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Preface

Colloids are types of mixtures in which a microscopic substance is dispersed 
throughout a dispersion medium. The particles of the dispersed phase have a 
diameter of 1–1000 nanometers.

The most common phenomena of colloids in the ecosystem appear in the blue 
color of the sky, which is due to the scattering of light by colloidal particles in the 
air, known as the Tyndall effect. In our body, blood is a colloidal solution. Other 
examples include milk, cream, gelatin, jelly, colored glass, river mud, and butter.

Colloids and colloidal systems are useful in human health as well as commercial 
and industrial situations. The important applications of colloids are in medicines, 
sewage disposal, water purification, formation of the delta, cleansing action 
of soap, industry, mining, smoke precipitation, photography, electroplating, 
agriculture, rubber industry, artificial rain, and more.

Colloids - Types, Preparation and Applications deals with several aspects of 
colloid morphology, synthesis, and applications. It gathers recent research 
by outstanding experts in the field of colloids, including research into colloid 
synthesis, modification, and applications.

The book includes twelve chapters divided into three sections. The first section 
includes four chapters that discuss different techniques for synthesizing 
colloids: Chapter 1, “Optimization of Biogenic Synthesis of Colloidal Metal 
Nanoparticles”; Chapter 2, “Recent Progress in the Electrochemical Exfoliation 
of Colloidal Graphene: A Review”; Chapter 3, “A Simple and “Green” Technique 
to Synthesize Metal Nanocolloids by Ultrashort Light Pulses”; and Chapter 4 
“Gemini Imidazolinium Surfactants: A Versatile Class of Molecules”. The second 
section includes three chapters that explain the structure, dynamic and stability of 
colloids: Chapter 5, “Aerogels Utilization in Electrochemical Capacitors”; Chapter 6, 
“Structure and Dynamics of Aqueous Dispersions”; and Chapter 7, “Colloidal 
Stability of Cellulose Suspensions” The third section includes five chapters that 
discuss applications of colloidal particles: Chapter 8, “Removal of Copper Ions 
from Aqueous Solution Using Liquid Surfactant Membrane Technique”; Chapter 9 
“Hydrocolloids in Dentistry: A Review”; Chapter 10, “Application of Colloids and 
Its Relevance in Mineral Engineering”; Chapter 11 “Magnetic Iron Oxide Colloids 
for Environmental Applications”; and Chapter 12, “Colloidal Nanocrystal-Based 
Electrocatalysts for Combating Environmental Problems and Energy Crisis”.

I would like to express our sincere thanks to Dr. Haiam Morsy Aboul-Ela, Marine 
Biotechnology and Natural Products Lab, the National Institute of Oceanography 
and Fisheries, Alexandria branch, Egypt; Dr. Radwa El-Salamony, Egyptian 
Petroleum Research Institute; and Dr. Khalid ElWakeel, Faculty of Science, Port 
Said University, Egypt for their contributions in the scientific revision of the book 
chapters.
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Chapter 1

Optimization of Biogenic 
Synthesis of Colloidal Metal 
Nanoparticles
Disha N. Moholkar, Darshana V. Havaldar, 
Rachana S. Potadar and Kiran D. Pawar

Abstract

Nanotechnology which deals with the synthesis and characterization of 
dispersed or solid particles in nano-metric range has emerged out to be a novel 
approach due to its ample applications in biomedical fields. The advancements 
in the field of nanotechnology and substantial evidences in biomedical applica-
tions have led the researchers to explore safe, ecofriendly, rapid and sustainable 
approaches for the synthesis of colloidal metal nanoparticles. This chapter illus-
trates superiority of biogenic route of synthesis of nanoparticles over the different 
approaches such as chemical and physical methods. In biogenic route, plants and 
microorganisms like algae, fungi, yeast, actinomycetes etc. act as “bio-factories” 
which reduce the metal precursors and play a crucial role in the synthesis of 
nanoparticles with distinct morphologies. Thus, the need of hazardous chemicals 
is eliminated and a safer and greener approach of nanoparticles synthesis can 
be adopted. This chapter also outlines the effect of optimization of different 
parameters mainly pH, temperature, time and concentration of metal ions on the 
nanoparticle synthesis. It is evident that the optimization of various parameters 
can yield nanoparticles with desired properties suitable for respective biomedical 
applications.

Keywords: colloidal metal nanoparticles, biogenic synthesis, biomedical 
applications, optimization, nanobiotechnology

1. Introduction

Ever since the origin of human civilization as early as 500 BC, nanomaterials 
(NMs) have been used for a range of applications, biomedicinal formulations being 
a crucial one [1]. Due to small size ranging from 1 to 100 nm, high aspect ratio, 
distinguished magnetic, optical, electrical, mechanical properties as compared 
with bulk materials of their same kind, MNs are being widely explored for their 
possible range of biomedical applications. In addition, ease of synthesis, control 
over size and morphology have revolutionized the field of nanobiotechnology [2]. 
The convergence of nanotechnology and biotechnology has led to the emergence of 
innovative and powerful field that explores the possibility of utilizing various NMs 
for biomedical applications [2]. The manipulations of macro materials resulting 
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in unique properties of NMs have attracted biomedical researchers to utilize these 
properties in pharmaceutical fields such that the NMs would play a momentous role 
and indeed add to the functionality of original compound [3]. The NMs and nano-
biomaterials are being extensively used in biomedical field for diagnostics, imaging, 
drug delivery and as prostheses and implants due to their superior biocompatibility 
to artificial polymeric materials [4]. The metallic and non-metallic nanoparticles 
(NPs) used extensively in biomedicines are derived from sources such as bulk 
metals, non-metals, chemicals, plants and microbes. Owing to well-defined and 
tunable size, shape, molecular weight and uniform dispersity of lipids and proteins 
based NMs, they are used for the fabrication of nanocarriers such as liposomes, 
micelles and dendrimers for drug and gene delivery [5–7]. Depending upon the 
type of NMs, the pharmaceutical ingredient can be either encapsulated or attached 
onto the surface of such nanocarriers in such a way that, irrespective of the water 
solubility, the pharmaceutical ingredient can be delivered to the target site and 
protected against degradation [2]. Presently, almost 175 exclusive nanomedicinal 
products for the treatment of cancer and infectious diseases are at different stages 
of clinical trials soon to be launched into the market [8]. Concurrently, surgical 
blades, suture needles, contrast-enhancing agents for magnetic resonance imaging, 
bone replacement materials, wound dressing materials, anti- microbial textiles, in 
vitro molecular diagnostic chips, microcantilevers, and microneedles are already out 
in the market [9].

The capsules PillCamESo and PillCam Colon, sized as that of a normal pill act 
as a substitute for the traditional endoscopy technique. These contain a flashlight 
and a camera which is swallowed by the patient and the images of the gastroin-
testinal system are captured and sent wirelessly for further diagnostic purposes 
[10]. Similarly, ‘microbots’ structurally similar to flagella equal to half the human 
hair diameter are fabricated using computer chip technology. These comprise a 
magnetic head and can be controlled via an external magnetic field which delivers 
medicine to destroy tumors [11, 12]. Microbots can also relieve diabetes patients 
from the pain to test their blood multiple times every day and the inconvenience 
of self-testing to ensure stable blood-glucose levels. These could be used to retrieve 
data from varied locations of the body at the same time allowing continuous blood 
sugar level monitoring [2, 13]. The field of nanobiotechnology has also assisted 
insulin delivery systems to detect fluctuations in blood glucose levels and spontane-
ously modulate the adequate insulin release thereby maintaining normoglycemiea 
[14, 15]. A major drawback of non-specific drug delivery associated with conven-
tional delivery system for cancer therapies can be overcome by using various NMs 
using metal NPs. To this end, metal NPs can be surface functionalized by attaching 
specific targeting moiety and imaging agents to target the cancerous cells [16]. This 
approach enables and enhances the efficiency in terms of not only timely detection 
of the cancerous cells but also treatment of tumors via targeted and specific release 
of drugs to yield maximum effectiveness with lower cytotoxicity to healthy cells 
[2]. In addition, nanobiotechnology has also contributed a solution for the treat-
ment of a significant worldwide problem of hard tissue repair and regeneration 
by means of artificial bone scaffolds which mimic natural bone composition and 
structure [17, 18]. The use of biomimetics nano-assembly technology and additive 
manufacturing techniques make the scaffolds, cells and growth factors mimic the 
natural bone [19, 20]. Such scaffolds can also be used to deliver growth factors by 
acting as an alternative to extracellular matrix and other bioactive factors includ-
ing small molecules, cytokines, peptides, proteins and genes [21, 22] to achieve 
controlled release and enhanced osteoblast proliferation and differentiation for 
stimulation of bone regeneration [23, 24].
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2.  Colloidal metal nanoparticles as important nanomaterials  
for various applications

In general terms, colloidal systems are heterogeneous systems in which very fine 
particles of one matter are scattered through another substance. Former is referred 
as “Dispersed Phase” while later as “Dispersion Medium” and both can be present 
in either of solid, liquid or gas states. Dispersed phase is completely insoluble in 
dispersion medium [25]. Colloidal NPs, as also called nanocolloids or solid colloidal 
particles, resemble a normal colloidal system where NPs act as dispersed phase. 
Being dispersed in the solvent medium, NPs are embroiled in some lively motions 
such as Brownian motions [26, 27]. As a consequence of their dominant characteris-
tics over bulk correspondents the colloidal NPs, play vital role in number of applica-
tions [28]. The unique properties such as tunable size, configuration, structural 
arrangement, formulation, crystallinity and dimensions can deeply rectify the 
features of colloidal NPs according to the applications [29]. Colloidal NPs can be 
employed in prospective applications in the wide range of sectors including elec-
tronics, coatings, catalysis, packaging, biomedicine, biotechnology etc. In addition, 
the uses of colloidal NPs in biomedical field are increasing incredibly as they are 
being administrated with elegant attributes for healthier reactions with the biologi-
cal circumstances and cope with on-demand requirements of in vivo diagnosis and 
therapies [30]. To boot, the fine size of NPs not only allows them to pass through 
the tissues or cells but also accesses them easily to target organs engrossing the novel 
biomedical applications at cellular level [31].

Magnetic NPs specifically iron oxide NPs are principally studied and utilized 
for their peculiar physicochemical, biological and magnetic features [32], remark-
ably stability, least perilous, significant magnetic vulnerability, severe saturation 
magnetism and biocompatibility [33]. Similarly, other magnetic NPs such as alloy, 
also known as bimetallic NPs of iron-cobalt (Fe-Co), iron-platinum (Fe-Pt) have 
high magnetic properties, super paramagnetism, high curie temperature [34, 35]. 
The exceedingly reported and mostly scrutinized uses of magnetic and bimetallic 
NPs are for target specific drug delivery [36, 37], in magnetic resonance imaging 
[38, 39] and to treat hyperthermia magnetically [40, 41].

