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Preface 

Pervasive anthropogenic activities, resulting from uncontrolled population growth and 

expanding industrialization have caused a substantial increase in multifarious 

environmental damage. Existing approaches to combat this are plagued by in some way 

or other with the generation of secondary pollutants resulting in incomplete addressal. 

Utilization of biomass-derived materials therefore comes up as an efficient approach for 

the realization of circular economy and sustainable development goals. This thesis is an 

effort to address different environmental degradation issues via utilization of biomass-

derivednano-structured materials without introducing the secondary pollutants. The novel 

nano-structured materials utilized herewith have either directly been obtained from the 

renewable resources or been synthesized using green synthetic approaches.  

 In the first chapter, the necessity for the utilization of the biomass-derived 

materials as the need of the hour will be thoroughly discussed. This will be followed by 

the detailed discussion on the other existing means for addressing the same. A 

comparative evaluation of different methods will also be presented for the better 

understanding of the deliverables and just analysis. 

 In the second chapter, the utilization of biomass sourced novel Adenium fibers for 

marine oil spill pollution cleanup will be reported. A thorough investigation about the 

origin, morphology and composition will be presented. The discussion will further focus 

on the detailing of the tubular shape of the fibers which are composed of the hollow 

lumen and an outer shell with a thin wall between the shell side and the lumen side. The 

wall of the fiber was found to be made of hierarchical thorn like nanostructures forming 

the building blocks of the fiber’s hollow composition. The fibers showed excellent 

oleophilicity and hydrophobicity with a static water contact angle of 143º.These fibers 

were incorporated with in the environmentally harmless PDMS sponge matrix. The 
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availabilityof Adenium fibers endowed the sponge materials with increased absorption 

capacity towards different oils along with various organic solvents. The unique 

mechanical strength was also exhibited by the sponge upon inclusion of the fibers which 

could be articulated from the hierarchical nanostructures present inside the fiber’s 

structure which act as the load bearing and dissipating units at nano scale.  

 In the third chapter, the utilization of novel Moonj grass will be reported to 

synthesize silica nanoparticles. Moonjwhich is a biting grass, for its high silica depositing 

nature in its leaves. Due to the biting nature of the weed, animals also graze upon it. The 

silica content from Moonj was found to be 18 %. The silica present in the grass was 

extracted and converted into silica nanoparticles with high surface area and porosity. The 

as prepared silica nanoparticles were extensively characterized for the structural and 

morphological investigations.  These silica nanoparticles were then functionalized with 

APTMS turning them into colloidal nanoparticles. These silica nanoparticles were used in 

conjunction with 1000 ppm HPAM solution for the formation of green nanofluid. This 

green nanofluid was then utilized for the carbon di oxide capture applications. By through 

experimental investigation it was also established that this green nanofluid bears great 

potential for the storage of the captured carbon di oxide in subsurface reservoirs.  

 In the fourth chapter, the utilization of silica nanoparticles from Moonj grass as 

support to anchor the silver nanoparticles for catalytic conversion of nitro phenol to 

amino phenol will be reported. In heterogeneous catalysis, use of novel metal 

nanoparticles is a common practice. The use of metallic nanoparticles in colloidal state 

for the catalytic reactions is not cost effective and increases the purification step which 

consumes both time and energy. Thus utilization of a low cost support for anchoring these 

metallic nanoparticles becomes imperative for the process to be energy intensive and cost 

effective as the separation of metallic nanoparticle on solid support is easier and the 
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separated particles can be reutilized for multiple runs. The thorough investigation over the 

synthesis, characterization and application of these silica supported silver nanoparticles 

for the conversion of environmentally hazardous nitro phenol to industrially important 

amino phenol will be reported.  

In the fifth chapter, the synthesis of graphite oxide mimicking carbon material 

from the waste orange peel biomass for the adsorptive removal of toxic dye will be 

reported. Orange peel is generated in huge amounts in all parts of the world. The disposal 

of the waste biomass itself is an issue to be addressed as the landfills almost always 

remain in short supply. Thus, the conversion of the waste orange peel biomass in to value 

added material for the remediation of water polluted with dye solves two environmental 

problems in one go. The synthetic procedure was kept easy and environmentally benign. 

The carbon material synthesized was thoroughly characterized and utilized for the dye 

removal from waste water. The existing adsorptive processes for the removal of dyes 

from polluted water rely heavily on the pH of the medium. The carbon material 

developed herewith is capable of removing the dye from aqueous media without altering 

the pH of the aqueous medium and thus, not leaving any chemical footprint behind.  

In the sixth chapter, the conclusions derived from all the presented studies will be 

discussed along with the brief discussion on the future scope and prospects.  
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Chapter-1  

Introduction and Literature Survey 

1.1 Statement of the problem 

The emergence of a global energy crisis and the enormous risk of climate change 

have significantly jeopardized the survival and developmentof the human race. Pervasive 

human activities, as a result of unchecked population growth and expanding 

industrialization, have resulted in an enormous increase in overall environmental 

degradation.Thus, itis now widely recognized that economically viable and 

environmentally benign strategies are necessary to address the current climate issues 

worldwide.Existing approaches to addressing this result in the generation of secondary 

pollutants, causing an insufficient resolution of the problem. Thus, the utilization of 

biomass-derived nano-structured materials emerges as the most effective approach for 

achieving an effectiveremediation strategy, realizing the circular economy, and achieving 

sustainable development goals.  

1.2 Background 

 The biotic component of earth is abundantly rich in biodegradable substances, 

which represent myriad varieties of bio-based polymeric materials. A sustainable bio 

economy relies on biomass – derived organic materials such as green plants and animals-

derived waste rather than fossil fuels or the fossil fuels derived products. The realisation 

of such a system is possible only by encompassing the biomass-derived materials in 

multiple humanistic utilitarian fronts for responsible consumption and production. 
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Figure.1.1Schematic representing the integration of green nano-structured materials for 

enabling circular economy and sustainable development. 

1.3Introduction 

Biomass is carbon-rich, sustainable, and green resource, abundantly available on planet 

earth[1–3]. In addition to its ample availability, biomass possesses many attractive 

properties like nontoxicity, biodegradability, and most importantly the renewability on a 

human time scale[4]. These properties make it the most desired candidate for the 

utilization as biomass-derived hierarchical structures naturally available for pollution 

abatement purposes or synthesize the materials of interest utilizing the biomass to fight 

the current climate challenges[5]. Biomass,having a biogenic origin, can be utilized as the 

starting material that includes agricultural and forest residues, animal residues, food waste 

from the kitchen, and other urban and rural waste sources[1]. The worldwide production 

of biomass was estimated to be approximately 150 billion metric tons a year[6]. It is 

simply disposed of or burned openly as an undesired material causing serious landfill 

problems, air pollution, and health hazards[7]and creates the uncertainty in pollutant 

estimation too[8]. Thus, it becomes imperative to convert biomass into novel nano-
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structured material with a defined shape, size and superior qualities via utilizing green 

synthetic approaches for solving two problems in one go.  

 

Figure.1.2 Renewable sources for biomass generation. 

1.4Nano-structured materials 

The term "nano-structured materials" refers to a collection of materials having 

structures with at least one dimension less than or equal to about 100 nanometres[9].  

 

Figure.1.3 Various things with aided and unaided visibility on a nanometer scale. 

Variousnano-structured materials have been explored so far which can be described  as 

nano materials with zero-dimensional (0D), nanomaterials with one-dimensional (1D), 

nanomaterials with two-dimensional (2D), and nanomaterials with three-dimensions (3D) 

on the basis of the dimensionality [10].The term 0D nanomaterials refers to nanomaterials 
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with a three-dimensional structure and a nanoscale size range of 1 to 100 nm in all the 

dimensions, such as quantum dots (QDs) and nanoparticles. 

 

Figure.1.4 An illustrative image for the categories of nanomaterials based on their size. 

Owing to the various unique phenomenon like surface, quantum size effect, and macro 

quantum tunnelling effect, these materials in nano-size range possess astounding 

electronic and optical properties [11, 12].Due to their increased brightness, fluorescence, 

and photo stability, QDs have been used in developing fluorescent dyes[11] and probes, 

etc., and with these unique features, these nano-structured materials have influenced a 

variety of fields, including the physical, chemical, and biological scientific research and 

development[12–14].0D nanomaterials are frequently used in biology as probes  for 

sensing[13]. Nano-structured materials have been studied in a variety of fields, including 

cosmetics[15], medicine[16], and environmental research [17]. Gold nanoparticles 

(AuNPs) are a particularly noteworthy type of nanoparticles due to their 

favouredstabilities for chemical and physical stresses  and lessertoxicity to the living 

world[18,19]. The terminology"1D nanomaterials" refers to materials with two 
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dimensions at the nanoscale and only one dimension remains outside the nanoscale, such 

as nanotubes, nanowires, and Nano rods with unidirectional anisotropy [20]. They have a 

high surface-to-volume ratio due to their astounding morphological properties, nano-

diameter, and height in micron scale[21].Carbon nanotubes (CNTs), one of the well-

researched 1D nanomaterials have been extensively studied by scientists in a wide variety 

of areas owing to their high efficiency for charge transport [22], capability for tuning the 

bandgaps in a widerange of spectrum [23], semiconducting characteristics  and metallic 

features, and highly optical transparency with low resistivity values[24]. CNTs, the 

seamless cylinders are made up of graphene layers and can be classified as single-walled 

(SWCNTs) or carbon nanotubes with multiwall feature (MWCNTs)[25,26]. Cylindrical 

wires and rods in nano range, such as organic nanowires [27], also play a critical role in 

nanotechnology because they exhibit metallic or semiconducting properties. 2D materials 

are those which have their third dimension, i.e. thickness in nanoscale. In terms of two-

dimensional materials, along with its various oxides, graphene and transition metal 

dichalcogenides (TMDs) are well studied ones. Due to the ability of carbon to form 

sp
2
hybridization in graphene, it has been extensively studied in DNA research and 

plasma. graphene exhibits an unusually high carrier mobility [28]. Oxidized 

Graphene(GO), reduced form of oxidized graphene  (rGO), and  nanosheets of graphene 

(GNS) and graphene quantum dots (GQDs) are the most thoroughly studied graphene 

materials, the other emerging 2D nanomaterials are transition metal dichalcogenides, such 

as (MoS2),(WS2), and (MoSe2)[29]. 

1.4.1 Biomass-derived natural Fibers and their utilization in pollution abatement 

Biomass is classified chemically into lignocellulosic and non-lignocellulosic material 

based on its chemical composition [3]. Ligno-cellulosic biogenic material is the most 

abundant non-palatable form of biomaterial obtained by agricultural residues and forests. 
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The  primary components for which are cellulose, hemicellulose, and lignin[30,31]. 

Biomass devoid of lignocellulosic features (e.g., animal and kitchen discards) is a source 

of carbohydrates, polysaccharides, and proteins that has the potential for  usage in the 

preparation of carbon based nano-structured materials derived from biogenic origin [2]. 

The naturally occurring fibers consist mainly of lignocellulosic biomass along with a thin 

waxy coating on top[32]. The use of naturally occurring and modified natural fibers for 

water remediation purposes, like the removal of chemical residues, oil, and organic 

solvent-based contaminants is a significant and cost-effective strategy for water pollution 

abatement purposes[32]. Natural fibers can broadly be divided into two categories viz. 

primary and secondary[33]. Primary natural fibers are those which are primarily produced 

for their fiber content and these include cotton, jute etc. Secondary natural fibers are those 

which are produced primarily for some other material of interest and the fibers are 

derived as secondary production and these include cereal stalks, oil palm, and coir, 

etc.[33]. The fibers can further be classified into six categories based on their source of 

origin. These include leaf fibers, seed fibers, reed fibers, core fibers, grass, and others 

such as wood and root fibers[34]. Among all these natural fibers, seed fibers[35] are an 

interesting class of natural biomass materials having intriguing properties and 

morphological assets[32]. The main purpose of seed fibers is to help in the long-range 

dispersal of the seeds. For this purpose, the seed fibers are naturally engineered for having 

a hollow tube-like structure and inherent hydrophobicity. The hydrophobicity and hollow 

structure of the natural seed fibersprovide it with naturally buoyant characteristics and 

thus, these can be utilized for oil and organic solvent pollution abatement purposes[36]. 

Examples of naturally occurring seed fibers are Kapok, cattail, etc.[37–39]. The choice of 

natural fibers for developing new materials for oil sorption is determined by properties 

such as roughness and hierarchy at the nanoscale, which promoteboth oil absorption and 
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retention capacity[35]. There are results obtained with Populus seed fibers, which are 

widely regarded as raw materials for the development of oil super-absorbents[35]. These 

are capillary fibers with hollow lignocellulosic micro tubes that have superior chemical 

and physical properties. The periodic arrangement of the microcrystalline cellulose and 

lignin in these fibers is a significant feature. As a result of van der Waals forces and 

hydrophobic interactions associated with the oleophilic behaviour of the seed fibers, 

exceptional performance in the absorption capacity of high-density oil and diesel is 

observed. These are the characteristics of superhydrophobic/superoleophobic surfaces 

that make them advantageous for the development of oil/water separating membranes. 

The main problem associated with the utilization of these fibers is their loose nature 

which hinders their utilization for oil spill clean-up in open waters. 

1.4.2 Silica nanoparticles from biomass sources and their utilization in pollution 

abatement. 

 Chemically, sphere and rod-like nano- and micro silica particles are synthesized 

by utilizing the silane as starting materials [40] and non-polar solvents [41,42] for 

instance, by hydrolyzing and condensing tetraethyl ortho-silicate, TEOS (Si(OC2H5)4) in 

dry ethanol and then hydrolyzing it in double distilled water under high pH conditions 

[43]. The both processes are costly and exorbitantly energy-intensive [41]. In comparison, 

producing silica nanoparticles from agri-residues and biogenic sources like from crops 

such as wheats and paddy is a viable economic and environmentally benign solution [44] 

with biocompatibility [45]. Silica material is supposed to be one of the most stable cell 

wall material in plants, contributing to the cell wall's mechanical strength and rigidity 

[46,47]. It acts as a physical shield, shielding plant bodies from a variety of abiotic and 

biotic stresses, aiding in tolerable behaviour towards heat and grazing herbivores and for 

the development of the plants[48–50]. The mechanistics  by which bio-sourced silica 
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material is produced has been attributed towards the  polymerization reactions from the 

compounds of Si(OH)4 and [SiOx(OH)4–2x]n obtained by the plant bodies from the 

soil[48]. The kinetic behaviour of uptake varies from species to species. Plant cells use a 

physiologically regulated process to convert silicic acid to silica. Silicon can be deposited 

in the form of SiO2 within the cells and cell walls and the tissues, forming non-crystalline 

structures called as  phytoliths or SiO2 deposits[47]. Silica occurs naturally in the walls 

and bodies of plant cells, primarily in the outer epidermisof cell walls, as well as within 

the inner structures of the certain types of epidermal cells. Silicic  structural morphologies 

have been shown by a variety of plants, including paddy, Chinese bamboo, canes , and 

salty grasses species[48]. The epidermal surface of Equisetum spp. is covered in discrete 

knobs, rosettes, and fibrillary/globular/sheet-like silica bodies [48]. However, for the 

majority of plant species, the extraction of silica particles from cell wall components is an 

ill-defined process [48]. 

1.4.3 Synthesis of nano-structured carbonfrom biomass for pollution abatement purposes. 

Carbon plays a significant role in human body. It has a deep rooted connection in 

the human advancement in the classical forms of coal and graphite[51]. Carbonaceous 

materials derived from biomass have a long history dating all the way back to prehistoric 

times [52].Due to the higher content of the carbon element  and human scale renewability 

feature of biomass, the conversion of biotic components to carbon based nano-structured 

materials[53] has recently gained increased traction[54,55]. Numerous utilization 

strategies of biomass-derived carbonaceous nano-materials are being investigated at 

present moment due to their capacity for cheaper, scalable, and good quality production 

in an environmentally benign  manner [56–58]. 
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Figure.1.5 Various types of carbon-based nanostructures that can be obtained from 

biomass for energy and environmental applications. Reproduced with permission from 

reference (67). Copyright, Wiley-VCH (2021),  

When compared to the traditionally synthesized hydro chars, bio-char, carbon 

materials activated by various activation processes and activation agents , and fibres 

derived from  carbonaceous biomass[30], the conversion of bio sourced material to 

defined nano-structured materials offers an attractive opportunity for biomass 

valorization[59]. Bio char is the most frequently used carbonaceous material derived from 

biomass. It is produced through the thermochemical conversion of biomass 

[30,60].Additionally, for a variety of applications, activated carbon [61]and carbon 

fibers[62–64] derived from biomass were developed.  

1.5 Challenges with the utilization of Biomass for size and shape-controlled 

nanomaterial synthesis. 

 The complex chemical composition and structure of biomass pose difficulty in the 

wide-scale applicability of the biomass for industrial applications. Furthermore, the 

inherent heterogeneous nature of the biomass which includes diversity in chemical 
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composition and difference in physical attributes are some of the main challenges 

associated with the preparation of defined, homogeneous and controllable structured 

nano-materials. [65]Meanwhile, the cost and scale of production also continue to 

constrain industrial applications of biomass-derived nano-structured materials on a large 

scale. Preparatory methods being utilized currently are also associated with high-energy 

synthetic procedures and the use of corrosive chemicals. Thus, it is highly desirable to 

develop low-cost, environmentally friendly, and high-performance biomass-derived nano-

structured materials using simple and green preparation methods.  

1.6 Synthesis Methods 

Two methods for the fabrication of nano-structured materials have been mainly 

utilized, viz. top-down method (TD)and bottom-up synthesis method (BU), 

[66,67]Photolithography techniques such as electron beam lithography, nano-imprint 

lithography, helium ion beam lithography, and chemically oxidization are used to cut the 

units with larger dimensions, such as micro meter and centimetre scales, into 

nanostructures in top down (TD) fabrication [68].  The TD technique transforms 

nanomaterials into extraordinary macrostructures efficiently [69]. However, the 

disadvantages include a lack of control over the micromorphology, a high cost, a time-

consuming process, and low production[70]. 

 

Bulk Fragments
Nano scale 

Structures Clusters Atoms

Top-Down Bottom-Up 



11 
 

Figure.1.6Image depicting the top-down and bottom-up approach for the synthesis of 

NSMs. 

Additionally, unfavourable residual chemicals  affect the subsequent fabrication 

process [71]. As a result, the geometric advantage of these anisotropic nanomaterials 

cannot be fully utilized in this manner. The bottom-up approach is more conservative and 

produces nanomaterials on larger scale with ranging from nanometre to micron and even 

centimetre. It primarily comprises in situ growth, chemical vapour deposition (CVD), and 

the process of self-assembly. The process of self-assembly makes use of relatively weaker 

interactions between materials to generate comparitively large nanoscale systems with 

complex hierarchical structures under ambient and mild conditions, making it a promising 

technology for large-scale nanomaterial assembly.Fan and co-workers. discussed methods 

for integrating one-dimensional nanowires and their applications in flexible electronics 

[72]. Cao and team. discussed the fabrication processes for patterned two-dimensional 

nanomaterials and electromagnetic functional devices [73]. Cao and teamsummarised the 

most extensively studied assembly techniques and emphasised their importance in 

aligning 1D nanomaterials.[72] Hersam et al. provided an overview of recent advances in 

the assembly of colloidal nanomaterials for field-effect transistors, including the assembly 

techniques used to achieve desired thin films or patterned substrates [74]. 

