were conducted using stress-controlled Anton Paar Rheo Viscometer. 

PVA-Formaldehyde [PF] and PFAC hybrid gel were studied for rheology. X-ray powder 

diffraction (XRD) patterns of the hybrids were obtained with a Philips X'pert Pro X-ray 

diffractometer in the 2θ angle 10-80 ousing Cu Kα radiation (λ= 1.54178 A°) under a 

voltage of 40 kV and current of 40 mA. Fourier transform infrared (FTIR) analysis was 
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performed using Shimadzu IR Prestige-21 spectrophotometer to understand the 

chemical interaction in theCNSL-AlOOH hybrids. The chemical interaction of the hybrid 

was analysed in the wavelengths 4000-400 cm-1through transmittance mode. The 

thermal decomposition of PF and PFAC hybrids was investigated by Shimadzu TG-50 

Thermo Gravimetric Analyser (TGA), between the temperature range of 100-800 °C at a 

constant heat flow of 10 °C min in the air atmosphere. The bulk micro-structural 

characteristics of the hybrids were examined using JEOL 5600 SL Scanning Electron 

Microscope (SEM). The surface chemistry of the prepared hybrids were analyzed using 

X-ray photoelectron spectroscopy (XPS, PHI 5000 VersaProbe II, ULVAC-PHI Inc., USA) 

equipped with micro-focused (200 μm, 15 KV) monochromatic Al-Kα X-Ray source (hν 

= 1486.6 eV). Both survey spectra and narrow scan (high-resolution spectra) were 

recorded. Survey scans were recorded with an X-ray source power of 50 W and pass 

energy of 187.85 eV. High-resolution spectra of the major elements were recorded at 

46.95 eV pass energy. 

3.3.5.1. Electrochemical characterization 

Cyclic voltammetry (CV) and Amperometric studies were performed using SP-300 

electrochemical workstation from Biologic Instruments Inc., France. Electrochemical 

impedance spectroscopy (EIS) measurements were performed using ZSimpWin 

Software. A conventional three electrode system was used for electrochemical detection 

with glassy carbon electrode (GCE) as the working electrode, a saturated Ag/AgCl as a 

reference electrode and a Platinum(Pt) wire as the counter electrode. 

3.4. Results and Discussion 

Sol gel derived, PVA stabilized hydroxy alumina colloid maintained at pH~3 turns to 

viscous gel when the natural CNSL oil is slowly blended. The possible governing 
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chemical interaction and mechanism that involved in this new hybrid gel is 

schematically illustrated in Fig.3.1. PVA is a known aqueous polymeric stabilizer having 

large number of inter and intra molecular hydrogen bonds.38, 39 Similarly, 

nanoparticulate boehmite also contains highly reactive surface –OH groups.40 Therefore, 

the hydroxy alumina offers strong chemical interactions such as electrostatic attraction 

and hydrogen bonding with the PVA-formaldehyde (PF) moieties. CNSL, a by-product 

from cashew industrial processing and one of the richest natural sources of phenolic 

compounds, such as anacardic acids (60–70 %), cardols (10–20 %), cardanols (3–10 %), 

2-methylcardols (2–5 %), and other minor constituents.41 Direct blending of CNSL oil 

into the AlOOH-PF (PFA) matrix induces the integration and crosslinking of CNSL 

through the H-bonding and gradually forms a massive network structure with a great 

deal of crosslinking and interweaving. Fig.3.2. shows the physical state of the different 

blends of PVA-Formaldehyde [PF], PVA-Formaldehyde-colloidal alumina [PFA], PVA-

Formaldehyde - CNSL oil [PFC], and finally the CNSL blended PVA-Formaldehyde-

colloidal boehmite [PFAC] hybrid. It can be visually seen that a homogenous chemical 

interaction followed by slow transformation into a thick bulk gel is successfully formed 

only in CNSL blended [PFAC] system that indicates the CNSL oil is an organic gelator. 

Interestingly the transition of flowing colloidal medium into stable gel is a gradual effect 

and in this study, the stable 3D gel is formed only after 96 hours.   
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Fig.3.1. Preparation of Hybrid PFAC 

 

 The rheology of the pure PF, PFA, PFC, and PFAC hybrid gels were carefully 

monitored to understand the chemical interaction, cross linking, and gelation 

properties. Fig.3.2.(a&b) shows the viscosity trends at different shear rates. Pure PF 

and PFA samples showed very low viscosity and no change with increasing shear rate. A 

negligible increase in the shear stress with respect to shear rate is also seen. The low 

viscosity data observed with PF, PFA, and PFC confirmed, no significant chemical 

interaction when the colloidal alumina and CNSL oil is blended independently.  

However, the viscosity as well as shear stress is completely changed in case of PFAC 

where the hydroxyl alumina and CNSL oil is blended with PVA-formaldehyde. At low 

shear rates the viscosity is very high and it is decreasing with increasing shear rates. In 
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PFAC, the gel shows ‘shear thinning’ flow behaviour. The PF, PFA, and PFC, either 

effective chemical interaction or the polymerization to form the hybrid gel. While in 

PFAC, the gradual decrease in viscosity with shear rates confirm, the applied shear force 

disintegrates the interconnected hybrid network into single fragments and distributes 

them uniformly in the medium. It is evident from the viscosity study that the CNSL oil 

chemically interact with AlOOH-PVA-Formaldehyde through hydrogen bonding and 

electrostatic interaction that successfully form the PFAC hybrids.  

 

Fig.3.2. Variation of shear rate with (a) viscosity and (b) shear stress, and the 

photographic images of the hybrids at time 0 sec and after 90 hrs  

 

     Fig. 3.3.A. presents the XRD analysis of the films made from PF, PFA, PFC, and 

PFAC hybrid. In pure PF (Fig. 3.3.A.( a)), two broad diffraction peaks at 2θ values 19.6o 

and 40.8ocan be indexed to the Bragg reflection planes (101) and (111) corresponds to 

crystalline nature of PVA. 42 In the system PFA (Fig. 3.3.A.( c)), the broad diffraction 
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peaks at 2θ values 14.2o, 27.8o, 38.3o, 49.1o, and 64.1o can be indexed to the Bragg 

reflection planes (020), (120), (031), (200), and (231) of orthorhombic crystalline 

boehmite.43 These diffraction peaks are closely matching with the standard pattern 

reported for the boehmite (JCPDS card 21-1307). In PFC system (Fig. 3.3.A.( b)), the 

corresponding crystalline peak at 2θ =19.6oa notable change is seen. In PFC as well as 

PFAC hybrids, the peak width is broadened and the intensity decreased indicating the 

bulk effect of CNSL organic moiety. Comparatively, the less intense and broad peaks 

present in PFC and PFAC indicates the CNSL oil not only chemically interact but also 

changes the crystallinity of hydroxyl alumina colloid in the hybrid system. 

 The chemical interaction is further confirmed by FTIR spectroscopy. The FTIR 

spectra of pure PVA and formaldehyde (PF), and PF hybridized with CNSL, and 

boehmite are shown in Fig.3.3.B. Several changes in the spectral features were 

observed when the comparison is made with the FTIR spectra of pure PF with PFAC 

hybrids. The peak centered at 3307 cm−1 assigned to the stretching vibration of 

hydroxyl groups (-OH) of pure PF was shifted to 3336, 3341, and 3345 cm−1 in PFC, PFA, 

and PFAC systems, which indirectly indicates the specific interaction of CNSL and 

AlOOH. In addition to this, the C–H stretching of CH2 which showed absorption at 

2928 cm−1 both in the case of pure PF and its hybrids. The peak at 

1730 cm−1corresponding to C=O stretching of PVA in PF was shifted to lower wave 

numbers in the hybrid system. 44 The peak at 1434 cm−1 corresponds to C–H bending of 

pure PVA.44 This peak is shifted to higher wavelength region in hybrid systems. The 

vibration of CH2 group was found at 1378 cm−1 corresponding to C–H wagging in pure 

PF and it was shifted to higher wave numbers in the complexed systems. The C–C 

stretching vibration of PF appearing at 1248 cm−1 was shifted to 1239 cm−1 in hybrid 

systems. C–O stretching occurred at 1016 cm−1 in PF and it was shifted to 1090 cm−1 in 
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hybrids. This clearly showed that the interaction between the pure PF, CNSL and AlOOH. 

The vibration peak appearing at 840 cm−1 assigned to C–H rocking mode of PF.  Also, 

new peaks at 1066 cm−1 which was found in PFA hybrid could be attributed to the Al-O-

Al stretching vibration.45Hence, from the FTIR analysis, the hybrid formation between 

PF, CNSL, and AlOOH was confirmed. 

Fig.3.3. A. XRD patterns of pure PF and its hybrid B.FTIR spectra of pure PF and its 

hybrids 

 Further, investigation on the reaction of AlOOH with PF and CNSL was carried 

out using XPS analysis on both boehmite and PFAC hybrid (Fig.3.4.).The XPS survey 

spectra of AlOOH show signals corresponding to O 1s, Al 2s, Al 2p, and low-intensity C 

1s (Fig. 3.4.A.).The presence of the C 1s signals may be owing to the adsorption of 

carbon dioxide (CO2) or the presence of a trace amount of carbonaceous contaminants 

on the surface of AlOOH nanoparticles and the signal was weak. The XPS wide scan 

spectrum of PFAC hybrid depicted in Fig.3.4.B. The presence of enhanced C 1s signal is 

an indication of the hybrid nature of the surface of the material, involving PF and CNSL 

oil. For further study, high-resolution XPS O1 s and Al 2p spectra of AlOOH and PFAC 

hybrid were analyzed. In Fig.3.4.C.,the O 1s binding energy peak of AlOOH showed the 

two different oxygen species: a binding energy of 530.12 eV is from the crystal structure 
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(Al-O-Al), and 531.34 from the hydroxyl groups (Al-O-H).46 Thus, based on the integral 

area of the peaks, it can be inferred that, more O elements exist in the form of surface 

hydroxyl group rather than Al-O-Al in the AlOOH structure. These signals were shifted 

towards binding energy (BE) of 531 & 531.32 eV for the PFAC hybrid sample (Fig. 

3.4.D.).The Al 2p signal in pristine AlOOH could be deconvoluted into two types of 

chemical environments with binding energies at 74.88 and 73.81 eV, which are 

associated with the chemical bonds of Al–O–Al and Al–OH, respectively (Fig. 3.4.E.). 47n 

the case of PFAC hybrid, only one peakis observed in the deconvoluted Al 2p spectrum 

at 73.94 eV (Fig. 3.4.F.), which is probably due to the hybrid formation through the free 

surface Hydroxyl group. The removal of oxygen containing functional groups could 

ensure the good electrical conductivity of PFAC hybrid, which was formed conductive 

networks between adjacent AlOOH nanoparticles, PF, and CNSL oil. 48 

 The structural morphology of the prepared alumina hybrid coating investigated 

through SEM analysis. Fig.3.5. shows the cross sectional SEM images of the pure PF and 

the hybrid film. The images(Fig.3.5. a.) indicates that the section of the pure PF film has 

less visible surface roughness with cell boundaries compare to that of the other hybrids. 

In the case of the surface of the PFA coating, it is comparatively smoother with very 

little bulging than PFC and PFAC. This is due to the difference in the properties and 

structure of the component presents in hybrid system, thus, giving unique properties to 

each of them. Upon hybridization with CNSL (PFC), the surface of film is found to have 

spherical like network, while in PFAC hybrid showed spherical coral surface framework.  
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Fig.3.4. XPS spectra of (A) pure AlOOH, (B) PFAC Hybrid, (C) and (D) O1 S Spectra of 

boehmite and PFAC, and (E) and (F) Al 2p Spectra of boehmite and PFAC 
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Fig. 3.5. SEM images of (a) pure PF resin, (b) PFC, (c) PFA, and (d) PFAC hybrids  

 

3.4.2. Electrochemical activities of unmodified and PFAC modified GCE  

 The Electrochemical Impedance Spectroscopy (EIS) is a powerful technique to 

examine the electron charge transfer properties of unmodified and modified electrodes  

in 0.1 M KCl containing 2 mM potassium ferricyanide K2/3 ([Fe(CN)6]-3/-4) at an applied 

frequency range from 1 MHz to 0.1 KHz and an amplitude of 10 mV.49 Fig.3.6. shows the 

Nyquist plot of bare GCE, PF/GCE, PFC/GCE, PFA/GCE, and PFAC/GCE. In a typical 

Nyquist plot, the semicircle portion represents the electron-transfer resistance (Rct) at 

higher frequency range while a linear part at lower frequency range corresponds to the 

diffusion limited process. Randle’s-equivalent circuit model was proposed to simulate 

the experimental data, which comprises of electrolyte resistance (Rs), double layer 
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capacitance (Cdl), charge transfer resistance (Rct) and Warburg impedance (Zw).  As seen 

in Fig.3.6,PFAC/GCE exhibits low charge transfer resistance (Rct) and high conductivity 

than unmodified GCE. The exhibited Rct value is only 8.046 Ω which is comparatively 

lower than the other electrodes such as bare GCE (10.47 Ω), PF/GCE (12.3 Ω), PFC/GCE 

(12.71 Ω), and PFA/GCE (10.37 Ω). These results clearly confirmed that the synergistic 

effect of inorganic AlOOH particle and organic functional moiety CNSL oil, offer a better 

electrochemical catalytic behavior, thus resulting in the rapid electron-transfer process 

on the GCE surface. 

 

Fig.3.6. EIS spectra  of (bare GCE, PF/GCE, PFC/GCE, PFA/GCE and PFAC/GCE in the 

presence of 2 mM K2/3[(Fe(CN6)-3/-4] in 0.1 M KCl 

Redox couple of ferri-ferro cyanide was selected to study the electrochemical 

behavior of unmodified and modified electrodes. Fig.3.7.A. displays the CV responses of 

the bare GCE, PF/GCE, PFC/GCE, PFA/GCE, and PFAC/GCE in the presence of 2 mM 

K2/3[(Fe(CN)6]-3/-4 in 0.1 M KCl at υ=50    mV s-1. The typical quasi-reversible one-

electron redox behavior of ferricyanide ions was observed in all the modified 
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electrodes. Remarkably, PFAC/GCE showed the improved electrochemical response to 

employed probe in comparison with bare GCE, and other modified electrodes. For a 

reversible reaction, the peak current ratio must be equal to 1.50Furthermore, the      

calculated apparent standard electrode potential (Eo´ = Epa+Epc/2) values for bare GCE, 

PF/GCE, PFC/GCE, PFA/GCE, and PFAC/GCE were found to be 455.9, 476.5, 432.1, 

430.8, and 301 mV respectively. Obtained results exhibited the best response, smallest 

Eo´ and the highest peak current value for PFAC modified electrode. These results 

indicating that the combination of the AlOOH nanoparticle and organic CNSL oil played 

a key role in the increase in electrostatic attraction of the ferri/ferrocyanide ions 

toward modified electrode surface and thus providing the conducting bridges for the 

electron-transfer of Fe(CN)6 -3/4. Further, investigated the influence of scan rate on the 

voltametric response of PFAC/GCE in supporting electrolyte of [Fe(CN)6]−3/−4) by 

varying the scan rate from 10 to 100 mV s−1 as represented in Fig. 3.7.B. Obviously, The 

CV curve was linearly enhanced with increasing scan rate. A linear relationship was 

obtained between oxidation peak current (I) against the square root of scan rate (v) was 

found with a correlation coefficient of 0.99(Inset Fig. 3.7.B.). In addition to that, the 

electrochemically active surface area, Ae (cm2) for a reversible electrochemical process 

under the diffusive control system (T =25 °C) were calculated using the Randels-

Sevcikequation.51 The obtained Ae values of bare GCE, PF/GCE, PFC/GCE, PFA/GCE, and 

PFAC/GCE were estimated to be 0.076 cm2, 0.016 cm2, 0.082 cm2, 0.086 cm2, and 0.124 

cm2. This clearly indicates that the hybrid PFAC typically exhibit enhanced 

electrochemically active surface area, which is noticeably different from those of the 

individual constituents. Hence, the above electrochemical studies confirm that the 

PFAC-modified GCE has exceptional electrocatalytic activity. 
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     Fig.3.7. (A) CV responses of (a) bare GCE, (b) PF/GCE, (c) PFC/GCE, (d) PFA/GCE, 

and (e) PFAC/GCE. (B) Effect of various scan rates on PFAC/GCE (inset shows the 

calibration plots of Ipa Vs υ1/2) All in the presence of 2 mM K2/3[(Fe(CN6)-3/-4] complex 

containing 0.1 M KCl at υ=50 mV .s-1 

To explore the practical viability of PFAC hybrid, DA was chosen as characteristic 

probe to investigate their electrochemical behavior. Fig.3.8.A. showed the cyclic 

voltammogram (CV) of bare GCE, PF/GCE, PFC/GCE, PFA/GCE, and PFAC /GCEbetween 

the potential windowof -0.5 to 0.7 V vs Ag/AgCl in pH 7 PBS solution, containing 500 μM 

DA. A lower oxidation peak raising from 0.3 V vs Ag/AgCl until 0.45 V was obtained for 

bare GCE (curve a) with a maximum detection current of 2.87 µA. As we can see, the 

oxidative current of DA has significantly increased with modified electrodes, PF/GCE, 

PFC/GCE, PFA/GCE, and PFAC/GCE were found to be  13.78 µA, 25.11 µA, 31.18 µA, and 

108.4 µA at 0.58 V, 0.59 V, 0.425 V, and 0.423 V(Fig.3.8.A.(b-e)). The PFAC/GCE 

electrode resulted in large faradaic currents with broad reduction peaks near -0.2 V as 

shown in Fig.3.8.A. This may be due to increased oxygen sites (hydroxyl group) present 

in the AlOOH and CNSL oil (in PFAC), which helps to improve electrical reduction of 

DA.52 Interestingly, a shift in the peak potential towards lower value (0.423 V) was 

observed for the PFAC/GCE when compared to the other electrodes. This confirms the 
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faster electron transfer between dopamine and electrode surface due to, the π–π 

stacking interaction between the DA and CNSL oil. The synergy between hydroxyl rich 

porous AlOOH and aromatic CNSL oil present in PFAC hybrid, fabricate it a greater 

electron promoter and a promising supporting electrode material. From the above 

results, it was anticipated that PFAC hybrid could be an excellent material for 

electrochemical sensing of Dopamine. 