Metallic NPs are the matter of curiosity that has been mesmerizing experts due 
to their extraordinary optical, electronic properties accompanied by its massive 
potential in nanotechnology. Nobel metal NPs of gold, silver, platinum, palladium, 
etc. have been used since ancient times for medicinal intents. Chemical inertness, 
ability to resist corrosion and oxidation even in moist air wholly justifies their 
uptake for biomedical applications [42]. Negative charge on the surface of gold 
NPs presents easy functionalization with organic compounds that offers further 
interactions with antibodies, drugs moieties or ligands for in vitro or in vivo drug 
delivery [43]. Likewise, silver NPs embrace distinct characteristics of being chemi-
cal inactivity, catalytic activity, high thermal and electrical conductive [44, 45]. The 
astonishing antimicrobial activity of silver NPs leads its utility in textile industries, 
wound healing dressings and as disinfectants [46, 47]. The employability of other 
metal NPs in bioimaging [48], biosensors [49], photothermal therapies [50] are 
growing day-by-day.

Metal oxide NPs such as titanium dioxide (TiO2) and zinc oxide (ZnO) NPs are 
markedly used in paints, coatings, food coloring, beauty products, sunscreens etc. 
Equating with other metal oxide NPs, ZnO confers minimal toxicity to living cells 
so that there is increase in biomedical applications namely in diabetes treatment, 
wound healing, anti-inflammation treatment, anti-aging products, antibacterial 
activities, etc. [23, 51–53].
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2.  Colloidal metal nanoparticles as important nanomaterials  
for various applications

In general terms, colloidal systems are heterogeneous systems in which very fine 
particles of one matter are scattered through another substance. Former is referred 
as “Dispersed Phase” while later as “Dispersion Medium” and both can be present 
in either of solid, liquid or gas states. Dispersed phase is completely insoluble in 
dispersion medium [25]. Colloidal NPs, as also called nanocolloids or solid colloidal 
particles, resemble a normal colloidal system where NPs act as dispersed phase. 
Being dispersed in the solvent medium, NPs are embroiled in some lively motions 
such as Brownian motions [26, 27]. As a consequence of their dominant characteris-
tics over bulk correspondents the colloidal NPs, play vital role in number of applica-
tions [28]. The unique properties such as tunable size, configuration, structural 
arrangement, formulation, crystallinity and dimensions can deeply rectify the 
features of colloidal NPs according to the applications [29]. Colloidal NPs can be 
employed in prospective applications in the wide range of sectors including elec-
tronics, coatings, catalysis, packaging, biomedicine, biotechnology etc. In addition, 
the uses of colloidal NPs in biomedical field are increasing incredibly as they are 
being administrated with elegant attributes for healthier reactions with the biologi-
cal circumstances and cope with on-demand requirements of in vivo diagnosis and 
therapies [30]. To boot, the fine size of NPs not only allows them to pass through 
the tissues or cells but also accesses them easily to target organs engrossing the novel 
biomedical applications at cellular level [31].

Magnetic NPs specifically iron oxide NPs are principally studied and utilized 
for their peculiar physicochemical, biological and magnetic features [32], remark-
ably stability, least perilous, significant magnetic vulnerability, severe saturation 
magnetism and biocompatibility [33]. Similarly, other magnetic NPs such as alloy, 
also known as bimetallic NPs of iron-cobalt (Fe-Co), iron-platinum (Fe-Pt) have 
high magnetic properties, super paramagnetism, high curie temperature [34, 35]. 
The exceedingly reported and mostly scrutinized uses of magnetic and bimetallic 
NPs are for target specific drug delivery [36, 37], in magnetic resonance imaging 
[38, 39] and to treat hyperthermia magnetically [40, 41].

Metallic NPs are the matter of curiosity that has been mesmerizing experts due 
to their extraordinary optical, electronic properties accompanied by its massive 
potential in nanotechnology. Nobel metal NPs of gold, silver, platinum, palladium, 
etc. have been used since ancient times for medicinal intents. Chemical inertness, 
ability to resist corrosion and oxidation even in moist air wholly justifies their 
uptake for biomedical applications [42]. Negative charge on the surface of gold 
NPs presents easy functionalization with organic compounds that offers further 
interactions with antibodies, drugs moieties or ligands for in vitro or in vivo drug 
delivery [43]. Likewise, silver NPs embrace distinct characteristics of being chemi-
cal inactivity, catalytic activity, high thermal and electrical conductive [44, 45]. The 
astonishing antimicrobial activity of silver NPs leads its utility in textile industries, 
wound healing dressings and as disinfectants [46, 47]. The employability of other 
metal NPs in bioimaging [48], biosensors [49], photothermal therapies [50] are 
growing day-by-day.

Metal oxide NPs such as titanium dioxide (TiO2) and zinc oxide (ZnO) NPs are 
markedly used in paints, coatings, food coloring, beauty products, sunscreens etc. 
Equating with other metal oxide NPs, ZnO confers minimal toxicity to living cells 
so that there is increase in biomedical applications namely in diabetes treatment, 
wound healing, anti-inflammation treatment, anti-aging products, antibacterial 
activities, etc. [23, 51–53].
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Figure 1. 
Schematic representation of physical methods for synthesis of nanoparticles, (a) high energy ball milling,  
(b) laser ablation, (c) Electrospraying, (d) inert gas condensation, (e) physical vapor deposition,(f) flame 
spray pyrolysis.

3. Methods for colloidal nanoparticles synthesis

Remarkable morphological, structural, magnetic, electronic and physico-
chemical characteristics of colloidal NPs render them extraordinary for their 
uses in various fields such as physical, electrochemical, optical, environmental, 
biomedical fields etc. These peculiar properties of colloidal NPs depend on 
their source and route of synthesis process. Unremitting research in the field of 
nanotechnology have invented a range of ways to fabricate NPs. On the whole, 
these fabrication methods are segregated into three major groups, notably physi-
cal methods, chemical methods, and bio-assisted (also called biological and 
biogenic) methods in which NPs’ synthesis is performed either by top-down 
approach or bottom-up approach. The top-down approach induces gradual trim-
ming of bulk counterparts which invariably leads to the mass production of NPs. 
On the contrary, bottom-up approach deals with the consolidation of atoms and 
molecules to yield NPs with series of dimensions [54].

3.1 Physical methods

Physical methods principally rely on top-down approach where high energy 
emissions, mechanical pressure, thermal or electrical powers are employed for 
melting, mitigation, abrasion of bulk materials to beget NPs. These techniques are 
devoid of solvent contamination, produce monodispersed and reproducible NPs 
making suitable for few specialized applications. However, generation of waste 
byproducts along synthesis is one of the flaws of physical methods [55]. Some of the 
most commonly used physical methods to generate NPs are high energy ball milling, 
laser ablation, electrospraying, inert gas condensation, physical vapor, deposition, 
flame spray pyrolysis etc. These methods are pictorially depicted in Figure 1.
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High energy ball milling is a high pressure and thermal, sturdy and energy effec-
tive synthesizing manner in which immensely movable balls pass on their kinetic 
energy to the bulk materials. The crushing process disrupts the chemical bonds of 
the materials and rifts it into tiny particles to raise NPs with diverse conformation 
and dimensionalities [56]. High contamination prominently due to wear and tear 
crushing by balls, polydispersity in terms of irregular dimensions of synthesized 
NPs, aggregation and long milling time [57] are few of the disadvantages associated 
with high energy ball milling method.

Laser ablation is another physical method that either employs continuous laser 
or pulsed laser to strike on the material opted to break down into NPs. It is a flexible 
mode which involves series of melting, evaporation and ionization of material onto 
collector surface. The continuous bombardment of laser beam results into ablation 
of targeted material to micro and nanostructure materials [58]. Even though, NPs 
with high purity can be obtained through this method, its high cost, long opera-
tional time for production high input of power for extirpation of matter, difficulty 
in large scale production make this method not so popular [59].

The electrospraying mechanism is analogous to the electrospinning technique 
used to form fibers. In electrospraying, a blend of desired polymer solution and 
the solvent are filled in the syringe, subjected to high voltage electric field to split 
the solution into small charged nano-sized particles that are received by counter 
electrode. This technique provides flexibility over the size of NPs by varying the 
reaction conditions such as concentration of solution, electric field, conductivity, 
flow rate of liquid etc. [60]. Excess addition of cross linkages and low yield of NPs 
are some of the shortcomings of electrospraying technique [61].

Inert gas condensation is a very fundamental process that requires ultrahigh 
vacuum (UHV) conditions, inert gases like Helium (He) or Xenon (Xe) and a 
substrate cooled with liquid nitrogen. The target materials are first evaporated, 
then transferred along with inert gases and finally condensed on cooled substrate 
[62]. The agglomeration of condensed NPs, high cost associated with UHV condi-
tions, difficulties related to maintaining clean vacuum situations, reproducibility 
and durability of working parameters etc. are some of the downsides of the tech-
niques [63].

Physical vapor deposition is an ecologically compatible route that incorporates 
three successive vital steps such as pyrolysis of solid materials to convert into 
vapors, transmission of vaporized materials followed by nucleation and growth 
process. This integrated group of processes have been widely designed and used to 
fabricate NPs in addition to deposit thin films of nanometers to micrometers [64]. 
Despite the fact that the technique delivers marked advantages, the instability of 
precursor gas at ambient temperature as well as reaction temperature and high cost 
resulting from greatly controlled vacuum in chamber limits its use [65].

Flame spray pyrolysis is the recent and single step combustion process sub-
stantially operates to formulate compound and functional NPs. In this process, 
low volatile precursors are injected into highly sustainable flame with extreme 
temperature gradient where liquid precursor undergoes spray-to-particle or 
gas-to-particle pathway to form monodispersed NPs [55, 66]. The requirement 
of high stability and dispersibility of metal precursors and solvents, low volatil-
ity, relevant melting temperature limits the choice of materials and use of this 
technique [66].

3.2 Chemical methods

Chemical methods are certainly more favorable to synthesize colloidal NPs 
owing to their unaltered approach towards external stimuli. High yield and 
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reproducibility make them highly recommended. There are number of chemi-
cal methods, most of them are based on bottom up approach [67]. The chemical 
methods of colloidal NPs synthesis are diagrammatically represented in Figure 2. 
Sol–gel, plasma enhanced, chemical vapor deposition, polyol synthesis and hydro-
thermal synthesis are some of the primarily used chemical methods for synthesiz-
ing monodispersed NPs.

Colloidal solution of solid particles in liquid i.e. sol and liquid containing 
polymer i.e. gel are the two constituents of sol–gel method. The basic steps of the 
process are explicitly hydrolysis whereby the chemical bonds of precursors are dete-
riorated by water to form gel continued by condensation for genesis of sols in the 
liquid. In the end, the leftover liquid is drained to finalize the morphology of NMs 
[55, 68]. Owing to few flaws such as low abrasion resistance, poor bonding, exalted 
permeability and difficult control over porosity of technique, it becomes difficult to 
realize its industrial scale up [69].

In plasma enhanced chemical vapor deposition, also titled as plasma assisted 
chemical vapor deposition, plasma triggers the chemical reactions for formation of 
thin films and formulation of NPs as well. It is a well-known process conducted at 
lower temperature. The system is assembled by vacuum process unit, power supply, 
heater and precursor. The wide range of NPs can be formed via this method, for 
instance gallium nitride and so forth [70]. The expensive instrumentation, instabil-
ity in damp conditions, presence of poisonous gases in plasma stream and lengthy 
process are some of the shortfalls of the method [71].