 Biomass-derived nano-structured materials are mainly synthesised via a top-down 

approach. In a top-down approach for the synthesis of nano-structured material, the larger 

constituents are brought down to micro and nano levels using the techniques like ball 

milling, pyrolysis, and hydrothermal carbonization etc[59]. Carbonization using high-

pressure under hydrated conditions (HTC) and burning under anaerobic conditions which 

is known as pyrolysis are two of the most frequently used conversion processes for 

obtaining carbonaceous materials derived from biomass [30,31]. HTC and pyrolysis, 
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respectively, provide a wide temperature range during the thermal transformation of 

biomass, promoting carbonization and graphitization [75–78]. Additionally, laser, plasma 

[79–81], and joule heating[82,83]were used to promote graphitization via transiently 

elevated temperatures. To add to this, pyrolysis on exorbitantly high temperatures  

(>1200 °C) was used to study structural transformations and synthesize  bio-sourced  

carbon materials [84–91]. When compared with coal, charred coal, and coke, bio-sourced 

precursor material are more difficult to be converted to graphitized material via heat 

treatment owing to the availability  of numerous cross-linking units and random 

orientation of the crystallites in biomass [88]. Along with an increase in the temperature 

for heat treatment under anaerobic conditions, the combination of different heat treatment 

techniques and the addition of  templates and catalysts has shown the potential to improve 

the graphitization process [65,75,92–94].  

 

Figure.1.7 Schematics for biomass utilization. 
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Amorphous regions of the biomass components are fragmented into smaller intermediates 

at molecular level and then converted into carbon with  turbostratic and graphitic 

character via the sequential processes of polymerization, aromatization, carbonization, 

and graphitization etc.[75,76,78]. Apart from biochar, activated carbon[53,61,95] and 

carbon fibers [62,63] can be produced through additional processing like activating and 

electrospinning, respectively. Carbon based nano-structures and nano-materials have been 

synthesised from bio-sourced materials, including the fullerenes, ultra-small sized 

graphitic quantum dots (GQDs), carbon nanotubes, and oxidized or reduced graphene 

[2].For regulating the transformation process thermally to obtain high-quality nano-

carbon derived from bio-sourced materials, utilization of  additives, such as  templates, 

activators, and catalysts have been reported in the reported[75,94]. To synthesise carbon 

nanomaterials, graphene oxide (GO) [90,96], sodium chloride (NaCl)[97], and calcium-

based salts[98,99] were added as templates to biomass. During the pyrolysis process, 

KOH was typically used as an activating agent for the production of porous carbonaceous 

materials obtained from biomass [100]. Additionally, NH4Cl was used as an activating 

agent to control the structure of the pore and sponges  in carbonaceous materials sourced 

from biomass[101].Catalysts based on Fe,[102,103] Ni,[104,105] were combined with 

biogenic materials for the promotion of  the graphitization process catalytically for the 

synthesis of carbon nanomaterials. 

1.7 Conclusion 

In conclusion, the advances made in the production of bio-sourced nano-structures 

and the multifarious applications along with the description of their types and various 

sources of origin have been discussed. In order to determine the applications of biomass-

derivednano-structured materials, it is important to understand their structures and 

architecture. Carbonization which is one of the major routes of modification of biomass 
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may be divided into two categories viz. structural inheritance carbonization and 

restructuring carbonization, depending on whether the original macro / micro-structures 

of biomass are inherited by the synthesized nanomaterials. As a result, various biomass-

derived species have diverse degradation processes since biomass comprises a variety of 

compounds, the types and quantities of which vary from one species to another. As a rule, 

when plant biomass is transformed to nano-structured material by a hydrothermal 

carbonization process, the original structure is preserved since the biomass comprises 

more crystalline cellulose and less hemicellulose. Using pyrolysis, the majority of chitin 

biomass may be transformed into nano-structured carbon material. Biomass-derived 

nano-structured materials containing heteroatoms like nitrogen and sulphur have been 

synthesised extensively using proteins, which are fundamental components of all living 

organisms. Many variables may have an impact on the final structures and characteristics 

of the synthesized nano-structured materials, including their composition and processing.  

The development of diverse biomass precursors, modification/carbonization 

techniques, and other strategies for the synthesis of biomass-derived nano-structured 

materials has resulted in a myriad of obstacles that must be overcome in order to meet the 

needs of various applications. There dimensional biomass-derived nano-structured 

materials with integrated heteroatoms, large specific surface area, high TPV, and high 

graphitization degree are particularly desirable in the energy conversion and storage 

industry. Furthermore, for applications in sensing, biomass-derived nano-structured 

materials with high conductivity, excellent flexibility, lightweight, and high chemical 

stability are chosen over biomass-derived nano-structured materials with lower 

conductivity and lower flexibility. The innate heterogeneities of biomass, including 

chemical components and physical structures, also result in biomass-derived nano-

structured materials having poor mechanical performance, which makes them unsuitable 
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for use as reinforcing material. Meanwhile, the cost and volume of manufacture of 

biomass-derived nano-structured materials continues to impose significant limitations on 

their use in large-scale industrial set-ups. Examples include the activation of the biomass 

source, which requires extensive energy-intensive synthetic methods as well as the use of 

caustic chemicals in high concentration.  

Thus, it is highly desired to build low-cost, environmentally friendly, and high-

performance biomass- derived nano-structured materials by the use of simple and green 

preparation processes. Biomass-derived nano-structured materials with controlled shape 

and regular structures and a wide range of properties will, without a doubt, bring 

additional answers to the current energy and environmental problems and sustainability 

issues.  
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Chapter-2 

Bio-based PDMS Porous Sponge Materials with 

Programmable Hydrophobicity and Porosity for Efficient 

Separation of Hydrophobic liquids from Water 

 

Abstract 

In this chapter, the synthesis of a bio-sourced PDMS sponge showing selective 

oleophilicity to controllably absorb oil and organic components from water is 

reported.The fillers used are Adenium fibres obtained from plant sources (Adenium 

obesum). The sponge samples are fabricated using an environmentally friendly 

fabrication process free of organic solvents. The contact angle value increased from 107 

to 139° with 20 weight percent fiber loading, and the hydrophobicity increased with an 

increase in Adenium fibers in the samples.Additionally, the presence of fibers improved 

the samples' pore volume capacity from 4.6 to 13.5 cc/g and compressive strength from 

0.8 to 10 MPa, that are two crucial factors for future practical applications. The samples 

showed up to 60 g/g of sorption capacity with chloroform as the absorbate. Importantly, 

desorption of the organic solvent was also swift from these sponge samples and mild 

squeezing released most of the absorbed solvent. Up to 20 cycles under study, the 

samples showed no reduction in separation activity. Overall, a bio-based hydrophobic 

sponge made from sustainable materials is created to handle oil spills and separate 

organic materials from aqueous emulsions and mixes. 
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2.1 Introduction 

Environmental degradation caused by spilling of oils,[106,107]organic solvents 

and  contamination caused by oil containing formation water from petroleum sector [108]  

are severe  and cause a major biodiversity loss [109–111] and habitat degradation.[112] 

leaked oil because of different weathering processes,[113] turns into micro droplets[114] 

and excessively threatens  the marine ecosystems[115,116] in no of ways.[117–121] The 

species in the contact ultimately die in short span of the leak disasters.[122–124]it has 

been reported in the literature that the embryos of the many fish species were found 

deformed in the vicinity of the leakage sites [125] it was also reported that the  

community composition of species was shifted[118]all these are the reported long term 

effects.[126]Some cleanup techniques also seriously endanger the existence of nearby 

species by polluting the environment [127],[128] ]. So it makes sense to seek out ways to 

successfully handle the aforementioned problems.There are many destructive ways to 

handle an oil spill, including burning the oil,[129] demulsifying agents,[130]use of 

surfactants [131] and using nanoparticles[132,133]for gradual degradation of oil.  These 

techniques, however, are linked to the release of particulate carbon soot,[127] CO2 

gas[134] and ancillary environmental pollutants [135].Utilizing organogels,[136]sponge 

materials with porous frameworks [137] and oleophilic polymers[138] to separate the 

leaked organic content through absorption[139] and subsequently use the same are some 

of the methods in current use. Factors such as the sponge's absorption capacity, 

hydrophobicity, porosity, absorption-desorption kinetics, surface area, durability, 

fabrication cost, and selectivity are crucial parameters. 

 The basic building blocks of sponge materials are typically oleophilic polymers 

like polydimethylsiloxane (PDMS),[140] polyisobutylene (PIB), and carbon based 
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materials,[141] oleophobic polymers like polyurethane[142], polyvinylidene 

fluoride(PVDF) [143–145]and materials derived from these polymers constitute the main 

building units of these  materials called sponges which have porous skeletonand these 

work by passing out the water and retaining the  oil to not pass through it. For instance, 

oleophilic sponge made using PIB and octadecyl acrylate  soaked  oil up to 29 times its 

own weight .[146]Likewise, graphene wrapped superoleophilic sponge showcased 

soaking ability of 85 times its own weight.[147] The  polyurethane based sponge treated 

with reduced graphene oxide achieved oil soaking  capacity of 160 g/g in chloroform and 

showed excellent reusability up to 50 cycles.[148] An ecologically benign  polyurethane  

sponge material absorbed 3000% of organic liquid and capable of removing absorbed oil 

simply by squeeze actions.[149] PDMS, showcases biocompatibility[150] and also 

exhibits ultra-low glass transition temperature with excellent  hydrophobicity comes out 

as material of choice to be used as  framework material for fabrication of porous 

sponges.[151] For instance, a PDMS based sponge, named as Eco-flex absorbed 3400% 

of CHCl3 at an accelerated rate.[152] Modification in the surface could also be used as a 

tool to impart superoleophilic character to the sponge for achieving exorbitantly-high 

sorptivity.[153]Gelating the crude oil selectively in the presence of amino acids derived  

hyper branched polymeric material was used as the novel technique to remove the heavy 

crude oil.[154] 

 Another strategy utilizes the fillers which are sacrificed afterwards in these sponge 

matrix during fabrication process to include porous character. Generally, crystals of sugar 

,[155]polymer diluting agents like hexane,[156]crystals of citric acid[157] have been used 

as sacrificial content to generate pores inside the sponge matrix. The size of the pore 

generating agents guidethe sizes of the pores in the porous sponge matrix. Layered boron 

nitride nano-plateswere also used as the templates to develop superoleophilic sponge 
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matrix that showcasedsorptivity of 175 g/g [158]. In general practice, to remove the non-

polar template a non-polar solvent is used. Like, in a PDMS porous skeleton, for 

removing paraffin micro-sphere an organic solvent hexane was utilized.[159] To, sugar 

crystals which were used as template, from the PDMS matrix, it was ultra-sonicatedin 

H2O at 40 °C [155].Pickering emulsion was incorporated as a template in the formation of 

PDMS sponge matrix as given in the  literature. Pickering emulsion of Span 80 and 

NiFe2O4 was used to develop poly(DVB-LMA) porous sponge matrix.[160] Citric acid 

crystals are a low cost template and were reported in literature to impart pores to the 

sponge matrix. For instance, citric acid crystals were used to develop PDMS porous 

sponge matrix and afterwards the template was sacrificed by dissolving in ethanol 

[157].To the best of our knowledge, biogenic oleophilicnatural fibres have so far not 

being used to modify the PDMS sponge matrixes. 

The aim of this effort is to create an Adenium fibre PDMS (AFDMS) sponge made by 

utilizing natural fillers that can be used to treat oil contaminated water. The PDMS 3D 

interconnected sponge was filled with bio-based Adenium fibres. From plant sources, 

Adenium fibre with high porosity and oil absorption ability is widely available. To make 

the procedure environmentally friendly, water was used as the template removing agent 

and citric acid as the template. The impact of Adenium fibre concentration on 

hydrophobicity, porosity, and oil sorption capacity was examined, and the effectiveness 

of the fabricated Adenium fibre based PDMS sponge towards the sustainable removal of 

oil and organic solvents was evaluated. 

2.2 Methodology 

2.2.1 Materials 

The curing agent (sylgard 184) and Polydimethyl Siloxane (PDMS) pre-polymer were 

bought from Dow Corning. A curing agent can be defined as a substance which provides 
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assistance in the setting or solidification of the otherwise viscous pre-polymer component.  

Citric acid monohydrate, (C6H8O7.H2O) was boughtfrom SD Fine Chemicals, purity, 

99%, Adenium fibres, abundantly available in RGIPT garden area were collected from 

the same. Dichloromethane, (DCM), Toluene, carbon disulfide (CS2), and heptane were 

purchased from Rankem, purity, 99%. Crude Oil was received from Tarapur oilfield of 

(ONGC), Ahmedabad, India. Olive Oil used in the study was from Figaro and was 

purchased from local market. Mobil Oil, Diesel, and Petrol were purchased from an outlet 

of Indian Oil Corporation limited, India.  

2.2.2 Synthesis of Adenium fibre Polydimethyl Siloxane Sponge Matrix 

The AFDMS sponges were synthesized as given in the literature[157] with a slight 

additive modification. Adenium fibres, which naturally range in length from 5-8 cm, were 

first cleaned with deionized water in triplicate, dried, and then chopped into tiny pieces of 

less than 1 cm in length using scissors. Citric acid served as the hard template and 

polydimethylsiloxane served as the soft matrix. Pre-polymer of polydimethyl siloxane 

was combined with the curing agent in a weight ratio of 10:1. Citric acid was then added 

and properly combined with the premix of pre-polymer and curing agent in a weight ratio 

of 1:8 (PDMS: citric acid) . Following that, various amounts of Adenium fibre pieces 

were added and thoroughly blended with a spatula to produce various sponges. To make 

the sponges, biodegradable paper cups that can be cut opened afterwards were used. The 

samples were then cured by placing the cups holding all the components into an air oven 

set at 80 °C for two hours. The paper cups were removed from the oven after two hours 

and sliced open to produce the sponges. By altering the concentration of Adenium fibre, 

all of the sponges were created as described above. The sponges obtained in this manner 

were then washed under running water.The key step in removing the sacrifice hard 

template from the host matrix is washing. For one minute, running water was kept in 
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contact with the sponges containing citric acid to completely saturate the top layer of the 

citric acid. To quickly remove the entire hard template, a simple squeeze and release 

action was used while the sponge was submerged in water. Only two minutes are needed 

to wash a 1 cm
3 

sample. The porous sponges without sacrificial agent were ready for use 

after 30 minutes of drying in an air oven set to 80°C. The different amounts of fibers 

employed in the sponges ranged from 3 to 20 weight percent. The different sponges from 

here on are referred to as AFDMS-C, AFDMS-0.03, AFDMS-0.05, AFDMS-0.1, and 

AFDMS-0.2.WhereAFDMS-C corresponds to the bare sponge without fibers to be used 

as a control, while AFDMS-0.03, AFDMS-0.05, AFDMS-0.1, and AFDMS-0.2 

correspond to 3 weight percent, 5 weight percent, 10 weight percent, and 20 weight 

percent of the fibers in the sponge matrix respectively. 

2.3 Materials Characterization: 

2.3.1 FE-SEM analysis 

In scanning electron microscopy, MIRA3 TESCAN, we uncovered the sponge's porosity 

structure. In all cases, the samples were examined at a voltage of 10 kV, and the working 

distance ranged from 7 mm to 13 mm. From the joint end, the fibres were cut and made to 

adhere to the carbon-conducting tape. They were then reassembled. After that, the gold 

was sputter coated for 30 seconds on the fibre samples before the photos were captured. It 

was necessary to slice each of the sponges into a little portion in order to capture images. 

Gold-coated carbon tape was used to adhere the pieces onto before capturing the image. 

2.3.2 UV-visible spectroscopy analysis 

UV-Visible spectra were taken using the Cary 5000 Spectrometer. Cuvettes used were 

made of quartz material and were of 1 cm path length when used during analysis. The 
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spectra were recorded in ambient temperature. DI water was used throughout the 

experiments. 

2.3.3 Contact angle analysis 

The measurements of the contact angles were recorded on a DSA 25, Drop Shape 

Analyzer, from Kruss, Germany. Drop size was kept 10 µL for all the samples analyzed. 

2.3.4 FTIR analysis 

A PerkinElmer Spectrum was used to capture the Adenium fibres' Fourier Transform-

Infrared Spectra. In addition to the PIKE MIRacle single reflection horizontal ATR 

accessory and a ZnSe ATR crystal, the spectrometer was operated in "attenuated total 

reflectance (ATR) mode". As stated in ASTM, E168, and E1252, FTIR spectra were 

recorded in accordance with ASTM requirements. 

2.3.5 Microscopic analysis 

The optical microscope manufactured by Motic in Hong Kong, model BSA310, was used 

to record the microscopic pictures. A drop of the emulsion was placed on the glass slide, 

and it was studied under the microscope both before and after the treatment with the 

sponge. 

2.3.6 XRD analysis 

The PANalytcal X'pert3 machine was used in order to do the X-ray diffraction analysis 

on the unprocessed Adenium fibres. The device had a Cu K radiation source for its 

internal workings. At the time when the spectra were being recorded, the tube current was 

set to 40 mA, and the generator voltage was set to 45 kilovolts. The spectra were obtained 

by recording them at Braggs' angles ranging from 10 to 120 2ɵ . 
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2.3.7 Mechanical analysis 

The stress strain curves and the hysteresis curves were acquired with the assistance of a 

universal tensile testing equipment manufactured by Tinius Olsen and model -. (H5KL 

UTM). Following the cutting of the samples into tiny cylindrical pieces, compression 

tests were carried out with the assistance of a load cell rated at 100 N. The samples were 

subjected to mechanical testing in accordance with the requirements set out in ASTM 

D1621. Five different samples were analysed for each of the Sponge's constituent parts, 

and the results were averaged. 
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2.3.8 Surface Porosity 

Through the use of field emission scanning electron microscopy imaging, the surface 

morphology of each of the various sponges was determined. Through the use of the 

ImageJ programme and an examination of the SEM images, the surface porosity of a 

variety of sponges was determined. The contrast and brightness settings of the SEM 

micrographs were altered such that a threshold could be reached that allowed for the most 

accurate separation between the solid surface and the pores.2.3.9 Measurement of 

Porosity and Pore Volume 

Porosity is a term that describes the amount of space that is taken up by voids inside a 

substance. The methanol saturation technique was used to determine the total porosity, 

denoted by the letter F, of a variety of sponges. With the assistance of a cutter, each 

individual AFDMS sponge was transformed into a cylindrical shape of 12 mm in 

diameter and 6 mm in height. After being submerged in the solvent for two minutes in 

order to get the desired level of saturation, the cylindrically shaped AFDMS sponges that 

had been created were then removed for the calculations. The porosity, denoted by (Ф), 

was determined by using the equation that is shown further down. 

Φ =
Υ𝑠𝑎𝑡 − Υ𝑑𝑟𝑦

Υ𝑚𝑒𝑡 ℎ
 

Where,Υ𝑠𝑎𝑡 ,Υ𝑑𝑟𝑦  ,Υ𝑚𝑒𝑡 ℎ  represent the densities of saturated and dry AFDMS sponges and 

methanol respectively.[140,161] 

The pore volume of the AFDMS sponges was derived using the below given 

equation.[162] 

𝑚𝑠 = 𝑚𝑡−𝑚0   (1) 
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𝑚𝑠 = 𝑣 × 𝜌      (2)      

Where, ms is the mass of solvent, mt is the mass of wet sponge, saturated with solvent at 

t=2 minutes, m0 is the mass of dry solvent at t=0, 𝜌is the density of the solvent, 

& 𝑣 𝑖𝑠 𝑡ℎ𝑒 𝑝𝑜𝑟𝑒 𝑣𝑜𝑙𝑢𝑚𝑒. 