 

Fig.3.8. CV responses of (A) (a) bare GCE, (b) PF/GCE, (c)PFC/GCE, (d)PFA/GCE and (e) 

PFAC/GCE in the presence of 1 mM of DA, in 0.1 M PBS solution (pH 7.0) at ʋ = 50 mV s−1 

and (B) PFAC/GCE for ʋ = 10–100 mV s−1, inset is the calibration plot for log ʋ Vs log Ipa  

To further scrutinize the mechanism and kinetics of the electron transfer 

reaction at the electrode, whether it is diffusion or adsorption controlling, the scan rate 

(v) dependent CV on PFAC/GCE was performed in PBS solution consisting of 300 mM 

DA in the range of 10–100 mV s−1. It can be observed from the Fig.3.8.B, the oxidation 

and reduction current of DA at the electrode increased with the increment of scan rate, 

although their peak potential value gradually shifts to more positive and negative 

directions. The peak potential separation (ΔEp) becomes higher with increasing scan 

rate due to the increased irreversibility of the electrode process. 53Moreover, a good 

linear relationship between peak currents (log I) and the square root of the scan rate      
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(log v1/2) with a correlation coefficient of 0.52 was also observed(Fig.3.8.B (inset)). 

These results indicating that DA oxidation at PFAC electrode is a typical diffusion-

controlled electrocatalytic process.54 
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Fig.3.9. (A) Effect of pH on PFAC/GCE for n =1 in 1 mM DA at υ = 50 mV s-1(B) The 

calibration plot between Epa Vs pH 

The pH of the supporting electrolyte solution takes part in determining the 

electrochemical response of DA. We further examined the effect of pH on the 

electrochemical response of DA at PFAC/GCE modified electrode in 0.1M PBS containing 

300 µM DA in the pH range of 3- 10 at a scan rate of 50 m V/s (Fig. 3.9.A.). A well-

defined redox couple of DA was obtained for different pH values. From the graph (Fig. 

3.9.A.), it is clear that the oxidation and reduction peak potentials shifted toward the 

negative values with the increase of electrolyte pH. Also, the redox peak of DA reaches a 

maximum at about pH=7, specifies that the DA electrocatalysis at the PFAC/GCE 

electrode is a pH dependent reaction and pH 7 selected as the ideal condition for the 

electrochemical detection of DA. Fig. 3.9.B. displays the calibration plot of anodic and 

cathodic peak potential Vs different solution pH. The slope of plots of Epa Vs pH and Epc 

Vs pH were found to be -47 mV at pH-1  and -64 mV at pH-1, which is close to the 
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Nernstian value (−59 mV/pH at 25 °C), for electrochemical reactions involving an equal 

number of protons and electrons. The electrochemical reaction of DA at the PFAC/GCE 

electrode can be expressed as in Fig.3.9. Therefore, we can conclude that PFAC has 

exceptional electrocatalytic behavior towards the oxidation of DA in 0.1M PBS with a pH 

of 7, and preferred for the subsequent experiments. 

 

     Fig.3.10.      Electrochemical oxidation mechanism of dopamine on PFAC/GCE electrode 

Repeatability, reproducibility, and stability of thePFAC were also evaluated by 

determining the redox reaction of DA, in 0.1 M PBS containing 300 μM DA. Repeatability 

of the results was studied by performing ten replicate cycles withthe same electrode, 

refreshed after each measurement. The relative standard deviation (RSD) of 0.87% 

(Fig.3.11.B.) was attained, indicating high precision in repeatability of the PFAC/GCE 

electrode.This level of accuracy is a need for routine quality control 

analysis.Furthermore, to investigate the reproducibility of the results five independent 

identical electrodes were fabricated. It was found that the oxidation peak currents of DA 

did not show any significant change. The remarkable reproducibility for the proposed 
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electrode was confirmed by obtaining the relative standard deviation (RSD) of 1.18% 

for the redox currents(Fig. 3.11.C.).To evaluate the stability, a series of 500 continuous 

measurements of the PFAC/GCE electrode response in the experimental condition was 

performed. As we can see in  Fig. 3.11.A., the peak current of the DA is 90% of the initial 

value, which indicated a good stability of PFAC/GCEelectrode.   In addition, the long 

term stability of the sensor was also explored without regenerating the surface time 

after time. The response to DA was measured every 5 days after stored at 4 °C and 

showed satisfied performance as original. These result suggested that the PFAC/GCE 

sensor exhibited good repeatability, reproducibility and stability. Therefore, the 

PFAC/GCE displays the potential for detection of DA in environmental samples with 

favorable characteristics. 

 

Fig.3.11.(A) CV responses of the same PFAC/GCE under optimal conditions in the blank 

pH 7 PBS for 500 continuous cycles (B) Current responses of the same PFAC/GCE 

subjected to CV for 10 cycles per day for 10 days in 500 μM DA under optimal conditions. 

(C) Current responses of five different PFAC subjected to CV for 10 cycles per electrode in 

500 μM DA under optimal conditions 

Fig.3.12. displays the amperometric curve for DA oxidation at PFAC/GCE with the 

successive injection into homogeneously stirred (200 rpm) 0.1M PBS solution at a fixed 

potential of 0.423. A stable amperometric response could be detected within 400 s after 

the addition of DA. Then the current response increased linearly with every successive 

addition of DA from 50 µM to 450 µM (the inset of  Fig.3.12.) with a correlation 
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coefficient (R2) of 0.9937 and sensitivity value is 0.0219 A/M. Besides, the limit of 

detection (LOD) was found to be 23 nM. The linear range of DA detection and the LOD of 

PFAC/GCE towards DA oxidation were compared with the recent reports and were 

presented in Table 3.1. Compared to the previous reports, our sensor provided higher 

electrocatalytic performance with a wide linear detection range, low detection limit 

towards electro-oxidation of DA. 

 

     Fig.3.12. Amperometric responses obtained for PFAC/GCE in varying DA 

concentrations from 50 – 450 μM in 0.1 M PBS (pH 7.0), and the inset illustrates the 

calibration plots of i–t peak current response Vs DA 

In the extracellular fluid of the central nervous system and serum, there also 

exist other species which are interference for DA detection such as ascorbic acid (AA), 

uric acid (UA), and glucose. 61To assess the effect of  interference in determining the 

presence of DA was studied by using the chronoamperometry technique at the 

operating potential of 5V. Fig. 3.13. showed the amperometric responses of the above-

mentioned species on the fabricated PFAC electrode in 0.1 MPBS solution. The 

sequential injection of DA, followed by DA, UA, and GA is conducted at a time interval of 
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60 s. It can be observed that the electrode was insensitive to those three interference 

but had a remarkable response to DA.  

 

 

 

 

 

 

 

Fig. 3.13. The amperometric responses of PFAC for DA in the presence of potentially 

chemical interfering compound at 0.423 V under 200 rpm. All in 50 M concentrations 

The excellent selectivity for DA detection probably benefited from the π–π 

interactions of DA molecules with the aromatic structure of CNSL and presence of the 

larger number of hydroxyl group of boehmite and CNSL made greater adsorption and 

diffusion for DA to the surface of the electrode.61 These results demonstrated the high 

selectivity and interference tolerance of the PFAC/GCE sensor.  

 

Fig.3.14. Amperometric responses of DA oxidation on PFAC hybrid from (A) Blood serum 

and (B) water samples at 0.423 V under hydrodynamic condition 
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Table 3.1.Comparison of the efficiency of some recently modified electrodes used 
in the electrooxidation of dopamine with the propose modified electrode in this 

work 

Electrode Technique Linear range LOD(pm) REF 

GONRs/PEDOT:PSS Amperometry 0.05−16.55 0.030 55 

PEDOT-LSG Amperometry 1 - 150 0.33 56 

3D rGO/AuPd NP /ITO Flouresence 0.5 - 135 0.2 57 

TGA-MoS2  Photo sensitivity 0.05 - 20 27  58 

AuNPs@MoS2-
NSs/GCE 

DPV 5.0-200.0 1.0 59 

3D pGO-GNP-pGO- ITO DPV 0.1 - 30 1.28 52 

CAuNE CV 1–100  5.83  60 

PFAC Amperometry 50-150 0.023 Present 
Study 

 

For the practical application of the proposed electrode, the detection of 

dopamine in the real samples such as human blood serum and river water was 

performed. The standard addition method was used to quantify the amount of DA in the 

real sample. The recovery of dopamine was studied by spiking blood serum and water 

with three different concentrations. 100 μL of the real sample was diluted 100 times 

with 0.1 M PBS and DA spiked at three different concentrations (50, 100, and 150 µM) in 

three replicates. The Fig. 3.14. displays the current response of DA in real samples, 

while      Table 3.2. shows the calculated recovery range of sensor signals. As shown in 

Table 3.2, the recovery obtained is varied from 94 % to 97.6 %. The results revealed 

that the developed sensor has the potential for the quantification of DA in real samples. 
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     Table 3.2. Determination of DA in human blood serum and water samples using 

PFAC/GCE. 

Real Sample Spiked (M) Detected 

(M) 

Recovery 

(%) 

Human Blood Serum 

(R1) 

10 9.4 94 

20 19.7 98.5 

30 29.3 97.6 

Water Sample (R2) 10 8.9 89 

20 18.4 92 
30 28.7 95.6 

 

3.5. Conclusion 

In the present work, a new hybrid PFAC/GCE electrode was successfully synthesized by 

the facile physical blending method and explored for the first time to perform as a 

catalyst for electrochemical detection of DA. The suggested strategy was unique in its 

simplicity. The physiochemical studies were employed to examine the morphology and 

properties of PFAC hybrid. The results showed that the hybrid formation between 

AlOOH and organic moiety. Besides, the electrochemical measurements illustrate that 

the strong combination of CNSL oil and inorganic porous AlOOH advantages the ability 

to improve current, fast electron transfer kinetics and increased electrochemically 

active surface area. This as-prepared sensor showed wide linearity, very low detection 

limit, good selectivity and stability, reproducibility, and anti-interference ability 

towards the detection of DA. The prepared sensor is the most promising candidate for 

the determination of DA in real samples. More significantly, PFAC hybrid as a new 

material may possess many mysterious properties waiting to be explored. This work 

offers a new promising platform for preparing an electrochemical DA sensor with high 

performance and low cost and can be used in pharmaceutical and clinical application. 
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4.1. Abstract  

In this chapter, a novel inorganic-organic hybrid system was designed involving a natural 

organic resin, namely cashew nut shell liquid (CNSL) and sol-gel boehmite. This new 

boehmite gel hybrid system exhibits superhydrophobic characteristics and the design 

aspects involved, the chemical modification of boehmite gel with CNSL oil followed by the 

incorporation of paraffin wax into the CNSL-Boehmite gel system to form a hybrid coating 

formulation. The hybrid formulation thus obtained was subsequently applied as a coating 

onto the surface of the textile fabrics. A superhydrophobic textile membrane comprising a 

nano/micro porous structure was finally achieved as an end product with a maximum 

contact angle of 1600. This hybrid textile membrane exhibited fast separation of various 

organic contaminants like hexane, petrol, diesel, chloroform, dichloromethane, and crude 

oil from oil-water mixtures with separation efficiency greater than 97%. This facile hybrid 

system lasts for more than 15 separation cycles. The present work demonstrates a 

promising functional hybrid textile membrane that can be utilized for the treatment of 

water contaminated with industrial oils as well as the selective removal of oil from the 

marine spilled. This kind of CNSL-Boehmite gel hybrid is prepared and investigated for the 

first time and the scientific merits of this new hybrid material architecture are discussed in 

this chapter. 

4.2. Introduction 

Appropriate strategies for the treatment of oily wastewater, separation of oil-water 

from the petroleum refinery zones, marine oil spills, and also from the numerous 

automobile cleaning centres became very essential for the effective environmental 

management and maximum oil recovery.1-4 Over the past two decades, extensive 

research efforts were made to develop more efficient novel materials to address the 
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separation of oil from the marine environment.5-9 Polymer sorbents, activated carbon, 

and hydrophobic aerogels were found to be practical for such applications.10-12 Even 

though they are promising, new hybrid materials are still being investigated for faster 

and cheaper separation technologies.  

Membrane separation is widely studied by researchers for high-performance 

filtration and such membrane modules were made out of hydrophilic-oleophobic and 

hydrophobic-oleophilic membrane materials. Hydrogel, polymer membranes, TiO2, 

Cu(OH)2, and cellulose have been studied and reported as filtration membranes.13-17 In 

one of the reported studies, a metallic- mesh was coated by hydrogels which was found 

efficient in separating the mixtures of water and light oils, including gasoline and crude 

oil solely driven by gravity.18 However, weak environmental adaptability and 

susceptibility to contamination still remain as few obstacles.  

Ever since the first report published by Feng et al., on the superhydrophobic and 

superoleophilic polytetrafluoroethylene (PTFE) coated mesh for the oil/water 

separation, work on the fabrication of superhydrophobic membranes, including self-

assembly, chemical etching, electrochemical treatment, vapor deposition, plasma 

treatment and lithography etc., became more popular.19-22 Nevertheless, there still exist 

lots of limitations for large-scale fabrication of such functional membranes. The cost 

involved, tedious methodology, toxic fabrication procedures like fluorochemicals 

modification, low stability and flexibility in harsh practical environments and poor 

recyclability were some of the factors identified for the development of hydrophobic 

membrane systems for any oil-water separation. 

 Despite these pioneering works, designing less expensive, stable materials for 

the heavy oil-water mixture separation is still desired. Currently, most of the 

hydrophobic-oleophilic materials are fabricated by modifying porous substrates, e.g 
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polyester fabrics, copper and steel grids, which are either unstable in highly 

acidic/alkaline medium or unable to work for oil-water emulsion separation.23-

25Therefore, it is a challenge to prepare stable hydrophobic surfaces with high 

mechanical strength and toughness, chemical stability and high flux using facile and 

cost-effective methods. 

Cotton textile is an affordable, easily available flexible material that offers strong 

absorption ability. Therefore, we hypothesize that it could be one of the low-cost 

substrates that can be explored for developing cheaper oil-water separation systems if 

the textile surface is established with a suitable nano/micro porous structure with 

appropriate hydrophobic-oleophilic properties. 

Inspired by the epicuticular wax on lotus surface, some efforts have been made 

to render wax with superhydrohobicity through the fabrication of hierarchical 

structures.26, 27 Wax is suitable to uphold the required chemistry and morphology for 

superhydrophobicity, and they are capable of reorganizing on heating to regenerate the 

surface structure. There are reports confirming either waxes alone or wax-incorporated 

formulations are ideal to attain superhydrophobicity. 

Cai et al. developed a novel fluorine-free, water compatible material system. 

28Polydimethylsiloxane (PDMS) or paraffin wax emulsions where combined with a silica 

suspension and ultimately applied to polyester fabrics. They successfully rendered the 

fabrics superhydrophobic with contact angles >145° and roll-off angle lower than 

1.5°.Seo et al. produced a superhydrophobic surface with paraffin wax and candle 

soot.29 Zeng et al. used paraffin wax to produce superhydrophobic copper foil.30 They 

could achieve a contact angle of 1520 . 30 Zhao et al. fabricated a superhydrophobic 

polyester textile with easily repairable ability by modifying pristine textile with PDMS 
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and paraffin wax under 120°C.31 From all these literature evidences, it is clear that, 

paraffin wax could produce hydrophobic surface on textile fabrics. 

Generally, Cashew nut shell liquid (CNSL) is a product of the cashew processing 

industry. CNSL contains number of reactive phenolic derivatives (cardanol, cardol, 2-

methyl cardol and anacardic acid) with highly hydrophobic aliphatic chains.32 Prior art 

literature advocates that the CNSL is mainly used to obtain Resol and Novolac which are 

routinely used as a thermoset resin for the fabrication of biocomposites.33-35 CNSL is 

also recommended for the development of sustainable coatings with many desired 

properties; flame retardancy, water repellency, anti-bacterial and anti-termite. For 

example, Huang et al. reported a work in which cardanol based polybenzoxazine and 

amino-modified silica nanoparticles were combined to develop a superhydrophobic 

coating (PC-a/SiO2) on mild steel for anti-corrosion coatings.36Bai et al. reported the 

preparation of superhydrophobic cotton textile by using cardanol based benzoxazine.37 

The potential grafting of cardanol with long side chain on the cellulose fibers of cotton, 

forming a structure similar to the waxy surface of lotus leaves, offers a simple and green 

method for the fabrication of cost effective water-repellent coatings.  

In this chapter, a hybrid coating suspension from organic CNSL oil, boehmite, and 

paraffin wax [PWCA] was prepared.  This hybrid suspension was used to modifying 

pristine cotton textile and demonstrated its superhydrophobicity and resistance to 

water impact. The coated textiles possess excellent self-cleaning ability and could be 

used to selectively separate various kinds of oil-water mixture including crude oil-water 

mixture. More interestingly, the fabric can recover its super liquid-repellent property 

after drying at 120 °C in an oven, even after immersing in water for a week. The studies 

indicated that the PWCA coated textiles a promising candidate for oil-water separation 

in real time application. 
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4.3. Experimental 

4.3.1. Materials  

Aluminium isopropoxide (AIP, purity >98%) was purchased from Aldrich and used as 

received condition. Paraffin wax and ethanol were obtained from Merck Specialities Pvt. 

Ltd. Nitric acid (HNO3, purity 69-72%), and ethylenediamine tetra acetic acid (EDTA) 

were obtained from S. D. Fine-Chem. Ltd. Fisher Scientific India supplied hexane, 

chloroform, and dichloromethane. Crude oil was obtained from Kochi Refinery Ltd., 

Petrol and diesels were procured from the local suppliers. Analytical grade solvents 

were used in this work without any further purification. Double distilled water was 

used for the preparation of boehmite (AlOOH) sol. 

4.3.2. Processing of boehmite-CNSL hybrid  

Fig. 4.1. is the schematic representation of the experimental steps involved in the 

fabrication of PWCA coated superhydrophobic textile membranes. The major steps 

employed are: (i) Refluxing the boehmite [AlOOH] gel powder with CNSL oil in the 

presence of ethanol solvent (ii) Introducing CNSL modified boehmite gel into the melted 

paraffin wax (iii) Coating of the pristine textile fabric surface with the AlOOH-CNSL-Wax 

based hybrid formulation. 