Polyol synthesis method fabricates colloidal NPs by using poly ethylene glycol 
as a medium to conduct the reaction. It also performs as solvent, reducing agent 
and integrating agent simultaneously with addition of protecting or capping agents 
externally [72]. The process is used to synthesize range of NPs of metals (platinum, 
palladium, silver, cobalt, etc.), metal oxide NPs (Zinc oxide, Cobalt oxide etc.) and 
magnetic, hybrid NPs as well [55]. However, the confined propensity of polyol to 
reduce precursors and slender stabilization of nonpolar metal surfaces by polar 
polyol are two major inadequacies with which the process has to dealt with and 
which diminishes the efficacy of the process [73].

Figure 2. 
Schematic representation of chemical methods for synthesis of nanoparticles, (a) sol–gel method, (b) polyol 
synthesis, (c) plasma enhanced chemical vapor deposition, (d) hydrothermal synthesis.
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Hydrothermal synthesis method explores various temperatures and pressure 
environments to change the behavior of water in the vicinity. During synthesis, NPs 
are synthesized from colloidal system that comprises of two or more states of com-
pound from solid, liquid or gas and added together with controlled conditions of 
pressure and temperature. This method is carried out either by batch hydrothermal 
process or continuous hydrothermal process to create NPs of metal oxide, lithium 
iron phosphate etc. The batch hydrothermal executes reaction optimal ratios of 
phases while other allows faster mode of reaction. One of the incredible advantages 
of the method is its capability to produce large quantities of NPs at a time with 
preferable properties [74, 75]. The reaction requires water in supercritical state, 
higher pressure and temperature which in turn limits the onsite examinations to get 
clarify with NPs synthesis [74].

3.3 Biological methods

Despite the fact that chemical and physical methods of colloidal NPs synthesis 
are awfully proficient, these methods anyway own copious shortcomings just like 
use of acutely life-threatening chemicals, non-polar organic solvents, diversified 
synthetic capping, reducing agents, etc. therefore, hamper their engagement in 
biomedical purpose. On top of this, synthesis via physicochemical routes fetches 
contamination on the exterior of NPs post synthesis that has brought up solemn 
disquietude regarding the unfavorable upshots of the chemically synthesized NPs 
on the environment and living cells [76, 77]. These limitations has forced research-
ers to look for novel, environment friendly alternatives to synthesize colloidal NPs 
[78, 79]. Green synthesis or biosynthesis is the most feasible substitute that makes 
the use of microorganisms and parts of plants instead of toxic and pernicious 
chemicals. Bacteria, fungi, algae and yeast are frequently used as bio-reactors that 
can hire a batch of anionic functional groups proteins, enzymes, reducing sugars, 
etc. to reduce metals salts to corresponding colloidal NPs [80, 81]. The different 
methods of biological synthesis of colloidal NPs are diagrammatically represented 
in Figure 3.

3.3.1 Advantage of nanoparticles synthesized via biological route

The routinely used NPs synthesis routes such as chemical and physical methods 
are not only energy and capital exhaustive but also employ the toxic chemicals and 
non-polar solvents for synthesis and synthetic additives or capping agents during 
the later process. These methods therefore rule out the application of such products 
in clinical and biomedical fields thereby creating a need for a safe, reliable, biocom-
patible and benign method for the production of NPs [82]. Worthy of the excep-
tional environment friendly nature, it has been reported that the NPs synthesis rate 
via biogenic methods are comparable to that of chemical methods [83–85].

For biomedical applications, it’s obligatory that NPs must have depleted metal 
cytotoxicity and enhanced biocompatibility. Unlike physico-chemically synthesized 
NPs, green synthesized NPs are free from deleterious byproduct contamination that 
most often remain bound to the NPs surface and restraint their role in biomedical 
applications [86]. The decisive leverages that supports the biological routes for 
colloidal NPs synthesis are wide availability of key biological components, biocom-
patible reducing agents, capable of large scale synthesis with moderate temperature 
and pressure, dual working of enzymes or phytochemicals as reducing as well as 
stabilizing agents [87]. There are multiple superiorities concerned with bio-asso-
ciated methods, uniquely expeditious and eco-friendly fabrication practices, less 
expensive and bio-tolerant nature of NPs. It does not demand for separate capping 
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agents considering the potential of the plant’s and the microorganism’s components 
to act so [5]. On top of that, when NPs came in proximity of biological fluids while 
synthesis, they gradually and electively imbibe biomolecules establishing corona 
on the superficies that bestow additional potency and make them more efficient 
over uncovered NPs [88]. Precisely, medicinal plants are supposed to furnish the 
NPs with strengthened adequacy by entitling them with ample metabolites having 
pharmacological values [5, 89, 90]. As biosynthesized NPs are highly equipped with 
functional groups over the course of reaction, it eliminates additional steps required 
for physicochemical processes which automatically shorten the time period [91]. All 
of these supremacies make biosynthesis or green synthesis worth applicable.

3.3.2 General mechanisms of biological synthesis

3.3.2.1 Algal synthesis

Algae, either unicellular or multicellular, are autotrophic and aquatic photo-
synthetic organisms belonging to kingdom Protista. Depending upon their sizes 
that range from micrometer to macrometer, they are distinguished as microalgae 
or macroalgae and serve as extreme source of vitamins, minerals, and proteins. 
They have successfully drawn the utter attention by virtue of their competency to 
diminish the toxicity of metals accompanied by presence of bioactive components 
to stabilize the NPs; nonetheless the reports for algal synthesis of NPs are merely 
few, exclusively on iron oxide and zinc oxide [92]. Regardless the ongoing research 
on synthesis of NPs through different biological sources at greater extent, the 
detailed mechanism for the synthesis by algae is not revealed yet wholly. Studies so 

Figure 3. 
Schematic representation of biological methods for synthesis of nanoparticles, (a) plant based synthesis,  
(b) microbial synthesis.
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far disclose that cell walls of seaweed are comprised of polysaccharides that carry 
hydrophilic surface groups like carboxyl, hydroxyl and sulfate groups [93]. Further, 
it holds abundant biomolecules, intrinsically proteins and enzymes which play 
the role of biocatalyst to convert metal ions into NPs, meanwhile, the other larger 
amphiphilic biomolecules act as capping agents to stabilize the NPs [94–97]. Some 
of the reported examples of algal synthesized NPs include AuNPs synthesized by 
brown seaweeds Fucus vesiculosus [98], and Turbinaria ornate [99]. A report by 
Khanehzaei et al. [100] explains the algal synthesis of copper and copper oxide NPs 
by extract of red seaweed Kappaphycus alvarezii.

3.3.2.2 Fungal synthesis

Fungal synthesis is the quite pertinent among remaining bio-synthesis methods, 
even than bacteria, in the wake of their phenomenal properties adeptness of NPs’ 
synthesis with various dimensions [101]. Fungi viz. yeasts or molds are eukaryotic 
organisms that bear mycelia which allocate them extended surface area for metal 
ions acquaintance. Fortuitously, cell surface of fungi possesses chain of biomol-
ecules and reducing agents which offers them numerous additional privileges [102]. 
Moreover, the NPs’ configuration due to fungi is rapid considering the fact that 
fungi biomass proliferate rapidly than bacteria, and contrary to bacteria, fungi 
have superior endurance and metal bioaccumulation. In supplement, it provokes 
monodispersed synthesis of NPs with quite defined structures. Typically, fungal 
manufacture of metal NPs is judiciously cheaper, eco-friendly, engage uncom-
plicated down-streaming operation and no need of external stabilizing agent as 
fungal biomass itself function as capping agent as well [103, 104]. Bhainsa and D′ 
Souza in 2006 reported the synthesis of AgNPs by the fungus Aspergillus fumigates 
[105]. Metal oxide NPs have also been synthesized through the fungus synthesis 
for example, silicon dioxide (SiO2), TiO2 and ferric oxide (Fe2O3) NPs by fungus 
Fusarium Oxysporum [106].

Amidst other microorganisms that fall into kingdom fungi, yeast is the most 
examined species given the fact that extracellular synthesis is simpler to regulate 
and to manipulate in laboratory scenario [104]. As an example, Bharde and his 
coworkers have reported the reduction of TiO2 to NPs by means of fugal extract of 
Saccharomyces cerevisiae [106].

3.3.2.3 Bacterial synthesis

There are copious number of bacteria that smoothly sustain with harsh environ-
mental conditions. Moreover, they can multiply and grow at extreme speed, their 
maintenance is cost effective and are easy to manipulate for synthesis. For this sake, 
they are being employed for the biogenic synthesis of colloidal NPs. Furthermore, 
the bacterial growth parameters especially temperature, oxygen supply and incuba-
tion time can be monitored with ease as they might affect the sizes of NPs [107].

The synthesis of NPs from bacteria is either intracellular or extracellular, 
depending on the site of synthesis. The intracellular synthesis deals with carrying 
of metal ions inside the microbial cell while in case of extracellular synthesis, metal 
ions are entrapped by the surface of cell to reduce it into corresponding NPs in 
presence of enzymes and other biomolecules [81]. The mechanism for formation 
of NPs differs with respect to the bacteria. When metal ions that are almost poison-
ous to bacteria, come in proximity, bacteria secrete specific proteins, enzymes 
and other biochemicals as a safeguard provision. To rectify the detrimental effect, 
bacteria modify metal ions into NPs by assorting not only dissolution of metal ions 
but also their redox behavior and extracellular sorption. Bacteria with S-layer and 
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agents considering the potential of the plant’s and the microorganism’s components 
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diminish the toxicity of metals accompanied by presence of bioactive components 
to stabilize the NPs; nonetheless the reports for algal synthesis of NPs are merely 
few, exclusively on iron oxide and zinc oxide [92]. Regardless the ongoing research 
on synthesis of NPs through different biological sources at greater extent, the 
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Figure 3. 
Schematic representation of biological methods for synthesis of nanoparticles, (a) plant based synthesis,  
(b) microbial synthesis.
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far disclose that cell walls of seaweed are comprised of polysaccharides that carry 
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ions are entrapped by the surface of cell to reduce it into corresponding NPs in 
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Magnetotactic bacteria are best suited to harvest metal NPs whose cell wall surfaces 
are shielded with protein rich components [108, 109].

For in vitro synthesis of NPs using bacteria, initially convenient bacterial species 
is cultured for 1-2 days in shaking incubator or orbital shaker at optimal parameters 
incorporating temperature, pH, media concentration, shaking speed etc. The 
culture is then centrifuged to separate biomass. For intracellular synthesis biomass 
is collected, washed thoroughly with deionized water and dissolved in sterile water 
which in turn acts as a bacterial extract to reduce metal ions. Conversely, superna-
tant after centrifugation can also be used for extracellular synthesis of NPs [110].

3.3.2.4 Plant-based synthesis

As phytomining practices, plants with ability to hyper accumulate metals are 
planted on metal contaminated soils for uptake of metal ions. The metal ions 
disseminate into plant and travel to the convinced plant parts where primary and 
secondary metabolites such as terpenoids, flavonoids, phenolic acids, proteins, 
polysaccharides, organic acids etc. remold ions into metal NPs [5, 111, 112]. This 
approach is merely time consuming, tedious and retrieval of synthesized NPs is 
strenuous [111, 113]. The biogenic synthesis of NPs using plant extract or biomass 
is one of the most effective, rapid, absolute non-hazardous and ecofriendly meth-
ods. Nanoparticlesof noble metals, metal oxides, bimetallic alloys, etc. have been 
mainly synthesized in vitro by harnessing this method which is well reviewed by 
Iravani in 2011 [114].