2.3.10 Oil Absorption Test 

The degree to which certain types of sponges are able to absorb oil was determined by 

comparing the weight of dry and wet sponges and calculating the difference. In order to 

do this, a portion of sponge was cut off and given a weight. After that, the sponge was put 

into the vessel that already contained either the oil that was wanted or the organic solvent. 

Because the sponge was able to immediately soak up any of the oils or solvents, it was 

allowed to remain in contact with the liquid for a period of two minutes so that it could 

get completely saturated. As soon as the sponge soaked up all of the oil or solvent, it was 

promptly weighed once again to determine how much weight it had gained. 

𝑆 =  
(𝑀𝑡− 𝑀0)

𝑀0
                         (3) 

𝑆(%) =
(𝑀𝑡− 𝑀0)

𝑀0
∗ 100        (4) 

Where, Mt isthe mass of the sponge after time t subsequent to absorption, M0 is the mass 

of the sponge at the beginning. ASTM-F726-99 standards were followed for the test. 
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2.3.11 Regeneration of the sponges 

The regeneration process consisted of simply squeezing the sponge in order to expel any 

oil or solvent that had been absorbed by the material. This ability for absorption and 

desorption of several sponges was measured a number of times. Following the completion 

of the absorption process, the samples swelled and grew in size. The difference in weight 

of the sponge was measured after each cycle, and there was no discernible change in 

weight up to 20 times through the process. 

2.4 Results & Discussion 

 Naturally occurring Adenium fibers available from the seed pod of Adenium 

plants were characterized to understand their hydrophobicity (Figure2.1.A, Appendix 

FigureA1). In the FTIR spectra of the fibers, peaks at 3344 (O-H), 1731 (C=O) and 1243 

cm
-1

 (C-O) were observed suggesting the presence of cellulose as major constituent. The  

peak with maximum intensity was observed at 1039 cm
-1

(C-C) along with a  peak at 2919 

cm
-1 

thatis assigned to the symmetric and asymmetric aliphatic CH3  and CH2 suggesting 

the presence of possible plant wax in fiber matrix[37] (Figure2.1.B).The fibers appear 

golden white in color under visual appearance and have a joint end to both the sides of the 

seed (Figure2.1.C).  The SEM image displayed the presence of uniform hollow fibers 

with diameter of ~ 100 µm (Figure2.1.D-E). The walls of the fibers consisted of 

uniformly stacked nano structures covered with a thin coating of waxy substance 

(enlarged SEM image, Appendix FigureA2) and the wall thickness was ~1 µ 

(Figure2.1.F-G). The mean pore width of Adenium fibers, calculated for 35 fibers from 

SEM image was 110 µm with standard deviation of ±16 µm (Appendix FigureA3).   
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Figure.2.1(A) Image of Adenium obesum plant bearing flowers and fiber pod. (B) FT-IR 

spectra of Adenium fibers. (C) Optical image of raw fiber. (D) SEM image of Adenium 

fibers. (E) SEM image of fiber with hollow structure and thin wall. (F) High resolution 

SEM image of the fiber wall showing the waxy extrusions. (G) High resolution SEM 

images of the fiber wall interior showing the spike like nanostructures resembling the 

papillae of lotus leaf. (H) Static contact angle of water on Adenium fibers. 

The static contact angle of water on Adenium fibers was measured to be ~143° 

suggesting high hydrophobicity of the fibers (Figure2.1.H). This prompted us to utilize 

these tubular and oleophilic fibers as the fillers in PDMS based sponges to further 

improve the oil absorption capacity. XRD analysis of the raw fibers revealed that the 

fibers are composed of cellulose and wax. The peak at 2ϴ  ~ 22.5° can be ascribed to 200 

plane of cellulose[163] and the peak at 2ϴ  ~ 27.5° can be ascribed to 200 plane of 

epicuticular plant waxes[164]
,
[165](Appendix FigureA4).Thenature of peaks in XRD 

spectra also supported towards the crystalline nature of the fibers composition, which fits 

well with the SEM observation of the thorn like structures in nanoscale.   

 Several sponge samples were fabricated by adding small pieces of the fiber 

as fillers and citric acid as the sacrificial agent in certain amount to the pre-mixed PDMS 

precursors, shown in the schematics (Figure2.2.A). Subsequent addition of Adenium 
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fibers in to the sponge matrix increased the volume of the prepared sample by adding 

more surface area (Figure2.2B). Addition of fibers to the sponge matrix gradually 

increased the porosity in the matrix and also maintained the uniform distribution of the 

pores. There was a slight decline in the top surface porosity value from 42.3 to 36.2 % 

upon inclusion of 20 wt % fiber (Figure2.2.C1 - C4). This is due to the fact that 

microscopic imaging can be used to visualize the morphological features in two 

dimension[166] and fiber’s hollow structure could not be assessed totally when embedded 

in sponge matrix while other parameter such as interaction of the pre-polymer with 

surface of the container may have contributed towards the slight alteration in the surface 

porosity. For the same reason, to visualize the 3-D porosity the use of micro-computed 

tomography has been reported.[167] The fabrication method effectively incorporated the 

hydrophobic Adenium fibers in the sponge matrix. The washing procedure utilized 

herewith for the removal of sacrificial hard template turned out to be effective in 

completely washing off the citric acid crystals from the sponge matrix (AppendixFigure 

A5). SEM micrograph of the AFDMS sponges clearly showed that no traces of the 

sacrificial template, i.e. citric acid remained in the matrix. Also, presence of Adenium 

fibers in the sponge matrix in the form of rod like structures is evident from SEM 

micrographs (Figure 2.2, D1-D4, Appendix Figure A6). visualize the morphological 

features in two dimension[166] and fiber’s hollow structure could not be assessed totally 

when embedded in sponge matrix while other parameter such as interaction of the pre-

polymer with surface of the container may have contributed towards the slight alteration 

in the surface porosity. For the same reason, to visualize the 3-D porosity the use of 

micro-computed tomography has been reported.[167] 



30 
 

 

Figure.2.2. (A) Schematics of the fabrication process for AFDMS sponges. (B) Images of 

the AFDMS sponges with increasing fiber concentration. (C) Surface porosity 

distribution of the AFDMS sponges. (C1) AFDMS-C, (C2) AFDMS-0.05, (C3) AFDMS- 

0.1, (C4) AFDMS-0.2 (D1-D4) FE-SEM images corresponding to (C1-C4). 
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Figure.2.3 (A) Water contact angle of different sponges. (B) Graph for contact angle and 

Adenium fiber concentration. (C) Graph showing the surface and total porosity of 

different AFDMS sponges. (D) Graph for pore volume and Fiber amount. (E) Graph for 

density and amount of Adenium fiber concentration. (F) The spreading of a droplet of 

Rhodamine-B aqueous solution on AFDMS-C (up) and AFDMS-0.03 (down). (G) The 

spreading of diesel oil on AFDMS-C (up) and AfDMS-0.03 (down). 

Hydrophobic character of the sponges kept on increasing as the fiber 

concentration was increased (Figure2.3.A) The contact angle values for the water 

increased from 107 to 139° supporting the hydrophobicity enhancement of the PDMS 

sponge in the presence of the Adenium fibers . The water contact angle value of AFDMS-

C was measured to be 107°. With inclusion of 3 wt% fiber (AFDMS- 0.03), the contact 

angle value increased to 116° the value kept on increasing with further increase in fiber 

and reached up to 139° at 20 wt% fiber content (Figure2.3.B).The total porosity value 
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increased from 86.1 to 94.5% with incorporation of 20 wt% of the fibers (Figure2.3.C). 

The pore volume was calculated from the amount of solvent absorbed in the sample, 

which increased from 4.6 to 13.44 cc/g with increase in fiber content from 0 to 20 wt% 

(Figure2.3.D). 

Table 2.1: Contact angle, porosity and tensile property data of different sponge samples 

Sponge 
Contact 

Angle (°)
$
 

Porosity
#
 

(%) 

Pore Volume 

(cc/g) 

Density 

(g/cc) 

Stress* 

(MPa) 

AFDMS-C 107.9 86.87 4.70 0.27 0.85 

AFDMS-

0.03 116.4 87.88 5.76 0.19 1.95 

AFDMS-

0.05 120.3 90.76 7.89 0.18 2.90 

AFDMS-0.1 124.3 92.66 9.76 0.17 4.77 

AFDMS-0.2 139.1 95.43 13.51 0.16 10.2 

*Compressive stress value at ~90% strain, # the value obtained based on solvent 

saturation method, 
$
water contact angle data 

For the measurement of the density of the sponges, each of the sponge was cut 

into a cylindrical shape with the help of a cylindrical cutter. The volume of the cylinders 

was calculated by measuring the height and diameter of the samples. The weight of each 

cylindrical shape sponge was recorded in order to calculate the weight to volume ratio. 

The density values calculated from the gravimetric procedure also followed a declining 

trend with the inclusion of the fibers in sponge matrix and the value decreased from 0.27 

to 0.16 g/cc with 20 wt % fiber content in the sponges (Figure2.3.E). The reduction in the 

density can be ascribed to the fact that fibers being hollow structures added more volume 



33 
 

to the matrix than mass. Subsequently, the hydrophobicity and oleophilicity of the surface 

was assessed by putting water and oil drops on the bare PDMS as well as AFDMS-0.03 

sponge’s surface. The droplet of water makes lower contact with AFDMS-C than on 

AFDMS-0.03 (Figure2.3.F) whereas the oil droplet got spread on bare AFDMS-C but 

more readily absorbed on the surface of AFDMS-0.03 (Figure2.3.G) showing higher 

oleophilicity  of the sponges upon inclusion of the fibers in the matrix. 

 

Figure.2.4(A) Stress-strain curves of different AFDMS sponges. (B) Hysteresis traces of 

AFDMS-0.2. (C), Image of as prepared AFDMS-0.2. (D) AFDMS-0.2 with 2 kg weight. 

(E) AFDMS-0.2 after removal of the weight. 

The compressive strength of the sponge samples was measured and the value 

increased from 0.89 to 10 MPa at 90% strain with the increase in fiber content from 0 to 

20 wt% (Figure2.4.A) and sample showed no sign of fracture till the above compressive 

strain value. This suggested that the fibers acted as a network stabilizer and improved the 
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performance of the sponge under load. The hysteresis cycles were superimposable for 

consecutive five cycles and the dissipation energy value, calculated as reported 

earlier[168] was low (15.2 kJ/m
3
) suggesting that these samples are suitable for load 

bearing applications (Figure2.4.B). Interestingly, the dissipation energy of the first cycle 

(16.2kJ/ m
3
) was comparable to that of the subsequent cycles (16.2 kJ/m

3
to 13.7 kJ/m

3
). 

This suggested that the network arrangement in as-synthesized samples remained mostly 

unaltered under application and release of load. A sponge sample was able to bear 2kg 

load without break and recover the original shape after release of the load (Figure2.4.C-

E) images of the AFDMS-0.2 before, during and after the application of 2 kg of load.  

 

Figure.2.5(A) Chloroform absorption capacity of AFDMS-0.2 with time. (B) 

Recyclability of AFDMS-0.2 for chloroform absorption. (C) Graph showing the 

absorption capacity of AFDMS-0.2 for chloroform at different temperatures. (D) Graph 

for % removal capacities of different AFDMS sponges for various solvents. (E) Graph for 

selectivity of sponges towards the absorption of heptane over methanol.(F) Image of 

AFDMS-0.2 before selective absorption of heptane. (G) AFDMS-0.2 during absorption in 

a binary solvent system. (H) Methanol (dyed with methylene blue) absorption by AFDMS-

0.2. 
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The solvent absorption capacity of the AFDMSC-0.2 was monitored with respect 

to chloroform. The absorption reached ~60 g/g within 45 seconds anda plateau was 

observed on dipping the sample further in solvent (Figure2.5.A). The data suggested that 

the sponge is capable of absorbing high amount of chloroform and may be suitable for 

organic solvent-water separation. The absorption capacity was proportional to the fiber 

content in the samples and the sample (AFDMS-0.2) with maximum fiber content was 

able to absorb maximum amount of chloroform. A similar trend was observed in case of 

other organic solvents. The sponge was able to absorb high amount (1000-1500%) of 

gasolineand diesel suggesting these sponge materials are potential candidates for oil spill 

applications (Figure2.5.B). The reusability of the AFDMS-0.2 was checked up to 20 

absorption-desorption cycles (AppendixFigure A7). No substantial change in absorption 

efficiency was noticed till the 20 cycles studied (Figure2.5.C). The release was also 

efficient after each absorption cycle as the amount of solvent in sponge reached ~ 3-7 

mg/g value after desorption via squeezing. Effect of temperature on the absorption 

capacity of the sponge was studied. For the purpose, AFDMS-0.2 was dipped in to 

chloroform at various temperatures ranging from 5 to 50 °C (Figure2.5.D). It is evident 

from the graph that the AFDMS-0.2 sponge was able to effectively absorb the solvent 

even at low temperature. There was a slight increase in the absorption capacity upon 

increasing the temperature. However, further increase in temperature to 50 °C showed 

drastic decline in the absorption capacity. This attribute could be due to the low boiling 

point of chloroform. Interestingly, the sponge showed the selective absorption towards 

the solvents with higher non polar nature in a binary solvent system. Different 

composition of sponges was tested for the selective absorption capacity towards heptane 

over methanol (Figure2.5.E). The selective absorption property of the sponge towards 

nonpolar solvent was proved by introducing a piece of AFDMS-0.2 to a binary organic 
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solvent system of heptane and methanol.  Methanol was dyed with methylene blue for 

visual clarity. Though, the sponge separately absorbs both the solvents effectively, but in 

binary system the sponge selectively absorbs only heptane and amount of methanol 

absorption was negligible. (Figure 2.5.F-H). Another important aspect of the sponge was 

the fast desorption kinetics. Both fast absorption and desorption is important from 

application prospective. The presence of these fibers allowed the solvents to evaporate 

from the sponge swiftly.  

 

Figure.2.6 (A) Piece of AFDMS-0.2 before absorbing DCM. (B) Ice crystal formation on 

the surface of DCM absorbed sponge. (C) The sponge after desorption of DCM. (D) 

Pictures of AFDMS-0.2 sponge before soiling. (E) Soiled. (F) After self-cleaning, 

depicting the self-cleaning behaviour of AFDMS-0.2. (G) Before absorbing mobil oil. (H) 

Mobil oil absorbed. (I) After desorption of mobil oil by squeezing. (J) Before and after 

Images of sponge showing the increase in size of a piece of AFDMS-0.2 upon DCM 

absorption. 
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The formation of ice crystals on the sponge surface within few minutes of keeping 

a soaked sample under ambient conditions supported the above (Figure 2.6.A-C). The 

samples were able to self-clean the surface efficiently from any hydrophilic impurities. 

For example, clay dusts present on the sponge was easily removed by simply pouring 

water on the surface (Figure2.6.D-F). The sponge could also absorb the oils with higher 

viscosity and hold without dripping and desorb it upon squeezing, showing the 

sustainable removal efficiency (Figure 6.G-I). The sponge was able to take up the higher 

amounts of the solvent because of the presence of hollow tube structures of the Adenium 

fibers. The sponges almost doubled up in size after soaking the solvents (Figure2.6.J). 

Overall, the samples displayed adequate absorption capacity, reusability, and mechanical 

strength for potential future commercial application.  

 

Figure.2.7(A) 10% (V/V) Emulsion of Toluene in water. (B) Emulsion with piece of 

AFDMS-0.2 sponge. (C) Image of emulsion with sponge after 5 minutes showing clear 

water. (D) Microscopic image of the emulsion showing toluene droplets. (E) Microscopic 

image of the emulsion showing complete removal of toluene from water. (F) U.V-vis. 

Spectra of the toluene-water emulsion feed (10X diluted) and treated emulsion with 

AFDMS-0.2. 
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The sponge materials are useful for the removal of organic solvent from aqueous 

emulsions. A sponge dipped in a toluene-water emulsion selectively separated toluene 

from the emulsion by simply dipping the sponge in emulsion (Figure2.7.A-C). The micro 

droplets of toluene visible in the microscopic images of the emulsion also disappeared 

after the treatment (Figure2.7.D- E). The sponge also showed the oil absorption 

properties for both under and overwater possibilities. The UV-vis spectra of the 10 times 

diluted emulsion displayed disappearance of λmax at 260 nm supporting the above 

(Figure2.7.F). The AFDMS sponges also displayed the ability to absorb the oil present 

on water surface as well as under water conditions. (AppendixFigure A8 and 

A9).Overall, the incorporation of naturally occurring Adenium fibers improved the 

hydrophobicity of the PDMS sponge, imparted adequate mechanical strength and both the 

absorption and desorption of oil were fast with these sponge, which is favourable for 

further practical application. 

2.5 Conclusion 

The utilization of PDMS as the host matrix for developing the porous sponges through 

inclusion of the sacrificial hard template is facile. Enhancement in absorption capacity of 

the developed sponges along with the easy and sustainable removal of sacrificial hard 

template may be achieved by the incorporation of naturally occurring hydrophobic hollow 

fibers stacked with the wall consisting of nanostructures.  Inclusion of naturally occurring 

hollow fibers in porous matrix may also be used to ameliorate the volume, porosity, 

strength and total pore volume of the materials. Fibers are naturally occurring, 

biodegradable and serve as environmentally benevolent materials which do not add any 

kind of pollution as is the case with synthetic polymers. More importantly, the sponge 

materials showcased higher absorption capacity towards oils and organic solvents 

compared to bare PDMS and other wood based sponges and also displayed the self-
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cleaning properties which is helpful for the regeneration of the sponges and this property 

may also be utilized to develop bio-based self-cleaning materials for various applications. 

The inclusion of fibers also imparted the selectivity in absorption of organic solvents. The 

selective absorption property could also be harnessed to develop the materials where 

absorption of the specific solvent is required from a system of existing solvents.   
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Chapter-3 

A Polymeric Suspension of Amine Functionalized Silica 

Nanoparticles Derived from Moonj Grass for the Carbon 

Capture and Storage applications 

Abstract 

 Herewith, amine functionalization of low cost support from a novel and 

sustainable source has been entrenched to improve the carbon dioxide (CO2) capture 

efficiency. The support used is silica nanoparticles (SNPs), derived from a commonly 

available weed grass namely, Moonj (Saccharum munja L.). The amine functionality was 

anchored over the SNPs’s surface to obtain amine-functionalized SNPs (AFSNPs) using 

one step process. The SNPs and AFSNPs were characterized with FTIR, XRD, SEM, 

TEM, and BET to confirm the structural and textural properties. Subsequently, AFSNPs 

were suspended in a polymeric solution of 1000 ppm hydrolyzed polyacrylamide 

(HPAM) forming an AFSNP-HPAM nano-fluid. The nano-fluid remained stable for over 

21 days and no sign of sedimentation was observed. Increasing the AFSNPs’s 

concentration in the nano-fluid increased the viscosity of the nano-fluid while increasing 

the amine loading over SNPs did not much affect the base viscosity. The nano-fluid 

showed improved CO2 absorption property for AFSNPs over SNPs. This improved CO2 

absorption property can be attributed to the synergy between polymer and AFSNPs. The 

inclusion of the AFSNPs in the polymer matrix also enhanced thermal stability of 

polymer at high temperatures. Thus, the utilization of these AFSNPs is proposed in 

subsurface applications for effective carbon utilization and storage. 
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3.1 Introduction 

In the past century, rising industrialization and economic growth have promoted 

wide-scale anthropogenic activities leading to a significant rise in the carbon 

emissions[169,170]. This rise in atmospheric carbon has led to severe climate change 

causing an increase in the temperature of the earth, altered climate along deviated crop 

patterns which ultimately threatens the survival of the human race[171,172]. This has 

prompted calls by the policymakers to incorporate carbon capture and sequestration 

(CCS) in the multi-pronged approach being adopted to tackle climate change[173]. 