The typical preparation of a stable AlOOH sol using the modified Yoldas 

procedure was already described and provided in Chapter 2/Section 2.2.2.The same 

was repeated for obtaining boehmite sol. Sol was dried at 70 ℃ in an oven and the 

obtained boehmite gel powder was used to make PWCA hybrid. For making the hybrid 

formulation, firstly, AlOOH and CNSL oil were taken in the reflux flask and refluxed with 

ethanol at 80 ℃ for 4 hrs. The amount of CNSL was varied to obtain the samples with 

different boehmite:CNSL ratio such as 5:1, 5:1,5: 3, and5:5 in weight basis.  The CNSL 

modified boehmite gel product was washed three times with ethanol and dried at 80 ℃ 
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for 6 h. For the convenience, the obtained product was named as AlOOH@CNSL. It was 

further treated with paraffin wax. For this, 5g of paraffin wax was heated at 60 ℃ along 

with slightly excess amount of ethanol to form a homogeneous mixture. With this 

certain amount of boehmite@CNSL and EDTA as cross linker were added and the 

mixture was magnetically stirred for 10 minutes. The mixture slowly gets coagulated 

and converted to thick translucent gel mass. Then the gel mass was cooled to room 

temperature and finally the wax incorporated CNSL modified boehmite gel hybrid was 

obtained. For convenience, the hybrid is named as PWCA hybrid. 

4.3.3. Fabrication of sperhydrophobic textile membranes 

In 20 mL of ethanol, 1 g of PWCA hybrid was dissolved. A 4x4 cm piece of pristine 

cotton textile procured from the retail showroom was pre-treated by washing 

ultrasonically in deionized water followed by ethanol. The cleaned textile fabric was 

soaked in the ethanol-PWCA hybrid mixture for 5 minutes. Finally, the textile was dried 

at 120°C in an oven for 4 hours to remove the solvent. This procedure produced 

boehmite-CNSL-Wax modified superhydrophobic cotton textile membranes. The 

membrane thus obtained was named as PWCA@CT. For the proper evaluation of the 

scientific roles played by different constituents like wax and AlOOH-CNSL, samples were 

made with only paraffin wax coatings(PW), and also with different concentration of 

CNSL oil modified AlOOH-wax hybrid coatings. The coated textile membranes were 

marked as PW, PWCA1, PWCA3, PWCA5, and PWCA7 respectively. 
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Fig. 4.1.  Illustration of synthetic procedures involved in the fabrication of PWCA@CT 

 

4.3.4. Self-Cleaning test 

The self-cleaning property of the hybrid coated textile membrane was checked using the 

freely rolling water droplets. The coated textile membrane was sprinkled with the fine 

particles of an inorganic pigment. The water droplets were then formed on the surface. 

Droplets were allowed to roll down by slightly tilting the fabric. The removal of pigment 

particles by the rolling water droplets was closely monitored with the magnifying lens.  

The elimination of the pigment particles was clearly seen that indicates the self-cleaning 

ability of the boehmite-CNSL-Wax modified textile membrane.    

4.3.5. Membrane durability  

Durability of the prepared hybrid textile membrane was examined by immersing the 

samples in acidic/alkaline solution. The coated textile membranes were immersed in 1 

M HCl, 1 M NaOH, and saturated NaCl solutions for seven days. The samples were then 

washed with ethanol and dried for 3 hours at 120 °C for CA test. The mechanical 
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robustness of the hybrid coatings was tested by knife scratching method. The coated, 

hybrid textile membrane (dimension 4x 4 cm2) was properly glued on a glass surface 

and intensive cross-scratches were applied. The scratch marks were then visually 

noticed for checking the scratch resistance ability.  

4.3.6. Oil- Water separation test  

Six types of test liquids hexane, petrol, diesel, dichloromethane, chloroform, and crude oil 

were selected for examining the oil-water separation efficiency. The light oils are 

represented by hexane, petrol, diesel, and crude oil; Dichloromethane, and chloroform 

represent heavy oil. Oils can be classified as light, medium, heavy, andweathered 

depending on the viscosity and density values as shown in Table 4.1. The physical 

properties of the selected test liquids are listed in the Table 4.2. 

Table 4.1. Classification of different types of oil 

Oil type Viscosity range (cP) Density range (g cm-3) 

Light 1−10 0.820−0.870 

Medium 200−400 0.860−0.930 

Heavy 1500−2500 0.930−1.000 

Weathered 8000−10000 0.930−1.000 

 

Table 4.2.  Physical properties of the selected test liquids used in this study  

 

Test liquid Viscosity (cP) (20 °C) Density (g cm-3) 

Hexane 0.29 0.66 

Petrol 6.38 0.80 

Diesel 3.61 0.85 

Dichloromethane 0.72 1.325 

Chloroform 0.53 1.49 

Light crude oil (API° = 90) 8.04 0.64 
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The oil-water (1:1 v/v) mixture was poured into the separator, and the 

separation process was solely driven by gravity. This process was repeated 15 times to 

ensure the textile's reusability. After each cycle, the modified textile was rinsed with 

ethanol and driedat 1200C.Equation 1 was used to calculate the oil-water separation 

efficiency. 

𝑆𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 𝐸𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 =  
𝑚1

𝑚0
× 100 %                                                                                     (4.1) 

Where, m0 and m1 represents the initially added oil mass, and finally collected oil mass 

after oil- water separation respectively. 

4.3.7. Characterizations 

FTIR spectra were recorded with a resolution of 2 cm-1 using a Perkin Elmer FTIR/ATR 

spectrometer-2. Scanning electron microscope (SEM) images of the pristine and 

superhydrophobic textile were observed using Zeiss EVO 18 Cryo-SEM operated at an 

accelerating voltage of 20 kV. Piece of bare as well as hybrid coated textile membranes 

were directly mounted on the SEM grids and images were acquired. The water repellent 

property was assessed trough contact angle measurement using a Kruss drop shape 

analyzer with water as the probe liquid (3 L) at ambient temperature. 

4.4. Results and Discussion 

The inorganic nature, thermal stability at elevated temperatures, easy dispersibility and 

more importantly its unique whiskers morphology and nano laminated layered 

structure make the boehmite a promising candidate for developing multiporous 

membranes. Like many other oxides/hydroxides, boehmite does not exhibit any 

hydrophobic property that limits its use for any oil-water separation applications. In  
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Fig. 4.2.  Plausible mechanism of formation of the hybrid PWCA 

 

general, the hydrophobic functionality is derived by introducing appropriate flourochemicals 

and silane functionality. Other than silanes, use of natural sources like CNSL oil is an alternate. 

CNSL has attractive thermal stability. Thermogravimety analysis of CNSL oil was studied earlier 

and it seems the maximum degradation occurs in the temperature range 180 to 300oC. It makes 

CNSL a competitive functional molecule to expensive silanes. Plausible mechanism of formation 

of the hybrid PWCA is depicted in Fig. 4.2.The incorporation of boehmite into CNSL to develop 

hybrids, it results in the dispersion of layered boehmite in CNSL medium and also produce 

chemical interaction between the surface hydroxyl groups with the phenolic moieties 

present in the CNSL. FTIR study confirms the nature of the chemical interactions of 

boehmite-CNSL hybrids.  
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4.4.1. Structural characteristics of PWCA coated textile 

FTIR study was conducted on raw paraffin wax, CNSL resin, and the boehmite-CNSL 

hybrid systems prepared in this study. The prepared textile membranes using different 

hybrid composition s were also analyzed and the results are presented in Fig. 4.3. 

Fig.4.3. FTIR spectra of (a) paraffin wax, CNSL oil, PWCA hybrid (b) Different 

concentration of CNSL in PWCA hybrid coated textile 

 

Fig. 4.3.a. shows the FTIR spectra recorded for the wax. The peaks of pure 

paraffin wax at the wavelengths 1471cm-1 and 1375 cm-1 represents the C- C in plane 

vibrations, and CH2 rocking absorption band at 720 cm-1 confirms the linear saturated 

aliphatic structure of the paraffin wax.38In the case of CNSL oil, the peaks seen at 3172, 

1586, and 1153 cm-1 can be referred to the absorption peak correspond to-OH groups, 

C=C stretching of benzene ring, and C-O stretching vibrations respectively.39In all 

cases(Fig. 4.3.b.) the peaks at 2848- 2915 cm-1 represents the C-C stretching of 

hydrocarbon. 38Besides, the band at 1060 cm-1, 1690 cm-1 corresponds to Al-O-Al 

stretching vibration and absorption peaks of carbonyl bonds in EDTA respectively.40,41 

The absorption peak of the carbonyl group at about 1690 cm-1 in EDTA shifted to 1632 

cm-1 in the spectrum of the PWCA hybrid. These results confirm the formation of hybrid 

PWCA. Fig. 4.3.b. shows the FTIR spectrum of PWCA hybrid suspension with varying 
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amount of CNSL coated on textile fibres. All the peaks presented in the PWCA hybrid 

appeared in the textile indicating the surface is firmly covered by hybrid coatings. The 

FTIR study shows clearly that the CNSL-boehmite and paraffin wax have been 

incorporated onto the surface of the textile fibres  

4.4.2. Morphological analysis 

The morphology features of the uncoated bare textile, the textile coated with 

only paraffin wax, and also with the boehmite-CNSL hybrid formulation were observed 

at different magnifications and analysed to study the effect of the hybrid coatings to 

form the membranes. The SEM images convincingly show a homogenous coverage of 

the wax coating as well as CNSL-boehmite hybrid coatings. The fabric surface shows 

significant variation on the roughness profile.  

Herein, an appropriate multiscale roughness was successfully reached through 

the hybrid suspension of PWAC on the cotton textile surfaces. The morphology of 

modified textile membranes was dramatically changed, as shown in Fig. 4.4. (a- f). SEM 

image corresponds to the bare textile surface show poor surface roughness Fig. 4.4.a. 

Fig. 4.3.b. that represents the surface after treating with wax, it is seen that the wax 

coating enhances the surface smoothness and the fabrics surface is well covered with 

wax indicating the fabrics are modified firmly for exhibiting hydrophobicity, the 

inherent nature seen with wax. The smoothness seen in the wax coated fabric seems to 

change when CNSL-boehmite-wax based hybrid formulation is obtained. Once the 

textile piece is immobilized with the hybrid formulation, the surface regains its’ 

roughness indicating the hydrophobicity may be higher in hybrid coated textiles 

Fig.4.4.c. 
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Fig. 4.4.SEM image of (a) pristine cotton textile, (b) PW, (c) PWCA1, (d) PWCA3, (e) 

PWCA5, and (f) PWCA7 coated textile 

 

The SEM images implying a stronger interaction between the hybrid coating and 

the textiles.  The evolution of micro/nano structures were also seen on through textile 

fibres Fig.4.4.(b,c). When the amount of CNSL is gradually increased, the roughness 

nature is also increased which is producing more micro-nano scale roughness Fig. 

4.4.(d,e). SEM images clearly describe the modified textile membrane has a compact 
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encapsulation of the wax, as well as CNSL-Boehmite hybrid system. The complete 

encapsulation favours the decrease in the overall size of the inter-fabric voids in the 

woven textile and produced controlled porosity of the textile membranes.  

4.4.3. Surface wettability 

The surface contact angle measurements clearly confirm the transformation of 

hydrophilic textiles to hydrophobic membranes due to hybrid coatings. The progressive 

increase on the surface hydrophobicity was gradually increased at different stages of 

surface modifications.   When the concentration of CNSL in the hybrid formulation was 

varied, the textile membrane attained different level of hydrophobicity. The water 

contact angle (CA) was monitored with respect to the CNSL concentrations. Fig.4.5. 

depicts the variation of water CA as a function of CNSL concentration on hybrid 

formulation. When the amount of CNSL was increased from zero to a 1: 1 ratio of 

CNSL/AlOOH, in the hybrid formulation, the CA increased consistently from 139° to 

160°. Water contact angle is reduced to 141° due to a further increase in CNSL. 

 As we all know, the bare cotton textiles readily absorb water indicating it 

is highly hydrophilic nature. Similar to bare cotton, the un-modified boehmite also 

exhibit strong affinity to water. However, when the bare textile fabric is coated with 

paraffin wax, the surface hydrophilicity suddenly changed to hydrophobic as expected 

and the water contact angle of about 139o is seen in this case. However, to make the 

textile fabric hydrophobic to super hydrophobic, the wax alone is insufficient. Here, the 

CNSL-Boehmite shows some advantage. When CNSL-boehmite hybrids were 

introduced, the contact angle value reaches 160° for the hybrid system PWCA 5, 

indicating that the participation of wax and CNSL-boehmite hybrid facilitate 

superhydrophobic surface formation. 
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Fig. 4.5. Graph of contact angle as a function of hybrid suspension coated textile 

 

For further experimental verification, the textile membrane denoted as PWCA5 

was chosen due to its high contact angle value. Testing with the dyed water droplets 

was conducted to understand the superhydrophocity of the textile membrane. Dyed 

water droplets were applied to the coated and uncoated textile membrane surfaces, 

respectively. Water droplets easily penetrated through bare textiles and the organic dye 

was absorbed onto the fabrics surfaces Fig.4.6.a..The PW and hybrid PWCA5 

superhydrophobic coatings demonstrated exceptional repellence to water droplets. The 

droplets maintained high sphericity on the various sites of the modified textile 

membranes Fig.4.6. (b,c).The PWCA5 hybrid, in particular, offered well reserved 

spherical nature than the sample PW. In this case, the water droplet freely rolled off, 

indicating the composite coatings perfectly works for self-cleaning surfaces. In the case 
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of PWCA hybrid coated textile membrane, the spherical shape of the water droplet was 

also well maintained for strong acidic as well as strong basic solutions. 

 

Fig.4.6. Photographic images of dyed water droplets on the surface of (a) bare cotton 

textile, (b) wax coated-PW, and (c) hybrid coated PWCA5, and (d) PWCA5 coated textile 

with 1M HCl, 1M NaOH, and Sat. NaCl 

 

4.4.4. Self-Cleaning property 

For membranes, self-cleaning is one of the desirable properties expected for any 

practical uses.  Self-cleaning property is generally seen with superhydrophobic surfaces.  

To establish the advantages of the superhydrophobicity seen with the hybrid sample 

PWCA 5, the self-cleaning tendency was examined. For that, the hybrid modified textile 

membrane was firmly fixed on a glass plate to make it free from any wrinkles, and to 

facilitate free fall rolling an angle of 25o was given by simple tilting. Then the hybrid 

modified textile membrane was sprinkled with the fine particles of blue color inorganic 

pigment powder to intentionally contaminate the surface. The blue color pigment 

particles were selected only to visibly see the rolling of the dust particles.  Fig.4.6 shows 

the different stages of the self-cleaning experiment. When water is allowed to pass 
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through the hybrid modified superhydrophobic textile membrane, the pigment particle 

dusts were also rolled off smoothly and rapidly from the membrane surface along with 

the water without a residual. This study demonstrates the ready self-cleaning as well as 

water-repelling quality of superhydrophobic textile membrane prepared in this work. 

Fig. 4.7. Self cleaning process of PWCA5 hybrid coated textile 

4.4.5. Mechanical durability 

The durability of superhydrophobic coatings is a crucial factor that limits their 

widespread application, because mechanical friction can destroy micro- and 

nanostructures, resulting in the loss of superhydrophobicity. Knife-scratch test was 

used to assess the mechanical durability of the superhydrophobic coating on the textile 

(Supporting Details Provided in the Video). Intensive scratches were applied on the 

coated surfaces to imitate the scratch conditions in practical applications, and water 

droplets were squeezed on the surfaces after knife-scratch. It was noticed that the 

coating still retained their non-wetting property, regardless of scratches. The contact 

angle was 158o, indicating that scratching did not induce a significant decrease in the 

superhydrophobicity on the hybrid coatings. 

4.4.6. The chemical stability 

In practical applications, coating durability is critical, especially in harsh environments 

such as acid, alkali, and salt solution.  The textile membrane modified with the hybrid 

PWAC5 was thoroughly tested for the chemical attack using strong acid and alkali 
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solutions, as well as with saturated NaCl solution. It is seen that the hybrid coating 

remained stable even after 1 week of immersion in 1 M HCl solution, NaOH solution and 

saturated NaCl water solution. It was ascertained by monitoring the contact angle 

before and after immersion test. The resistance towards chemical attack was confirmed 

from the CA value. The hybrid top-coat still retained the CA value at 160° in 1M HCl 

solution. Nevertheless, a negligible minute decrease of the CA value is seen in case of 

Sat. NaCl. and NaOH solution. In these cases the CA value decreased from 160 to 159.5° 

and 158.3° respectively. The coating was extremely stable, most likely due to the 

multiple cross-linked networks being bridged by covalent bonds and firmly covered on 

the textile fibres.  

 

Fig. 4.8. Photographic images of the PWCA 5 coated textile membranes during immersion 
test.  (a) first day of immersion, (b) after 1 week of immersion, and (c) corresponding 

contact angle measured after 1 week immersion 

 

4.4.7 Oil-Water Separation Capability 

The ability of the CNSL-Boehmite-Wax modified, superhydrophobic hybrid textile 

membranes to separate various kinds of oils from oil-water mixtures was tested using 

an experimental setup which is depicted in the Fig. 4.8. For that, textile membrane 
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having PWCA5 hybrid top-coat is firmly glued at the bottom of a glass separating funnel 

fitted on the top of the beaker. The experimental set up was first confirmed that it is free 

from water leakage. Water was poured into the membrane assembly and left for 30 

minutes to check the leakage. After the confirmation, the oil-water separation process 

was conducted.  

 

Fig. 4.9. Oil- water separation process by using PWCA5 coated hybrid sample (a) hexane, 

(b) petrol, (c) diesel, (d) chloroform, (e) dichloromethane, and crude oil 

 

Fig. 4.9. depicts the results of gravity-driven oil-water separation using the 

textile membranes having PWCA5 hybrid coat. A 30 mL of hexane poured into the 

beaker quickly permeated the mesh and was collected in the beaker beneath the mesh, 

whereas the same amount of water poured into the beaker was retained in the beaker 

above the mesh. Except for crude oil, all oils (30 mL) permeated through the 
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superhydrophobic textile membranes in less than 3 minute, whereas crude oil took 

longer time for complete permeation. 