For phytomediated biogenic synthesis, plant extracts are prepared from differ-
ent parts of plants largely leaves, flowers, fruits, stem, roots, peels etc. [111, 113] 
and used as a source of reducing and capping agents. To accomplish this, the metal 
ion solution is subsequently added to extract where co-precipitation of metal 
ions with accessible functional groups is favored. The reaction parameters such 
as reaction time, temperature, pH, ration and concentration of metal salt influ-
ence the synthesis [115], therefore can be fine tunes. For example, ZnO NPs cane 
be formulated through leaf extract of Corymbia citriodora [116], peel extract of 
Nephelium lappaceum [117], root extract of Polygala tenuifolia [118].

4. Selection of biological agents for the synthesis of nanoparticles

Two main criteria for the selection of suitable plants for synthesis are selec-
tion of plant part on the basis of enzyme activities and biochemical pathways (for 
example: plants with heavy metal accumulations and detoxification properties); 
and setting the optimal conditions for enhanced cell growth and high enzyme 
activity [114].

According to Das and Brar [119], the plants are majorly preferred due to their 
exceptional reduction ability, yet, only the ethanobotanical conclusions are not 
the only basis for the selection of plants for the synthesis of NPs. These authors 
pointed out the fact that, the bio-reduction of the metallic cations can be a part 
of the plant’s defensive reaction towards ionic stress. The chemical evolution of 
phytochemicals must thus be reconsidered to probe the possibility of exploiting 
different plant groups for biogenic synthesis. It was therefore suggested that, some 
representatives for each plant group must be picked and the protocol be standard-
ized keeping in mind the process parameters and laboratory scale to commercial 
scale scaling up. It is important that the plant encompassing the desired properties 
must not fail at large scale level [119]. Some of the NPs synthesized from plants 
have the extreme potential in biomedical fields and should be considered for 
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scaling up purposes [120–122]. Das and Brar [119], also mentioned that instead of 
focusing on the advantages and disadvantages of biogenic synthesis routes such as 
efficiency, dual functionality, propensity, broad application etc.; it is important to 
have a broader perspective about the following parameters:

1. Clinical relevance must be checked by studying the previous well documented 
scientific reports.

2. Phylogenetic studies to set a reference plant.

3. In vitro study including cellular damage studies.

4. Precision in identifying the part of plant and mechanism

5. Geographical distribution studies to select a plant that does not have a very 
narrow distribution.

6. Genetic aspects, which is still an unexplored area.

7. This selection criteria is very feasible and applicable to all the plant groups 
and can bridge the gap exploitation of nature’s ability and possibility to make 
biogenic synthesis more scalable.

Some bacterial species such as Pseudomonas stutzeri and P. aeruginosa have the 
ability to recourse specific defense mechanisms in order to deal with stress condi-
tions like toxicity of heavy metal ions to survive and grow at high metal ion con-
centrations [123, 124]. Algae are economical contenders for the bioremediation and 
bioconversion of precious toxic metals into non-toxic nano forms due to their ability 
to accumulate and reduce metal ions into NPs [125]. Algae are preferred as they 
are convenient to handle, pose lower toxic effects to the environment and synthe-
size NPs at lower temperatures with great efficiency. Different algae widely used 
for the synthesis of NPs are: Lyngbya majuscule, Spirulina platensis, Rhizoclonium 
hieroglyphicum, Phaeophyceae, Cyanophyceae, Rhodophyceae, and Chlorella vulgaris 
[126, 127]. Fungi act as ideal biocatalysts for NPs synthesis and are preferred over 
bacteria due to greater potential of biologically active substances production [128]. 
Furthermore, fungal biomass are suitable for use in bioreactors as they can resist 
flow pressure, agitation and harsh conditions in chambers such as bioreactors and 
can exude extracellular reductive proteins suitable for employment in further steps 
of synthesis [102]. Fusarium oxysporum is one such fungi used for manufacturing 
NPs at industrial scale [129].

5. Preparation of extract and biomass for the synthesis of nanoparticles

The potential of phytosynthesis, a “green” synthesis approach is not yet com-
pletely utilized in full throttle for the colloidal NPs synthesis. As plants harbor a 
wide range of metabolites, it is possible to utilize plant tissue culture methods and 
optimizing the downstream processing techniques for the industrial production of 
NPs [130]. The part of the plant is chosen on the basis of desired application and 
the widely used plant parts of the part for extract preparation are leaf, seed, stem, 
fruit, root and flower. Initially, the test plant samples are collected, washed, dried 
and weighed. These are then chopped down into smaller pieces and soaked into 
sterile distilled water. This mixture is eventually incubated at optimized conditions 
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Magnetotactic bacteria are best suited to harvest metal NPs whose cell wall surfaces 
are shielded with protein rich components [108, 109].

For in vitro synthesis of NPs using bacteria, initially convenient bacterial species 
is cultured for 1-2 days in shaking incubator or orbital shaker at optimal parameters 
incorporating temperature, pH, media concentration, shaking speed etc. The 
culture is then centrifuged to separate biomass. For intracellular synthesis biomass 
is collected, washed thoroughly with deionized water and dissolved in sterile water 
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mainly synthesized in vitro by harnessing this method which is well reviewed by 
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activity [114].

According to Das and Brar [119], the plants are majorly preferred due to their 
exceptional reduction ability, yet, only the ethanobotanical conclusions are not 
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pointed out the fact that, the bio-reduction of the metallic cations can be a part 
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different plant groups for biogenic synthesis. It was therefore suggested that, some 
representatives for each plant group must be picked and the protocol be standard-
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scaling up purposes [120–122]. Das and Brar [119], also mentioned that instead of 
focusing on the advantages and disadvantages of biogenic synthesis routes such as 
efficiency, dual functionality, propensity, broad application etc.; it is important to 
have a broader perspective about the following parameters:

1. Clinical relevance must be checked by studying the previous well documented 
scientific reports.

2. Phylogenetic studies to set a reference plant.

3. In vitro study including cellular damage studies.

4. Precision in identifying the part of plant and mechanism

5. Geographical distribution studies to select a plant that does not have a very 
narrow distribution.

6. Genetic aspects, which is still an unexplored area.

7. This selection criteria is very feasible and applicable to all the plant groups 
and can bridge the gap exploitation of nature’s ability and possibility to make 
biogenic synthesis more scalable.

Some bacterial species such as Pseudomonas stutzeri and P. aeruginosa have the 
ability to recourse specific defense mechanisms in order to deal with stress condi-
tions like toxicity of heavy metal ions to survive and grow at high metal ion con-
centrations [123, 124]. Algae are economical contenders for the bioremediation and 
bioconversion of precious toxic metals into non-toxic nano forms due to their ability 
to accumulate and reduce metal ions into NPs [125]. Algae are preferred as they 
are convenient to handle, pose lower toxic effects to the environment and synthe-
size NPs at lower temperatures with great efficiency. Different algae widely used 
for the synthesis of NPs are: Lyngbya majuscule, Spirulina platensis, Rhizoclonium 
hieroglyphicum, Phaeophyceae, Cyanophyceae, Rhodophyceae, and Chlorella vulgaris 
[126, 127]. Fungi act as ideal biocatalysts for NPs synthesis and are preferred over 
bacteria due to greater potential of biologically active substances production [128]. 
Furthermore, fungal biomass are suitable for use in bioreactors as they can resist 
flow pressure, agitation and harsh conditions in chambers such as bioreactors and 
can exude extracellular reductive proteins suitable for employment in further steps 
of synthesis [102]. Fusarium oxysporum is one such fungi used for manufacturing 
NPs at industrial scale [129].

5. Preparation of extract and biomass for the synthesis of nanoparticles

The potential of phytosynthesis, a “green” synthesis approach is not yet com-
pletely utilized in full throttle for the colloidal NPs synthesis. As plants harbor a 
wide range of metabolites, it is possible to utilize plant tissue culture methods and 
optimizing the downstream processing techniques for the industrial production of 
NPs [130]. The part of the plant is chosen on the basis of desired application and 
the widely used plant parts of the part for extract preparation are leaf, seed, stem, 
fruit, root and flower. Initially, the test plant samples are collected, washed, dried 
and weighed. These are then chopped down into smaller pieces and soaked into 
sterile distilled water. This mixture is eventually incubated at optimized conditions 
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such as temperature, stirring speed etc. After a defined time span, the mixture is 
centrifuged at high speed, filtered using muslin cloth or syringe filters and stored 
in chilled conditions until future use. The filtrate is then diluted according to 
optimized conditions and used as a source of reducing and capping agents for the 
synthesis of NPs [131]. The plant extract thus prepared is mixed with defined ratio 
of metal salts at optimum conditions for defined time period resulting in NPs [132]. 
Not only the reaction conditions, but also the nature of extract and its concentra-
tion has a significant effect on the NPs synthesis and its quality [133].

Microbial route of synthesis of NPs has garnered enormous interest of research-
ers in the field of nanobiotechnology. Microorganisms including bacteria, fungi, 
actinomycetes, yeasts, and viruses are considered as bio-factories, owing to their 
inherent potential to produce NPs via. Extracellular or intracellular route of syn-
thesis [102]. In case of extracellular synthesis, the microorganisms after subsequent 
growth of 1-2 days in shaking condition and optimum growth conditions are 
centrifuged to remove the biomass. The filter-sterilized metal salt solution is then 
added to the supernatant and incubated. The mixture is then centrifuged to collect 
the NPs pellet. For intracellular synthesis, the biomass is collected by centrifuging 
the micro-organisms culture grown in optimum conditions. The biomass pellet is 
washed and mixed with filter-sterilized solution of metal salt. Color changes in the 
reaction mixture are observed as a preliminary confirmation of NPs synthesis and 
further confirmed by spectrophotometric observations and highly sophisticated 
techniques. Further, similar to that of extracellular synthesis, the mixture is centri-
fuged to collect the NPs pellet [134].

In case of algae-mediated synthesis of metal NPs, the algal extract is prepared 
in sterile distilled water or an appropriate organic solvent by boiling it for specified 
duration. Further, the algal extract and the metal precursors are stirred at opti-
mum conditions. Finally depending upon the mode of synthesis of NPs via algae, 
i.e. extracellular or an intracellular, the supernatant and biomass are used for the 
further process [135]. The bioactive agents such as polysaccharides, polyphones, 
proteins, and/or other reducing factors reduce the metal ions in case of extracel-
lular synthesis of NPs [96, 98, 135, 136] while in case of intracellular synthesis, 
the algal metabolism via photosynthesis and respiration causes reduction of metal 
ions [135, 137, 138]. Eventually, the chromatic changes determine the synthesis 
of NPs as preliminary confirmation. In mycosynthesis i.e. fungi based synthesis, 
the metal precursors are used to treat fungus mycelium resulting in production of 
fungi metabolites and enzymes. These bioactive substances reduce toxic metal ions 
into non-toxic metal NPs [129]. The fungi are usually cultured on an agar plate and 
further transferred into a liquid medium. Depending upon the route of synthesis, 
either the biomass or the supernatant is mixed along with metal precursor to yield 
NPs [139, 140].