Capturing CO2 and storing it in the subsurface, underneath several thousands of feet of 

soil reduces the detrimental impact that CO2 may cause when present in the 

atmosphere[174]. 

Likely candidates for CO2 storage are depleted oil & gas reservoirs, deep-sea 

saline media and natural gas hydrate reservoirs[175–177]. However, the  plans for storing 

CO2 in saline media and natural gas hydrates are currently under the pilot stage and 

require a more detailed investigation before wide-scale implementation, while depleted 

oil and gas reservoirs (also known as brownfields) hold immense potential for CO2 

storage due to their favourable geology, well-formed entrapment layers and the presence 

of gas-injection infrastructure[178,179]. The utilization of a CO2 based improved oil 

recovery process has the rare potential of producing carbon-neutral oil wherein more CO2 

is stored in the subsurface than what is emitted by burning the fossil fuel produced by its 

subsurface injection[180]. However, injection of CO2 in the subsurface is plagued by 

several challenges like premature gas breakthrough (because of the high contrast in 

mobility between the gas and the reservoir fluid), insufficient retention time inside the 

reservoir (in case a high permeable zone exists) and low storage volumes due to the flow 

behaviour of CO2 as a gas/supercritical fluid[181]. Hence, there is a need for the 
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development of new methods to control the mobility of injected CO2 gas in the 

subsurface. 

Commonly used chemical additives for controlling the mobility of CO2 include 

the use of surfactants and polymers in aqueous media[182,183]. While, the addition of 

polymer in the medium has been found to increase the viscosity of the supercritical 

CO2[184], adding surfactants to the aqueous media for  CO2 entrapment has been found 

to generate foams (body of gas trapped inside a liquid) which show improved mobility 

inside the reservoir and increase the areal sweep efficiency of the injected gas. Foams 

tend to bypass high permeable zones and push the injected gas towards the zones of low 

permeability, increasing the areal sweep and the volumetric storage[185]. Both polymers 

and surfactants have seen significant use in CO2 gas-based enhanced oil recovery (EOR) 

where their use leads to an alteration in subsurface rock wettability, decrease in oil-liquid 

interfacial tension and higher sweep, all of which contribute to an increase in the recovery 

of oil[186–188].Particularly, polymers like polyacrylamide/ hydrolyzed polyacrylamide 

(PAM/HPAM) show high potential for mobility control of CO2 due to their superior 

viscosifying nature arising from high molecular weight and the ease of dispersion. 

Additionally, when used in conjunction with a surfactant, these polymers can reduce the 

loss of surfactants due to competitive adsorption on the bubble surface[189]. However, 

both the polymer and the surfactant are prone to destabilization due to high temperatures 

and are susceptible to rock surface adsorption[190,191]. This reduces their efficiency as 

valuable oilfield additives are lost in the reservoir and as a result, the efficacy of the entire 

process reduces. This prompts the need to investigate alternative approaches to increase 

the viability of expensive oilfield additives being currently used for CO2 mobility control.  

One solution to this dilemma may be the utilization of novel nanomaterials in the 

entrapment media for these applications. Several studies have explored the use of 
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nanomaterials (hereafter referred to as nanoparticles, NPs) for industrial applications due 

to their superior rheological behaviour[192], increased surface area per unit volume[193], 

and superior structuring than similar particles in the sub-micrometer range[194]. Due to 

increased research attention and advancement in our understanding of material science, 

the cost to design and fabricate NPs and their suspensions (also referred to as nano-fluids 

i.e. colloidal suspensions of NPs in a base fluid) have significantly reduced over the past 

decade and consequently, they have found extensive use as heat transfer fluids, EOR 

agents, in the chemical industry, as catalyst & reagents, aerospace, in batteries, sensors 

and pharmaceuticals[116,195,196]. Similarly, for the enhancement in the thermal stability 

of the polymers and reduced adsorption losses, previous studies have indulged in the use 

of SiO2 NPs[197–199].Silica NPs tend to adsorb onto the surface of the polymer and add 

to thermal insulation, which slows down the degradation and mass loss of the polymer at 

elevated temperatures[200]. Also, when compared to other NPs, silica NPs have found 

greater utilization in subsurface oilfield applications due to their superior compatibility 

with the reservoir, scalability of manufacture, comparatively lower cost and ease of NP-

surface modification[201,202]. Silica NPs have shown superior CO2 mobility control and 

high CO2 absorption (when compared to water/brines) in the past studies[203,204]. 

However, existing methods to synthesize silica NPs have been constrained from 

wider acceptability for industrial applications due to the use of silicon alkoxides 

precursors which neither are economically viable nor environmentally benevolent[205]. 

The process for the synthesis of these silicon alkoxides demands extensive use of energy, 

longer durations due to the multistep synthetic procedures along with high temperature 

and pressure conditions in strongly acidic media and is eco-hazardous. Sodium silicate-

based precursors generally exhibit lower surface area for chemical interactions and are 

not economically viable, especially when compared to the green methods of silica NP 
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synthesis[206].Also, the existing methods to synthesize stable silica nano-fluids are 

complex and require careful operation as silica NPs have the tendency to agglomerate 

(which is a mass-conserving but population reducing phenomenon) when suspended in a 

solution[207]. However, current methods to fabricate stable silica NPs can be further 

improved by incorporating eco-friendly and ecologically sustainable alternatives. 

Contemporary research has focused on the synthesis of silica NPs from ―green materials‖ 

with high silica content like agricultural waste, corn cob ash, freshwater algae, bamboo 

leaves and sugarcane bagasse which have been explored in previous literature[208–210]. 

A list of works detailing the use of natural materials used for the synthesis of silica NPs 

has been provided as Table 1. From Table 1, it can be observed that natural sources have 

the potential to yield silica NPs of varying shape and size which can be used to substitute 

chemical origin silica NPs for various industrial applications.Alternatively, grasses with 

high silica content like Moonj (Saccharum munja L.) can also be incorporated as the raw 

materials for the synthesis of silica NPs. Moonj is a weed grass and due to its biting 

nature animals don’t graze on it. It is ecologically very important as it has shown good 

adaptive potential for growth on fly ash lagoons, it is a metal excluder and ecological 

engineer for the vegetative restoration of the fly ash lagoons[211]. However, following an 

extensive literature survey, it can be stated that, to the best of our information, the 

synthesis of silica NPs from Moonj grass has not been reported.  

To the best of our information, this is the first study reporting the synthesis of 

amine decorated silica nanoparticles utilizing Moonjgrass as a biogenic and sustainable 

resource to prepare the AFSNPs-HPAM nano-fluid for the utilization in carbon capture 

and storage applications. Thus, this study reports a new source for the sustainable 

synthesis of silica NPs, their characterization via commonly used chemical 

characterization techniques and then explores their use for CO2 absorption in presence of 
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a commonly used oilfield polymer, HPAM. The study also investigates the synergy 

between polymer and synthesized NPs in subsurface conditions. The main aim of this 

research is to propose a novel green formulation utilizing existing oilfield chemicals for 

subsurface carbon utilization and storage.  

Table 3.1 Naturally derived silica NPs and their source as reported in previous studies. 

S.No. Study 
Source of Silica 

NPs 
Properties 

1 Wang et al[212]. 
Rice husk 

biomass 

Spherical shape, average 

particle size ≈ 25-30 nm 

2 Le at al[213]. Rice husk 
Spherical shape, average 

particle size ≈ 2-20 nm 

3 Shim et al[209]. Corn cob 
Spherical shape, average 

particle size ≈ 60 nm 

4 Velmurugan et al[214]. Corn cob 
Spherical shape, average 

particle size ≈ 50 nm 

5 Athinarayanan et al[45]. Rice husk 
Irregular shapes, average 

particle size ≈ 10-30 nm 

6 Piela et al[215]. Corn cob 
Spherical shape, average 

particle size ≈ 40-70 nm 

7 Adach et al[216]. Plant source 
Amorphous shape, average 

particle size ≈ 8-20 nm 

8 Corrales-Urena et al[217]. Pineapple peels 
Amorphous shape, average 

particle size ≈ 17-30 nm 
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3.2 Materials and Methods 

3.2.1 Materials. 

Hydrochloric acid (HCl, Fisher Scientific, 33%),Sodium hydroxide (NaOH, 

RANKEM, 97%), Cetyltrimethylammonium bromide (CTAB, Loba Chemie, 99%), 

Nitric Acid (HNO3,MERCK, 69%), 3-aminopropyltrimthoxysilane (APTMS, Sigma-

Aldrich, 99%), hydrolyzed polyacrylamide (HPAM, SNF Floerger, Mw, 10 million 

Daltons)   Ethanol (CH3CH2OH, Changshu Hong sheng Fine Chemicals Co. Ltd., 99.9%,) 

All the reagents utilized were analytical reagent grade and utilized without the 

involvement of further purification. ELGA lab water was utilized throughout the 

experimentation. The resistivity of the water used was 18.2 mΩ. Moonj grass was 

collected from the Mukhetia village, Bhadurpur, Jais, Amethi, Uttar Pradesh, India.  

3.2.2 Synthesis of Silica nano-particles 

Moonjgrass was collected, cut into small pieces, washed copiously with DI water 

multiple times for removing any dust particles and other possible impurities. The clean 

washed Moonjgrass was then subjected to drying in an air oven at 100 °C for overnight. 

The dried Moonj grass was made into a fine powder by grinding and passed through a 

120 mesh sieve to make the grass particles uniform in size. This powdered grass was then 

pre-treated with a method by Adams et al. with a slight modification[218].Briefly, a 30g 

ground and sieved Moonj grass was added to 1L of 1M HNO3 solution and kept for 

stirring at room temperature overnight. The acid leached Moonjgrass was filtered with the 

help of a coarse filter paper and washed thoroughly with DI water until neutral pH was 

attained. Subsequently, it was air-dried in a convection oven at around 100 °C for a day. 

This acid leached and dried powder was heat-treated in a furnace for 6 h at 600 °C and 

Moonj grass ash (MGA) was collected. The yield for MGA from Moonj grass was 18%. 
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1g of Moonj grass ash was mixed with 4g of NaOH and kept in a furnace for 1h which 

was preheated to 400 °C. This solid sodium silicate was added in 50 mL of DI water for 

dissolution and filtered through a filter paper to obtain a clear solution of sodium silicate. 

In another 50 mL of DI water 50 wt % of CTAB to MGA was mixed and into this, the 50 

mL sodium silicate was added. This CTAB containing sodium silicate solution was then 

titrated against 3M HNO3 solution slowly and carefully until it achieved a pH of 3 and 

kept at rest overnight. The thick gel-like solution containing silica NPs were then washed 

with DI water multiple times to neutral pH and finally washed with acetone. Afterwards, 

it was dried at 100 °C in an air oven and calcined in a furnace for 5 h at 550 °C.  

3.2.3 Synthesis of SNP-NH2 and nano-fluid preparation 

SNPs were decorated with amine functionalization using an easy single-step 

process given in the literature[219]. Briefly, 1g of SNP was sonicated and stirred for 1 h 

in 30 mL ethanol. Weighed amounts of  APTMS were added to it to get different amine 

loaded SNPs viz. 30% APTMS loaded SNPs, 70% APTMS loaded SNPs and 100% 

APTMS loaded SNPs and kept at 50 °C on stirring for overnight, after 12h washing with 

ethanol for multiple times was done to remove any unreacted material and centrifuged to 

separate the filtrate. To confirm the effective loading of APTMS over SNPs surface, the 

filtrate was titrated against 0.1N H2SO4 using the Phenolphthalein indicator. 

Nano-fluid was prepared using three different concentrations of the 30, 70 and 

100 wt. % AFSNPs in 1000ppm HPAM solution. Briefly, 0.01, 0.1 & 1 % w/w of each of 

the 30, 70 and 100 wt. % AFSNPs were added to a 60 ml 1000 ppm HPAM solution and 

sonicated for 5 minutes. After that, the as-prepared nano-fluid was used for the CO2 

capture application. The stability of the synthesized nano-fluids was observed using the 

simple and effective visual sedimentation study[220]. For this, the nano-fluids were 

decanted in a glass bottle and observed for 21 days for any signs of sedimentation. 
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3.2.4 Characterization of silica NPs and their nano-fluid 

FT-IR spectra of the powdered SNPs, as well as AFSNPs, were obtained on a 

Perkin Elmer Spectrum Two FT-IR spectrometer. The details about the equipment can be 

found in the previous literature[168]. Nitrogenadsorption-desorption isotherms for 

textural property evaluation were obtained using a Micromeretics ASAP 2020 machine. 

Approximately 0.1g of the SNPs were degassed at a temperature of 200 °C for 12h before 

analysis. The specific surface area was calculated using Brunauer–Emmett–Teller (BET) 

equation. X-ray powder diffraction (XRD) analysis of the powder samples was done on 

the PANalytical X’Pert
3
 Powder X-ray diffraction platform equipped with Cu Kα 

radiation source. The samples were recorded at a tube current of 40 mA with a 45 kV 

generator voltage. Morphology of the samples was determined using Field Emission-

Scanning Electron Microscope (FE-SEM), MIRA3 TESCAN, operated at 10 kV 

acceleration voltage. High-Resolution Transmission Electron Microscopy (HR-TEM), 

FEI-Titan G2, operated at 300 kV voltage was utilized for the further morphological 

analysis of the samples. 

3.2.5 Viscosity measurements and dispersion characterization of synthesized nano-fluids 

The viscosity of each synthesized nano-fluid was measured using a rheometer 

(make Anton-Paar, modular compact model MCR-52, country of origin Austria). All the 

measurements were performed using a modified double gap cylinder assembly which was 

attached to the rheometer moving head via a magnetic coupling. The nano-fluid was put 

inside the gap between the cylinder and using an applied torque (via the coupling), 

varying shear rate was applied on the nano-fluid. The observations were then plotted on a 

log-log plot for further analysis. Before and after each analysis, the assembly was 

carefully cleaned and dried using toluene to ensure that no cross-contamination took 

place. All the observations were repeated at least twice to obtain the average of all runs 
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and all data aberrations beyond ±5% of the moving average (5 points) baseline have been 

discarded.  

The DLS particle size and zeta-potential of the polymer and polymer-NP system 

was performed over a Malvern Nano Zeta and particle size analyzer machine. The 

measurements were performed using disposable polystyrene cuvettes using the guidelines 

given in the study[221,222]. Three DLS and zeta-potential measurements were performed 

for every solution and only the average values were reported. Deviation in values reported 

for zeta-potential is ±5%.  

3.2.6 CO2 absorption studies 

The CO2 absorption studies were performed using a custom-designed setup from 

D-Cam Engineering, India. The setup comprised of a stirring pot of capacity 100 ml. A 

thermocouple and a pressure gauge (DiGi Gauge TX-430; accuracy ≈ ±0.25%; range 0-

350 bar) were mounted on one end of the cylinder near the inlet. The temperature inside 

the pot was maintained by an electrical heating jacket (Swastik Electrical, India) and 

before use, the entire pot was vacuumed using a vacuum pump. All the experimental 

investigations in this work were performed utilizing a custom-made setup with main 

component, a cylindrical high-pressure stainless steel pot with maximum pressure and 

temperature rating of 350 bar and 250 
o
C, respectively. This experimental setup has been 

represented in (Figure3.1). The CO2 entrapment in the nano-fluid was performed by the 

widely practiced pressure decay method[222]. In the pressure decay method, the solution 

is kept at constant volume and temperature while the gas is injected at a high pressure 

which is then continuously monitored. Using the decrease in pressure (as the gas 

continues to solvate in the fluid) versus the time graph, the diffusion coefficients are 

determined. The CO2 gas absorption methodology has been well defined in previous 

studies[201]. However, for the sake of brevity and ease of readers, the process is being 
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provided here in brief. Initially, the pot was carefully cleaned, vacuumed and purged 

using N2 and CO2 repeatedly to remove any traces of gas impurities. Then, the nano-fluid 

of desired volume (25 ml) was carefully taken and measured using a measuring glass 

cylinder and introduced to the pot. The pot was then sealed and vacuumed again as per 

the sequence reported in a previous study[223]. Following this, CO2 was carefully 

introduced in the pot until the required pressure was reached. Mixing in the pot was 

provided via an impeller connected to an electric motor via a magnetic coupling. The 

RPM of the motor was kept fixed at 600. The fall in the pressure was carefully recorded 

via a pressure transducer and temperature was kept constant via a temperature control box 

that encapsulated the pot. The equilibrium pressure was reached in 4-5 h. the temperature 

control box comprised of a thermal heat circulator (ESCI, India) and silicon oil was used 

as the heat transfer fluid.  

 

Figure.3.1 Schematics for the experimental setup used to perform CO2 entrapment 

studies. 
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3.3Results and discussions 

3.3.1 FTIR Analysis 

FTIR analysis of SNPs, APTMS and AFSNPs is presented in (Figure3.2). The 

bands in spectra for SNPs, observed at 1073 and 1188 cm
-1

 are the characteristic bands of 

SiO2[224].The peaks observed at around 1061, 803, and 585 cm
-1 

are related to 

asymmetric stretches, symmetric stretches and bending vibrations of Si-O-Si bonds. The 

characteristic bands that APTMS shows are observed at 1067 cm
-1

, related to C-O stretch 

and 1191 cm
-1

, related to C-N stretch[225]. The band at 1398 cm
-1

 can be assigned to 

symmetric bending of C-H bonds. The presence of small peaks 1300-1450 cm
-1 

can be 

ascribed to the formation of carbamate species[77]. 

 

Figure.3.2(A)FTIR spectra of SNPs, APTMS and AFSNPs, (B) Enlarged view 

A band at 1455cm
-1

, ascribed to asymmetric stretching of COO
-
 species is 

indicative of the reactions of APTMS and AFSNPs with atmospheric CO2 from the 

exposure of the samples during synthesis and analysis[225]. The bands at around 2841 

and 2943 cm
-1

 in APTMS and APTMS functionalized silica can be assigned to the 

symmetric stretches and asymmetric stretches in C-H bonds of CH2 groups on the alkyl 

chain. A band at around 690 cm
-1

 belongs to Si-C bonds. The bands at around 3356 and 
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1598 cm
-1

 belong to the symmetric stretch of the N-H bond and bending of the NH2 

groups in the adsorbents[77,225].The bands for C-H, Si-C bonds and the observation of 

NH2 groups confirm the existence of the organic species on SNPs (Figure3.2.A-B). 

3.3.2 SEM analysis 

The as-prepared SNPs and AFSNPs were subjected to the HR-SEM analysis using 

a MIRA TESCAN machine at 5 kV voltage for the morphological characterization. The 

samples were prepared on a silicon substrate by drop-casting a dilute suspension of SNPs 

and AFSNPs in ethanol. The suspensions were ultra-sonicated for 2 minutes before drop-

casting. The drop cast samples were dried in air for some time and then sputter-coated 

with gold for 30 seconds and then subjected to the analysis. As shown in (Figure3.3), the 

SNPs, as well as AFSNPs, are spherical (Figure3.3.A-D).  

 

Figure.3.3 SEM images of (A) SNPs, (B) AFSNPs 30 wt% loading (C), AFSNPs 70 wt% 

loading (D), AFSNPs 100 wt% loading. 