 

Fig. 4.10. Comparative data on oil-water separation efficiency of textile membrane 

fabricated in this work. (a) Oil permeation flux (b) Separation efficiency of PWCA5 hybrid 

modified textile membrane 

 

The permeation flux is another important parameter to consider when exploring 

the oil- water separation capability of the materials. The oil permeation flux (J) was 

calculated by dividing the total volume of permeated oil (L) by the product of active 

area of the superhydrophobic leaf mesh (m2) and total time (h) required for 

permeation. 42 At atmospheric pressure, we measured the permeation flux for 30 mL of 

oil with the fixed active area (4.15 cm2) of the superhydrophobic cotton textile. 

Fig.4.10. a. depicts the separation fluxes of heavy oil and light oil, which differed due to 

their densities. The average permeates fluxes of chloroform and CH2Cl2during heavy oil 

separation could be as high as 12457±156 and 11765± 200 L/m2h, respectively. The 

average permeates fluxes of diesel,petrol, hexane, and crude oil in water when 

separating the light oil could be as high as 9625 ± 271, 8114 ± 232, 6577 ± 78, and 1750 

± 261 L/m2·h. The flux is strongly related to the pore size of the separation membrane 

materials. 43The pore size of the CNSL-boehmite-Wax hybrid coated textile membrane is 
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comparatively larger than that of the other usual membrane materials, such as nylon 

membranes, PET textiles, and polyethersulfone membranes reported in the previous 

literature. The larger pores may enable high-flux separation without the application of 

any external pressure.43 

 

Fig. 4.11. Recyclability of PWCA5 hybrid coated textile 

The separation efficiency of the superhydrophobic textile was calculated by 

comparing the oil's mass percentage ratio before and after the separation process.44 Oils 

with low viscosity shows separation efficiency greater than 97% due to their fast 

permeation through the superhydrophobic textile membrane and maintained it for 

more than 15 separation cycles, as shown in Fig. 4.10. b. However, highly viscous crude  

oil partially clogs the membrane pores resulting in a reduced separation efficiency. In 

this case nearly 89% efficiency was noticed. Due to partial absorption into the textile, 

and fractional wetting of the containers, perfect separation efficiency during oil-water 

separation could not be achieved. However, after 15 cycles of oil-water separation, the 

separation efficiency gradually decreased. This may be due to the gradual degradation 
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or the erosion of the hybrid architecture which is expected during each time we conduct 

the separation experiment.   

We have also studied the water rejection rate of superhydrophobic hybrid textile 

membranes. 

The following equation was used.45 

R(%) = [1 − C1/Co] × 100                                                                                                    (4.2) 

where R is rate of water rejection and Co and C1 are the concentration of water in initial 

and filtered oil, and the values are tabulated in Table4.3. Herein, the oil-water mixture 

was prepared by adding water in series of oils including hexane, petrol, diesel, 

chloroform, dichloromethane, and crude oil. The water-in-oil volume ratio was kept at 

3:7, and the entire mixture was stirred for 30 minutes with a magnetic stirrer.  

The superhydrophobic hybrid textile membrane demonstrated a higher water rejection 

rate for water/low viscous oil mixtures. The water rejection rate was comparatively 

lower for water/high viscous oil mixtures.  

 
Table 3: Relative Permeation Flux, and Water Rejection Rate for Various Oil/Water 

Mixtures 

OILS 

 Hexane Petrol Diesel Chloroform  Dichloro-

methane 

Crude 

oil 

Permeation flux 

J [L/(m2·h)] 

6577 ± 
78 

9625 
± 271 

8114 ± 
232 

12457 ±156 11765± 200 1750 ± 
261 

Water rejection 

rate (%) 

99.2 98.7 98.1 97.6 96.8 95 
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4.5. Conclusions 

Anew inorganic-organic hybrid architecture consisting of boehmite gel, natural organic 

resin, CNSL and wax was designed that ultimately produced mechanically robust 

superhydrophobic top-coats on textile fabrics. It seems to be a facile strategy for making 

economically affordable, flexible superhydrophobic hybrid textile membranes. The 

CNSL-boehmite hybrid improved the hydrophobicity of wax modified textile surfaces. 

The entire Wax-Boehmite-CNSL hybrid system decides the transformation of the 

hydrophilic textile surface into more hydrophobic and also for achieving the significant 

level of superhydrophobicity.The hybrid modified textile membrane offers excellent 

water repellence with a WCA of 160°, as well as good self-cleaning ability. This 

superhydrophobic hybrid textile membrane was validated for separating the hexane, 

petrol, diesel, chloroform, dichloromethane and crude oil/water systems. The 

separation efficiency was >97% for more than 15 cycles. The hybrid textile membrane 

assembly results in high permeation fluxes toward oils with low viscosities. The CNSL-

Boehmite-Wax based superhydrophobic hybrid coatings showed resistant to knife 

scratching and remained extremely stable even in harsh aqueous chemical conditions. 

This kind of inorganic-organic hybrid coatings on textiles appears to be promising for 

making cost effective, environmentally friendly, green membrane system for any oil-

water separation applications.  
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5.1. Abstract  

This chapter describes processing of an inorganic-organic hybrid aerogel from boehmite 

and chitosan biopolymer. An investigation is made to study the beneficial properties of this 

boehmite-chitosan hybrid aerogel with respect to thermal insulation and flame 

propagation protection efficiency. Fabrication of boehmite/chitosan hybrid aerogel was 

achieved by sol-gel technique involving cross-linking of boehmite with chitosan 

biopolymer. The three dimensional porous aerogel body was obtained by gelation and 

freezing / drying technique. The resultant aerogel produced highly porous, lightweight, 3D 

networked solids. This porous hybrid aerogel was found to limit the heat transfer as well 

as to prevent the combustion of organic compounds. The structural as well as textural 

properties of the hybrid aerogel were characterized by FTIR, XPS, SEM, and N2 adsorption-

desorption analysis, and the results are discussed. This study demonstrates that the 

boehmite incorporated, chitosan based hybrid aerogel with porous 3D framework is a 

promising alternative to replace the non-biodegradable, easily flammable environmentally 

toxic, polymer based thermal insulation material [e.g styrene foams] in packing and 

construction fields.  

5.2. Introduction 

Thermally insulative, flame retardant packing materials are extremely important for the 

safe transportation of electronics, electrical and heat-sensitive objects. In recent years, 

an increased number of fire-accidents occur in high-rise buildings where the quick-

spread of the fire as well as the hazardous dense, toxic fumes emanate from the 

conventional polymer based insulation packing material. Hence the use of polymer 

based, flammable thermal insulation packing needs an alternate technology. In this 

respect light weight, inorganic porous, flame protective, thermal insulation packing 

material preferably made up of composite or hybrid architecture is truly essential. 
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Aerogels are classical meso/micro porous solids having an inter-connected, three-

dimensional nano-particulated networkedstructure.1,2 Inorganic oxidic aerogels [e.g 

monoliths and composite designs] offer low density and high porosity. These 

characteristics make aerogel solids as the most promising flame retardant, thermal 

insulation materials.3-5 Aerogel materials are usually made by well-known supercritical 

drying method. This production technology is well standardized and successfully 

employed for the processing of well-defined aerogels.6, 7 However, super critical drying 

technique requires high pressure and temperature and needs special instrumentation. 

It is commonly said that the conventional super critical drying technique is energy-

intensive and expensive process. Freeze-drying is emerged as an alternate technique 

and researchers reported processing of aerogel materials using metal oxides, carbon, 

cellulose, graphene, and clay through freezing and drying method.8-12 

 Hydrated alumina is a known and widely used inorganic flame retardant 

material. It has favorable non-toxic, non-volatile, fumeless and heat resistance 

properties.13, 14 Similar to alumina hydrates, the mono hydroxy aluminium oxide, 

boehmite is also a candidate offering proven fire retardant properties. The fire 

retardant ability of boehmite could be explained by a dual suppression action that 

consists of releasing surface water at a lower decomposition temperature (223 ℃) and 

dissipating heat via an endothermic decomposition reaction with the formation of 

transition Al2O3 phases [e.g -alumina]at temperatures in the range 450-600 ℃.15 

However, freeze drying processing of phase-pure boehmite aerogels has an issue. At the 

time of aerogel preparation via freezing procedure, ice nucleates and the crystals of 

boehmite particles form ice-templated solids, resulting in fragile solids and therefore 

restricts their use in practical application.16, 17Incorporation of suitable macromolecules 
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may possibly increase the mechanical strength of such fragile aerogels, ultimately 

resulting in hybrid/composite aerogel architectures.18, 19 

Researchers employed bio-polymers for forming structurally stable aerogels.20, 

21 Significant progress has been made in fabrication of bio polymer /aerogel hybrids 

and composite architectures.22,23 In most of the reported works, such hybrid aerogel is 

explored for the drug immobilization and also for the controlled targeted delivery. Till 

date, varieties of oil-free, renewable biopolymer sources are considered. Sustainable 

biomass resources e.g., polysaccharides, proteins, and nucleic acids are used to form 

pure aerogel materials or their hybrids and composites by cross linking or using 

appropriate reinforcement phases such as silica and silsesquioxanes. Such inorganic-

organic hybrid aerogel is reported to have lightweight and thermally super-insulating 

properties. 24, 25 

 Chitosan, a deacetylated derivative of natural components in crustacean shells, is 

the second most abundant amino polysaccharide polymer.26,27It dissolves in acidic 

solutions to form three-dimensional networked colloidal mass, and its active amino 

groups react with various aldehydes to form a homogenous hydrogel.28, 29 Previous 

research has shown that the multifunctional nature of chitosan, as well as its ready 

chemical compatibility with inorganic colloidal nano particulates, favours the design of 

micro/nano inorganic/organic hybrids. Yu et al. synthesized novel composite aerogel 

using chitosan as a sacrificial template to incorporate silica with phenol formaldehyde 

resin.30 This outstanding three-dimensional nanostructure had exceptional low thermal 

conductivity and could with stand a temperature of 1300 °C. Furthermore, a series of 

biomimetic aerogels were created from chitosan, phenolic sol, along with various 

inorganic nanomaterials using a directional freezing method. Moreover, when low 

temperature polymer based solidification technique combined with freezing is 
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employed, the end-product not only demonstrated excellent thermal insulation 

properties but also sufficient mechanical strength comparable to the natural wood 

materials.31 Chen and co-workers fabricated an ultrasensitive fire-warning 

chitosan/montmorillonite/carbonnanotube [CNT] composite aerogels and claimed that 

such material design showed considerable fire-resistance property. 32 Because of the 

hierarchical porous structure of the aerogel and the excellent barrier effect of the 

montmorillonite, the prepared composite could tolerate a high-temperature flame up to 

1200 °C. Also, the chitosan hybrid aerogel found to effectively prevent the thermal 

radiation and maintained insulation in the non-exposed side. It is evident from the 

reported literature that chitosan-based aerogels have some remarkable properties like 

light weight, strong mechanical strength and good thermal insulation ability. Among 

many published works, processing of chitosan-based hybrid/composite aerogels using 

boehmite matrix is seldom reported. In particular, boehmite-chitosan hybrid aerogel for 

flame retardant and thermal insulation application is yet to be reported.  

 Hence in this working chapter, design of boehmite-chitosan inorganic-organic 

hybrid aerogel was attempted. Chitosan is a green, renewable biomaterial. Sol-gel 

derived colloidal boehmite is a layered, inorganic, heat-resistant material. Chitosan-

boehmite hybrid is formed by chemical cross-linking via gluteraldehyde and a stable 3D 

aerogel is reached via freezing technology. The as-prepared hybrid monolith 

demonstrated a low density, high porosity, and unidirectional porous structure. The 

flame retardancy and self-extinguishing properties of the boehmite-chitosan aerogel 

was investigated and reported. Hybrid aerogels with different percentage of boehmite 

were also prepared and the thermal stability and flame retardant performance were 

compared with the percentage of boehmite loading. Owing to the high proportion of 

boehmite, the resulting aerogel demonstrated exceptional flame tolerance and could 
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withstand the temperature without collapsing indirectly indicating its flame resistance. 

This study demonstrates the multifunctional nature of the boehmite-chitosan hybrid 

aerogel.  

5.3. Experimental Section 

5.3.1. Materials  

Aluminium isopropoxide (AIP, purity >98%), chitosan ( medium molecular weight), and 

glutaraldehyde solution were purchased from Aldrich and used in as received condition. 

Nitric acid (HNO3, purity 69-72%), and acetic acid were obtained from S.D. Fine-

Chemicals Ltd. Double distilled water (DD) was used for the preparation of boehmite 

(AlOOH) sol and chitosan solution. 

5.3.2. Preparation of chitosan aerogel 

Chitosan was first dissolved in acetic acid solution (1.0 vol. %) and stirred at 60 °C to 

form an aqueous homogeneous chitosan solution (sample code: CH, chitosan amount 

3.0 wt. %). This chitosan solution was chemically cross linked with 0.1 mL of 

glutaraldehyde solution. The resulting yellow solution was transferred to a Teflon mold 

and then cured at room temperature for 2 h to form a strong hydrogel. Subsequently, 

the hydrogel was placed at 4 °C to avoid macro fracture during the subsequent pre-

freezing process.33 Finally, the above hydrogel was frozen at -80 °C for 24 hours, and the 

resulting cryogel was transferred to a vacuum freeze-drying apparatus (Vir Tis Genesis 

25L Piolot Lyophilizer) with a vacuum of below 5 Pa and a condenser temperature of -

56 °C for 48 hours to obtain chitosan aerogel. 

5.3.3. Preparation of cross linked boehmite/chitosan hybrid aerogel  

The procedure described in section 2.3.2 of Chapter 2 was typically followed for 

synthesizing sol-gel derived boehmite. For making boehmite-chitosan bio-hybrid 

aerogel, the boehmite was used in the form of nano size boehmite gel powder. Once the 
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aqueous chitosan solution was prepared, different amounts of boehmite gel powder 

were added while stirring. The boehmite gel disperses readily in aqueous chitosan and 

forms a homogeneous boehmite-chitosan composite mix. With this the cross-linking 

agent glutaraldehyde was added to obtain chitosan-boehmite bio-hybrid aerogel. The 

same procedure was repeated to obtain hybrid aerogel with different loadings of 

boehmite. For comparison pure boehmite aerogel was also prepared. The hybrid 

aerogel and its counterparts were designated as CH Gel, AL Gel, CH-AL1, CH-AL2, CH-

AL3, and CH-AL4. The AL 1-4 shows the loading of 1 to 4 wt.% loading of boehmite.  

5.3.4. Characterizations 

Infrared spectra were recorded using PerkinElmer Spectrum-Two FTIR spectrometers. 

The surface chemical nature of the hybrid aerogel was studied by PHI 5000 VersaProbe-

II Focus X-ray photoelectron spectroscopy (XPS) (ULVAC-PHI Inc., USA) equipped 

with micro focused (200 μm, 15 KV) monochromatic Al-Kα X-Ray source (hν = 1486.6 

eV). The morphologies of boehmite/chitosan hybrid aerogels were examined by 

scanning electron microscopy (SEM). SEM analysis was carried out using a Zeiss EVO 18 

cryo-SEM operating at an accelerating voltage of 20 kV. SEM is equipped with an energy 

dispersive spectroscopy (EDS) attachment. Small pieces of hybrid aerogel were directly 

mounted on the SEM grids for the imaging. Differential scanning calorimetry (DSC) 

analysis was carried out with advanced research-grade modulated differential scanning 

calorimeter (DSC) TA Q2000 under flowing nitrogen gas. The heat flow and 

temperature were calibrated using a standard high purity indium. Samples were first 

heated to 200 °C at a rate of 10 °C/min, where it was isothermally kept for 2 min to 

delete the thermal history of samples and then cooled to room temperature at a rate of 

10 °C/min. Samples were reheated at the rate of 10 °C/min to obtain melting 

temperature. Thermal stability of boehmite/chitosan hybrid aerogel was obtained by 
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thermo gravimetric analyzer TA Q50 (TGA) using the heating schedule. from room 

temperature to 800 °C at a rate of 10 °C/min under oxygen atmosphere.  

5.3.5. Heat insulation and fire resistance analysis 

The heat dissipation/diffusion across the CH-AL hybrid aerogel matrix was monitored 

using an infrared thermal imaging camera [Philips FLIR-C2].  The samples were placed 

on a flat plate heat source that was heated to 150 °C, and the upper surface temperature 

of the hybrid aerogel was recorded as a function of time. Meanwhile, the infrared 

thermal distribution image was captured under the thermal equilibrium state. 

 The flame tolerance and flame protection efficiency was ascertained using 

‘vertical burning test’. Since the standard instrument facility is not available to 

characterize the flame protection property, an indigenously designed set-up was used 

for understanding the flame-retardant performance. In a closed chamber candle flame 

was generated. The thermal structure of the stable, yellowish candle flame is complex 

and is characterized to have intense, short-distance, steep temperature gradients.  Such 

thermal structures are reported to have an average temperature of 1000 ℃. The study 

reports on candle flame temperature indicate the luminous to non-luminous 

temperature in different zones vary from 600 to 1200oC.  In this study, the vertical 

candle flame test was carried out using the hybrid aerogels. The sample with a size of 5 

cm × 1.5 cm × 2 cm was vertically exposed to a candle flame with a length of 2.5 cm. The 

distance between the bottom of the samples and the flame was approximately 1 cm. 

After being exposed to the flame for 10 seconds, each burning state of the sample was 

observed and recorded. 

5.4. Results and Discussion 

Fig. 5.1. provides a detailed schematic summary of the preparation of the CHAL hybrid 

aerogel; the steps involved are (1) preparation of aqueous chitosan solution,  
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Fig. 5.1. Schematic illustration of the preparation of CHAL hybrid aerogel 

(2) introducing boehmite gel powder and cross linking with glutaraldehyde [GA], and 

(3) freeze-drying of the CHAL hydrogel. An aqueous chitosan solution obtained in 1 

vol.% acetic acid was used as a starting precursor in the preparation of CHAL hybrid 

aerogels. The -NH2 group of chitosan is protonated during this process, resulting in the 

formation of a weak electrostatic interaction in the system.34 The addition of boehmite 

gel powder followed by GA, the chemical cross linking readily takes place due to the 

presence of reactive surface hydroxyl groups and the construction of 3D hybrid 

structure is successfully formed. The aging/curing strengthens the 3D structure of the 

hybrid aerogel. The stronger electrostatic interaction is the driving force for gelation as 
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well as chemical cross linking between chitosan, boehmite, and GA. The photographic 

images of the prepared hybrid aerogel are depicted in the Fig. 5.2. 