6. Effect of different parameters on synthesis of metal nanoparticles

6.1 pH

The pH is one of the most important biogenic synthesis reaction parameters 
that influence the particle size and morphology of NPs [141, 142]. The NPs can be 
tailored to the desired size by altering the pH of the reaction mixture which causes 
changes in the charge over secondary metabolites which has significant effect on 
their ability to adsorb the metal ions [86]. In case of microbial synthesis of NPs, the 
culture conditions play a significant role. The small-sized and monodispersed metal 
oxide NPs are formed in alkaline conditions rather than acidic conditions. This is 
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because more functional groups are available at higher pH that increase the binding 
ability and stability during nucleation and growth stages favoring the formation of 
less aggregated NPs [112]. Singh and Srivastava [143] observed a gradual blue shift 
(towards lower wavelength) in absorption maxima as the pH was increased from 3 
to 7 indicating decrease in sizes of the NPs. Also, a red shift (towards higher wave-
length) was observed when the pH was increased further from 7 to 11 The further 
increase in the pH was found to increase the NPs size. The reaction pH also has 
significant effect on particle morphology in terms of shape of the synthesized NPs 
[144]. Gericke and Pinches et al. [145] synthesized gold NPs from fungal cultures 
and observed that at pH 3, uniform sized spherical NPs of 10 nm were synthesized. 
When the pH was increased to 5, fewer smaller spherical particles were obtained, 
the morphology of most of the NPs changed to larger well defined triangular, 
hexagonal, spherical and rod like structures were also obtained. At higher reaction 
mixture pH 7 and 9, similar undefined structures were observed. Abeywardena 
et al. [146] employed sucrose solution based extraction of calcium to precipitate 
calcium carbonate nanostructures to study the effect of pH to yield nanostructures 
with different morphologies and sizes. The precipitation reaction was carried out 
at pH values of 7.5, 10.5 and 12.5 using CO2 bubbling for carbonation as it promoted 
formation of smaller particles. Different morphologies such as catkin-like structure, 
spherical particles and rod-like formations; and tiny particles aggregated into 
large spheres were observed at pH 12.5, 10.5 and 7.5 respectively. Thus concluding 
that the alkaline pH is suitable for the formation of stable and less agglomerated 
nanoparticles. Aguilar et al. [147] studied the effect of different pH to yield stable 
silver nanoparticles using sugar cane bagasse extract. It was observed that acidic 
conditions (pH 3.5) were not favorable for the production of nanoparticles as the 
reaction yields mixture of submicron-sized silver (Ag) and silver chloride (AgCl) 
particles. At neutral pH, though the size of resultant nanoparticles dropped down 
in the range 8-30 nm, the mixture of Ag and AgCl particles still existed. In alkaline 
conditions i.e. pH 12, pure silver nanoparticles were obtained exhibiting excellent 
bactericidal and bacteriostatic properties against Gram positive and Gram negative 
bacteria. After the thorough inspection of the X-ray diffraction patterns and X-ray 
energy dispersive spectra (EDS) of the biosynthesized silver nanoparticles, it was 
evident that the Cl and S in the bagasse induces formation of side products such 
as AgCl and Ag@AgCl nanoparticles. While, at alkaline pH, the formation of such 
side products is avoided due to the interaction of Na ions of NaOH with Cl ions cane 
bagasse.

6.2 Temperature

Temperature is an equally important reaction parameters that significantly 
influence the biogenic synthesis of NPs [86]. For instance, the rate of synthesis 
increases at an elevated temperature as compared to that at room temperature 
eventually leading to higher product yield and crystalline NPs [148]. At elevated 
temperatures, the rate of reduction of metal ions increases and homogeneous 
nucleation of metal nuclei occurs facilitating the synthesis of NPs [149, 150]. 
Noteworthy, the required temperatures in physical methods of synthesis are greater 
than 350°C, while chemical reaction take place at temperatures as high as 350°C. 
On contrary, biogenic synthesis occur at considerably low temperatures in the 
range of 37°C-100°C [151]. In case of NPs synthesis using microorganisms, it is 
recommended that the microorganisms must be grown at the maximum possible 
temperature for optimal growth as the enzyme responsible for NPs synthesis shows 
enhanced catalytic activity at high temperatures and thus is more active [152]. 
Jameel et al. [153] highlighted the fact that reaction temperature affects the size, 
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such as temperature, stirring speed etc. After a defined time span, the mixture is 
centrifuged at high speed, filtered using muslin cloth or syringe filters and stored 
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actinomycetes, yeasts, and viruses are considered as bio-factories, owing to their 
inherent potential to produce NPs via. Extracellular or intracellular route of syn-
thesis [102]. In case of extracellular synthesis, the microorganisms after subsequent 
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added to the supernatant and incubated. The mixture is then centrifuged to collect 
the NPs pellet. For intracellular synthesis, the biomass is collected by centrifuging 
the micro-organisms culture grown in optimum conditions. The biomass pellet is 
washed and mixed with filter-sterilized solution of metal salt. Color changes in the 
reaction mixture are observed as a preliminary confirmation of NPs synthesis and 
further confirmed by spectrophotometric observations and highly sophisticated 
techniques. Further, similar to that of extracellular synthesis, the mixture is centri-
fuged to collect the NPs pellet [134].

In case of algae-mediated synthesis of metal NPs, the algal extract is prepared 
in sterile distilled water or an appropriate organic solvent by boiling it for specified 
duration. Further, the algal extract and the metal precursors are stirred at opti-
mum conditions. Finally depending upon the mode of synthesis of NPs via algae, 
i.e. extracellular or an intracellular, the supernatant and biomass are used for the 
further process [135]. The bioactive agents such as polysaccharides, polyphones, 
proteins, and/or other reducing factors reduce the metal ions in case of extracel-
lular synthesis of NPs [96, 98, 135, 136] while in case of intracellular synthesis, 
the algal metabolism via photosynthesis and respiration causes reduction of metal 
ions [135, 137, 138]. Eventually, the chromatic changes determine the synthesis 
of NPs as preliminary confirmation. In mycosynthesis i.e. fungi based synthesis, 
the metal precursors are used to treat fungus mycelium resulting in production of 
fungi metabolites and enzymes. These bioactive substances reduce toxic metal ions 
into non-toxic metal NPs [129]. The fungi are usually cultured on an agar plate and 
further transferred into a liquid medium. Depending upon the route of synthesis, 
either the biomass or the supernatant is mixed along with metal precursor to yield 
NPs [139, 140].

6. Effect of different parameters on synthesis of metal nanoparticles

6.1 pH

The pH is one of the most important biogenic synthesis reaction parameters 
that influence the particle size and morphology of NPs [141, 142]. The NPs can be 
tailored to the desired size by altering the pH of the reaction mixture which causes 
changes in the charge over secondary metabolites which has significant effect on 
their ability to adsorb the metal ions [86]. In case of microbial synthesis of NPs, the 
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because more functional groups are available at higher pH that increase the binding 
ability and stability during nucleation and growth stages favoring the formation of 
less aggregated NPs [112]. Singh and Srivastava [143] observed a gradual blue shift 
(towards lower wavelength) in absorption maxima as the pH was increased from 3 
to 7 indicating decrease in sizes of the NPs. Also, a red shift (towards higher wave-
length) was observed when the pH was increased further from 7 to 11 The further 
increase in the pH was found to increase the NPs size. The reaction pH also has 
significant effect on particle morphology in terms of shape of the synthesized NPs 
[144]. Gericke and Pinches et al. [145] synthesized gold NPs from fungal cultures 
and observed that at pH 3, uniform sized spherical NPs of 10 nm were synthesized. 
When the pH was increased to 5, fewer smaller spherical particles were obtained, 
the morphology of most of the NPs changed to larger well defined triangular, 
hexagonal, spherical and rod like structures were also obtained. At higher reaction 
mixture pH 7 and 9, similar undefined structures were observed. Abeywardena 
et al. [146] employed sucrose solution based extraction of calcium to precipitate 
calcium carbonate nanostructures to study the effect of pH to yield nanostructures 
with different morphologies and sizes. The precipitation reaction was carried out 
at pH values of 7.5, 10.5 and 12.5 using CO2 bubbling for carbonation as it promoted 
formation of smaller particles. Different morphologies such as catkin-like structure, 
spherical particles and rod-like formations; and tiny particles aggregated into 
large spheres were observed at pH 12.5, 10.5 and 7.5 respectively. Thus concluding 
that the alkaline pH is suitable for the formation of stable and less agglomerated 
nanoparticles. Aguilar et al. [147] studied the effect of different pH to yield stable 
silver nanoparticles using sugar cane bagasse extract. It was observed that acidic 
conditions (pH 3.5) were not favorable for the production of nanoparticles as the 
reaction yields mixture of submicron-sized silver (Ag) and silver chloride (AgCl) 
particles. At neutral pH, though the size of resultant nanoparticles dropped down 
in the range 8-30 nm, the mixture of Ag and AgCl particles still existed. In alkaline 
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Noteworthy, the required temperatures in physical methods of synthesis are greater 
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morphology, and synthesis rate of platinum NPs. Also, higher number of nucleation 
centers are produced at elevated temperatures which enhances the biosynthesis 
rates. Temperature controls the rate of formation of NPs i.e. at higher reaction tem-
perature yields faster rate of particle growth. As majority of NPs were synthesized 
within an hour, lower reaction temperatures were reported suitable to tune the size 
of NPs [145]. Harshiny et al. [154] studied the effect of temperature over the range 
40 to 70°C, on the antioxidant activity of iron nanoparticles using Amaranthus 
dubius leaf extract. Initially, the antioxidant activity (AA%) increases with increase 
in temperature up to 50°C due to higher DPPH radical scavenging activities while 
antioxidant activity decreases beyond 50°C due to the degradation of the active 
constituent amino acids.

6.3 Time

Longer incubation time yield larger NPs with well-defined shapes, while smaller 
incubation periods cause smaller sized NPs [145]. Moreover, time has two distinct 
effects on the quality and potential of NPs synthesized via biogenic route. For 
instance, if the reaction mixture is incubated for longer time than the optimum, the 
NPs tend to aggregate causing increased particle size. Moreover, some NPs may even 
shrink upon longer storage [155, 156]. Sangaonkar et al. [157] studied the effect 
of incubation time by incubating the reaction mixture at different time periods 
ranging from 2 to 120 h using UV spectroscopy studies to conclude that 24 h was the 
optimum time for the synthesis of silver NPs using fruit extract of Garcinia indica. 
Similarly, the reaction set up by Krishnaprabha et al. [158] required two hours for 
the complete reduction of Au precursors into AuNPs using Garcinia indica fruit rind 
extract as a reducing agent. Thus, the parameter ‘incubation time’ is codependent 
on other reaction factors such as concentration of precursor and the biological agent 
used for preparation of extract. Manzoor et al. [159] studied the effect of nucleation 
time to reveal that increase in nucleation time results in increase in particle size and 
wider particle size distribution. It is also evident that intermediate stirring offers 
tunable particle size and narrow size distribution. Though the synthesis time varies 
with the precursor and extract used, a keen observation of the color of reaction 
mixture and analysis of SPR peaks can reveal the optimum time for the reaction. 
Increase in reaction time and color intensity of the reaction mixture along with 
prominent SPR peaks can reveal that large amount of metal ions get converted into 
(M+) zerovalent metal NPs (M0) [160].