These SEM images were processed for calculating the particle size of the silica as 

well as amine functionalized silica nanoparticles. ImageJ software was used for 
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processing these images. 300 particles from each of the images were randomly selected 

for the particle size measurement and the mean particle size along with standard deviation 

is calculated. The histogram was plotted using Origin software to show the size range and 

frequency distribution of the particles. Mean particle size for bare silica nanoparticles was 

found to be ~24 nm with the standard deviation of 2.13 nm whereas the mean particle 

sizes for 30, 70, and 100% amine functionalized silica nanoparticles were found to be ~ 

25 nm, ~27 nm, and ~ 28 nm along with the standard deviations of 3.5 nm, 4.7 nm, and 

4.3 nm respectively. 

3.3.3 XRD analysis 

The as-prepared powdered samples of SNPs were subjected to XRD analysis for 

the estimation of crystallinity or amorphousness of the particles and for the detection of 

the presence of any metallic impurity arising from the biogenic origin of the precursor. 

The 2ϴ  range employed for analysing the SNPs was 10
º 
- 90

º
.  

 

Figure.3.4A XRD pattern of as-synthesized SNPs, B. TEM image of the SNPs. 

The SNPs showed a broad peak at around 22° 2ϴ  (Figure3.4.A). This confirms 

that the prepared samples are amorphous which are not harmful when humans come 
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within their exposure. The absence of any other peak in XRD spectra also negates the 

possibility of the presence of any metallic impurities.  

3.3.4 TEM analysis. 

Upon exposure to transmission electron microscopy analysis, it was revealed that 

the synthesized silica NPs have a roughly spherical morphology and are made up of even 

smaller particles than what was revealed by scanning electron microscopy (Figure3.4B). 

These very small particles tend to aggregate and form pores, contributing to the increased 

porosity of the resulting structures[212,226].  

3.3.5 Nitrogen adsorption-desorption isotherm 

The isotherms for Nitrogen adsorption and desorption were recorded for the estimation of 

the specific surface area as well as pore volume of the synthesized nanoparticles. For this 

purpose, approximately 0.1g of the silica powder was taken and degassed at 200 ºC for 

12h before analysis. The surface area of the nanoparticles was calculated using the B.E.T 

equation, the pore size and volume were calculated using B.J.H equations. The sample 

showed a type IV isotherm with small H1 hysteresis (according to IUPAC nomenclature). 

The BET surface area of the SNPs was 623m
2
/g and the pore volume of the SNPs was 

0.4265cm
3
/g (Figure3.5). 

3.3.6 Rheological analysis and dispersion stability of prepared silica nano-fluids 

The AFSNPs were dispersed in a solution of 1000 ppm HPAM to prepare a nano-

fluid (i.e. a colloidal suspension of NPs in a bulk polymer solution). Before any flow 

application, it is highly essential to investigate the rheology of the fabricated nano-fluid. 

While some industrial applications require fluids of low viscosity, carbon sequestration in 

subsurface reservoirs is plagued with the challenges of viscous fingering, gas 

breakthrough, non-uniform frontal advancement (due to the injected CO2 being lighter 
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and more mobile than residual reservoir fluids), a fluid of moderately high viscosity is 

needed to ensure that premature CO2 escape does not take place from the reservoir[227].  

 

Figure.3.5 A. N2 adsorption and desorption isotherms of BET surface area analysis. B. 

pore volume of SNPs. 

Usually, a polymer or surfactant solution dispersed in water is used for controlling 

the mobility of the CO2 injected. Using water-soluble polymers like HPAM is one 

effective method as these increase the viscosity of water and divert the injected CO2 

towards low-permeable zones by restricting its access to high-permeability pores by 

forming long, complex cross-linked 3D networks by entangling the polymer chains[228]. 
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Figure.3.6The visual appearance of 0.1 wt% silica nano-fluids (SNF) and amine-

functionalized silica nano-fluids (AFSNF) as a function of time. Without amine 

functionalization, the SNFs showed sedimentation, indicating instability. 

The increased viscosity for the HPAM solutions is due to their high molecular 

weight and the presence of repulsive forces among the polymer chains (which are 

negatively charged)[229]. Additionally, the presence of a polymer provides steric 

stabilization to suspended NPs which in turn resists their agglomeration in the 

suspensions and prolongs the stability of the nano-fluid[230]. To establish the stability of 

the nano-fluid, visual sedimentation study was performed for the nano-fluid samples 

wherein no sedimentation (i.e. particle accumulation at the base of glass bottles) was 

observed for 21 days. The images of nano-fluids (with amine functionalization-AFSNF 

and without amine functionalization-SNF) of concentration 0.1 wt. % have been provided 

as (Figure3.6).  Initially, the freshly prepared nano-fluid samples (which appeared milky 

white) were kept in glass bottles to observe any change in their appearance. When the 

glass bottles were observed after a week, the SNF sample showed some change in colour 

wherein it was observed that while the upper phase of the solution had become more 

transparent, the lower phase appeared whiter, indicating that some of the NPs suspended 

in the solution settled due to inter-particle attraction and gravitational 

agglomeration[231]. Usually, NPs agglomerate due to the formation of large clusters as a 

result of inter-particle attraction. However, the use of any stabilizing agent like polymer, 

surfactant or other NP helps the suspended NPs resist agglomeration[200]. The visual 

sedimentation study indicates that amine functionalization helped the NPs resist 

agglomeration due to steric stabilization, increasing their stability. After 21 days, SNF 

nano-fluid sample showed significant sedimentation (indicated by an increase in white 

mass near the base of the glass bottle), AFSNF did not show any change in appearance, 

indicating their high stability and possible utilization in adverse subsurface applications.  
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HPAM also displays a unique visco-elastic character which depends on its 

molecular weight, temperature, the shear rate applied, and the ionic strength of the 

solution[227].However, for applications in the field, applied temperature and shear rate 

are crucial factors and their effect on HPAM viscosity requires a comprehensive 

investigation[232]. 

3.3.7 Effect of temperature and shear rate on the viscosity of polymer solution with and 

without AFSNPs 

To establish the effect of temperature on the viscosity profile of HPAM, the 

viscosity change of 1000 ppm HPAM solution over applied shear rate has been recorded 

at temperatures (30-90 
o
C) and the outcome was given in (Figure3.7). The applied rate of 

shear was varied from 20 to 2000 s
-1

 to cover a range-wide enough, likely to be 

encountered during subsurface conditions. Initially, the viscosity measurements of 1000 

ppm HPAM solution were performed at 30 
o
C and it was found to exhibit a viscosity of 

28 mPa. at 22 s
-1  

of shear rate, which upon an increment of the shear rate fell 

progressively to 8.5 mPa.s at 187 s
-1

 and 4 mPa.s at 1860 s
-1

, (Figure3.7.A), thereby 

conclusively establishing that polymer viscosity is reduced at high shear rates[233]. 

Similar behavior has also been observed in other polymer solutions and its occurrence 

could be attributed to the breaking down of polymer chains and alignment towards flow 

direction on increasing shear. When the polymer solution was investigated again at a high 

temperature (60 
o
C), a marginal fall in viscosity was obtained with the observed value of 

viscosity around 26 mPa.s at 22 s
-1

 and 2.8 mPa.s at 1860 s
-1

 rate of shear (Figure3.7.A). 

Finally, when the measurements for the viscosity were performed at 90 
o
C (Figure3.7.A), 

the viscosity of 17 mPa.s at 22 s
-1

 fell to 5.7 mPa.s at 187 s
-1

 and then to 1.6 mPa.s at 

1860 s
-1

 rate of shear indicating that the polymer solution suffered severe degradation at 

high temperature, causing it to significantly lose its viscosifying nature. This is due to the 



59 
 

decrease in intermolecular interaction (due to higher thermal motion of molecules) and 

enhanced HPAM hydrolysis at higher temperatures[234]. From these observations, it is 

evident that temperature, particularly, causes a severe impact on the rheology of the 

polymer solution and that most subsurface reservoirs (with potential for CO2 storage) 

being high temperature (75-90 
o
C), HPAM solution no longer appears viable for mobility 

control. However, in previous studies, adding NPs to the polymer solutions have been 

found to increase the thermal stability of the polymer solutions. Hence, to establish the 

role of synthesized silica NPs on the thermal stability of the polymer solution, 0.1 wt. % 

of silica NPs were added to 1000 ppm HPAM solution (to prepare bare silica nano-fluids, 

i.e. SNF). Similarly, the amine-functionalized silica NPs solution has been referred to as 

AFSNF solution.  

 

Figure.3.7 Graph depicting viscosity change over applied shear rate for 1000 ppm 

HPAM solution at (A) 30-90
o
C and (B) 0.1 wt% silica enhancement (with and without 

amine functionalization). The viscosity was measured at ambient pressure. 

When the shear measurements were performed at 90 
o
C (Figure3.7. B), the 

viscosity was recorded to be 22 mPa.s at 22 s
-1

 and 2.4 mPa.s at 1860 s
-1

 which 
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established that the presence of silica NPs in the solution had minimized some of the 

degradation by adhering to the surface of the polymer-NP composite and acting as 

thermal insulation for the inner polymer layer, preventing its degradation[235]. Thus, the 

addition of silica NPs were found to increase the thermal stability of the polymer solution. 

3.3.8 Dispersion stability of polymer solution with and without silica NPs 

The average particle size and the zeta-potential values serve as a reliable indicators of the 

dispersion stability of the solution. From the DLS results, it is evident that the sizes 

obtained are slightly higher than the sizes obtained from SEM/TEM results (Table 2). 

This can be attributed to the fact that while SEM/TEM help in visually identifying the 

particle size, DLS measures the hydrodynamic size of these particles which is often 

greater than their true size[236]. Also, at high NP concentrations (i.e. >0.5 wt. %), the 

size is several magnitudes greater than the actual size as the NPs were clustered and were 

more prone to agglomeration and sedimentation, consistent with silica NP behaviour 

reported in previous works[232].A zeta-potential value outside ±30 mV is considered to 

be stable due to their superior resistance to charge stabilization induced aggregation[237]. 

Table 3.2Average particle size, zeta-potential of the polymer and amine functionalized 

silica nano-fluid solutions. 

Polymer 

(ppm) 

NP concentration 

(wt. %) 

Average particle 

size (nm) 

Zeta-potential (mV) 

1000 

0 36±6 -33.8 

0.01 39±5 -34.6 

0.1 38±8 -33.2 

0.5 56±8 -32.7 
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1 233±14 -26.2 

 

Initially, the zeta-potential (Table 2) of the HPAM solution was measured to be -33.8 mV 

(as the polymer surface is negatively charged)[238]. Adding AFSNPs (0.01 wt. %) to the 

mixture further altered the zeta-potential of the solutions and the zeta-potential was 

recorded to be -34.6 mV (Table 2). Further increasing the silica NP concentration (≤0.5 

wt %) did not much change the zeta-potential and the values remained closer to -32 mV. 

However, upon the addition of 1 wt. % silica NPs to the solution, the recorded zeta-

potential of the solution was -26.2 mV, suggesting that the solution is comparatively less 

stable and increasing AFSNPs concentration (> 0.5 wt. %) is detrimental to the dispersion 

stability of the polymer-NP composite. The fall in zeta-potential (on increasing silica 

concentration) could be addressed mainly due to the availability of a higher population of 

NPs in the medium, causing more agglomeration. 

3.3.9 Effect of NP concentration and amine functionalization over viscosity pattern of 

polymer solution 

This was followed by the investigation of the effect of the SNPs’s concentration 

over the change in viscosity of the polymer solution. These observations have been 

reported in (Figure3.8). Initially, when 0.01 wt. % silica NPs were added to the polymer 

solution, the recorded viscosity of the solution was 29 mPa.s at 22 s
-1

 that fell to 4 mPa.s 

at 1860 s
-1

 rate of shear, indicating a similar kind of shear-thinning behavior as the sole 

polymer solution. When 0.5 wt. % silica NPs were added to the solution, the viscosity 

further increased to 36.3 mPa.s and 5.2 mPa.s for shear rates 22 and 1860 s
-1

, respectively 

(Figure3.8). Finally, upon the addition of the 1 wt. % silica NPs to the polymer solution, 

the viscosity increased to 38.1 mPa.s at 22 s
-1

 and 5.5 mPa.s at 1860 s
-1

. The increase in 
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solution viscosity on the addition of colloidal particles has been established in the 

previous literature where the viscosity of the solution has been found to depend on the 

volume fraction of the particles[239,240]. Also, the effect of varying amine loading (30-

100 wt. %) was explored on 0.5 wt. % silica NP solution and was found to have a 

negligible impact on the viscosity of the solution (Figure 3.9). These observations prove 

the synergistic nature of the HPAM-NP complex where NPs improve the viscosity as well 

as the thermal stability of the polymer and the presence of the polymer negates silica NP 

agglomeration and eventual sedimentation (Figure3.9). Thus, they show great promise 

for subsurface carbon mobility control in capture and sequestration.  

 

Figure.3.8 The viscosity of amine-functionalized silica nano-fluids (AFSNFs) with 

increasing silica content (0.01- 1 wt%) under varying shear at ambient pressure and 

temperature conditions. 

3.3.10 CO2 absorption potential in natural silica nano-fluids 

The investigation of the CO2 absorption potential of the polymer solution and the 

silica nano-fluids was done by the widely practised pressure decay approach[183]. In this 

method, the solvent (in which CO2 is to be captured) is subjected to pressurize gas which 
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solvates (trapped inside the interstitial spaces in the solvent). The pressure continuously 

decreases upon the gas solvation (hence the name pressure decay) and when no further 

gas can be entrapped, the fall in pressure stops and the system is said to have reached a 

value of equilibrium pressure. Using the values of the initial confining and equilibrium 

pressure and the ideal gas equation, the gas molality (moles of the trapped gas in 1 kg of 

the solvent is obtained). The necessary calculations have been provided in a separate 

study[205].  

 

Figure.3.9 Effect of amine loading (30-100 %) on the viscosity of 0.5 wt% silica NP-

HPAM solution. 

Every experiment was performed five times and averaged for CO2 molality that 

can be found in (Figure 3.10). Initially, CO2 absorption was performed in 1000 ppm 

HPAM solution. Under a confining pressure of 4 bar, the CO2 molality was 0.067 mol/kg 

of solvent which increased to 0.182 mol/kg of solvent (under 8 bar) and 0.332 mol/kg of 

solvent (under 12 bar) (Figure3.10.A). Hence, increasing confining pressure was found to 

have a positive effect on CO2 absorption as more gas is pushed into the solution[205]. On 

introducing the NPs in the system, the CO2  molality increased significantly 
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(Figure3.10.A) which can be ascribed to the rapidly forming and deforming small 

bubbles of CO2 in the medium due to agitation caused by the NPs movement (micro-

convections) and entrapment of gas bubbles in cages of solid NPs which retain the CO2 

inside the body of the fluid for a long duration[241]. Consequently, CO2 loading 

increased (in comparison to polymer solution) under 12 bar pressure to 0.398 mol/kg of 

solvent (for 0.01 wt. % AFSNF), 0.474 mol/kg of solvent (for 0. 1 wt. % AFSNF), 0.543 

mol/kg of solvent (for 0.5 wt. % AFSNF) and 0.52 mol/kg of solvent (for 1 wt. % 

AFSNF) at 30 
o
C. The slight decrease in CO2 molality at higher silica concentrations can 

be attributed to the reduction in micro-convections of the NPs inside the solution due to 

agglomeration which reduces the effective surface area for gas adsorption[242]. The 1 wt. 

% silica NP solution was prone to destabilization (due to a greater population of NPs in 

the solution) as evident from the zeta-potential results presented in Table 2. When the 

observations were repeated at 90 
o
C, the CO2 molality for all solutions fell significantly 

by 12-29 (Figure3.10.B) because the increase in   temperature causes an increase in the 

kinetic motion of the molecules of the gas and NPs, increasing the entropy of the system 

and reduction in the stability of the entrapped CO2 bubbles[243].  
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Figure.3.10 CO2 entrapment in polymer and amine-functionalized silica nano-fluid 

(AFSNF) solutions at (A) 30
 o

C and (B) 90
o
C under varying confining pressure. 

This was followed by a comparative assessment of the NPs synthesized in this 

study with NPs obtained commercially and dispersed in a polymer solution. 

Commercially obtained silica nano-powder (of average particle size ≈15 nm, hydrophilic) 

were dispersed in a 1000 ppm HPAM solution to prepare a conventional, non-amine 

functionalized silica nano-fluid (denoted by C). When the molality obtained in these 

nano-fluids was compared with the nano-fluids prepared in this study (denoted by S), the 

molality in the S nano-fluids was found to be superior (indicated by the shift towards the 

right in molality graph, (Figure 3.11).  

 

Figure.3.11 Comparative study of CO2 molality in silica nano-fluid of composition (0.l-1 

wt%) along with synthesized (denoted by S) and commercial (denoted by C) NPs at 30 
o
C. 

Synthesized NPs exhibited superior molality due to their amine functionalization. 0.1 wt% 

SNF nano-fluids (without amine functionalization were also assessed for their CO2 

absorption capacity. 
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This increase in molality can be assigned to the presence of –NH2 groups on the 

silica NPs which enhance the CO2 loading and retention potential of the nano-fluids. 

Interestingly, while at lower pressures, the shift was subdued, at higher pressures, much 

more CO2 was captured in synthesized NPs (as compared to commercial NPs). This could 

be attributed to the higher stability of nano-fluids and the presence of the amine groups 

which dominate CO2 loading at high pressure.  

A comparative assessment of CO2 molality observations reported in previous 

works investigating conventional CO2 sorbents has also been provided in Table 3 to 

validate the efficacy of amine functionalization on silica NPs. As observed in previous 

studies wherein the use of 0.1 wt. % SiO2 NPs yielded an average molality of 0.382 

moles/kg of solvent under ambient temperature and 10-12 bar confining pressure, the 

amine-functionalized SNFs in this study yielded a value of 0.472 moles/kg of solvent, 

indicating superior CO2 absorption[205].     

Table 3.3Observations of CO2 absorption were reported in previous literature utilizing 

the pressure-decay approach. 

S.No. Reference 

 

Absorption medium 

 

Conditions 

(Pressure, 

temperature) 

Molality 

observed 

(moles/ kg of 

solvent) 

1 

Kim et al. 

0.1 wt. % SiO2 NPs 10 bar, 25 
o
C 0.36 

2 0.1 wt. % ZnO NPs 9 bar, 25 
o
C 0.35 

3 

Haider et al. 

[Bmim]
+
[BF4]

--
 12 bar, 30 

o
C 0.19 

4 [Bmim]
+
[PF6]

-
 12 bar, 30 

o
C 0.20 

5 Aqueous MDEA  12 bar, 30 
o
C 0.46 
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6 This study 

1000 ppm HPAM and 

0. 5 wt. % AFSNPs 

12 bar, 30 
o
C 0.54 

This was followed by the investigation of the effect of amine loading on the silica 

NPs for CO2 absorption investigations. The different amine loading configurations were 

30%, 70% and 100%. The NP concentration used was 0.5 wt. %, the confining pressure 

was 12 bar and these observations have been provided in Table 4.  Reducing amine 

loading was found to decrease the CO2 molality at both operating temperatures. At 30% 

amine loading in 0.5 wt. % silica nano-fluids at 30 
o
C, the CO2 molality was found to 

decrease to 0.5 moles/kg of solvent (from 0.55 moles/kg of solvent) (Table 4) which can 

be understood by the nature of amine behavior in CO2 absorption where its concentration 

positively influences the CO2 molality[245,246].  

Table 3.4CO2 absorption in 0.5 wt. % AFSNF with varying amine loading configurations 

(confining pressure = 12 bar). 