 

Fig.5.2. Photographic images of (a) AL Gel, (b) CHAL hybrids with varying concentration 

of boehmite, and (c) CHAL4 hybrid  

5.4.1. Structural Characteristics of CHAL Hybrid Aerogel 

Fourier transform infrared spectroscopy (FTIR) was used to analyse the functional 

groups of the chitosan (CH), boehmite gel(AL), and boehmite-chitosan hybrid aerogels 

(CHAL)to demonstrate the electrostatic interactions in the aerogel architecture. Fig.5.3. 

a depicts the FTIR spectra of CH and AL. The neat chitosan powder exhibits the 

characteristic absorption of glycosidic linkage at 896 cm-1, as well as the absorption at 

3371 cm-1 attributed to OH stretching vibration of hydroxyl groups and NH stretching 

vibration of amino-groups. Furthermore, the NH bending vibration of chitosan is clearly 

visible at 1589cm-1.35,36 In case of boehmite, the strong, broad band at 3274 cm-1 is 
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assigned to stretching vibration of OH group in the hydroxide structure as well as 

physically absorbed water. The intensive bands at 3069 cm-1 can be described to the 

symmetric stretching vibrations of (Al) O–H. The shoulder peak at 1597 cm-1 is taken 

for the bending mode of absorbed water. While the bands at1155cm-1and 1066 cm-1are 

believed to be asymmetric and symmetric stretching Al–O–H mode respectively. The 

band formed at 748 cm-1 belongs to theAlO6 vibration mode. In addition, the peak at 

1391 cm-1 indicates the presence of trace amount of the peptizing agent used.37 In the 

FTIR spectra of CH gel and CHAL hybrid aerogel, a new peak is observed near 1651 cm-1 

indicates the formation of imine bond with the crosslinking of GA.38  

 

Fig.5.3. FTIR spectra of (a) boehmite(AlOOH), chitosan (b) chitosan aerogel and different 

concentration of AlOOH in CHAL hybrid aerogel 

  Meanwhile, there was no observed free aldehyde group (1710 cm-1, derived 

from glutaraldehyde) in the aerogels, indicating that the completion of the Schiff base 

reaction. Moreover, the characteristic band of Al- OH shifts from 1155 cm-1 to 1070 cm-1, 

which is attributed to the stronger interaction between chitosan, and boehmite through 

GA.  The broadening of peaks around 3700-3200 cm- 1seen in aerogel can be due to the 

greater steric hindrance of a 3D gel network as well as the hydrogen bonding effect 
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which further provides evidence for the successful chemical-interaction of CH and AL in 

their hybrid aerogel. 

The XPS studies of CHAL hybrid aerogel was performed to get an insight into the 

chemical interaction between chitosan and boehmite during cross linking with 

glutaraldehyde. The corresponding XPS spectra recorded for the hybrid aerogel are 

depicted in Fig. 5.4. The XPS survey scan shown in Fig. 5.4. a. clearly showed the 

presence of C, O, N, and Al elemental peaks in the aerogel hybrids. The deconvulated 

core level spectra of O1s Fig. 5.4.b. can be fitted into three individual peaks at 530.31, 

531.86, and 533.53eV which represent the O-H, C-O-C, C-OH and Al-OH bonds 

respectively.39 Moreover, the deconvoluted peaks for N 1s shown in Fig. 5.4.c. have 

peaks at 399.10  eV, 399.43 eV, 399.81,and 401.50 indicating the formation of C=N ,C-N, 

C−NH2, and O= C-NH bonds respectively in the CHAL hybrid. This indicates that 

presence of amines chemically react with glutaraldehyde to form imines, which further 

verifies the completion of Schiff bases.40The XPS data clearly prove the reactants and 

are successfully cross linked to form a stable chitosan-boehmite hybrid aerogel. Again, 

the core level deconvoluted XPS spectrum for Al2p Fig. 5.4.d. displays two 

distinguished intense peaks at 73.71 eV, and 74.32 eV. The first peak indicates the 

characteristic peak for the Al-O-Al and the other peak for the Al-OH bonds in 

boehmite.41 
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Fig.5.4. (a) XPS survey scan of CHAL4 hybrid aerogel and core-level XPS of 

(b) O 1s, (c) N 1s , and (d) Al 2p  

5.4.2. Textural analysis  

BET surface area measurements reveal the structural porous nature of the CHAL hybrid 

aerogels. The N2 adsorption isotherms indicate the average pore diameter of the 3D 

porous aerogel. Fig. 5.5.a. depicts the adsorption and desorption isotherms of chitosan, 

boehmite, and CHAL hybrid aerogels. The pure chitosan aerogel exhibited a typical type 

III isotherm, which was attributed to the macro porous structure coming from the weak 

hydro-gel formation. In this case the BET surface area is extremely low and pure 

chitosan aerogel is found to have surface area only less than 2 m2/gm. As it is evident 

from the Fig. 5.5.b., boehmite aerogel have a type IV isotherm with a typical H2 

hysteresis loop, capillary condensation occurring at p/p0> 0.5 reflecting the 
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mesoporous characteristics.The boehmite aerogel found to have excessively high 

surface area. The physical properties such as BET surface area, pore diameter, and 

apparent density of pure chitosan aerogel and the hybrid aerogels are presented in 

Table 5.1. When boehmite gel was added to the chitosan skeleton, the specific surface 

area of the hybrid aerogel increased significantly than its counterpart, pure chitosan 

aerogel. Hybrid aerogel primarily displaying the mesoporous/macroporous 

adsorption/desorption hysteresis curve.As the boehmite content increases, the 

apparent density () of hybrid aerogel is increased gradually. Among them, CHAL4 has 

the highest specific surface area (SBET = 17.77 m2 g-1) and pore diameter (36.87 Ao). 

Therefore, addition of boehmite has a positive effect on the surface area, pore diameter, 

and microtopography of the chitosan skeleton, which is beneficial in inhibiting the gas-

phase heat transfer of material. 

Table 5.1. Physical parameters of CH Gel, AL Gel, and CHAL hybrid gels 

Sample BET Surface area 

(m2/g) 

Porediameter 

(Ao) 

Density  

(g/cc) 

CH Gel 1.21 NA 0.064 

AL Gel 290.84 39.917 0.073 

CHAL1 6.98 11.433 0.077 

CHAL2 7.86 16.568 0.080 

CHAL3 10.33 23.382 0.086 

CHAL4 17.77 36.870 0.093 
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Fig. 5.5. Nitrogen adsorption- desorption isotherms of (a) CH Gel, (b) AL Gel, and (c) 

CHAL4 hybrid aerogel 

 

5.4.3. Thermal stability of CHAL hybrid aerogel 

TGA thermogram was used to investigate the thermal stability of CH Gel, AL Gel, and 

CHAL hybrid aerogels in an oxygen atmosphere. Fig.5.6.a. displays the typical TGA plots 

of CH, AL and CHAL hybrid aerogel samples. It can be seen that there is no discernible 

weight loss in the inorganic boehmite gel. However, the degradation of pure chitosan 

aerogel,CH showed three stage decomposition: (1) The weight loss observed below 100 

°C was attributed to the dehydration of the biopolymer and water molecules present in 

the chitosan hydrogel; (2) The main weight loss of 63% occurred at 200-400 °C, and the 

weight loss is maximum at 274 °C, indicating the glycosidic bond decomposition and the 
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volatilization of organic compounds; and (3) A final weight loss at 550°C is due to the 

thermal degradation, followed by gradual stabilization, resulting in a carbon residue at 

800°C.42The stage of thermal degradation for CHAL hybrid aerogels is similar to that of 

CH Gel, but with a variation in the peak temperature for the degradation of the hybrid 

structure. With increasing boehmite contents, the weight loss % of hybrid aerogels 

decreases gradually compared to pure CH Gel. Notably, the rate of thermal degradation 

is relatively mild and gradual when the boehmite % is gradually increased. It indicates 

that boehmite-chitosan hybrid aerogels have comparatively high thermal stability at 

elevated temperatures. Boehmite is a polymorphic material and the thermal 

degradation is associated with the formation of transition alumina. The transformation 

of boehmite into porous alumina possibly introduces thermal stability and decreases 

effective rate thermal degradation. In summary, the TGA study reveals, the inorganic 

boehmite can considerably improve the thermal stability of the chitosan-based aerogel, 

which is beneficial for the application of the thermal insulation applications.  

 
Fig.5.6. Thermal Stability of CH, AL and CHAL hybrid aerogels 

(a) TGA plot of pure CH Gel, AL Gel, and CHAL hybrid aerogel and 

(b) DSC plot of CH Gel and CHAL hybrid aerogels 
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DSC analysis provides useful information about the phase transitions within the 

aerogel materials. DSC data normally record the glass transition and softening (melting) 

temperatures of the material. Chitosan is a biopolymer whereas the boehmite gel is an 

inorganic polymeric material. DSC thermograms representing chitosan aerogel and 

CHAL hybrid aerogel were presented inFig.5.6.b. The pure chitosan aerogel exhibits a 

broad endothermic peak at temperatures between 50 to 70oC with the peak 

temperature of ~61°C. Since the amino groups present in the chitosan readily crosslink 

with the glutaraldehyde, there exists a limited amount of free-water as well as amino 

groups. Moreover, the availability of amino groups is also less to form hydrogen bonds 

with water molecules in the cross-linked aerogel. Fig. 5.6.b. shows shifting of the 

endothermic peak to a higher temperature in the case of boehmite–chitosan hybrid 

aerogel, indicating the hybrid retains relatively more water molecules. With the 

addition of boehmite, new hydrophilic centres are formed in CHAL hybrid aerogel, i.e. 

the terminal hydroxyl groups of boehmite bind a greater number of water molecules, 

increasing the bound water content. When the content of boehmite is further increased, 

the endothermic peak is shifted to a lower value, suggesting that, there is no possible 

site for bonding with water. 

5.4.4. Morphological analysis 

The structure and morphology of the CHAL hybrid aerogels were examined with 

scanning electron microscopy (SEM). The neat chitosan aerogel exhibited a porous 

structure with the pores of arbitrary shape and its randomly distributed pattern (Fig. 

5.7.a.). The porous structure results from the sublimation of frozen water during the 

freeze- drying process. In contrast, as shown in Fig. 5.7.b. the boehmite aerogel shows 

the characteristic layered platy structure and comparatively dense nature. Fragments of 
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the layered boehmite are clearly seen. Once colloidal boehmite gel is introduced into the 

chitosan, the CHAL hybrid aerogels display significant porous structure.  

 In fact, as the boehmite content increases, the pore size of the aerogels becomes 

larger.In contrast, as shown in Fig. 5.7(cf), CHAL hybrid aerogels have an agglomerated 

coral-like pattern with porous structure rather than a homogeneous isolated 

porous nature with uneven meso/ macropores. 

 

Fig. 5.7. SEM image of (a) CH Gel, (b) AL Gel, (c) CHAL1, (d) CHAL2, (e) CHAL3, and 

(f) CHAL4 hybrid aerogels 
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5.4.5. Flame test for fire protection applications 

Vertical burning test was used to investigate the effect of boehmite on the combustion 

nature of the CHAL hybrid aerogel. A digital camera recorded the flame test and the 

flammability of the hybrid aerogel during vertical burning. The video snapshots at 

different time periods were made to explain the interaction of the aerogel object with 

the candle flame. The snapshots corresponding to the pure chitosan aerogel as well as 

for the CHAL hybrid aerogel are presented in Fig.5.8. It can be seen that the pure 

chitosan aerogel captures the fire within 6 seconds and shows the sign of burning when 

it comes in contact with the flame. In the case of hybrids, the aerogels show 

comparatively high degree of structural stability and it is evident that the addition of 

boehmite limits the flame to generate fire and also its propagation.  Moreover, when the 

hybrid aerogel is moved away from the fire, the flame immediately extinguishes without 

any afterglow, indicating the auto-extinguishable feature of the hybrid material. In fact, 

once boehmite is added into the aerogel, no matter how much the boehmite content is, 

all the aerogels show significant stability under the flame. The flame test also showed a 

carbonized residue in the flame contact area but interestingly the carbon residue 

retains the original shape and dimension. No structural degradation is seen due to the 

flame. If the aerogel is ignited again, it begins to glow red without blaze, suggesting that 

the sample has turned into ceramized residue. Surprisingly, the prepared CHAL hybrid 

aerogel could not produce flame, and this self-extinguishing behavior could reduce the 

potential fire hazards. The boehmite present in the hybrid gets transformed to alumina 

ceramic body covered with the carbonaceous layer. The transformation boehmite to 

alumina imparts structural stability to the porous carbon. The formation of porous 

alumina and carbon restricts the flame propagation.  
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Fig.5.8. Photographs of pure CH Gel and its hybrid aerogels under vertical combustion 

process (a) CH Gel, (b) CHAL1,(c) CHAL2, (d) CHAL3, and (e) CHAL4 

 

The thermal insulation or the heat diffusion/dissipation behavior of the 

prepared CHAL hybrid aerogel was examined through an indirect proof-of-concept. 

Here the time-dependent temperature of the CHAL hybrid aerogel was recorded using 

non-contact IR sensor at different set temperatures. The results are shown in Fig. 5.9. 

The chitosan aerogel as well as the CHAL hybrid aerogels were placed on a steel top 

heating platform with a set temperature of 150oC. The heating platform was allowed to 

heat. During heating the dynamic temperature variation on the top surface the aerogel 
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as well as the heating platform was monitored using an infrared thermometer. 

Simultaneously the heat distribution was also recorded using a thermal imaging 

camera. Chitosan aerogel has low thermal conductivity. Its’ hybrid design with boehmite 

is also expected to retain low thermal conductivity. It is noticed that the CHAL hybrid 

aerogel displayed more uniform internal temperature distribution and good infrared 

barrier properties. 

 

Fig. 5.9. photographic and infrared images of CH Gel and CHAL hybrid 

aerogels(a)Thermal insulation setup, at (b)0 min, (c) 15 min, (d) 30 min, (e ) 45 min, and 

(f) 60 min 

 

Further the change in the surface temperature of the CHAL hybrid aerogel was 

observed, when the temperature on the surface of the heating platform steadily rises 

and stabilizes at nearly 200 °C. In the case of CHAL4 hybrid aerogel, the surface 

temperature rises slowly and the thermal equilibrium temperatures on the top surface 
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increased to 41.6 °C after 60 min. In addition, the bottom of the pure chitosan aerogel 

sample, touching the heating platform, was black after the heat conduction experiment, 

indicating that the chitosan aerogel was partially carbonized. In comparison, no 

carbonization was observed for the CHAL hybrid aerogels. The excellent thermal barrier 

property in CHAL hybrid aerogel was owing to meso/macro porous nature of the hybrid 

aerogel.The results show that CHAL hybrid aerogel has good thermal stability and heat 

insulation performance. It can effectively avoid the heat loss to the ambient 

environment and also could be used as a thermal insulation material in daily life. 

5.5. Conclusions 

In this work, fabrication of eco-friendly bio based chitosan-boehmite inorganic-organic 

hybrid aerogel (CHAL) was demonstrated for possible fire-resistance, thermal 

insulation application. The hybrid aerogel was successfully prepared via sol-gel assisted 

freeze drying technique. The as-prepared hybrid aerogels offered highly porous 3D 

networked solid structure. The TGA study confirmed that the incorporation of boehmite 

into chitosan offers significant thermal stability.  The results seen with the vertical 

burning test indirectly indicate the CHAL hybrid aerogel exhibited notable flame 

stability and resistance against fire-propagation. Owing to the hierarchical porous 

structure of the boehmite–chitosan hybrid aerogel, the heat dissipation across the 

aerogel geometry was significantly restricted. When the hybrid aerogel was subjected to 

the heating temperature of ~200 oC, a sign ofheat-barrier effect is realized. Due to the 

presence of boehmite, CHAL could withstand the temperature up to 200 °C and 

effectively prevent the thermal conduction towards the non-exposed side, proving the 

concept of thermal insulation. The study is significant because the packing industry 

needs alternate light weight, fire proof, thermal insulation materials. CHAL hybrid 

aerogel may have a promising future in this application.  
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6.1. Research Summary 

Inorganic-organic hybrid materials exhibiting high surface area with preferably hierarchical 

structured porous architectures have gained much attention as competitive materials to the 

expensive MOFs (metal organic frameworks) and COFs (covalent organic frameworks). The 

driving force behind the synthesis of such new-fangled materials is due to their exciting 

surface functional properties and enhanced performance for any multifunctional applications. 

Today hybrid porous materials find place in environmental remediation, energy storage, 

sensors, electronics, and health care. 

In nanoscale inorganic metal oxides, Boehmite (monohydroxy aluminium oxide) a 

multifaceted material has attracted much interest due to its easy synthesis in colloidal 

particulates as well as in gel structure, significant chemical andthermal stability, surface OH 

groups, ready dispersion and chemical interaction with the active molecules, high surface 

area, favourable biocompatibility, tunable morphological features, and scope for tailoring the 

surface characteristics. These remarkable properties of boehmite offer endless possibilities 

for the design and synthesis of inorganic-organic hybrid materials that find impressive 

applications in fore-front areas of applied materials.  

 The thesis entitled“Investigations on Inorganic-Organic Hybrid Nanomaterials 

from Boehmite [AlOOH] Gels for Multifunctional Applications” has opened a new avenue 

in hybrid materials design. In this thesis work, the boehmite based inorganic-organic hybrid 

architectures were successfully designed by two strategies; (i) incorporation of a 

photocatalytic material, CeO2and (ii) tailoring the functionality using an organic molecule 

derived from the Natural plant, Cashew Nut Shell Liquid [CNSL]. These two different hybrid 

materials weresystematically investigated for the niche areas of applications such as a 

photocatalytic-adsorbent for environmental remediation, electrochemical sensor, oil/water 

separation and flame tolerant, thermal insulation aerogels.  In this chapter the highlights of 
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the salient research outcomes and scientific observations made in the thesis work are 

summarized.   