6.4 Concentration of metal ions

Concentration of metal ions is one of the key factors influencing the size of 
synthesized NPs. Usually, the reactions mixtures require just the right quantity of 
reactants, if the concentrations are slightly increased, the reduction mechanisms 
are hindered and accumulation of NPs would result in noticeable large aggregates 
of NPs [149]. Tuning the concentration metal ions in the reaction can be performed 
either by changing the volume of solvent or the amount of precursor. While, 
changing the concentration by varying the volume via dilution method is a straight-
forward method, changing the precursor quantity is subjected to maintaining the 
ratio between surfactant and precursor [161]. Moreover, researchers have reported 
that increase in precursor concentration may lead to either increase [162–165] or 
decrease [166, 167] in particle size. Recently, it has been experimentally proven that 
nanoparticle growth can be controlled as growth rate is dependent upon the surface 
reactions occurring at NPs, while at low concentrations, as the diffusion constant 
increases and the mass transferred is reduced, the growth rate is also reduced [161]. 
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Lakkappa et al. [168], demonstrated the effect of silver precursor concentration 
on the formation of silver NPs using Capparis Moonii as a reducing agent. Their 
study concluded that higher concentration of the solution resulted in smaller sized 
NPs yet in wide range of size distribution. At higher metal ion concentrations, 
bathochromic shift causing change in intensity leads to broad SPR band, lower size 
dispersion and high aggregation; while, at lower concentrations yield high intensity, 
better absorbance and narrow SPR bands [160]. Thus, lower concentrations are 
preferred for the synthesis of metal NPs [169]. Sibiya and Moloto [170] carried out 
an experiment wherein two precursor salts were equipped for the formation of NPs. 
They found out that when the ratio of precursors was increased from 1:1 to 1:10, two 
distinct nanoparticle shapes: spherical and rod-like respectively were obtained. This 
change in morphology was attributed to the fact that, at higher precursor concen-
trations, the time required for NPs growth is longer, which therefore subsequently 
leads to different morphologies.

6.5 Other factors

The phytoconstituents (phenol, polyphenols, polysaccharides, tannins and 
anthocyanins), their quantity and volume of extract, influence the reduction of 
metal ions, average particle size, processing, synthesis time and stability of NPs. As 
the plant extracts act as reducing agent, their volume up to a certain extent works 
efficiently for the formation of stable metal NPs [149]. In plant based synthesis, as 
the composition of metabolites varies vastly in different plant parts of same spe-
cies, the size of synthesized NPs varies with respect to part of plant used for extract 
preparation [171]. Singh and Srivastava [143] reported that as the concentration of 
black cardamom extract as a reducing agent was decreased, the size of resultant NPs 
increased.

In case of microbial route of synthesis, the enzymes and proteins existing in 
either the cell walls or cytoplasm reduce the precursor ions thereby aggregating 
atoms leading to formation of NPs [172]. Thus, such activity specific enzymes and 
proteins can be identified and isolated to facilitate reactions to be carried out in a 
cell-free environment producing NPs with tunable size and shape. Such experi-
ments often yield triangular and hexagonal thin plate-like structures irrespective 
of source, being plant part or microorganisms [145, 173]. The pressure applied to 
the reaction mixture is also known to influence the shape and size of the resultant 
NPs [174]. Ambient pressure conditions accelerate the rate of reduction of metal 
ions using biological agents [175]. Plants are rich in various secondary metabolites 
which act as reducing and stabilizing agents and thus affect the NPs synthesis. The 
composition of such metabolites differ with different types of plant, plant part, and 
the protocol followed for the preparation of extract [176].

7. Conclusion

This chapter summarizes the fundamental introduction of NMs and NPs, the 
significance of colloidal metal NPs for range of applications, diverse physicochemi-
cal and biological pathways for synthesis of colloidal NPs and the parameters affect-
ing the synthesis of NPs. Colloidal metal NPs, notably noble metal NPs such as gold, 
are being utilized since ancient times for multiple applications due to eminent and 
unique properties which make them superior compared with molecules or fellow 
bulk materials. Further, these NPs are preferred for biomedical applications due to 
their effectiveness to attenuate the shortcomings of traditional provisions, as it can 
be manipulated to deal healthily with the in vivo biological environment. Alongside, 
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the size of NPs compliments them with access through cells and tissues which helps 
not only to diagnose the disease proficiently but also aids for site specific treatment. 
Such prospective usages encourage the production of NPs in massive quantity. 
The colloidal metal NPs have been synthesized dominantly by using chemical and 
physical methods for many years, but the shortfalls of the methods confine their 
practice in biological fields. Hence researchers have opted a biological friendly way 
to synthesize NPs from natural environmental sources. Even though the mechanism 
of green production of NPs from microorganisms and plants is not yet entirely 
revealed, the synthesizing parameters, namely pH, temperature, time, concentra-
tion of metal salt affect the synthesis of NPs to a great extent and their optimization 
is very much necessary to yield the NPs in bulk quantity with desired properties. 
Besides the ongoing research on colloidal metal NPs from last few decades, its 
actual implementation in clinical field is at primary stage and many aspects such as 
distribution of NPs inside body, their accumulation and clearance from the body 
after treatment etc. need to be addressed for better involvement of NPs in biomedi-
cal applications.
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Chapter 2

Recent Progress in the 
Electrochemical Exfoliation of 
Colloidal Graphene: A Review
Randhir Singh

Abstract

Graphene is a wonder nanomaterial which is used in a wide variety of electronics 
applications because of its excellent electrical, optical, chemical and mechanical 
properties. For the efficient use of graphene in the preparation of modern electron-
ics devices it is imperative to first prepare a colloidal solution of graphene. Although 
various techniques are being used for the synthesis of colloidal form of graphene, 
the synthesis of colloidal graphene via electrochemical exfoliation is time saving 
and easy, facile method which can be easily performed in the laboratory without 
any expensive and sophisticated equipment as required in other techniques. 
Through electrochemical exfoliation of colloidal graphene, high quality graphene 
can be obtained within short time. Further, after the electrochemical exfoliation 
of colloidal graphene, the colloidal solution is stable in the organic solvent for few 
weeks. The conducting electrodes prepared by this colloidal solution of graphene 
have wide application in the areas of flexible energy storage devices and sensors 
fabrication.

Keywords: colloids: graphene synthesis, electrochemical exfoliation, energy storage 
device

1. Introduction

Graphene is the wonder nanomaterial discovered in 2004, most widely investigated 
because of its excellent electrical, mechanical, optical, chemical properties [1, 2]. The 
main properties are it is 97.7% transparent and is used for making transparent con-
ducting electrodes. Its high carrier mobility (200,000 cm2 v−1 s−1), Young’s modulus of 
1.0 TPa is another important properties of graphene. It is considered 200 times more 
conductive than copper and 100 times stronger than steel [3–7]. In addition to this 
it is very flexible in nature as it can be stretched to 20% of its original length. These 
exceptional properties of graphene are highly suitable for the fabrication of various 
modern electronics device applications such as energy storage devices and sensors 
etc. However, for the efficient use of graphene in these modern devices, the colloidal 
dispersion of graphene has to be prepared for using in solution phase. The colloidal 
solution of graphene has some advantages in comparison to the other forms of gra-
phene to be utilized for the formation of various devices.

Nowadays the modern electronics devices are being fabricated using printable 
electronics process. For the fabrication of the electronics devices such as sensors, 
energy storage devices using printable electronics the graphene has to be available in 
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the colloidal solution form so that it will be easy to fabricate these graphene based flex-
ible electronics devices using spray coating, brush coating, screen printing techniques 
[8]. Therefore, it is absolutely necessary to produce the colloidal solution of graphene.

2. Limitations of graphene synthesis methods

Various methods have been used for the preparation of graphene each having 
its own limitations as compared to others. Some of the prominent methods are 
mechanical exfoliation, Hummer’s method, liquid phase exfoliation, epitaxial 
growth, chemical vapor deposition etc. First, the mechanical exfoliation method 
by which the graphene was first exfoliated from solid graphite source is a very time 
consuming technique of producing graphene from graphite [1]. It is a hit and trial 
method in which the researcher is not sure whether the graphene exfoliated on the 
scotch tape is single layered or multi layered graphene sheet. So, it is not a control-
lable and leads to a lot of wastage of time. Similarly the hummer’s method uses very 
harmful acids and is also very time consuming method. The quality of graphene 
obtained from this method is not of high quality as indicated from the TEM results 
of graphene sheets.

Chemical vapor deposition requires very expensive and sophisticated equip-
ment, hence the synthesis cannot be performed in all the laboratories [9, 10]. Liquid 
phase exfoliation is a technique where long hours of sonication process is required 
which is very time consuming process [11]. Further the long hours of sonica-
tion deteriorates the quality and size of graphene nanosheets in the dispersion. 
Therefore, among other methods of graphene synthesis it is found that the colloidal 
dispersion of graphene prepared by electrochemical exfoliation is time saving 
method, economical and easy to use in any laboratory without any sophisticated 
and expensive equipment. The relative advantages of electrochemical exfoliation 
method in comparison to others methods is shown in Table 1.

3. Colloidal graphene

A colloidal solution of graphene (Figure 1) has graphene nanoparticles evenly 
distributed throughout the solution. In the colloidal solution of graphene the 
graphene nanoparticles remain dispersed in the solution without settling to the 
bottom, for quite a long time. Further, The colloidal solution of graphene has 
very large surface area and exhibits high electrochemical behavior. Further, the 
advantage of using solution phase to form various graphene devices such as sensors, 
electrodes, energy storage devices makes it more prominent method as compared 

S.No. Graphene synthesis method Relative advantage/disadvantage

1 Liquid phase exfoliation Requires Long hours of sonication, Time consuming

2 Epitaxial growth Low yield, Difficult in graphene layer transfer

3 Chemical vapor deposition Requires expensive and sophisticated equipment

4 Mechanical exfoliation Not suitable for large scale production of graphene

5 Hummer’s method Harmful chemicals, acids used, graphene not pure

6 Electrochemical exfoliation FASTER, HIGH YIELD, ENVIRONMENT FRIENDLY

Table 1. 
Relative advantages of electrochemical exfoliation method in comparison to others.
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to other synthesis methods of graphene such as chemical vapor deposition, liquid 
phase exfoliation, mechanical exfoliation method, epitaxy and hummer’s method. 
Due to large surface area of colloidal dispersion of graphene, it has been suitably 
utilized for the preparation of flexible energy storage devices [12–15].

4. Electrochemical exfoliation

The colloidal graphene has high specific surface area and does not exhibit aggre-
gation. The colloidal graphene was produced by the intercalation of the sulfate ions 
in between the individual graphene nanosheets present in the graphite rod. This 
intercalation process separates the individual graphene nanosheets which accumu-
late in the electrolyte solution at the end of electrochemical exfoliation process to 
form the colloidal solution of graphene [14]. Various steps involved in the formation 
of colloidal solution of graphene through electrochemical exfoliation process are 
shown in Figure 2.

The quality of colloidal graphene produced by the electrochemical exfoliation 
depends upon the type of the aqueous electrolyte used. Therefore, to improve the 
quality of colloidal graphene various electrolytes have been studied by research-
ers [8]. Some of the electrolytes used to prepare colloidal solution of graphene are 
ammonium sulfate, phosphoric acid, potassium sulfate, sodium sulfate, sulfuric acid 
electrolytes. In addition of these aqueous electrolytes lithium sulfate has also been 
observed to produce colloidal solution of graphene via electrochemical route [16].