Amine loading 

Temperature 

(
o
C) 

CO2 loading (moles/kg of 

solvent) 

30 

30 0.50 

90 0.43 

70 

30 0.51 

90 0.45 

100 

30 0.55 

90 0.48 
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This was followed by a cycle of five absorption and desorption tests to understand 

the reusability of 0.5 wt. % silica nano-fluids with 100% amine loading at 12 bar. It was 

performed by altering the temperature of the stirring pot between 30-90
o 

C. This study 

was performed to mimic the effect of thermal stresses on the nano-fluid which would be 

encountered during any industrial application of the proposed nano-fluid. The 

corresponding values of CO2 molality have been provided in (Figure3.12.) 

 

Figure.3.12 Re-usability of 0.5 wt% AFSNF with 100% amine loading for CO2 

absorption applications. Observations were performed at 30 
o
C and under 12 bar 

pressure. 

From the observations, it can be noted that throughout the five runs, negligible 

loss (< 5%) in CO2 absorption capacity took place, indicating the high reusability 

(Figure3.12). Finally, the rheology of the CO2-loading silica nano-fluids was performed 

and those observations have been provided in Table 5. It can be noted that while CO2 

absorption reduced the viscosity of the nano-fluid, increasing the shear rate did not cause 

the CO2 bubbles to escape (i.e. original viscosity values were not attained). Hence, the 

100 wt. % amine loaded configuration of silica nano-fluids show great efficacy and hold 
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immense potential for CO2 capture and transfer applications as CO2 absorption efficiency 

was retained even during thermal treatment and varying shear, both of which are 

commonly encountered in the subsurface. A higher temperature value (>90 
o
C) was not 

preferred for the reusability run due to the initiation of water evaporation (as the boiling 

point of water is 100 
o
C). For applications beyond 90 

o
C, the use of ethylene glycol as a 

base fluid is recommended (the boiling point of ethylene glycol is 197 
o
C).  The 

reversibility of the CO2 absorption has been found to depend on pressure, temperature, 

viscosity of the encapsulating fluid, agitation, storage duration, and chemical interactions 

between CO2/solution[202,247]. Given, this was not a prime objective in this study, the 

reversibility of CO2 absorption will be explored subsequently in a separate study. 

Table 3.5Viscosity of 0.5 wt. % AFSNF with 100% amine loading configuration before 

and after CO2 absorption (confining pressure = 12 bar, temperature = 30 
o
C). 

Shear rate (s
-1

) 

Viscosity (mPa.s) 

Before CO2 absorption After CO2 absorption 

22 36.3 34.7 

187 9.8 8.3 

1860 5.2 4.6 

  

3.4 Conclusion 

This study concludes the synthesis of high surface area silica nanoparticles with 

high porosity from a readily available precursor. Silica nano-particles, being a material of 

great industrial interest find multifarious applications in a plethora of fields. These bio-

sourced silica nanoparticles can be utilized in various applications like catalysis, sensing 
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and adsorption. These silica nanoparticles can also be surface modified according to the 

target applications. The synthesized green NPs were then utilized for CO2 absorption 

investigation in conjunction with a relatively common oilfield polymer, HPAM, 

demonstrating improved CO2 trapping ability. In synergy with HPAM, the synthesized 

silica NPs not only improved the rheological properties of the polymer but also improved 

its thermal stability. This establishes ways for its utilization in subsurface applications 

under adverse pressure, temperature and heterogeneous conditions. These amorphous 

silica nanoparticles can also be utilized in the areas like targeted drug delivery for 

controlled release of a drug, where it is of utmost importance for the material to be non-

toxic to human exposure.  Thus, the synthesis of these industrially valuable nanoparticles 

utilizing the biogenic, earth-abundant source paves the way to circular economy and 

sustainability.  
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Chapter -4 

Polyacryloyl Hydrazide Mediated Size-Controlled Synthesis of 

Silver Nanoparticles Anchored On Bio-Sourced Sheet-Like 

Silica Nanoparticles for Catalytic Reduction of Phenol 

Abstract 

Catalysts based on silver nanoparticles (Ag NPs) have attained a lot of attention in 

basic as well as applied research during the past decades due to their unusual catalytic 

characteristics. The size of the Ag NPs is critical in determining their catalytic 

capabilities, as smaller Ag NPs often demonstrate stronger catalytic performances, proven 

theoretically as well as practically. Although silica with mesoporosity has been widely 

employed as Ag NP support, while the access of reactants and products to the Nanopores 

poses difficulty in reaction. We present an alternate silica material, silica NPs from 

Moonj grass (Saccharum munja), as a sustainable alternative support for Ag NPs in this 

work. Moonj grass is a weed plant and accumulates silica in its external cellular structures 

as a defense against environmental stresses and animal grazing. Silica extracted by 

calcining nitric acid-treated Moonj grass was first modified with (3-aminopropyl) 

trimethoxysilane (APTMS), which served two purposes, it assisted the Ag precursor 

(AgNO3) in absorbing onto the rough surface of silica nanoparticles and stabilized the 

consequent Ag NPs formed after the reduction with polyacryloyl hydrazide (PAHz). The 

Ag NPs synthesized herewith are uniformly size distributed having a size of ~5 nm which 

is crucial for the catalysis, according to the nanostructures' analysis. The process utilized 

herewith is green as it does not require the alteration in the pH of the synthesis medium, 
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change in temperature, and harmful solvents. Nitro compounds like nitro phenol and its 

derivatives are among the most difficult contaminants to remove from industrial 

wastewaters. Nitro phenol has been declared as one of the main organic pollutants. The 

catalytic reaction for the reduction of 4-nitrophenol by sodium borohydride (NaBH4) was 

studied in detail while Moonj grass-silica-supported Ag NPs served as catalysts 

demonstrating superior catalytic performance. 

4.1 Introduction 

 Noble metal nanoparticles (NPs), such as Ag [248], Pt [56], and Au [15], have 

garnered considerable attention due to their astounding physicochemical [248], optical 

[249], and photo thermal properties [250] which are markedly different from their bulk 

counterparts [251,252].  These unique properties make them the most desired candidates 

for applications in a plethora of fields like catalysis [253], sensing [254], and 

environmental remediation [255]. Noble-metal NPs have a wide surface area, which 

allows them to expose more active sites resulting in better catalytic properties. Out of 

many noble-metal nanoparticles, Ag-NP catalysts have gained rising attention over the 

last decade due to their superior catalytic efficiency [256] in a variety of critical industrial 

processes [257]. Ag NPs are capable of catalyzing a wide variety of reactions, including 

the reduction of carbon dioxide [258], oxidation of carbon mono oxide [259] the 

reduction and oxidation of aldehydes [260], and the oxidation of cyclohexane [261], are 

all examples of these reactions. In industry, the reaction for reduction of 4-nitrophenol 

with sodium borohydride on coinage metal nanoparticles is an effective  and ecologically 

benign method of producing 4-aminophenol [262,263]. This method was used to 

manufacture a variety of pain killers  and Febrifuge  medications [264]. Both lab based 

observations and simulations indicate that the size of Ag NPs is critical for determining 

their catalytic efficiency. In short, optimally smaller Ag nanoparticles, tend to exhibit 
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greater the catalytic efficiency[249]. However, due to the large specific surface area and 

energy on surface of Ag NPs, the fate becomes clustering and agglomeration [265], 

causing abrupt decline in catalysis properties[266]. Additionally, for NPs in small sizes, it 

is extremely tedious to extract them from the reaction medium when they are used 

directly as a catalyst [267,268] . To overcome these constraints, considerable effort has 

been invested in the development of supported Ag catalysts [254,267,269]. By depositing 

Ag NPs on a solid support, one can not only effectively prevent the aggregation of Ag 

NPs, but also easily collect the catalyst, allowing for reusability. Nano silica particles  

have been widely used as catalyst supports due to its inherent nano-structures, ease 

modificational ease, nontoxicity, and apparently non-absorbing properties  in the UV, 

visible, and NIR spectrum  ranges [270]. Historically, the majority of silicate based 

supports for Ag NPs have been silica materials with mesoporosity[271]. Ag nanoparticles 

can adhere to the porous surface of mesoporous silica materials, which have a large 

surface area and excellent thermal and chemical stability. These mesoporous-silica-

supported Ag NPs have been demonstrated to have excellent catalytic properties. 

However, narrow and long pores can trap a portion of the Ag NPs within the silica 

framework, limiting their accessibility to the reagent, obstructing product transport, 

resulting in a prolonged reactivity time and decreased catalytic efficiency[265]. 

Optionally, nonporous silica nanoparticles were experimented as Ag nanoparticle hosts. 

However, the majority of nonporous siliceous  NPs,  generally have a smooth surface, 

seem unsuitable for loading metal NPs [272]. In few researches, the anchored Ag NPs 

were excessively large, making them form  thicker Ag shell on the outer surface of silica 

NPs, reducing their catalysis activity and therefore the applicability of these nanoparticles 

shifts towards optical properties [273]. One of the primary factors that solid silica NPs 

aren't suited to support catalysts is the scarcity of the  sites to anchor and thus the  
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difficulty in attachment of these Ag NPs on their flat exteriors[274]. Dispersion of 

reactants and products through the pores of mesoporous silica has proved problematic. 

One solution may be to use nano-sheet silica particles with a rough surface, which are 

assumed to extend maximized attachment sites and enable the hosted catalyst with greater 

exposure. Another benefit of a rough surface is that it improves the wetting properties and 

hence the bonding capacity [272]. The kinetics for Adsorption on a roughened surface 

assumably differs from those on a flat surface because of the different penetration 

velocity enroute to a non-mobile layer of solvent near surface [275]. This means that 

silica NPs with rough surfaces are likely to promote the attachment of metallic NPs. 

When TEOS silica is used in the classic sol gel process to synthesize silica NPs, the 

surface of the sphere is smooth, and the potential of chemically altering this surface has 

been examined [276], and the possibility of chemically modifying the surface of TEOS 

silica to achieve a rough surface has been investigated. A variety of methods for 

producing silica NPs have been devised, including  hydrothermal[277], a microwave 

assisted[278], and flame pyrolyzing[279], however the majority of these necessitate the 

use of specialized equipment. The standard commercial approach for making silica NPs 

involves treating sand with water glass  at high temperatures, however this procedure uses 

a high energy and pollutes the environment [206]. There have also been reports on several 

methods for making silica NPs from rice husks and wheat straw etc.[208,218,280]. The 

silica NPs obtained herewith are made up of relatively even small primary particles, 

resulting in such structural distribution of pores which fits for the application as support 

material with high specific surface area. Silica NPs may be an appropriate substrate for 

Ag NPs endowing to their controlled size distribution and largerspecific surface area. In 

addition to the unique roughened surface and sheet like shape, the Moonj grass-based 

route to the synthesis of silica NPs has other advantages over traditional silicon alkoxides 
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pathways, including greener raw ingredients, reduced prices, and greater sustainability. 

Harvesting silica from Moonj grass has the potential to maximize the economic value of 

the biomass and to reduce the environmental difficulties related with the use of alkoxides 

sources. 

The silica NPs produced by calcining rough-surfaced HNO3-treated Moonj grass 

were mediated by (APTMS) and then employed as host matrix for Ag NPs in this 

investigation. To assess the catalytic potential of the produced supported Ag NPs for 

industrial applications, the catalytic reaction for the reduction of 4-nitrophenol by NaBH4 

on Moonj grass-silica-supported Ag NPs was investigated. 

4.2 Materials and Methods 

4.2.1 Materials 

Nitric Acid (HNO3, MERCK, 69%), 3-aminopropyltrimthoxysilane (APTMS, 

Sigma-Aldrich, 99%), Ethanol (CH3CH2OH, Changshu Hong sheng Fine Chemicals Co. 

Ltd., 99.9 %,), Silver Nitrate (AgNO3, RANKEM, 99.99%), Methyl acrylate (s-d fine 

chem., >99%), potassium bromate (KBrO3, Merck, >99.0%), sodium hydrogen sulfite 

(NaHSO3 Fisher Scientific, 58.5−67.4%), sodium chloride (NaCl, Qualigens, >99.9%), 

hydrazine hydrate (s-d fine chem., 99%), tetra-n-butyl ammonium bromide (TBAB, 

Merck, ≥98.0%), Tetrahydrofuran (THF, Qualigens, 99.0%). All the reagents utilized 

were of analytical reagent grade and utilized without the involvement of further 

purification. ELGA lab water was utilized throughout the experimentation. The resistivity 

of the water used was 18.2 mΩ. Moonj grass was collected from the Mukhetia village, 

Bhadurpur, Jais, Amethi, Uttar Pradesh, India. 
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4.2.2 Synthesis of Silica NPs from Moonj grass (MG Silica) 

 Moonjgrass was collected, cut into small pieces, washed copiously with DI water 

multiple times for removing any  dust particles and other possible impurities. The clean 

washed Moonjgrass was then subjected to drying in an air oven at 100°C for overnight. 

The dried Moonj grass was made   into a fine powder by grinding and passed through a 

120 mesh sieve to make the grass particles uniform in size. This powdered grass was then 

pre-treated with a method by Adams et al. with a slight modification.  Briefly, a 30g 

ground and sieved Moonj grass was added to 1L of 1M HNO3 solution and kept for 

stirring at room temperature overnight. The acid leached Moonjgrass was filtered with the 

help of a coarse filter paper and washed thoroughly with DI water until neutral pH was 

attained. Subsequently, it was air-dried in a convection oven at around 100°C for a day. 

This acid leached and dried powder was heat-treated in a furnace for 6 h at 600°C and 

Moonj grass silica nanoparticles (MG-SNPs) were collected.  

4.2.3 Amine functionalization of Silica NPs by APTMS 

SNPs were decorated with amine functionalities using an easy single-step process 

given in the literature. Briefly, 1g of SNP was sonicated and stirred for 1 h in 30 mL 

ethanol. Weighed amounts of (3-Aminopropyl) trimethoxysilane (APTMS) were added to 

it to get amine loaded SNPs and kept at 50°C on stirring for overnight, after that 12h 

washing with ethanol for multiple times was done to remove any unreacted material and 

centrifuged to separate the filtrate.  

4.2.4 Synthesis of PAHz 

PAHz was synthesized using an earlier reported two step method [188]. First step 

is the synthesis of polymethyl acrylate (PMA). PMA was synthesized using free radical 

polymerization procedure reported earlier. Methyl acrylate (8.6 g, 1.0 × 10
2
 mmol) in 142 
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mL of H2O was added to a 500 mL glass container, a 2.5 mL of potassium bromate 

solution (0.04 g, 0.24 mmol) followed by 2.5 mL of sodium hydrogen sulfite solution 

(0.12 g, 1.15 mmol) was subsequently added to it. The container was whirled to mix the 

components completely, and the reaction was left for 15 min. The reaction mixture was 

then transferred to 150 mL of sodium chloride solution (44.0 g, 0.75 × 10
3
 mmol) to 

precipitate the polymer. It was washed copiously with excess of water to remove salt and 

unreacted monomer. The obtained PMA was dried at ambient temperature under reduced 

pressure for further use. PMA (5.0 g, 0.078 mmol) was dissolved in 150 ml THF in a 

round bottom flask after that TBAB (5.0 g, 15.51 mmol) and hydrazine hydrate (19.4 g, 

3.8 × 10
2
 mmol) were added. The reaction mixture was kept on stirring at 60 °C for 

overnight. The reaction mixture was kept undisturbed to cool down and separation of 

layers. The layer containing the aqueous phase was poured into methanol to collect the 

precipitated polymer. The precipitated polymer was washed copiously with methanol for 

several times to get rid of the low molecular weight polymeric impurities. The product 

was dried in rotary evaporator under low pressure at 40 °C temperature. 

4.2.5 Synthesis of Ag NPs on Silica Supports 

For the synthesis of Ag nanoparticles on the SiO2-NH2 support, 500 mg of the SiO2-NH2 

was added to 5 ml DI water and sonicated for 10 min. for the making the dispersion 

uniform. 20µM aqueous solution of AgNO3 was introduced to the SiO2-NH2 dispersion 

and kept on stirring for 30 min, after that an aqueous solution of PAHz (0.02 g/ml)was 

slowly added to it and kept undisturbed for 6 h. The solution displayed a change in color 

and turned yellow indicating the formation of silver nanoparticles in Ag
0
 state. The Ag 

NPs decorated silica was collected by centrifugation and washed with DI water 2-3 times 

to remove the sparce polymer. The collected SiO2-NH2-Ag was dried in vacuum oven at 

60 °C for 24 h. 
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4.2.6 Characterization 

FT-IR spectra of the powdered SiO2-NPs, as well as SiO2-NH2-Ag-NPs, were 

obtained on a Perkin Elmer Spectrum Two ATR -FT-IR spectrometer. The samples were 

recorded using ―attenuated total reflectance‖ (ATR) mode. The PIKE MIRacle single 

reflection horizontal ATR accessory equipped with a ZnSe ATR crystal was used for 

recording the FT-IR spectra. The spectra were collected at 4 cm
−1

 spectral resolution 

utilizing a one min data collection time. UV−visible (UV−vis) spectra of the samples 

were obtained at room temperature on a Lab India UV− vis 3200 instrument. The spectra 

were recorded in 1 cm thick quartz cuvette. All the experiments were performed at room 

temperature.   Nitrogenadsorption-desorption isotherms for textural property evaluation 

was done using a Micromeretics ASAP 2020 machine. Approximately 0.1g of the SNPs 

was degassed at a temperature of 200°C for 12h before analysis. Specific surface area was 

computed using Brunauer–Emmett–Teller (BET) equation. X-ray powder diffraction 

(XRD) analysis of the powder samples was done on PANalytical X’Pert
3
 Powder X-ray 

diffraction platform equipped with Cu Kα radiation source. The samples were recorded at 

a tube current of 40 mA with a 45 kV generator voltage. The sample were recorded in the 

2Θ range of 10°-90° with scan rate of 3°per second and a step width of 0.02°. The Debey- 

Scherrer equation, given below as equation (1) was used to calculate the crystallite size of 

the deposited silver nanoparticles.  Morphology was determined using High-Resolution 

Transmission Electron Microscopy (HR-TEM) analysis of the samples. HR-TEM images 

of the samples were recorded on FEI-Titan model G2 60-300 KV. The samples for HR-

TEM analysis were prepared by drop casting a 5 µL of the sonicated dispersion of SiO2-

NH2-Ag sample on a holey carbon grid.  X-ray photoelectron spectroscopy (XPS) spectra 

were recorded on a Thermo Fisher K- Alpha system equipped with a 180° double 

focusing hemispherical analyzer with 128-channel detector and monochromatic Al Kα 
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(1486.6 eV) excitation source . The C1s spectra was recorded and used for the charge 

correction of binding energy. Data processing was performed using Origin software. 

D = K λ (β Cos Θ)
-1

 

Where,D isAverageCrystallite Size (nm), 𝐾 = Scherer’s Constant (0.94), 𝜆  = X-Ray 

wavelength, Cu Kα = 1.5406 Å, Β = Line Broadening at FWHM, ϴ  = Bragg’s angle in 

degrees  

4.2.7 Catalysis Evaluation 

 The reduction of nitro aromatic compound 4-nitrophenol was chosen for the 

evaluation of the catalyzing potential of the silica- supported Ag NPs. For this a 25.5 mg 

of sodium borohydridewas dissolved in 1.65 mL of DI water and it was then added to 

11.5 mL of 4-nitrophenol solution with a molality of (0.06 mmol/L). A weighed amount 

of catalyst was added to this solution. The reaction progress was monitored by recording 

UV-vis spectra every minute. The spectra were recorded in the wavelength values of 250-

550 nm. The reaction rate constant was calculated by obtaining the change in the intensity 

of absorbance at different time intervals.  