 At the beginning of the thesis work, focus was given to explore boehmite based 

hybridmaterial as a potential photocatalytic sorbent. Hybrid was obtained through 

nanocasting of sol gel derived boehmite chemically modified with the polyethyleneimine and 

dispersion of nano ceria. The gel monolith hybrids due to the presence of ceria /boehmite 

showed catalytic- sorbent properties. The synthesized boehmite-CeO2hybrid were 

demonstrated for the adsorption and photo-degradation of lignin and organic dye in water. In 

addition, the antimicrobial propertyof the hybrid was also documented. 

In another work module, a newelectrochemical sensor was designed using boehmite 

gelchemically modified with a natural organic molecule CNSL. Electrochemical sensing 

property towards neurotransmitter dopamine [DA] was studied. It was found that the sensor 

designed out of boehmite-CNSL hybrid material displays a higher electro-catalytic activity 

toward DA oxidation with a wider linear detection range of 50 µM to 450 µM and a lower 

detection limit of 23× 10−9 m. Furthermore, the developed electrochemical biosensor also 

portrayed satisfactory level of selectivity, operational stability, and reproducibility. 

Later, inorganic-organic hybrid coating design was considered. In this work, boehmite 

gel based hybrid formulation was prepared by combining the boehmite gel with the organic 

CNSL oil and paraffin wax. This hybrid formulation offered super hydrophobicityand 

resistance to water impact. This hybrid suspension was applied on pristine cotton textile. The 

hybrid coated cotton textile was used for the systematic study of oil/water separation 

including crude oil and other organic solvents. 

Finally, lightweight, porous hybrid aerogel was prepared by cross-linking chitosan 

and boehmite with gluteraldehyde. Lyophilization method was employed for the preparation 

of hybrid aerogel. Flame tolerance property of the hybrid aerogel was investigated through 
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the vertical burning test.It was understood from the study that the boehmite-chitosan based 

porous hybrid aerogel is an environment-friendly, multifunctional packing material that can 

possibly replace the flammable polymer packing materials.  

6.2. Contributions 

In this thesis work, systematic research contributions were made to make three different kinds 

of new inorganic-organic hybrid materialsusing boehmite.  

(i) Hybrid Nanocomposite material consisting of boehmite and photoactive, 

antimicrobial nano ceria 

(ii) Boehmite-CNSL Inorganic-organic hybrid Electrochemical Sensor  

(iii) Super hydrophobic hybrid coatings for functional membranes  

(iv) Hybrid Aerogels  

The hybrid materials processed out of boehmite is a notable contribution and the application 

studies conducted to validate the boehmite hybrids produced new scientific knowledge in the 

area of advanced functional materials  

6.2.1. Boehmite Based Hybrid Photocatalytic Sorbent (CeO2@AlOOH/PEI) 

In this work package, a contribution is made to make a multifunctional photoactive, 

antimicrobial hybrid catalytic-sorbent. A facile strategy was proposed to obtain a mesoporous 

boehmite gel hybrid functionalized with anamine molecule and also engineered with nano 

CeO2. At the end a new catalytic sorbent material namely CeO2@AlOOH/PEI was 

designed.This hybrid catalyst is explored for the treatment of industrial waste water 

contaminated with lignin and organic dye. The adsorption efficiency of CeO2@AlOOH/PEI 

hybrid nanocomposite for lignin wasanalysed.  Photodegradation of lignin and methyl orange 

dye under sunlight and UVirradiation confirms that CeO2@AlOOH/PEI hybrid 

nanocompositesis a dual functional material that offers both adsorption and photocatalytic 

degradation. Above all, the CeO2@ AlOOH/PEI hybrid sorbent showed efficient 

antimicrobial activity against both gram positive and gram negative bacteria. These results 
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suggest that CeO2@AlOOH/PEI hybrid is a suitable catalytic sorbent for the recovery of 

water resources that are contaminated with lignin as well as organic dye.The antimicrobial 

activity helps in combating bio-fouling.  

6.2.2. Natural CNSL Oil -Boehmite Hybrid [PFAC] Green-Electrode asDopamine 

Sensor 
In yet another study, we developed a biohybrid electrode architecture designed from 

boehmite gel and natural organic resin, CNSL(PFAC). This hybrid system was explored for 

the first time to perform as a catalyst for electrochemical detection of dopamine (DA). The 

suggested strategy was unique in its simplicity.The electrochemical measurements illustrate 

that the combination of CNSL oil and inorganic porous AlOOH has advantages like ability to 

improve current, fast electron transfer kinetics and increase in the electrochemically active 

surface area. It was found that the sensor displays a higher electrocatalytic activity toward 

DA oxidation with a wider linear detection range of 50 µM to 450 µM and a lower detection 

limit of 23× 10−9 m. The prepared sensor is the most promising candidate for the 

determination of DA in real samples. The obtained results suggest that the PFAC hybrid 

offers a new promising platform for preparing an electrochemical DA sensor with high 

performance and can be used in pharmaceutical and clinical application. 

6.2.3. CNSL Resin Modified Superhydrophobic Boehmite Gel Hybrids (PWCA) for Oil-  

Water Separation 

 

In this work chapter, we could successfully synthesize a new inorganic-organic hybrid 

architecture consisting of boehmite gel, natural organic resin, CNSL and paraffin wax that 

ultimately produced mechanically robust superhydrophobic top-coats on textile fabrics. The 

entire Wax-Boehmite-CNSL hybrid system decides the transformation of the hydrophilic 

textile surface into more hydrophobic and also for achieving the significant level of 

superhydrophobicity. The hybrid modified textile membrane offers excellent water repellency 
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with a WCA of 160°, as well as good self-cleaning ability. This superhydrophobic hybrid 

textile membrane was validated for separating the hexane, petrol, diesel, chloroform, 

dichloromethane and crude oil/water systems. The separation efficiency was >97% for more 

than 15 cycles. The hybrid textile membrane assembly results in high permeation fluxes 

toward oils with low viscosities. The as prepared textiles exhibited satisfactory stability after 

knife scratching and under harsh chemical condition. Thus, it is concluded that the inorganic-

organic hybrid superhydrophobic textile developed in this work is suitable for oil-water 

separation in real world application. 

6.2.4.Boehmite/Chitosan Hybrid Aerogel(CHAL) on Thermal Insulation and Flame 

Retardant Applications 

 

In this work, fabrication of a green, eco-friendly bio-based chitosan- boehmite hybrid aerogel 

(CHAL) is attempted. The hybrid aerogel was successfully prepared via sol-gel assisted 

freeze drying technique.  The as-prepared hybrid aerogels offered highly porous 3D 

networked solid structure. The low thermal conductivity nature of porous boehmite-chitosan, 

a significant heat insulation performance is expected out of this hybrid system. The TGA 

study confirmed that the incorporation of boehmite into chitosan offers significant thermal 

stability. Moreover, CHAL hybrid aerogel exhibited satisfactory flame retardantproperty in 

the vertical burning test. Owing to the hierarchical porous structure of aerogel and the 

excellent barrier effect of boehmite, CHAL could resist a heat build-up and heat dissipation 

and effectively prevent the thermal diffusion towards the non-exposed side from increasing, 

indicating a sign of thermal insulation. The CHAL hybrid aerogel would have a promising 

future in the applicationof green packing material that can replace the flammable polymer 

packaging materials. 
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6.3. Recommendations and Future Directions 

During the course of this thesis work, a variety of research attempts generated a number of 

ideas, which could not be experimentally proved due to time constrains and limitations in the 

experimental characterization facilities, and a few of them are suggested below: 

 Variety of spectroscopic techniques like Si MAS NMR and Al MAS NMR can be 

used for the systematic investigation of chemical reaction involved in the boehmite- 

CNSL hybrids to obtain detailed information regarding the hybrid interface and 

mechanism involved in the sol-gel reaction. 

 Fabrication of flexible and foldable sensor devicescan be considered in future  

 Boehmite is a candidate with large surface hydroxyl groups. It can be explored to 

modify boehmite with other bio materials mainly starch for designing hybrid 

adhesives  

 The superhydrophobic PWCA hybrid formulation prepared in this research work has 

a great potential as active components in paints and surface coatings. This can be 

explored further with materials like Mg, CeO2 to prevent the surface corrosion, and 

moisture penetration for developing functional coatings. 

 Bio-polymer modified boehmite hybrids can be electro-spinned for developing 

alumina fibres for thermal insulation as well as membrane filtration applications   

 It is proposed to study the biodegradability and antimicrobial properties of 

chitosan-boehmite hybrid for food packaging kind of applications. 

 Chitosan-boehmite gel hybrid can further be studied with CNSL and Nano Silica for 

designing Insulation paints and package to replace thermocol.  

 Boehmite is well known as reinforcing fillers for polymers for tailoring 

mechanical stability. It will be worth investigating the chitosan-boehmite hybrids 

for scaffold fabrication and testing. 
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The integration of inorganic and organic active molecules in a single hybrid material has emerged as a 

very potent and promising class of materials in the field of research. Boehmite (monohydroxy 

aluminium oxide) a multifaceted material has attracted more interest due to its chemically and thermally 

stable properties, high specific surface area, favourable biocompatibility, tunable morphological 

features, and scope for tailoring the surface characteristics. These remarkable properties of boehmite 

offer endless possibilities for the design and synthesis of advanced functional materials that find 

impressive applications in energy, environment, biology, optics, and electronics, etc. Chapter 1 gives 

the general introduction on inorganic organic hybrid materials, and sol-gel synthesis of hybrid gels to 

porous structures. This chapter highlights advantages of boehmite hybrids in different fields of science 

and technology. The specific objectives and outlook of the present work are also outlined in the 

introductory chapter. 

In Chapter 2, we prepared hybrid multifunctional photoactive and antimicrobial catalytic-

sorbent (CeO2@AlOOH/PEI). This hybrid catalyst is explored for the treatment of industrial waste 

water contaminated with lignin and organic dye. Above all, the antibacterial property of CeO2@ 

AlOOH/PEI sorbent was also studied against both gram positive and gram negative bacteria. This study 

has manifested resulted in the development of an eco-friendly, sustainable CeO2@AlOOH/PEI sorbent 

for the recovery of water resources from the lignin and dye contaminated industrial effluent. 

In Chapter 3, electrochemically active biohybrid sensor is designed from boehmite gel, 

natural organic resin, CNSL. The prepared hybrid sensor is utilized for detecting the neurotransmitter 

dopamine. Furthermore, the developed biosensor also portrayed favorable selectivity, operational 

stability, and reproducibility. Real sample analysis and interference studies demonstrate that the 

proposed modified electrode is a promising candidate in the pharmaceutical and medical fields. 

In Chapter 4, we formulated hybrid coating suspension from organic CNSL oil, boehmite, 

and paraffin wax [PWCA] and demonstrated its super hydrophobicity and resistance to water impact. 

This hybrid suspension was used to modifying pristine cotton textile. The coated textiles possess 

excellent self-cleaning ability and could be used to selectively separate various kinds of oil-water 

mixture including crude oil-water mixture. More interestingly, the fabric can recover its super liquid-

repellent property after drying at 120 °C in an oven, even after immersing in water for a week. The 

studies indicated that the PWAC coated textiles a promising candidate for oil-water separation in real 

world application. 

Chapter 5 deals with the fabrication of high fire-resistance and low thermal conducting 

chitosan/boehmite hybrid aerogel (CHAL) via freeze-drying. Importantly, the aerogel exhibited 

excellent flame retardancy and self-extinguished in the vertical burning test. This work provides a 

facile, environmentally-friendly, and cost-effective approach to fabricating multifunctional fire-safe 

aerogel, showing promising applications in exterior wall insulation, vehicle interior, and fire fighting.  

The summary of the entire thesis is provided in Chapter6 which also accommodates the 

scope for future work. We hope that this thesis will provide insights to, scientist, researchers and 

entrepreneurs to assess boehmite based inorganic-organic hybrid materials from a different 

perspective and fortify the search for innovative products of technological importance. 
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In this study an amine functionalized, mesoporous monohydroxy aluminium oxide (AlOOH/PEI) hybrid is

prepared and further catalytically engineered with nano-CeO2 to make a multifunctional photoactive and

antimicrobial catalytic-sorbent (CeO2@AlOOH/PEI). Structural and physico-chemical properties of this

catalytic-sorbent were characterized using powder XRD, FTIR, SEM, TEM, N2 sorption analysis, TGA and

zeta-potential measurements. This hybrid catalytic-sorbent is explored for the treatment of industrial

waste water contaminated with lignin and organic dye. A comparative study was also done with other

known conventional sorbents and the developed CeO2@AlOOH/PEI catalytic-sorbent shows a better

adsorption capacity towards lignin. Photodegradation of lignin and methyl orange dye using the

CeO2@AlOOH/PEI hybrid nanocomposite was also investigated under sunlight and UV irradiation. Both

the pollutants show a better photodegradation under UV. Above all, the antibacterial properties of the

CeO2@AlOOH/PEI sorbent were also studied against both Gram-positive (S. aureus) and Gram-negative

(E. coli, K. pneumoniae) bacteria and showed efficient antimicrobial activity against these tested bacteria.

An eco-friendly, self-regenerative, sustainable CeO2@AlOOH/PEI catalytic sorbent is designed and

validated for the recovery of water resources from lignin and dye contaminated industrial effluent.
Introduction

Adsorption and photodegradation are two highly connected,
simple processes for the effective recovery of reusable water
from industrial waste streams. Many known conventional
sorbents and catalysts are not good enough to perform simul-
taneously both functions in a solo material. Nanostructured
hybrid materials exhibiting multiple functions such as selective
adsorption of hazardous pollutants, photocatalytic degradation
of toxic elements, thermochemical stability, and resistance
against microbial attack, have great potential as advanced
functional materials. The design and development of such
catalytically engineered high surface area, mesoporous hybrid
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adsorbents possessing self-regeneration capability to regain
their catalytic efficiency by simple photoirradiation has become
essential for sustainable waste water treatment technologies.

Paper mills, bio-fuel production plants and textile dye units
require such catalytic sorbents for the treatment of voluminous
industrial effluents. Processed water from these industries are
usually contaminated with intensely coloured lignin and
organic dyes.1–3 Over 10 000 different dyes has been used by
textile industry with an annual consumption of 7 � 105 tons
and ultimately gushed into the natural water bodies.3,4 A paper
mill typically discharges 8700 gallons of lignin contaminated
water per ton of paper produced.5 It causes severe environ-
mental pollution not only to the land mass fertility but also to
the aquatic systems, and also increases the COD and BOD of the
water bodies.5,6 Despite of all these downsides; lignin an
aromatic biopolymer is composed of phenyl propanoid units
such as p-coumaryl alcohol, coniferyl alcohol and sinapyl
alcohol linked through variety of C–C bonds and ether link-
ages.7,8 These lignin derivatives have good industrial values and
hence the removal of lignin in a safe manner is also considered
to be a great concern in such industries.

For several years, wastewater treatment is being carried out
via adsorption, coagulation, otation, oxidation, biosorption,
biodegradation, UV photodecomposition and ultraltration,
but these methods are not cost-effective.9,10 Adsorption is
considered to be one of the most promising methods for
RSC Adv., 2016, 6, 54357–54370 | 54357
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effluent treatment due to its high efficiency, low cost and easy
handling.10,11 Several studies have been reported on adsorption
of lignin using activated carbon from xylo-oligosaccharides, pre-
hydrolysis kra and waste water from mechanical pulping.12–14

Similarly, photocatalytic methods also found to be a better
technology for the decomposition of toxic wastes. The main
advantage seen here is the complete degradation of organic
pollutants to carbon dioxide and water.15–17 For this purpose,
use of nanostructured semiconducting TiO2, CeO2, ZnO, Fe2O3

photocatalytic metal oxides are being explored.15 Kobayakawa
et al. studied the complete mineralization of lignin using TiO2

as photocatalyst.18 Ohnishi et al. reported noble metal loaded
TiO2 and demonstrated extreme competence in decolourization
of lignin effluent.19

However, in recent years integrated adsorption and degra-
dation are emerging as a more efficient and simplest technology
for waste water treatment. Hence, engineered hybrid catalytic-
sorption technologies using catalytically modied carbon,
mesoporous silica and alumina, as well as bio-polymeric
catalytic-sorbents are recently explored.20–22 Such synergetic
effect was reported using powdered TiO2 and activated carbon
(AC) in the sorption and catalytic degradation of organic
pollutants.22 Cordero et al. studied the associative effects
between TiO2 and AC during the photodegradation of 4-chlor-
ophenol using various kinds of AC.23

In this work, a catalytic-sorbent material CeO2@AlOOH/PEI
hybrid nanocomposite was designed out of inorganic and
organic functional moieties having competent adsorptive and
photocatalytic functions for single-stage cleaning technologies.
Boehmite (AlOOH), a layered inorganic oxy hydroxide form of
alumina is a thermally stable, inert medium, used as solid
industrial inorganic adsorbent for the removal of toxic pollut-
ants from effluents.24,25 Sol–gel is a technique recognized for
synthesizing porous metal-oxides with controlled pore archi-
tecture. Hence, the surface characteristics of sol–gel synthesised
AlOOH was tailored by introducing organic polyethylene imine
(PEI) functionality to further enhance the adsorption capacity.
Additionally, CeO2 is decorated over AlOOH/PEI hybrid gels to
obtain CeO2@AlOOH/PEI hybrid nanocomposite framework.
CeO2 is an n-type semiconductor, with a band gap of 2.9–3.2 eV,
well known for non-toxicity, high thermal stability and recog-
nized as a visible light driven photocatalyst.26 Monolithic mac-
robeads of CeO2@AlOOH/PEI porous supports were fabricated
via sol–gel granulation technique, so that it can be easily packed
in a reactor for the continuous operation. Effective performance
of the CeO2@AlOOH/PEI catalytic sorbent was then studied
primarily for lignin adsorption as well as a model methyl orange
dye with respect to various adsorption parameters and the
results are discussed. The photocatalytic degradation of lignin
and dye were also studied in presence of UV and sunlight to
recover the water from contaminated source.

We have also explored the antibacterial ability of the
proposed material. Nowadays, the need for functional materials
with antimicrobial property in water treatment is more inves-
tigated. The designing of a material which can act as an
adsorbent, photocatalyst and antimicrobial agent is still
considered to be a challenge task. The antibacterial property of
54358 | RSC Adv., 2016, 6, 54357–54370
proposed hybrid material was assessed using Gram-negative E.
coli, K. pneumoniae and Gram-positive S. aureus as model
organisms and the results are discussed.