The electrochemical exfoliation of graphene is performed by using one graphite 
rod and one platinum wire immersed in any aqueous solution containing sulfate ions. 
A DC voltage source is used for the exfoliation process [8]. Usually, a DC voltage of 
10 V is applied for 1 to 1.5 hour for the exfoliation of graphene to complete. After 
1.5 hour, the colloidal solution of graphene is obtained in the aqueous electrolyte 
solution (Figure 3). When the exfoliation process is completed, the graphite rod has 
been completely converted into graphene colloids in the solution. Later, the colloidal 
solution of graphene is used for the preparation of the graphene based electrodes.

Figure 1. 
Colloidal solution of graphene in aqueous electrolyte.
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5. Recent works on electrochemical exfoliation of graphene

Due to the various advantages of the electrochemical exfoliation technique in 
comparison to others, it has been extensively utilized recently for the preparation 
of graphene nanosheets for various applications. Recently industrial scale synthesis 
of few-layer graphene nanosheets have been synthesized where the electrochemi-
cal experiment shows that rate of graphene exfoliation increases with the higher 
concentration of intercalates and accordingly the colloidal conductivity changes [17]. 
In comparison to graphene, graphene oxide is more environment friendly because 
of the presence of oxygen-containing functional groups. In Comparison to standard 
Hummers’ method for synthesis of GO, electrochemical exfoliation of graphite is 
considered facile and green with better crystallinity and higher oxidation degree [18].

Figure 2. 
Various steps involved in the formation of colloidal solution of graphene through electrochemical exfoliation 
process.

Figure 3. 
Electrochemical exfoliation of graphite for the formation of colloidal graphene.
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The role of electrolytes is very important in the quality of the graphene pro-
duced. The graphene synthesis mechanism in acidic (0.5 M H2SO4), neutral (0.5 M 
Li2SO4) is compared to non-destructive intercalation in organic electrolyte (1 M 
NaClO4 in acetonitrile) [19]. Another important advantage of electrochemical 
exfoliation is that it can be utilized for the synthesis of graphene from electronic 
waste because it is a great threat to the environment due to difficulty in recycling, 
difficulty in conversion of waste to useful materials. So, researchers have reported 
a facile and fast production method of electrochemical exfoliation of graphene 
from graphite of used Zn–C batteries [20]. The quality of graphene produced by 
the electrochemical exfoliation can be enhanced by taking mixtures of various 
electrolytes with pencil rods as electrodes. For the synthesis of graphene sheets, 
different mixtures of H2SO4 and HNO3 solution were investigated with different 
volume ratios of H2SO4: HNO3, with maximum oxidation was achieved at 1:1 ratio of 
both mixtures [21]. In another study, electrochemical exfoliation method was used 
for the preparation of high-quality water-dispersible graphene using molybdate 
aqueous solutions as the electrolyte [22]. Further, graphene is very effective against 
the cancer cells for treatment of cancer patients. Some researchers have demon-
strated the cytotoxic effect of graphene with high content of nitrogen on colon 
cancer cells and antioxidant and protective properties on human endothelial cells 
[23]. Further, the researchers have investigated the role of Transition Metal Salts 
During Electrochemical Exfoliation of Graphite for Energy Storage Applications 
[24]. Recently, colloidal graphene produced by the electrochemical exfoliation of 
graphite in potassium sulphate and sulfuric acid electrolytes has been successfully 
utilized for the supercapacitor applications [25, 26]. Table 2 shows various electro-
lytes used recently for the electrochemical exfoliation of graphene.

S.No. Aqueous electrolyte DC 
Voltage

Concentration Graphene /GO 
Exfoliation

Reference

1 Sulfuric Acid 10 V, 
3 V

0.5 M to 2 M Yes [17]

2 Sodium sulfate, 
oxalate acid

10 V, 
15 V

0.05 M, 0.1 M Yes [18]

3 Sulfuric acid, Lithium 
sulphate

3 V, 5V 0.5 M, 0.5 M Yes [19]

4 poly(sodium 
4-styrenesulfonate) 
(PSS)

5 V 0.5 M Yes [20]

5 Mixture of Nitric acid 
and Sulfuric Acid

10 V 0.6 M Yes [21]

6 molybdate aqueous 
solution

9 V, 10 
V

0.1 M Yes [22]

7 Ammonium sulphate 9 V 0.1 M Yes [23]

8 Cobalt sulphate and 
Sodium sulphate

2 V 0.5 M, 0.05 M Yes [24]

9 Potassium Sulphate 10 V 0.1 M Yes [25]

10 Sulfuric acid 10 V 0.1 M Yes [26]

11 Ammonium sulphate 10 V 0.1 M Yes [8]

12 Sodium sulphate 10 V 0.1 M Yes [8]

13 Potassium sulphate 10 V 0.1 M Yes [8]

14 Ammonium chloride 10 V 0.1 M NO [8]
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5. Recent works on electrochemical exfoliation of graphene

Due to the various advantages of the electrochemical exfoliation technique in 
comparison to others, it has been extensively utilized recently for the preparation 
of graphene nanosheets for various applications. Recently industrial scale synthesis 
of few-layer graphene nanosheets have been synthesized where the electrochemi-
cal experiment shows that rate of graphene exfoliation increases with the higher 
concentration of intercalates and accordingly the colloidal conductivity changes [17]. 
In comparison to graphene, graphene oxide is more environment friendly because 
of the presence of oxygen-containing functional groups. In Comparison to standard 
Hummers’ method for synthesis of GO, electrochemical exfoliation of graphite is 
considered facile and green with better crystallinity and higher oxidation degree [18].

Figure 2. 
Various steps involved in the formation of colloidal solution of graphene through electrochemical exfoliation 
process.

Figure 3. 
Electrochemical exfoliation of graphite for the formation of colloidal graphene.
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The role of electrolytes is very important in the quality of the graphene pro-
duced. The graphene synthesis mechanism in acidic (0.5 M H2SO4), neutral (0.5 M 
Li2SO4) is compared to non-destructive intercalation in organic electrolyte (1 M 
NaClO4 in acetonitrile) [19]. Another important advantage of electrochemical 
exfoliation is that it can be utilized for the synthesis of graphene from electronic 
waste because it is a great threat to the environment due to difficulty in recycling, 
difficulty in conversion of waste to useful materials. So, researchers have reported 
a facile and fast production method of electrochemical exfoliation of graphene 
from graphite of used Zn–C batteries [20]. The quality of graphene produced by 
the electrochemical exfoliation can be enhanced by taking mixtures of various 
electrolytes with pencil rods as electrodes. For the synthesis of graphene sheets, 
different mixtures of H2SO4 and HNO3 solution were investigated with different 
volume ratios of H2SO4: HNO3, with maximum oxidation was achieved at 1:1 ratio of 
both mixtures [21]. In another study, electrochemical exfoliation method was used 
for the preparation of high-quality water-dispersible graphene using molybdate 
aqueous solutions as the electrolyte [22]. Further, graphene is very effective against 
the cancer cells for treatment of cancer patients. Some researchers have demon-
strated the cytotoxic effect of graphene with high content of nitrogen on colon 
cancer cells and antioxidant and protective properties on human endothelial cells 
[23]. Further, the researchers have investigated the role of Transition Metal Salts 
During Electrochemical Exfoliation of Graphite for Energy Storage Applications 
[24]. Recently, colloidal graphene produced by the electrochemical exfoliation of 
graphite in potassium sulphate and sulfuric acid electrolytes has been successfully 
utilized for the supercapacitor applications [25, 26]. Table 2 shows various electro-
lytes used recently for the electrochemical exfoliation of graphene.

S.No. Aqueous electrolyte DC 
Voltage

Concentration Graphene /GO 
Exfoliation

Reference

1 Sulfuric Acid 10 V, 
3 V

0.5 M to 2 M Yes [17]

2 Sodium sulfate, 
oxalate acid

10 V, 
15 V

0.05 M, 0.1 M Yes [18]

3 Sulfuric acid, Lithium 
sulphate

3 V, 5V 0.5 M, 0.5 M Yes [19]

4 poly(sodium 
4-styrenesulfonate) 
(PSS)

5 V 0.5 M Yes [20]

5 Mixture of Nitric acid 
and Sulfuric Acid

10 V 0.6 M Yes [21]

6 molybdate aqueous 
solution

9 V, 10 
V

0.1 M Yes [22]

7 Ammonium sulphate 9 V 0.1 M Yes [23]

8 Cobalt sulphate and 
Sodium sulphate

2 V 0.5 M, 0.05 M Yes [24]

9 Potassium Sulphate 10 V 0.1 M Yes [25]

10 Sulfuric acid 10 V 0.1 M Yes [26]

11 Ammonium sulphate 10 V 0.1 M Yes [8]

12 Sodium sulphate 10 V 0.1 M Yes [8]

13 Potassium sulphate 10 V 0.1 M Yes [8]

14 Ammonium chloride 10 V 0.1 M NO [8]



Colloids - Types, Preparation and Applications

38

6. Application of colloidal graphene

The colloidal dispersion of graphene produced by the electrochemical exfolia-
tion method is ideal for the preparation of the graphene based flexible paper 
electrodes. For this, colloidal graphene is coated using brush coating method on 
A4 paper and dried. These graphene based flexible paper electrodes are used for 
the preparation of the flexible energy storage devices [8]. First a gel electrolyte 
is prepared by using PVA (polyvinyl alcohol) and water [34], then two graphene 
based paper electrodes are joined using this gel electrolyte in between electrodes. 
Later, two aluminum foils are joined to form the contacts with these electrodes for 
taking various measurements of these flexible energy storage devices (Figure 4). 
The actual fabricated flexible energy storage device using colloidal graphene is 
shown in Figure 5.

The performance of the flexible energy storage devices is measured by the 
CV Curves [8]. Further, the type of the gel electrolyte changes the shape of the 
CV curve measured and hence the performance of the energy storage device. 

S.No. Aqueous electrolyte DC 
Voltage

Concentration Graphene /GO 
Exfoliation

Reference

15 Sodium nitrate 10 V 0.1 M POOR [8]

16 Sodium perchlorate 10 V 0.1 M NO [8]

17 sodium dodecyl 
sulphate (SDS)

5 V 0.001 M to 
0.1 M

Yes [27]

18 Sodium Dodecyl 
Sulphate (SDS)

5 V to 
9V

0.1 M to 0.01 M Yes [28]

19 TBA·H2SO4, NaOH 10 V 0.1 M Yes [29]

20 (NH4)2SO4,CH4N2S 10 V 0.1 M Yes [30]

21 sodium saccharin 2 V to 
10 V

0.1 M Yes [31]

22 NaCl (NaBr,NaI) 10 V 0.05 M Yes [32]

23 ionic liquids in 
acetonitrile

10 V-20 
V

0.1 M Yes [33]

Table 2. 
Recent electrolytes used for the electrochemical exfoliation of graphene.