4.3 Results and Discussion 

Moonj is a weed grass, it shows biting behavior on touch due to which animals 

also don’t graze upon it. Moonj has been reported to be a good ecological restorator plant. 

The nitric acid treated moonj grass powder was calcined at 600 °C for 6 h to get the 

Moonj grass silica nanoparticles (MG-SNPs). HNO3 solution was used to boil the sieved 

MG for the removal of metal cations and more importantly K
+
 which has been reported to 

induce melting and aggregation of SNPs [280–282].The MG-SNPs were extensively 

characterize using FTIR, and SEM to investigate the compositional, morphological and 

textural features of MG-SNPs. MG-SNPs exhibit a rough surface in SEM, and showed a 
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good surface area and these features prompted us to utilize MG-SNPs as support material 

to anchor Ag NPs for catalytic application. Further, to enhance the interactions between 

the Ag species and the MG silica nanosheets support, APTMS was anchored over MG-

SNPs surface for obtaining amino-group-functionalized silica nanoparticles (MG-

AFSNPs), which was presumed to expose higher anchoring sites for the adsorption of Ag 

precursor AgNO3 onto the silica surface, as well as for the intact immobilization of Ag 

NPs once they are synthesized. The modified MG-SNPs were introduced in a solution of 

AgNO3 and then reduced by PAHz, giving rise to Ag NPs immobilized on the silica 

surface as given in (Figure 4.1) PAHz acts as the reducing as well as the capping agent 

for the nanoparticles. The polymer capping provides the size control and also prevents in 

agglomeration of the nanoparticles which is a most common phenomenon resulting in the 

loss of catalytic activity.  

 

Figure.4.1 Schematic for the synthesis of Moonj grass silica supported Ag NPs. 

4.3.1 SEM Analysis 

A 10 µL of ethanolic suspension of SiO2-NPs was drop casted over a silicon wafer 

and dried in ambient conditions for the SEM analysis. The Dried samples were gold 
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coated to 40 sec before analysis. Upon SEM imaging, at low magnifications the NPs 

looked like spherical in shape  but upon introduction of the samples to higher 

magnifications, it was revealed that the SNPs have a very rough surface and sheet like 

morphology with a size of ~ 100 nm. The corresponding SEM images are provided in 

(Figure4.2) 

 

Figure.4.2 SEM images of as synthesized SNPs at (A) low and (B) high resolution. 

4.3.2 FTIR Analysis 

The MG derived SNPs was functionalized with APTMS to attach amine functionality 

over the surface by the linkage between the silanol groups in APTMS and the hydroxyl 

groups present on the surface of the silica nano sheets[283]. These amine functionalities 

effectively absorb the metal precursors of Ag via coordination [284]. FTIR spectra were 

recorded to analyze the alteration in the MG silica NPs after treatment by APTMS. As 

ascertained in (Figure 4.3.A).The wide band located at wavelengths from 3000 to 3554 

cm
−1 

can be attributed for stretching vibrations related to physisorbed water and silane 

functionalities (Si-O-H) on the surface [285]. The bands in spectra for SNPs, observed at 

1073 with a shoulder at 1188 cm
-1

 are the characteristic bands of SiO2.The peaks 

observed at around 1061, 803 cm
-1 

are related to asymmetric stretches, symmetric 

A B
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stretches and bending vibrations of Si-O-Si bonds. The peak at ~1650 can be attributed to 

the vibrations bending related to H-O-H molecules in silica nano-sheet matrix. In 

comparison to the bare SNPs, the SNPs-NH2, SNPs-NH2-Ag showed additional small 

peaks with low intensity which can be attributed to the presence of amine functionality 

from the reaction with APTMS. The characteristic bands that SNPs-NH2 and SNPs-NH2 –

Ag showed are observed at 1067 cm
-1

, related to C-O stretch and 1191 cm
-1

, related to C-

N stretch. The band at 1398 cm
-1

 can be assigned to symmetric bending of C-H bonds. 

The bands at around 2841 and 2943 cm
-1

 in SNPs-NH2 and SNPs-NH2-Ag can be 

assigned to the symmetric stretches and asymmetric stretches in C-H bonds of CH2 

groups on the alkyl chain from APTMS. The characteristic bands for the presence of 

amine functionality were present at around 695 cm
−1

 for the bending vibrations of amino 

propyl groups and the bands at around 3356 and 1598 cm
-1

 belong to the symmetric 

stretch of the N-H bond and deformation of the NH2 groups in the adsorbents. The bands 

for C-H, Si-C bonds and the observation of NH2 groups confirm the existence of the 

organic species on SNPs. 

 

Figure.4.3 FTIR (A) and XRD spectra (B) of SNPs and SNPs-NH2-Ag. 
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4.3.3 XRD analysis 

XRD spectra were recorded for both SNPs and SNPs-NH2-Ag to confirm the 

phase of the as synthesized silica as well as silica supported Ag NPs. The XRD spectra is 

presented in (Figure 4.3.B). SNPs showed a broad hump at 2Θ value of ~ 21°. It is 

evident from the features of the peak that SNPs are amorphous in nature. This observation 

is well matching with the literature for biomass-derived silica nanoparticles. In contrast to 

the diffractogram of SNPs, the diffractogram for SNPs-NH2-Ag showed several new 

sharp peaks along with the broad hump of amorphous silica which confirmed the 

presence of cubic phase metallic silver. The diffraction patterns at 2Θ values of 38.14°, 

44.26°, 64.41°, 77.35°, and 81.5° corresponding to (111), (200), (220), (311), and (222) 

lattice planes of metallic silver [265]. The values for the diffraction patterns match with 

the JCPDS card no. 04-0783.The XRD results confirm that the Ag NPs were successfully 

anchored over the SNPs surface. X-ray diffraction peaks of SNPs-NH2-Ag also confirmed 

the zero valent nature of the silver nanoparticles. The crystallite size of silica supported 

Ag NPs calculated from the Debye-Scherrer formula was found to be 4.91 nm and it 

matches well with the particle size of 4.65 nm for Ag NPs as also observed in HR-TEM.  

4.3.4 HR-TEM Analysis 

 HR-TEM analysis was performed to further understand the morphological and structural 

details of sheets like MG-SiO2 nanosheets and MG-SiO2-NH2-Ag-NPs. In TEM image 

(Figure 4.4.A), the silica is seen to be present in sheet like structure and the Ag NPs can 

be seen anchored over it. In  HR-TEM imaging it was revealed that Ag-NPs are very 

small particles distributed all over the silica nanosheets (Figure 4.4.B), from the 

histogram ( inset, Figure 4.4.B) it is clearly evident that the MG-AFSNPs supported Ag 

NPs display narrow size distribution (2-5 nm) in HRTEM. The HR-TEM images of for 

AgNPs showed the lattice fringes of 0.23 nm, corresponding to the (111) phase of the 
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face centered cubic silver (Figure 4.4.C). Furthermore, selected area electron diffraction 

(SAED) mode, similar to powder X-ray diffraction (XRD) was carried out to investigate 

the crystalline nature of the incorporated AgNPs. As shown in (Figure4.4.D), the 

characteristic concentric rings with intermittent bright dots were ascribed to (111), (200), 

(220), and (311) crystalline lattice planes of AgNPs. This was analogous to the sharp 

XRD Braggs reflection at the 2θ values in the XRD spectra and justified the unique 

crystal structure of AgNPs.  

 

Figure.4.4 (A) TEM image of MG-SiO2-Nps, (B) TEM image of MG-SiO2-Nps with 

histogram for MG-SiO2-Nps size distribution, (C) HR-TEM images of MG-SiO2-Nps 

showing lattice fringes, (D) SAED pattern of MG-SiO2-Nps. 
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On the other hand, there were no characteristic peaks of other crystalline 

impurities detected, which implied the high purity of incorporated Ag-NPs as well as 

amorphous silica nanoparticles. These results confirmed the successful fabrication of Ag-

NPs over MG-SiO2-NH2. 

 

Figure.4.5 (A) HAADF image of silica supported Ag-NPs, (B, C, D, F) Corresponding 

mapping, (E) corresponding EDS spectra. 

HAADF images (Figure 4.5.A) show a bright signal well distributed in the entire region 

that was clearly emanating from the metallic Ag. The very weak signal intensity was 

region indicated the SiO2. From the elemental mapping, the presence of Si, O, and Ag 

was confirmed (Figure4.5.B, C, D, F). EDX analysis results also confirmed the presence 

of Ag, Si, and O elements. It was found that Ag NPs were homogeneously anchored over 

the silica. 
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4.3.5 XPS Analysis 

 The survey XPS spectra (Figure4.6.A) of  MG-SiO2 showed the featured bands 

corresponding to C, Si and O. The XPS spectra provides the evidence of the purity of 

MG-SNPs. 

 

Figure.4.6 (A) XPS survey spectra of SiO2 and narrow region spectra of (B) Carbon, (C) 

Silicon, (D) Oxygen. 

There is no sign of any other elemental impurity in the survey spectra. A small amount of 

carbon present in the spectra may be adventitious carbon coming from the environment 
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spectra for Si, (Figure 4.7.B), O, (Figure 4.7.C), C (Figure 4.7.D), Ag (Figure4.7.E), N 

(Figure4.7.F). 

 

Figure.4.7 (A) XPS survey Spectra of SiO2-NH2-Ag and narrow region spectra of (B) Si, 

(C) O, (D) C, (E) Ag, (F) N. 
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spectrum but appeared in the MG-SiO2-NH2-Ag spectrum, indicating that Ag-Nps were 

successfully anchored over silica nanosheets surface.   

4.3.6 Nitrogen Adsorption-Desorption Isotherms 

The specific surface area of the samples was calculated using the BET method, the 

average pore volume and pore diameter were calculated by the BJH method. As given in 

(Figure4.8.A) the surface area of the as SiO2-Nps was found to be 118 m
2
/g pore volume 

was 0.275 cm
3
/g The BJH pore diameter was found to be 9.1 nm (Figure4.8.B). The 

surface area achieved in this study is higher [210] and comparable the modified synthesis 

methods reported in the literature [286].  

 

Figure.4.8ANitrogen adsorption- desorption isotherm (A) and pore volume analysis (B). 
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nm which is well matching with literature for the silica nanoparticles. A peak at 414 nm 

was observed for the SiO2-NH2-Ag-NPs which is characteristic band for Ag nanoparticles 

(Figure 4.9).  

 

Figure.4.9 UV-vis spectra of SNPs, SiO2-NH2-Ag-NPs 

4.3.8 Evaluation of Ag Catalysis performance of NPs on MG Silica 

The reductive conversion of 4-nitrophenol to 4-aminophenol by the reducing agent, 

sodium borohydride was used as a standard reaction for evaluating the catalysis efficiency 
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microscopic H2 bubbles surrounding the catalyst particles, on other hand, assisted in the 

stirring of the reaction system. Because of this, the absorption of 4-nitrophenolate ions at 

400 nm progressively diminished as the reaction progressed; nevertheless, a new peak 

developed at 295 nm, which is related to the absorption of 4-aminophenol produced.  

 

Figure.4.10 UV−vis spectra of 4-nitrophenol and the successive reduction of 4-

nitrophenol catalyzed by MG-silica-supported Ag NPs (A), (25 µg), (B), (50 µg) at 

intervals of 1 min. 

The isosbestic points depicted the progressive conversion of  4-nitrophenol to 4-

aminophenol without the occurrence of any side reactions [274]. Furthermore, the color 

change in the solution might be used to show the decrease. The yellow hue of aqueous 4-

nitrophenol solution progressively faded and eventually got colorless when the catalyst 

was added, as illustrated in the inset of (Figure4.11.A). NaBH4 was observed in 

substantial excess during the catalysis assessment. As a result, its concentration was 

almost constant throughout the process. The decrement rate was supposed to remain 

unaffected of the sodium borohydride concentration in this manner. As a result, the 

pseudo 1
st 

order kinetics was presumably employed to determine the rate of the catalytic 

reaction[292]. The Ct/C0 ratio (where Ct and C0 are the concentrations of 4-nitrophenol 

at any given time t and at time 0, respectively) was obtained using the relative absorption 
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intensities at those times, the ratio of At /A0 (where At and A0 depict the absorbances of 

4-nitrophenolate ions at time t and at time 0, respectively). (Figure 4.11.B) shows that ln 

(Ct /C0) and response time have a linear relationship, as predicted. As a result of the slope 

of the line, the rate constant was calculated to be about 0.283 min
-1

. 

 

Figure.4.11 Absorption spectra of 4-nitrophenol and the time dependent reduction of 4-

nitrophenol catalysis by MG-silica-supported Ag NPs in UV-vis (A), (125 µg) Inset image 

depicting the change in yellow hue for 4-nitrophenol solution (left) before and (right) 

after the catalysis reduction reaction and (B),time dependent graph for ln (Ct /C0) for the 

reduction reaction of 4-nitrophenol catalysis reaction by MG-silica-supported Ag NPs 

(125 µg). 
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catalytic reduction of 4-nitrophenol speed up as the quantity of catalyst was elevated, and 

the rate constant rose essentially linearly, which is consistent with the literature. As a 

result of the costly precious metals and the need of long-term sustainability, the extractive 

recovery of metal catalysts is essentially important once the reaction has been 

successfully completed.During this study, the recyclability of the MG-silica supported Ag 

NP catalyst was shown, indicating that the catalyst has a high degree of stability. 4-

nitrophenol and NaBH4 concentrations were raised 40 times during the assessment of 

catalyst recycling in order for the reaction to be completed in less than 2 minutes. When 

the reaction cycle was completed, the supported catalyst was removed from the product 

and thoroughly washed with deionized water (DI). This was done to evaluate the 

recycling performance. In spite of being dried, the Ag NP catalyst based on MG-silica 

showed outstanding stability and reusability after three cycles of reaction, maintaining its 

high activity after three cycles of reaction (Figure 4.12) 

 

Figure.4.12 Recyclability of MG-silica supported Ag NPs. 
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a roughened uneven surface that looks to be excellent for anchoring Ag NPs in aqueous 

solutions. The actual size of the synthesized Ag NPs after the reaction was found to be 

below 5 nm. For the catalysis reduction of 4-nitrophenol by sodium borohydride to 4-

aminophenol, it was revealed that the Ag NP catalyst supported by MG silica had high 

catalytic activity. Aside from the maintained stabilityof Ag NPS after each cycle of 

reaction, the catalyst may be reused for number of cycles without losing the activity. In 

light of the inexpensive cost of MG silica NPs and their good performance as hosts for Ag 

NPs, MG silica has a great deal of promise for industrial applications. 
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Chapter-5 

Synthesis of Nitrogen, Phosphorous dual doped Graphene 

Oxide from Orange Peel Biomass Waste for the removal of 

Rhodamine-6G dye from Waste Water 

Abstract 

In the juice industry, orange peels are regarded as processing waste, estimated to 

be several million tons per year worldwide. There is a growing interest in finding new 

ways to utilize this waste in order to alleviate the overabundance. We illustrate herewith, 

the utilization of orange peels to make graphene oxide at a low cost.  Orange peel 

biomass waste is rich in pectin, cellulose, lignin, and hemicellulose which are present in ~ 

30 %, 17.5%, 6.4%, and 8.6% respectively on a dry-mass basis and may be used as a no 

cost source to synthesize graphene oxide. Synthesis of graphene oxide was confirmed was 

X-ray diffraction, FTIR, X-ray photoelectron spectroscopy, and Raman spectroscopy 

techniques. The morphology of the as-synthesized graphene oxide was confirmed by 

scanning electron microscopy analysis. Raman spectra of the as-synthesized graphene 

oxide showed distinct D and G bands along with a 2D band. The as-synthesized graphene 

oxide displayed astounding properties for the ultra-fast adsorptive removal of rhodamine-

6G dye from synthetic wastewater. To showcase the adsorptive removal of the dye from 

wastewater, a small device was fabricated using the hypodermic syringe. At the mouth of 

the syringe body, a small cotton plug was inserted, and on top of that, a 5 cm thick bed of 

the as-synthesized graphene oxide was made, the synthetic wastewater was allowed to 

pass through the syringe by applying the pressure with the plunger. All the dye present in 
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the wastewater was instantly adsorbed (in ~ 40 sec) on the graphene oxide bed and the 

clear water was recovered. The synthesized graphene oxide showed instant desorption 

properties also. For the desorption experiments, methanol was introduced into the 

fabricated device and the dye adsorbed onto the graphene oxide was released into 

methanol. We also demonstrated complete removal and recovery of dye by distilling the 

dye-containing methanol in a rotary evaporator under low temperature and reduced 

pressure conditions. 

5.1 Introduction 

The orange juice industry utilizes only the palatable part of the fruit and discards 

the rest which makes managing orange peel biomass waste a major economic and 

environmental issue[293]. Orange peel biomass waste constitutes approximately 50 % of 

the total weight of the fruit[294]. With a production of several million tons per year 

worldwide, this biomass waste from the juice and food industry poses huge disposal 

problems because of the short supply of landfills and air pollution problems related to 

open burning [293]. Composting and animal feeding are two examples of traditional 

handling procedures that are either not commercially viable or are discouraged by 

policymakers all over the world [295]. Other methods which have been focused on 

recovering energy and resources are currently gaining traction as an alternative to these 

technologies [296]. "Graphene", which is made by the conjugation of sp
2
 carbon, is a 

honeycomb adorned two-dimensional (2D) planar allotrope of the same [297]. Its unique 

features, including the strong thermal and electrical conductivity, outstanding mechanical 

strength, and high specific surface area, make it a promising material for energy storage 

devices, separation membranes, and sensors [298–301]. Hummer's method, scotch tape 

exfoliation of graphite, and chemical vapor deposition (CVD) of volatile organics on 

metallic surfaces, among other ways, are all accessible for industrial graphene 
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manufacture from graphite [297]. These technologies, however, have certain drawbacks, 

such as the use of hazardous chemicals, the requirement for metallic surfaces, high 

temperatures, irregular carbon deposition, and high manufacturing costs [302].As a result, 

cost-effective technology for large-scale implementation is being developed. Graphene 

manufacturing is an important and rapidly expanding research field. In recent years, the 

utilization of biomass as a source for graphene synthesis has created a lot of interest 

[303–305]. It has been reported that single layer N-doped graphene films and porous 

graphene-like nanosheets can be made from coconut shells by pyrolysis of chitosan in an 

inert atmosphere [306,307].Chen et al. claimed to have made high-quality graphene from 

the wheat straw without the use of a catalyst [308]. Shams et al. also devised a method for 

producing graphene from dead camphor leaves that is scalable [309]. Rice husk biomass 

has been used as a biomass source for controlled synthesis of graphene quantum dots 

[303]. Various carbon sources such as food, insects, and garbage have been employed to 

pyrolyze and produce single-layer graphene on the surface of copper [305]. A recent 

review study discussed various ways for preparing sustainable carbon compounds from 

biomass [310]. All methods for producing graphene nanosheets described in the literature 

have various drawbacks/limitations, such as the demand for metal surfaces, the 

requirement for the subsequent treatment of as-prepared graphene nanosheets to generate 

functionalized graphene nanosheets, and so on. At the explored concentrations, nontoxic 

graphene nanosheets and graphene nanosheets-based materials may be used for safer 

biotechnological, electrical, and biomedical applications [12].  

Taking the harm that dyes pose to the environment into consideration, there is a 

dire need for the complete removal of the dye pollutants to ensure a sustainable and safe 

drinking water supply to humans and to other underwater life. This work, therefore, 
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reports the green synthesis of oxygen functionalized graphene-like carbon from waste 

orange peel biomass for the removal of rhodamine 6G dye from wastewater. 