Experimental methods
Materials

All chemicals and reagents used were of analytical grade.
Aluminium isopropoxide (AIP, purity > 98%), alkali kra lignin,
branched-polyethylene imine (PEI, MW � 25 000) and cerium
dioxide (CeO2, nanopowder, <25 nm particle size) were
purchased from Sigma Aldrich and Methyl Orange (MO) from
SD ne chemicals was used as model organic dye. Staphylo-
coccus aureus MTCC 902 (S. aureus), Escherichia coli MTCC 2622
(E. coli) and Klebsiella pneumonia MTCC 109 (K. pneumoniae)
were used as test bacterial pathogens for antimicrobial studies.
All the test microorganisms were purchased from Microbial
Type Culture collection Centre, IMTECH, Chandigarh, India.
The test bacteria were maintained on nutrient agar slants.

Sol–gel synthesis of boehmite sol (AIP-sol)

A stable boehmite sol (AIP-sol) was prepared by the well-known
Yoldas process, involving the hydrolysis and condensation of
AIP.27 The alkoxide precursor, AIP was rst hydrolysed in 1000
mL distilled water at 80–85 �C, and aer stirring for 1 h, the
hydrolysed product, was peptized with 1 M HNO3 until the pH
become 3. The peptized AIP sol was then reuxed overnight at
90–95 �C. The resultant sol was gravimetrically estimated for the
boehmite (AlOOH) content. The AlOOH concentration in the
resultant AIP sol was 0.0675 g mL�1.

Preparation of AlOOH/PEI hybrid and CeO2@AlOOH/PEI
hybrid nanocomposite gels and monoliths

In a typical process, 1 M AIP sol (50 mL) containing 3.37 g of
AlOOH was mixed with 1.5 g of PEI, and stirred for 2 h. A rapid
coagulation occurred and the sol transformed into a stiff gel. The
gel was treated further with 1 M HNO3 to control the pH in the
range 2 to 3. At this stage, the thick gel collapsed and resulted in
owable gel mass to obtain AlOOH/PEI hybrid gel. For the
preparation of catalytically engineered CeO2@AlOOH/PEI hybrid
nanocomposite gel, the same experiment was repeated as
mentioned above. To the AlOOH/PEI hybrid gel, 0.8 g nano-CeO2

was mechanically blended. The gel mixture was stirred for 3–5 h
to obtain a well homogeneous CeO2@AlOOH/PEI hybrid nano-
composite gel. The chemical interaction of AlOOH with PEI and
CeO2 modied AlOOH/PEI gels is illustrated in the Scheme 1.

The gels obtained were then moulded into cylindrical and
spherical monolithic structures. The gels were aged in
ammonia in cylindrical vials to obtain cylindrical monoliths
and were subjected to spherical granulation process by an
injector into the ammonia bath (pH ¼ 8.5), prepared with a top-
layer out of paraffin oil. The acidied gel when dropped into an
ammonia bath, undergo immediate gelation and self-
assembled to form highly uniform, spherical shape wet gel
beads. The wet gel samples were evaporative dried in hot air
oven to obtain xerogels samples.
This journal is © The Royal Society of Chemistry 2016



Scheme 1 Simplified scheme of synthetic steps involved in the
formation of AlOOH/PEI hybrid and CeO2@AlOOH/PEI hybrid
nanocomposite.
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Characterization

X-ray diffraction (XRD) patterns of the samples were obtained
with a Philips X'pert Pro X-ray diffractometer in the 2q range 10–
80� using Cu Ka radiation (l ¼ 1.54178 Å) under a voltage of 40
kV and current of 40 mA. Fourier transform infrared (FTIR)
analysis was performed using Shimadzu IR Prestige-21 spec-
trophotometer to understand the chemical interaction in the
hybrid system. A standard KBr pellet technique was employed
and the chemical structure of the hybrid was analysed in the
wavelength range of 4000–400 cm�1 through transmission
method. The thermal decomposition of AlOOH/PEI and
CeO2@AlOOH/PEI was investigated by Shimadzu TG-50 Thermo
Gravimetric Analyser (TGA), between the temperature range
100–1000 �C at a constant heat ow of 10 �C min�1 in air
atmosphere. The bulk micro-structural characteristics of the
hybrid monoliths were examined using JEOL 5600 SL Scanning
Electron Microscope (SEM). The morphological features of the
hybrids were ascertained further by Tecnai G2, FEI Trans-
mission Electron Microscope (TEM) operated at an accelerating
voltage of 300 kV. Energy dispersive X-ray spectroscopy (EDS)
was carried out in combination with TEM to investigate the
chemical composition of the prepared hybrid nanocomposite.
The surface charge analysis was carried out using 3000H Mal-
vern Zetasizer Instrument. Surface area and porosity nature was
studied by standard N2 adsorption technique using Micro-
meritics Gemini 2375 surface area analyzer aer degassing the
samples at 200 �C for 2 h. Brunauer–Emmett–Teller (BET)
model was utilized to calculate the specic surface areas. A
desorption isotherm was used to determine the pore-size
distribution using the Barrett–Joyner–Halenda (BJH) model.
Shimadzu UV 240 IPC UV/Vis spectrophotometer was used to
determine the concentration of lignin and organic dye MO in
aqueous solution. The characteristics peaks at wavelengths 280
and 464 nm, was considered for the analysis of lignin and MO,
respectively.
This journal is © The Royal Society of Chemistry 2016
Application study for removal of lignin from aqueous sample

Adsorption studies. Adsorption capacities of AlOOH/PEI and
CeO2@AlOOH/PEI sorbents towards kra lignin were investi-
gated by batch experiment at room temperature. For the
adsorption experiments, lignin stock solution was prepared
with 10 g lignin in 1 L distilled water. From this stock solution,
different concentrations of lignin solution (500, 1000, 2000,
2500, 3000, 4000, 6000, 8000 mg L�1) were prepared. In a typical
batch experiment, 0.5 g of sample was added to 25 mL of lignin
solution. For analyzing the adsorption efficiency, 1 mL of the
lignin solution was withdrawn from the bulk at denite time
intervals. Aer centrifugation (8000 rpm, 10 min at room
temperature), the concentration of the lignin in solution was
determined by UV/Vis spectrophotometer and the amount of
lignin adsorbed was calculated using eqn (1) and (2):

% adsorption ¼ (C0 � Ce)/C0 � 100 (1)

Qe ¼ (C0 � Ce) � V/m (2)

whereQe (mg g�1) is the amount of lignin adsorbed,C0 (mg L�1) is
the initial lignin concentration, Ce (mg L�1) is the lignin concen-
tration at equilibrium, V (mL) is the volume of lignin solution, and
m (g) is the amount of adsorbent added. The effect of pH and
temperature on lignin adsorption process was studied over pH
range 1 to 12 and temperature 30, 35, 45, 55 and 65 �C. The pH of
the lignin solution was adjusted using 0.1 M NaOH and 0.1 M
HNO3. The rate of adsorption of lignin was studied at different
time intervals that were as long as 700 min using different initial
concentrations as mentioned above at pH 5 and 30 �C.

Photoactivity studies. Photocatalytic activity of the as
prepared samples was evaluated by the photodecomposition of
kra lignin with the illumination of sunlight and UV. 0.5 g of
the catalytic material was stirred with 75 mL of lignin (4000 mg
L�1) solution. Prior to any irradiation, the reactant solutions
were magnetically stirred in the dark for 30 min to establish
adsorption/desorption equilibrium between lignin and the
catalyst surface. Later, the samples were exposed to UV/sunlight
irradiation. About 5 mL of sample was collected at different
time intervals and centrifuged for separating the residue.
Degradation of lignin was analysed by the decrease in the
absorption peak at lmax 280 nm for lignin with the aid of UV/Vis
spectrophotometer. The percentage of lignin degradation was
calculated using the eqn (3):

% degradation ¼ (C/C0) � 100 (3)

where C0 is the initial concentration and C is the concentration
of the lignin at time t.

Application study for removal of organic dye from aqueous
sample. Batch adsorption experiments were carried out by
adding 0.5 g of the samples to 25 mL of 25 mg L�1 of organic dye
MO in aqueous solution. The mixture was shaken vigorously at
30 �C for different lengths of time. The supernatant was then
collected, centrifuged (8000 rpm, 10 min at room temperature)
and was assayed in a spectrophotometer. The amount of
adsorbed MO was calculated from the absorbance measured at
RSC Adv., 2016, 6, 54357–54370 | 54359
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464 nm before and aer adsorption. Similarly, photo-
degradation studies were also conducted by illumination with
UV and sunlight. The percentage adsorption and degradation
were calculated as mentioned above.
Bacterial resistance test

Antibacterial assay by disc diffusion method. The antibac-
terial activity of the test samples was determined by the disc
diffusion method against the test bacteria on Muller–Hinton
agar, according to the Clinical and Laboratory Standards Insti-
tute (CLSI). The media plates (MHA) were streaked with bacteria
2–3 times by rotating the plate at 60 �C for each streak to ensure
the homogeneous distribution of the inoculums. Aer inocu-
lation, discs (10 mm Hi-Media) loaded with 100 mg mL�1 of the
test samples were placed on the bacteria-seeded plates using
sterile forceps. The plates were then incubated at 37 �C for 24 h.
The inhibition zone around the discs was measured and
recorded. Ciprooxacin (Hi-Media) was used as the positive
controls to compare the efficacy of the test samples. The assays
were carried out in duplicates (detailed procedure for bacterial
culture preparation to demonstrate the killing efficiency of the
hybrid material is provided in the ES1†).
Results and discussion
Structural and chemical analysis of synthesized hybrid
nanocomposite

Fig. 1A shows the optical micrograph of monolithic structures
fabricated from the functionally engineered AlOOH/PEI and
CeO2@AlOOH/PEI hybrid nanocomposite xerogels. Monolithic
Fig. 1 (A) Optical images (B) powder XRD patterns and (C) FTIR spectra a
AlOOH (black line) (b) AlOOH/PEI (red line) and (c) CeO2@AlOOH/PEI (b
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structures especially spherical shape for functional porous
materials is more preferable in the case of specic adsorbent/
catalytic support used in uidized bed for separation and
purication processes. This is because spheres can be
uniformly suspended with higher packing density, can reduce
breakage loss by collision and lower pressure drop. Herein, the
as-prepared granules have a size of around 2–3 mm in diameter,
which shrinks to 1 mm in diameter during drying which is
suitable for use as an adsorbent/catalytic support. We have
carried out all the further characterization and studies of this
microspherical monolithic supports.

The powder XRD of the sol–gel AlOOH, and its hybrids
AlOOH/PEI and CeO2@AlOOH/PEI are shown in Fig. 1B. In the
XRD pattern of the obtained boehmite (curve a), the diffraction
peaks at 2q values 14.2�, 27.8�, 38.3�, 49.1� and 64.1� can be
indexed for the Bragg reection planes (020), (120), (031), (200),
and (231) of orthorhombic AlOOH crystals. These peaks are
found to be closely matching with the standard reported for the
AlOOH crystals (JCPDS card 21-1307).28 Upon hybridization of
organic moiety PEI and immobilization of nano-CeO2, the crys-
talline peaks notably changed. In AlOOH/PEI system (curve b),
the peak width is broadened and the intensity is decreased
indicating the bulk effect of amine moieties. In comparison to
the XRD patterns of AlOOH/PEI, CeO2 decorated AlOOH/PEI
hybrid nanocomposite (curve c), peaks correspond to nano
crystalline CeO2 is seen at 2q¼ 28.6�, 33.1�, 47.5� and 56.3� which
are attributed to the presence of (111), (200), (220), and (311)
planes, respectively (JCPDS card 34-0394).29 From these patterns
it is obvious that the nano-CeO2 is well distributed in the AlOOH/
PEI hybrid gel network forming a nanocomposite hybrid system.
nd (D) TGA graph of the synthesised material, in all the graphs (a) pure
lue line).
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Fig. 2 SEM images: of (a) and (b) AlOOH/PEI (c) and (d) CeO2@AlOOH/
PEI at magnifications of 10k� and 20 k�, respectively.

Paper RSC Advances
The hybrid nature of the catalytically activated AlOOH/PEI
sorbent was also conrmed from the FT-IR analysis. Alkoxide
derived sol–gel AlOOH (curve a) exhibits the characteristic band
for Al–O–Al stretching vibration at 1066 cm�1.30 The peaks at
3295, 1633, 1162 cm�1 can be assigned to stretching, bending
mode of adsorbed water and deformation mode of –OH group,
respectively. The hybrid formation was well conrmed by the
presence of symmetric and asymmetric stretching vibration of
functional groups C–H (–CH2�), associated to the PEI organic
component, at 2900–2834 cm�1 and the existence of N–H
bending at 1633 cm�1 (curve b). Similarly, stretching vibration
of N–H and C]N were also observed at 3295 cm�1 and 1648
cm�1 respectively.25 While, in nano-CeO2 decorated hybrid
catalyst (curve c), the appearance of absorption band between
500 and 750 cm�1 is attributed to the characteristic stretching
vibration mode of Ce–O. A vibration band at 1377 cm�1

appeared in CeO2@AlOOH/PEI due to the presence of vibration
overtone of surface hydroxyl group of nano-CeO2 (this band is
clearly visible in pure CeO2 shown in Fig. S1†).

Thermal stability of synthesized hybrid material was
assessed by TGA in comparison with the parent AlOOH and the
corresponding thermogram is shown in Fig. 1C. All the three
systems exhibit two stage weight losses; one at 100–150 �C due
to dehydration of adsorbed water molecules and another
between 450 and 1000 �C which is credited to the dehydrox-
ylation in the phase transition from AlOOH to gAl2O3. The
thermogram shows additional weight loss due to polymer
degradation at temperatures 250–300 �C in AlOOH/PEI and
CeO2@AlOOH/PEI. The parent AlOOH exhibits a steep weight
loss of 32% in the entire temperature range whereas AlOOH/PEI
and CeO2@AlOOH/PEI show a gradual total weight loss of 29.4
and 23.4%, respectively. The change in slope of the weight loss
curves indicates better thermal stability in the AlOOH/PEI and
CeO2@AlOOH/PEI systems.
Microstructural analysis of synthesized hybrid
nanocomposite

Fig. 2 depicts the SEM microstructures of bulk AlOOH/PEI and
CeO2@AlOOH/PEI granules. In case of AlOOH/PEI hybrid
(Fig. 2a and b), the surface texture is very homogeneous and it
appears that the hybrid gel spheres have random assemblage
during wet gel granulation and the polymeric PEI has played
a denite role as structure directing macromolecule. A sign of
thermal-stress during drying is noticed here. Overall the image
conrms the clustering of AlOOH nanolamellar during gelling
and retained the agglomerated structure during drying.

Fig. 2c and d represent the SEM images of nano-CeO2

modied AlOOH/PEI hybrid. The surface texture clearly indi-
cates that nano-CeO2 particles are uniformly distributed in the
hybrid gel matrix. The microstructure reveals the relative
smoothness of the surface and ordered gel assembly with
minimal drying stress. Also, structurally modied hybrids
possess porous texture.

The nanolamellar AlOOH particle and also the distribution
of PEI and nano-CeO2 in boehmite hybrid were further
conrmed from the TEM images. The dispersion of pure AlOOH
This journal is © The Royal Society of Chemistry 2016
deposited on Cu-grid clearly shows the nano-dimensional,
lamellar type AlOOH crystallites (Fig. 3a). In hybrid AlOOH/
PEI (Fig. 3b and c) homogeneous distribution of lamellar
boehmite crystallites on PEI polymer is observed. The TEM
images (Fig. 3d) for pure CeO2 shows nano-octahedron type
morphology. Hence, in the bulk CeO2@AlOOH/PEI hybrid
nanocomposite, the presence of uniformly distributed nano-
particulate octahedron CeO2 is very well observed in AlOOH/PEI
network. The elemental mapping was also conducted by EDS
analysis on pure AlOOH, AlOOH/PEI and CeO2@AlOOH/PEI. It
is obvious that the pure AlOOH and AlOOH/PEI hybrid showed
only the presence of major constituents such as aluminium and
oxygen. Though, ceria decorated hybrid nanocomposite
(CeO2@AlOOH/PEI), showed clear peaks for Ce atom in addi-
tion to Al and O, thus conrming the uniform distribution of
ceria over AlOOH/PEI hybrid network (Fig. S2†). Thus the SEM
and TEM images conrmed that the hybrid gel mass is porous,
catalytically modied and can be better exploited for the
adsorption and photodegradation of organic contaminants.
Textural features and surface charge of synthesized hybrid
nanocomposite

Surface area and the functional groups on the surface of the
adsorbents are the two crucial factors inuencing the adsorption
process. The bulk surface area and associated pore feature of the
catalytically modied AlOOH sorbent is analysed through N2

sorption analysis. Fig. 4a shows the N2 adsorption/desorption
isotherm of parent AlOOH, AlOOH/PEI and CeO2@AlOOH/PEI.
All the three samples exhibits a typical type IV isotherm with
steep hysteresis loop in the relative pressure range of 0.45–0.95,
which suggests that the hybrids have mesoporous structures.
The mesoporous AlOOH has high specic surface area of 311 m2

g�1 and an average pore diameter of 4.8 nm. In aminated and
nano-CeO2 modied hybrids, the BET surface area is slightly
decreased to 260 and 215 m2 g�1 respectively inferring that the
RSC Adv., 2016, 6, 54357–54370 | 54361



Fig. 3 TEM micrographs: (a) pure AlOOH, (b and c) AlOOH/PEI, (d) pure CeO2 and (e and f) CeO2@AlOOH/PEI.

RSC Advances Paper
organic functional group PEI and nano-CeO2 are trapped in the
mesopores considerably. Table S1† summarizes the BET surface
area and pore feature evaluated for the boehmite and hybrids.
Moreover, the pore size distribution (Fig. 4b) shows of AlOOH/
PEI and CeO2@AlOOH/PEI exhibits higher pore diameter 6.5
and 5.6 nm, respectively than the parent AlOOH. Therefore, the
high surface area and porosity of the hybridmaterial can provide
more active sites to improve its adsorption capability.