5.2 Experimental Section 

5.2.1 Materials 

Orange peel was collected from a local juice shop in Rae Bareli. Sulfuric acid 

(H2SO4, Fisher Scientific, 99 %), Phosphoric acid (H3PO4, Fisher Scientific, 99 %), 

rhodamine 6G was purchased from Fisher Scientific. All the experiments were conducted 

using ultra-pure DI water from Milli-Q water system (Millipore) which was equipped 

with a UV radiation source.  

5.2.2 Synthesis of graphene oxide like carbon from orange peel biomass 

The orange peels were collected from a local juice shop and washed thoroughly 

with water multiple times with DI water and dried in an air oven at 90°C for 48 hours to 

remove all the moisture present in the peels. The dried peel was then made into the fine 

using a mixer grinder. The power was sifted through 100 mess sieves to remove bigger 

particles. 10 g of the orange peel powder was then mixed with 20 ml of the acid mix 

prepared by mixing a 9:1 ratio of H2SO4 and H3PO4. This formed a slurry-like mixture 

which was then left overnight at room temperature. The mixture was then transferred to a 

250 silica crucible at burned at 550°C for 4 h. The crucible was allowed to cool down to 

room temperature. After cooling to room temperature the crucible was removed from the 

furnace and the powder obtained was washed with DI water until the achievement of 

neutral pH. The washed powder was then dried at 60 °C under vacuum conditions for 24 

h. The dried powder was stored air tight glass bottles for further use. 
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5.2.3 Fabrication of the device for the removal of rhodamine 6G dye from wastewater 

 The device was fabricated using a hypodermic syringe which is commonly used 

by medical professionals for the transfer of fluids into the human body. The hypodermic 

syringe is made up of two major parts that are the main body and the plunger. The main 

body has a narrow tip that hosts the needle. The main body has scale or the fluid 

measurement over it. The plunger is used to push the desired liquid through the needle 

into the body. At the narrow mouth of the syringe body, a cotton plug was inserted, and 

over the top of the cotton plug the functionalized graphene bed of 5 mm thicken was 

rested. This device was used for the demonstration of the dye removal ability of the 

synthesized material.  

5.2.4 Dye removal experiments 

A 100 ppm rhodamine-6G dyes solution was made in DI water and used for the 

dye removal experiments. The dye solution was introduced into the main body of the 

syringe and the plunger was used to push the water. 

5.3 Characterization 

FT-IR spectra of the powdered GO samples were obtained on a Perkin Elmer 

Spectrum Two ATR -FT-IR spectrometer. The samples were recorded using ―attenuated 

total reflectance‖ (ATR) mode. The PIKE MIRacle single reflection horizontal ATR 

accessory equipped with a ZnSe ATR crystal was used for recording the FT-IR spectra. 

The spectra were collected at 4 cm
−1

 spectral resolution utilizing a one min data collection 

time. UV−visible (UV−vis) spectra of the samples were obtained at room temperature on 

a Lab India UV− vis 3200 instruments. The spectra were recorded in a 1 cm thick quartz 

cuvette. All the experiments were performed at room temperature. X-ray powder 

diffraction (XRD) analysis of the powder samples was done on the PANalytical X’Pert
3
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Powder X-ray diffraction platform equipped with Cu Kα radiation source. The samples 

were recorded at a tube current of 40 mA with a 45 kV generator voltage. The sample was 

recorded in the 2Θ range of 10°- 80° with a scan rate of 5°per second and a step width of 

0.05°. X-ray photoelectron spectroscopy (XPS) spectra were recorded on a Thermo Fisher 

K- Alpha system equipped with a 180° double-focusing hemispherical analyzer with a 

128-channel detector and monochromatic Al Kα (1486.6 eV) excitation source. The C1s 

spectra were recorded and used for the charge correction of binding energy. SEM images 

were recorded on a machine from Jeol, JSM 7900 F.Data processing was performed using 

Origin software. Raman spectra of the samples were recorded on Acton Spectra Pro 2500i 

spectrometer, Princeton Instruments equipped with a 532 nm DPSS laser.  

5.4 Results and discussions 

5.4.1 FTIR analysis 

To evaluate the potential adsorption sites on the synthesized GO sheets, FTIR 

investigations on the powdered GO were done (Figure5.1). On FTIR spectra of GO 

material, multiple strong peaks were observed, the peak at 1624 cm
-1

 corresponds to the 

stretching vibration of C=C group in the un-oxidized graphitic domain, and the oxidized 

surface regions are indicated by the stretching vibration of carboxyl C=O group and the 

bending vibration of O-H group at the GO sheets' edges, respectively, at 1736 and 1443 

cm
-1 

[311]. The additional peak at 1038 cm
-1

 is related to the stretching vibration of C-O 

groups and the peak at 1169 cm
-1

 is observed due to the vibration of epoxy groups.  The 

broadband at 3380 cm
-1

 is related to the stretching vibration of epoxy groups, and the 

broadband at 1038 cm
-1

 is related to the stretching vibration of OH groups [305,312]. As 

it is well known, the sharp bands of free OH lies between 3591 and 3610 cm
-1 

[313]. The 

vibrational peaks will broaden and shift to a lower frequency as the degree of 
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intermolecular interaction increases. The hydroxyl peak of GO is around 3300 cm
-1

, 

indicating that there is some intramolecular hydrogen bonding.  

 

Figure.5.1 FTIR spectra of as synthesized GO 

5.4.2 Raman Spectroscopy Analysis 

Raman spectroscopy is the most frequently used tool for the characterization of 

different types of carbon samples [314]. The typical Raman spectra of GO are 

characterized by a G band at approximately 1605 cm
-1

 that corresponds to the E2g 

phonon of the sp
2
 C atoms and a D band at approximately 1353 cm

-1
 that corresponds to 

the breathing mode of A1g k point phonons. Raman active D-bands associated with 

defects and disorders in the graphene Oxide are positioned at 1349 cm
–1. 

The peaks 

positioned at 1593 cm
–1

 are the Raman active G-bands for the carbon which are due to the 

E2g vibration mode that occurs for sp
2
 bonds in the carbon networks. The ID / IG ratio of 

the D and G bands from the Raman spectrum of the as-prepared GO is 0.84, indicating 

the multilayer nature of the synthesized GO. The ID/IG ratio is a successful indicator of 

the degree of graphitization too. The multilayer nature of the synthesized GO was also 

confirmed by the ratio obtained from the I2D/IG which was found to be 0.12. The results 
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obtained from the Raman spectra confirm the synthesis of GO and match well with 

literature [314,315].  

 

Figure.5.2 Raman spectra of as synthesized graphene oxide. 

5.4.3 UV-visible Analysis 

The as synthesized GO was subjected to UV-vis. Analysis. A weighed amount of 

GO was taken in DI water and probe sonicated for 1 hour. After that the dispersion was 

subjected to UV-vis analysis. The UV-vis spectra of as synthesized GO showed a distinct 

peak at a wavelength of 225 nm which corresponds to π-π* plasmon peak and a broad 

shoulder at ~320 nm which corresponds to n-π* plasmon peak. It is well reported in 

literature that single layer or a few layer GO exhibit a single peak at ~230 nm wavelength 

in UV spectra while the multilayer graphene has been reported to show a hump at ~320 

nm in UV spectra. The results obtained from UV-vis analysis were also in agreement with 

the formation of multilayer graphene oxide sheets. The values were found to be in good 

agreement with literature [316]. 
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Figure.5.3 UV-vis. spectra of as synthesized GO. 

5.4.4 XRD Analysis 

The as-synthesized GO was subjected to the x-ray diffraction studies, for this 

purpose the powdered GO sample was allowed under the diffractometer. The sample 

showed 2 distinct peaks at 2Θ values of 23.7° and 43.2° corresponding to the 002 and 101 

planes of graphitic carbon [81]. The defects generated due to the oxidation process may 

be responsible for the lattice distortion and broadening of the peaks [313].  

 

Figure.5.4 XRD spectra of as synthesized graphene oxide 
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5.4.5 XPS Analysis 

XPS examination was used to determine the elemental chemical state of the 

surface of GO and may verify the effective inclusion of N and P atoms into carbon 

frameworks. The sample exhibited four characteristic peaks in the XPS survey spectra, 

which correspond to C 1s, O 1s, N 1s, and P2p, respectively (Figure5.5.A). The narrow 

region spectra for all the elements present in the survey spectra viz. C, N, P and O were 

recorded for the determination of the existing oxidation states of the species. The C 1s 

spectra of the GO (Figure5.5.B) displays three peaks at 284.7, 286.2, and 288.7 eV, 

which correspond to the carbon functional groups C-C or C=C, O-C-O, and O=C-O, 

respectively [317]. The N1s spectra exhibits four peaks at 398.3, 400.3, 400.8, and 402.4 

eV (Figure5.5.C), corresponding to pyridinic N (N-6), pyrrolic N (N-5), quaternary N 

(N-Q), and oxidised N (N-O) environments, respectively. 

As previously documented, N-5, N-6, and NO may be useful in enhancing the 

properties of the synthesized material, whereas N-Q can improve conductivity via 

graphite electron transfer. The GO’s  P2p spectra (Figure 5.5.D) indicates two distinct 

forms of P species, corresponding to pentavalent tetra coordinated phosphate (PO4; 132.4 

eV) and pyrophosphate groups (PO3)n (134.2 eV) [318].The absence of the 130 eV peak, 

which is often associated with P-C bonding, clearly shows that the P atoms are not 

integrated into the graphite lattice, but rather near the edge of the graphene as functional 

groups. As a general rule, the wetting properties of P dopant species are advantageous for 

the interaction with adsorbents. As a result, the adsorption and other properties like ion 

diffusion of the produced material may be significantly improved by the addition of P 

doping [319]. C, N, O (Figure 5.5.E), and P surface atomic concentrations in GO, as 

shown in XPS analysis, are shown in element table. The surface atomic compositions of 

all samples can be found in table (Figure 5.5.F). 
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Figure.5.5 XPS (A) Survey spectra (B) C1s Spectra (C) P2p Spectra (D) O1s Spectra (E) 

N1s spectra, (F) Table for % distribution of elements of as synthesized GO. 

5.4.6 SEM Analysis 

The as synthesized GO was subjected to scanning electron microscopy analysis 

for the confirmation of morphological characteristics of the synthesized material. For this 

purpose, a weighed amount of powdered GO was added to ethanol and probe sonicated 
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for 15 min at room temperature to make the uniform dispersion. A 10µL of this 

dispersion was drop casted over Al-foil and dried under an IR lamp at ambient conditions. 

The material was gold coated for 30 seconds before the SEM analysis. As shown in 

(Figure 5.6), the obtained material has sheet like morphology with wrinkles. It is also 

evident from the images that these are not single layer thick and have multilayer highly 

wrinkled morphology.  

 

Figure.5.6 SEM images of GO at different resolutions 

5.5 Adsorption of rhodamine – 6G dye 

The dye adsorption experiments were performed using a device as given in 

(Figure5.7).The dye gets adsorbed easily and instantly onto the GO bed (Figure5.7). The 

weak molecular interactions between the oxygen, nitrogen and phosphorous 

functionalities present over the GO surface and the dye may be responsible for such 

behaviour. The removal of dye is ultra-fast and happens almost instantly (~40 sec).  
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Figure.5.7 Schematics of the device for dye removal. 

 

Figure.5.8 Image of (A) fabricated device, (B) Introducing dye water it to device, (C) 

image taken during 40sec showing clean water coming out, (D) left tube containing clean 

water after dye adsorption and right the dyed water kept for comparison purpose. 

5.6 Desorption of the dye 

Desorption of the dye from the alcohol is also swift and happens upon changing the 

polarity of the solvent. For the desorption experiment, methanol was introduced into the 

device containing the dye adsorbed GO bed. As soon as the methanol comes in contact 

with dye adsorbed GO, dye starts coming out in methanol which was then decanted and 
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the dye was extracted completely from the methanol using a rotary evaporator at 40 °C 

temperature and reduced pressure. 

 

Figure.5.9 Image of (A) dye adsorbed material inside the device, (B) Introducing 

methanol it to device, (C) image taken during 30sec showing adsorbed dye getting 

desorbed in methanol, (D) left tube containing utilizable material in the device after dye 

desorption and right the dyed methanol. 

5.7 Conclusion 

This study utilizesorange peel biomass waste to synthesize multi-layer graphene oxide for 

the removal of Rhodamine-6G dye from synthetic wastewater. The carbon material 

synthesized was extensively characterized to understand the structural and 

physicochemical properties. The developed material holds potential for utilization in 

energy storage, pollution abatement, and other environmental remediation applications. 

The device may be a cheap option for water filtration in resource limited settings as it 

does not require any kind of energy for operation. 
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Chapter-6  

Summary and Future Directions 

6.1 Summary of the work 

In summary, this research work demonstrates the potential utilization of various 

biomass-derived materials and their composites for the environmental remediation 

applications. In order to determine the applications of biomass-derived nano-structured 

materials, it is of utmost importance to understand their structures and architectures both 

before alteration and after alteration. The extensive morphological and physicochemical 

properties of novel biomass materials were studies using various characterization and 

analytical techniques. The morphological fundamentals were thoroughly studies and 

examined for the biomass-derived nanomaterials used in this work. These biomass 

sources can further be utilized for many other industrial and environmental remediation 

applications such as catalysis. Sensing and pollution abatement purposed.  

The Adenium fibres reported in the second chapter hold hierarchical self-assembly 

at nanoscale which was the reason behind the hollow structures of the fibers and for the 

high oil absorption capacity. These fibers can be utilized as the template to host various 

metal and metal oxide based nanomaterials for electrochemical chemical catalysis, 

sensing, or photocatalytic degrading of the various pollutants and may open the avenue 

for the various biomass-derived cheap and functional materials. The sponges developed 

in the second chapter, which utilized the Adenium fibers inside the porous PDMS matrix 

can be employed for the direct field applications as these are cheap and recyclable for 

multiple times. Fibers are naturally occurring, biodegradable and serve as 
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environmentally benevolent materials which do not add any kind of pollution as is the 

case with synthetic polymers. More importantly, the sponge materials showcased higher 

absorption capacity towards oils and organic solvents compared to bare PDMS and other 

wood based sponges and also displayed the self-cleaning properties which is helpful for 

the regeneration of the sponges and this property may also be utilized to develop bio-

based self-cleaning materials for various applications.  

Silica nanoparticles find plethora of application in many industrials fields and 

processes. The traditional methods for the synthesis of silica nanoparticles are not 

environment friendly and are must costlier as compared to silica nanoparticles derived 

from the biomass materials synthesised in this research work. These silica nanoparticles 

are important from many perspectives due to their source of origin. Moonj grass which 

has no edible value even for animals has shown a very strong potential for the vegetative 

regeneration of the fly ash lagoons. There are multiples problems associated with the fly 

ash lagoons and their vegetative restoration can help minimize the air pollution as the 

plants’ roots help minimize it by holding the ash. The plant has shown to be a metal 

excluder too, which is a very good quality for the pioneer species of a habitat which 

requires restoration.  

This attribute of the Moonj grass is important because of the heavy metal load fly 

ash. Thus, in addition to being material of interest for many industrial applications, these 

as synthesized silica nanoparticles may open an avenue for the proper management and 

vegetative restoration of the fly ash lagoons.More over these silica nanoparticles were 

also utilized as supporting material for silver nanoparticles in chapter fourth and the 

enhanced reusability of the precious metal nanoparticle was demonstrated, thus these 

silica nanoparticles can be utilized for many other purposes giving economic purpose to 

the ecologically important plant species for the management of pollution control.  
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 In the fifth chapter, synthesis of orange peel biomass-derived graphene oxide is 

demonstrated. The synthesized material is of interest for many industrial and 

environmental applications and can be utilized for the multiple energy storage 

applications. The material was synthesized using non edible biomass waste, and utilized 

for the pollutant dye removal applications and has the potential to be utilized in energy 

storage application. Thus, it also represents the alternative to provide for the food-energy-

environment nexus.  

 Thus this work summarizes the potential of novel biogenic sources for their 

utilization in synthesis of nano-structured materials and the application there of in 

pollution abatement and environmental remediation applications.  

6.2 Future Directions 

 The Materials developed in this research work were all derived from the novel 

bio-mass sources. The green synthetic routes were utilized to keep the materials and 

processes both sustainable. The derived materials further may be applicable in diverse 

areas of research and development. Some of the potential areas are as listed. 

The Adenium fibers were reported for the first for the application in organic 

liquids absorption and these can be used for direct field applications in industry for the 

separation of various mixtures and for the on spot oil spill clean-up. The fibers can also 

be utilized as the host for metal or metal oxide nanoparticles for catalytic, sensing and 

energy storage applications as these fibers were showed to have the confined tube like 

structures. The silica nanoparticle and nanosheets in this work can be used for plethora of 

industrial applications as fillers, supports, in paint etc.  
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Appendix 

 

FigureA.1Image of the Adenium plant with flowers and seed pod with fibers (In black 

circle indicated by the arrow). 

 

FigureA.2SEMImage of the Adenium fibers showing the hierarchical nanostructures in 

fiber walls. (Encircled in yellow) 

G
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FigureA.3FE-SEM image of Adenium Fibers used for the calculation of pore width and 

standard deviation. 

 

 

FigureA.4XRD Spectra of the Adenium Fibers. 
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FigureA.5SEMImage of the interior surface of AFDMS-0.2. 

 

 

FigureA.6FE-SEM image of AFDMS-0.02 showing rod like fibers in the matrix. 
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FigureA.7Images of AFDMS-0.2 sponge before and after 20 absorption-desorption 

cycles. 

 

 

 

 

FigureA.8 Images showing the underwater oil removal by AFDMS-0.2, (A) beaker 

having oil on the lower surface, (B) As prepared AFDMS-0.2 during absorption (C) After 

absorbing the oil. 

 

Before 20 cycles After 20 cycles

A B C
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FigureA.9Images showing the overwater oil removal by AFDMS-0.2, (E)As prepared 

AFDMS-0.2,(F) During absorption (G) After absorbing the oil present over the water 

surface. 
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Controlled Synthesis of Silver Nano-Particles Anchored on Bio-Sourced Silica 

Nano- Sheets for Catalytic Reduction of Nitro phenol. (2021). (Manuscript under 

preparation). 

5. Niharika Pandey, Umaprasana Ojha, Synthesis of Nitrogen, Phosphorous Dual-

Doped Graphene-Oxide from Orange Peel Biomass waste for the removal of 
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Conferences/Workshops/Webinars 

1. Niharika Pandey, Suman Debnath, Umaprasana Ojha, R. M. Tripathi , S.K. Sahoo, 

―Spatial distribution of uranium and associated water quality parameters in 

Pratapgarh district of Uttar Pradesh‖, NSE-20,IIT Gandhinagar and Bhabha 

Atomic Research centre (BARC), IIT Gandhinagar, Gujrat. Dec 13-15, 2018.  

2. Niharika Pandey, Umaprasana Ojha "Nature Sourced Cellulosic Adenium Fiber-

PDMS Sponge with Controlled Porosity as Efficient Oil-Absorbing Clean-Up 

Agents" International Conference on Recent Trends in Energy Science and 

Engineering (ICRTESE-2021). 

3. An International 4 week webinar series on Water challenges during and post 

COVID-19, 7-28 May, 2020, ICCW, IIT-Madras. 

4. QIP course on Advanced Scanning Electron Microscopy and Microanalysis, 11-15 

March 2019, ACMS, IIT-Kanpur. 
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