The susceptibility of the prepared samples towards adsorption
can also be evaluated through the zeta potential measurements.
This is measured to examine the surface charge of synthesised
Fig. 4 (a) Nitrogen adsorption and desorption isotherms and (b) pore-siz
PEI and CeO2@AlOOH/PEI as a function of pH.
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material at different pH range. The results are presented in
Fig. 4c. The isoelectric point (IEP) of AlOOH/PEI and CeO2@-
AlOOH/PEI hybrid were found to be 9.8 and 5.5, respectively
indicating the adsorbents will be positively charged below this
pH values and hence adsorption of anionic pollutant became
more prominent.

Lignin adsorption and photocatalytic degradation studies

Adsorption studies. Lignin adsorption studies were con-
ducted in batch process. Effect of very relevant inuential factors
such as concentration, contact time, pH and temperature was
e distribution curve (c) zeta potential analysis of pure AlOOH, AlOOH/

This journal is © The Royal Society of Chemistry 2016
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systematically studied. The initial lignin concentration is an
important driving force to overcome the mass transfer resistance
of the lignin from the aqueous to the solid phase. The uptake of
lignin by AlOOH/PEI and CeO2@AlOOH/PEI hybrid sorbents
were rst determined with the initial lignin concentration in the
range (5–100) � 102 mg L�1 at pH 5 (Fig. 5a). A pronounced
increase in the lignin adsorption capacity by AlOOH/PEI and
CeO2@AlOOH/PEI hybrid is seen with an increase in lignin
concentration. The maximum adsorption capacity estimated for
AlOOH/PEI and CeO2@AlOOH/PEI hybrids is 66.31 mg g�1 and
97.53 mg g�1 respectively at the initial concentration of 4000 mg
L�1. Similarly, % lignin removal for both the hybrid systems
initially increases at lower concentration and gradually
decreases at higher concentrations (Fig. S3†). This is because at
higher lignin concentrations, the increased number of adsorbate
ion can interact with the available binding site of the adsorbent
and facilitate faster uptake of lignin. Hence, for the further
studies a xed initial concentration of 4000 mg L�1 was used.

For water treatment technology, a perfect adsorbent should
possess faster uptake of pollutants and reach equilibrium in
shorter time. Fig. 5b shows the effect of contact time on the
adsorption efficiency of lignin using AlOOH/PEI and CeO2@-
AlOOH/PEI by varying the time of contact from 0–150 min. It
was observed that the uptake of lignin increases with increase in
contact time and reaches equilibrium within 30 min, for both
the sorbents.

The solution pH is another critical factor affecting the
adsorption process. pH of the solution directly alters the solu-
tion chemistry and chemical interaction with the binding sites
Fig. 5 Effect of (a) initial concentration (b) contact time (c) lignin solution
and CeO2@AlOOH/PEI hybrid sorbent.

This journal is © The Royal Society of Chemistry 2016
of the adsorbent surface. The adsorption of lignin onto the
hybrid sorbents were assessed at pH values in the range 1–12
(Fig. 5c). The hybrids show a strong dependence of pH on the
adsorption capacity of the lignin. As the pH of lignin solution
increases from 1 to 5, the adsorption capacity of the hybrid
sorbent increased due to the positively charged sorbent surface.
Maximum adsorption of lignin by hybrid was seen at pH 5.
Under acidic pH, the protonation of imine and amine func-
tional groups present in the hybrid adsorbent occurs.31 Thus,
a strong electrostatic force of attraction between protonated
adsorbent and negatively charged lignin can lead to better
adsorption (Scheme 2a). When the pH increases above 5, the
lignin adsorption tendency gradually declined. At this pH
range, probably deprotonation of surface amino groups occurs
and results in electrostatic repulsion with lesser uptake of
lignin. Also, AlOOH/PEI shows maximum adsorption in broad
range of pH when compared to CeO2@AlOOH/PEI. Probably
this is due to the variation in the IEP (AlOOH/PEI – 9.8 and
CeO2@AlOOH/PEI – 5.5). Hence, sorption kinetics and photo-
degradation studies were carried out at a xed pH 5.

In addition to pH, the temperature effect is also studied for
the lignin adsorption between temperature range 35 to 65 �C
and the results are shown in Fig. 5d. It was found that, in both
the adsorbents the lignin uptake increases with an increase in
temperature. It is renowned that increase in temperature
decreases the solution viscosity.32 In such case it can enhances
the mobility of lignin molecules and provides adequate energy
to facilitate the interaction between lignin molecules and
sorption sites at the surface of sorbents.
pH, and (d) temperature on amount of lignin adsorbed by AlOOH/PEI
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Scheme 2 Schematic illustration (a) of the possible interaction between CeO2@AlOOH/PEI hybrid nanocomposite sorbent with lignin and MO
dye molecule (b) photograph of CeO2@AlOOH/PEI and lignin solution before and after adsorption (c) proposed mechanism for photocatalytic
degradation of the organic pollutants under light irradiation.
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It is observed from Fig. 6a and b, the adsorption proceed
quickly in the initial stage of reaction and then becomes slow
until the sorption process nearly reach equilibrium. The initial
rapid adsorption of lignin by AlOOH/PEI and CeO2@AlOOH/PEI
is due to the presence of large number of adsorption sites (amine
and imine group present in the polymer PEI) on the hybrid and
nanocomposite. The subsequent slow step is attributed to the
limited active adsorption sites on the surface of the adsorbent.33

Lignin adsorbed on the surface would further hinder the diffu-
sion of other lignin resulting in a long time to reach equilibrium.
Based on the data obtained from experimental runs, pseudo-
rst-order model and pseudo-second-order model were used to
simulate the kinetics adsorption of lignin on to both the AlOOH/
PEI shown in Fig. 6c and d and CeO2@AlOOH/PEI shown in
Fig. 6e and f. The used kinetic model equations are given below:

Pseudo-first-order: log(qe � qt) ¼ log qe � (k1/2.303)t (4)

Pseudo-second-order: t/qt ¼ (1/k2qe
2) + (1/qe)t (5)

where qe and qt are the amounts of lignin adsorbed on the
adsorbents (mg g�1) at equilibrium and at time t (min),
respectively. k1 (min�1) and k2 (g mg�1 min�1) are the rate
constants of the pseudo-rst-order and pseudo-second-order
adsorption, respectively. Kinetic data modelling was per-
formed by a linear regression analysis and the results are shown
in Table S2.†
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The kinetic plot shows that the lignin adsorption process on
AlOOH/PEI and CeO2@AlOOH/PEI were found to t better with
pseudo-second-order with a high correlation coefficient (R2 ¼
0.999) than pseudo-rst-order (R2 ¼ 0.97). The best correlation
of pseudo-second-order model with the experimental data
reveals that the rate limiting step in adsorption process is
controlled by chemisorption, which is a monolayer adsorp-
tion.34 The rate of adsorption is one of the most important
parameter in the kinetic study. From the Table S2,† it is evident
that the values of k2 decreases with increasing concentration.
This may be due to the fact that, at higher concentration of
lignin solution, lower is the possibility of lignin to get attached
to the active site of the adsorbent surface. Similarly, the
adsorption capacity of the prepared sorbents was compared
with the known conventional sorbents and results are
summarized in Table 1. It demonstrates that CeO2@AlOOH/PEI
hybrid sorbent possess remarkable adsorption capacity than
some of the known conventional sorbents.

From the adsorption data it is understood that the most
probable mechanism controlling the lignin adsorption is as
follows; surface of the hybrid adsorbent possess large number
of amino (–NH2) group which get protonated. Thus the
adsorption of anionic organic pollutant takes place by electro-
static interaction with protonated amino group on the surface
(Scheme 2a). In addition to the –NH2 group, AlOOH nano-
particles have large number of surface hydroxyl group that may
This journal is © The Royal Society of Chemistry 2016



Fig. 6 Adsorption kinetics study of (a) AlOOH/PEI and (b) CeO2@AlOOH/PEI with lignin conc. 500–4000mg L�1, equilibration time t ¼ 600min
(graph shown only up to 300min), kinetic model fit for pseudo-first-order and pseudo-second-order adsorption (c and d) AlOOH/PEI and (e and
f) CeO2@AlOOH/PEI.
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also uptake anionic pollutants by hydrogen bonding and van
der Waals interaction (Scheme 2a). Hence, a complete decol-
orization of lignin was observed within the adsorption
equilibrium.

Photocatalytic degradation studies. The photocatalytic
activity of the developed material towards lignin under sunlight
and UV irradiation aer the dark adsorption is shown in Fig. 7.
From the Fig. 7a and b, it can be clearly observed that
CeO2@AlOOH/PEI possesses higher photoactivity compared to
both AlOOH and AlOOH/PEI under UV and sunlight. Fig. 7a
indicates that aer 100 min of UV irradiation, 98% of lignin was
degraded with CeO2@AlOOH/PEI. But for AlOOH and AlOOH/
This journal is © The Royal Society of Chemistry 2016
PEI, the % of degradation was 34% and 72%, respectively. To
quantitatively assess the photocatalytic efficiency of the catalyst,
kinetic data are tted to apparent rst of rate equation,

ln(C0/C) ¼ k � t (6)

where, C0 and C are the initial and the nal concentrations of
lignin at time t ¼ 0 and at t respectively; k is the apparent rate
constant (min�1). From the experimental results the apparent
rate constant for the photo degradation of CeO2@AlOOH/PEI
under UV irradiation is found to be 0.03941 min�1. It is
almost ca. 3 times higher than the rate constant of AlOOH/PEI.
RSC Adv., 2016, 6, 54357–54370 | 54365



Table 1 Comparison of results obtained in this study with other
adsorbents

Adsorbents

Adsorption
parameters

Adsorption capacity
(mg g�1)pH

Temp
(�C)

Bentonite 5 30 25.54 (present study)
Nano-silica 5 30 27.51 (present study)
Nano-alumina 5 30 71.28 (present study)
Zeolite 5 30 27.93 (present study)
AlOOH/PEI 5 30 66.31 (present study)
CeO2@AlOOH/PEI 5 30 97.53 (present study)
Activated charcoal 6.8 — 213.0 (ref. 14)
Fly-ash 6.8 — 13.0 (ref. 14)
Eggshell 7 63.46 (ref. 6)
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The same trend was observed for the photodegradation of
AlOOH, AlOOH/PEI and CeO2@AlOOH/PEI under sunlight
exposure. The % of photoactive degradation for CeO2@AlOOH/
PEI under sunlight exposure is 96%, with an apparent rate
constant of 0.0318 min�1 which gets reduced to 30 and 68% for
AlOOH and AlOOH/PEI, respectively. The kinetic parameters are
summarised and are shown in Table S3.†

For the photodecomposition of lignin, the adsorption effi-
ciency of the catalyst plays a key role, since the photocatalytic
reaction generally occurs at the surface of the catalyst than in
the bulk. In CeO2@AlOOH/PEI, the surface active groups as well
as the porous nature of AlOOH/PEI helps in the enhanced
Fig. 7 Photocatalytic degradation and corresponding regression curves
CeO2@AlOOH/PEI under UV (a and c) and sunlight (b and d), respective
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adsorption of the lignin molecules. At the same time, AlOOH/
PEI acts as a good supports for the uniform distribution of
nano-CeO2 and this results in the good absorption of UV/
sunlight. Hence, the developed CeO2@AlOOH/PEI hybrid
nanocomposite is found to be effective in the complete removal
(�96–98%) of lignin via simultaneous adsorption and photo-
degradation from 4000 mg L�1 aqueous solution. The pictorial
representation of the UV/sunlight active degradation mecha-
nism of uniformly distributed nano CeO2 in CeO2@AlOOH/PEI
hybrid nanocomposite is shown in the Scheme 2c.
Removal of organic dyes from environmental aqueous
samples

Anionic dye MO was selected as a model pollutant for the
adsorption studies of the proposed material. Fig. 8a and
b shows the % removal of MO at different time interval. As ex-
pected, the removal efficiency of CeO2@AlOOH/PEI for MO was
95% within 30–40 min, which was remarkably greater than that
of the original materials, AlOOH (34%) and AlOOH/PEI (67%)
respectively. This phenomenon can be explained by electro-
static interaction between the positively charged sorbent and
negatively charged MO molecule (through its sulfonate group)
as described in Scheme 2a.

The evaluation of photocatalytic activity of the prepared
sample was also carried out using MO. Fig. 8c and d illustrates
the photocatalytic activity of the catalytic sorbent under both the
sunlight and UV light irradiation. It was noticed that about 90%
of MO was degraded within 120 min under UV and 85% under
of ln(C0/C) versus irradiation time of lignin on AlOOH, AlOOH/PEI and
ly.

This journal is © The Royal Society of Chemistry 2016



Fig. 8 (a and b) Adsorption curves of MO from aqueous solution at various time intervals (c and d) regression curves of ln(C0/C) versus irradiation
time of MO on AlOOH, AlOOH/PEI and CeO2@AlOOH/PEI under sunlight and UV.
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sunlight with CeO2@AlOOH/PEI. In contrast, the photocatalytic
activity of AlOOH and AlOOH/PEI were extremely lower than that
of CeO2@AlOOH/PEI, which indicates that removal has only
occurred due to adsorption. The kinetics of the photo-
degradation of MO was assessed using the rst order reaction.
The rate constant k determined for CeO2@AlOOH/PEI was
0.0135 and 0.0164 min�1 under sunlight and UV, respectively
(Table S4†).
Antibacterial activity of the proposed materials

The antibacterial property of the prepared hybrid material was
assessed using Gram-negative (E. coli, K. pneumonia) and Gram-
positive (S. aureus) bacteria as model microorganisms by the
disc diffusion method. These bacteria were selected for the
investigation of antibacterial efficacy, because they are usually
associated with water distribution systems which cause infec-
tions. Fig. 9 shows the results obtained for disc diffusion assay
of AlOOH, AlOOH/PEI and CeO2@AlOOH/PEI. We observed that
both aminated and CeO2 decorated hybrid system shows the
clear zone of inhibition around the samples aer 24 h of
incubation when compared to pure AlOOH. Among the three
tested bacteria, K. pneumonia shows larger zone of inhibition of
around 13 mm radius and E. coli and S. aureus have compara-
tively smaller zone of inhibition of 10 and 11 mm radius,
respectively (Fig. 9).

From the earlier reports, it was observed that quaternary
ammonium compounds causes lysis of the bacterial cell walls
by binding with cell components and further causing the
seepage of cytoplasm.35 Similarly, PEI was demonstrated to
This journal is © The Royal Society of Chemistry 2016
have a broad spectrum of antimicrobial activity against large
number of Gram-positive and Gram-negative bacteria.35,36 A
strong antibacterial effect against all tested bacteria was
observed in PEI modied AlOOH hybrid material. The acidied
AlOOH/PEI gel results in the formation of quaternary ammo-
nium in the gel framework, which strongly interacts with
bacterial cell walls and disrupts negatively charged bacterial
cell membrane.

Furthermore, CeO2 itself has antibacterial effect. The
formation of oxygen species and reactive oxide species (ROS) in
CeO2 can be utilized for the bacterial toxicity effect.37 The most
prominent ROS responsible for the bactericidal effect are
hydroxyl, super-oxide radicals and H2O2 formation.37,38 When
bacteria come in contact with CeO2, it interrupts the transport
of electron, protein oxidation and also causes the membrane
potential collapse. Hence, the coupled oxidation by the dis-
solved oxygen bonded to the surface of CeO2, production
of ROS from H2O2, and the basic exciton formation owing
to the semiconducting nature are the major reason for
efficient antibacterial activity exhibited by the developed
hybrid material.

Antibacterial activity of CeO2@AlOOH/PEI against E. coli, K.
pneumonia and S. aureus was further investigated using SEM
microscopy. The CeO2@AlOOH/PEI porous microbead was
incubated with bacterial solution at room temperature for 1 h. It
was found that large number of bacteria was attached and killed
all through the time of contact with the bacterial solution
(Fig. 10). Slow disruption of bacterial cell wall was also clearly
noticed form SEM (Fig. 10d–f). Among the three tested bacteria,
larger number of K. pneumoniae is adhered on the surface of the
RSC Adv., 2016, 6, 54357–54370 | 54367



Fig. 9 Photographs of the antibacterial test of -AlOOH, CAlOOH/PEI and :CeO2@AlOOH/PEI against Gram-negative Escherichia coli,
Klebsiella pneumoniae and Gram-positive Staphylococcus aureus as model microorganisms.

Fig. 10 SEM images CeO2@AlOOH/PEI hybridmaterial after 10minutes incubation with (a) S. aureus (b) E. coli (c) K. pneumoniae. Optical images
of the used bacteria for the experiment are shown in the inset corresponding SEM images. High magnification images showing the disruption of
cell walls of the bacteria (d) S. aureus (e) E. coli (f) K. pneumonia as a result of antibacterial efficiency of the material.
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hybrid sorbent when compared to other two test bacteria.
Probably the reason for this is K. pneumonia cell surface consist
of laments with thin hair-like extension, as a result large
number of it get adhered on the material surface. Hence, all
these results indicates that it a promising material in removal of
bacterial pathogens from water.

Conclusions

Here in, we have prepared mesoporous hybrid nanocomposite
(CeO2@AlOOH/PEI) via the simple sol–gel synthesis route by
using polyethylene imine (PEI), CeO2 nanoparticle and boehmite
(AlOOH) as precursors and exploited for the adsorption and
photodegradation of lignin and MO. The detailed investigation
54368 | RSC Adv., 2016, 6, 54357–54370
of the adsorption behaviour of the hybrid nanocomposite
revealed that the adsorption performance was mainly due to
electrostatic, hydrogen bonding and van der Waals interaction
between the surface of the sorbent and the organic pollutants.
We also found that the pseudo-second-order equation (R2 ¼
0.99) gave the better correlation for the adsorption kinetics of
lignin than the pseudo-rst-order equation (R2 ¼ 0.97). The
hybrid nanocomposite shows better photodegradation of lignin
and MO under UV than sunlight. The prepared hybrid nano-
composite CeO2@AlOOH/PEI also showed an excellent antibac-
terial efficiency towards E. coli, K. pneumonia and S. aureus
bacteria. Thus, the present study discloses a new class of hybrid
material with the potential to use as an adsorbent, catalyst and
antimicrobial agent.
This journal is © The Royal Society of Chemistry 2016
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