Figure 4. 
Schematic diagram of the graphene based flexible energy storage device structure.
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Abstract

In this chapter Ag, Ni and Fe nanocolloids synthesized by “green” ultrashort 
pulse laser ablation of solid metal targets using different pulse energies and liquid 
media are characterized by different techniques. Optical extinction spectroscopy 
(OES), micro-Raman spectroscopy (MRS), transmission electron microscopy 
(TEM) and electron diffraction (ED) were independently used to analyze optical, 
morphological and compositional properties of the generated nanocolloids. In a 
deeper way, the stability characteristics of Ag nanocolloids in aqueous solutions 
with different stabilizers were studied owing to their potential use in biocompat-
ible compounds. Besides, due to their interesting applications, few atoms Ag 
nanoclusters (NCs) were synthesized using the same ablation technique, analyzing 
their fluorescent and photocatalytic properties. On the other hand, to expand the 
characterization of the nanocolloids, their magnetic behavior was inspected for the 
Ni and Fe by vibrating sample magnetometry (VSM).
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1. Introduction

Interest in metal nanomaterials synthesis has grown rapidly in the last years due 
to their particular physical and chemical properties arising from atom interaction 
and quantum confinement at the nanoscale. Their applicability spans different 
fields of science and technology [1–3]. It is known that chemical synthesis methods 
tend to yield highly monodisperse colloidal suspensions, but mixed with unwanted 
chemical precursors, which often leads to purification steps to remove the chemi-
cal by-products and may derive in expensive and complicated procedures. For this 
reason, femtosecond laser ablation synthesis in solution (FLASiS) has emerged 
as a competitive and alternative method for synthesizing metallic nanomaterials 
without the intervention of unwanted chemical compounds. Besides, it has the 
ability of producing small spherical nanoparticles (NPs) [4, 5] as well as few atoms 
metal NCs [6].
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reason, femtosecond laser ablation synthesis in solution (FLASiS) has emerged 
as a competitive and alternative method for synthesizing metallic nanomaterials 
without the intervention of unwanted chemical compounds. Besides, it has the 
ability of producing small spherical nanoparticles (NPs) [4, 5] as well as few atoms 
metal NCs [6].
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In this chapter, different independent techniques are used to characterize the 
ablated nanomaterials. Altogether, they retrieve complementary and interrelated 
information about different NPs characteristics. TEM provides knowledge about 
morphology, internal structure, sphericity and size distribution in a small piece of 
sample. ED is an established technique that can identify different phase compositions 
and crystallinity type. Optical spectroscopy techniques (absorption, extinction, 
scattering and fluorescence) have the ability to interact with a very large number of 
NPs (on the order of cm−12 310 ), enhancing statistics. OES together with Mie theory 
yields information related to size distribution, sphericity, configuration and composi-
tion of the NPs in the colloidal sample. MRS retrieves information about possible 
interactions between stabilizer solution molecules adsorbed to the NPs walls and the 
NP itself. In particular, for Ag nanocolloids generated in aqueous solutions with small 
concentrations of stabilizers, long term stability characteristics were studied, aiming 
to possible applications in biocompatible antibacterial compounds. For the case of 
magnetic metals NPs, magnetic nanocolloid properties were studied using VSM. 
Finally, fluorescent and photocatalytic properties of few atoms Ag NCs were analyzed.

2. FLASiS as a green route for NPs and few atoms NCs synthesis

Traditional techniques for metal NPs synthesis have relied on chemical reaction 
associated to metallic salt dissociation [7], which suitably reduce to form metallic 
atoms.

FLASiS is based on the incidence of a focused laser pulse on a bulk target 
immersed in a liquid [8, 9] (Figure 1). The produced plasma plume that contains 
the ablated material expands into the surrounding liquid and generates a cavitation 
bubble, which acts as a reactor for NPs formation through condensation of atoms 
[8]. This process produces ions and atoms that reach different nucleation stages, 
and generates large NPs (radii >20 nm), medium NPs (2 nm < radii <20 nm), small 
NPs (1 nm < radii <2 nm) together with very small NCs (radii <1 nm) [6–10].

Since FLASiS is capable of synthesizing NPs directly in a selected liquid 
 without producing unwanted compounds in the solution, it is considered a “green” 
 technique. As the schematic in Figure 1 depicts, the NPs generated during FLASiS 

Figure 1. 
General schematic of the experimental setup for FLASiS. The cell containing the target is placed over a XYZ 
micro translational platform.
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remain in the liquid, forming a suspension with a NPs concentration dependent on 
laser pulse energy and ablation time.

2.1  Characterization of Ag nanocolloids synthesized by FLASiS and chemical 
route in aqueous solutions of trisodium citrate (TSC) and starch (st)

Ag NPs have attractive scientific interest due of their broad perspectives in 
biosensors [11], food production [12], water purification [13], antimicrobial and 
antiviral agents [14, 15], among others. In these areas of research and develop-
ment, the ability to control size, shape, functionalization and stability of Ag NPs is 
essential for expanding their possible applicability. For this goal, typical methods 
are based on chemical reduction of salts in solution, commonly used for providing 
good size control and resulting in final spherical shape. However, this approach 
leaves chemical residuals in the final colloidal suspension, which may be toxic for 
certain applications, thus adding an extra difficulty in sample purification. In this 
sense, FLASiS has become an alternative method for overcoming the mentioned 
drawback.

Figure 2 shows experimental and theoretical extinction spectra of Ag nanocol-
loids prepared by salt reduction (short dashed line) as well as those generated by 
FLASiS with 100 μJ (dashed line) and 500 μJ (dashed dotted line) pulse energies, 
with two different stabilizers 1 mM TSC (a) and 1% soluble st (b) solutions. These 
spectra are normalized to plasmon maximum. The theoretical fits (dotted lines) are 
determined using OES, which is based in the calculation of the Mie theory for metal 
spherical NPs [17, 18] with log-normal size distributions (insets).

Nanocolloids stabilized with TSC show a small redshift in peak position respect 
to the typical plasmonic resonance band at 395 nm, indicating the existence of 
Ag@Ag2O NPs [19, 20] with a log-normal shell thickness distribution in the three 
samples obtained. Nanocolloids obtained by FLASiS have a larger contribution of 
Ag@Ag2O NPs than the sample generated by chemical synthesis (Figure 2(a)). This 
finding agrees with the known fact that, during laser ablation of a metal target in 
liquid media, an oxidation-reduction process occurs, producing an oxide coating 
growth around the NPs [20, 21].

On the other hand, the st stabilized nanocolloids obtained by salt reduction have 
a large redshift at the peak position compared to FLASiS (Figure 2(b)), due to a 
larger oxide shell thickness around the NPs.

Figure 2. 
Normalized experimental optical extinction spectra together with theoretical fits (dotted lines) of freshly 
prepared Ag nanocolloids obtained by silver salt reduction and FLASiS with 100 μJ and 500 μJ pulse energies, 
using 1 mM TSC (a) and 1% soluble st (b) solutions. Insets exhibit the relative abundances (RA) of the NPs 
present in the nanocolloids used to fitting the experimental spectra (reprinted with permission from [16] 
copyright 2018 Elsevier).
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remain in the liquid, forming a suspension with a NPs concentration dependent on 
laser pulse energy and ablation time.

2.1  Characterization of Ag nanocolloids synthesized by FLASiS and chemical 
route in aqueous solutions of trisodium citrate (TSC) and starch (st)

Ag NPs have attractive scientific interest due of their broad perspectives in 
biosensors [11], food production [12], water purification [13], antimicrobial and 
antiviral agents [14, 15], among others. In these areas of research and develop-
ment, the ability to control size, shape, functionalization and stability of Ag NPs is 
essential for expanding their possible applicability. For this goal, typical methods 
are based on chemical reduction of salts in solution, commonly used for providing 
good size control and resulting in final spherical shape. However, this approach 
leaves chemical residuals in the final colloidal suspension, which may be toxic for 
certain applications, thus adding an extra difficulty in sample purification. In this 
sense, FLASiS has become an alternative method for overcoming the mentioned 
drawback.

Figure 2 shows experimental and theoretical extinction spectra of Ag nanocol-
loids prepared by salt reduction (short dashed line) as well as those generated by 
FLASiS with 100 μJ (dashed line) and 500 μJ (dashed dotted line) pulse energies, 
with two different stabilizers 1 mM TSC (a) and 1% soluble st (b) solutions. These 
spectra are normalized to plasmon maximum. The theoretical fits (dotted lines) are 
determined using OES, which is based in the calculation of the Mie theory for metal 
spherical NPs [17, 18] with log-normal size distributions (insets).

Nanocolloids stabilized with TSC show a small redshift in peak position respect 
to the typical plasmonic resonance band at 395 nm, indicating the existence of 
Ag@Ag2O NPs [19, 20] with a log-normal shell thickness distribution in the three 
samples obtained. Nanocolloids obtained by FLASiS have a larger contribution of 
Ag@Ag2O NPs than the sample generated by chemical synthesis (Figure 2(a)). This 
finding agrees with the known fact that, during laser ablation of a metal target in 
liquid media, an oxidation-reduction process occurs, producing an oxide coating 
growth around the NPs [20, 21].

On the other hand, the st stabilized nanocolloids obtained by salt reduction have 
a large redshift at the peak position compared to FLASiS (Figure 2(b)), due to a 
larger oxide shell thickness around the NPs.

Figure 2. 
Normalized experimental optical extinction spectra together with theoretical fits (dotted lines) of freshly 
prepared Ag nanocolloids obtained by silver salt reduction and FLASiS with 100 μJ and 500 μJ pulse energies, 
using 1 mM TSC (a) and 1% soluble st (b) solutions. Insets exhibit the relative abundances (RA) of the NPs 
present in the nanocolloids used to fitting the experimental spectra (reprinted with permission from [16] 
copyright 2018 Elsevier).
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For the fitting of the spectra using Mie theory, three types of species were con-
sidered: Ag, Ag@Ag2O, and in a smaller amount hollow Ag NPs. It is important to 
recall that these types of nanostructures are prone to occur for pulse laser ablation 
conditions [9, 22].

The morphological characterization and sizing of NPs synthesized by both 
methods was performed using TEM.

Figure 3 presents TEM images of Ag nanocolloids obtained by FLASiS with 
500 μJ pulse energy in 1 mM TSC (a) and 1% soluble st (c) solutions, and prepared 
by salt reduction in 1 mM TSC (b) and 1% soluble st (d) solutions. All images are 
typical panoramic views with predominant spherical shape NPs. Right insets in 
panels (a) and (b) are lattice-resolved images of a single NP with Bragg planes 
identified as (200) of Ag FCC crystal, whereas the right inset in panel (c) exhibits 
the presence of hollow NPs. Left insets in the panels (a) - (d) are size histograms 
taken from several images. The results given by TEM are in good agreement with 
those obtained by OES from the fitting of the spectra.

Micro-Raman spectroscopy was conducted on the FLASiS samples to assess the 
existence of silver oxide species. Figure 4 shows Raman spectra of a dried drop of 
Ag nanocolloids prepared by FLASiS with 500 μJ pulse energy in 1 mM TSC (a) and 

Figure 3. 
TEM images of the NPs present in the Ag nanocolloids generated by FLASiS (500 μJ pulse energy) in a 1 mM 
TSC solution (a), 1% soluble st solution (c), prepared by chemical route in 1 mM TSC (b) and 1% soluble st 
(d) solutions (reprinted with permission from: [16] Copyright 2018 Elsevier and [23] copyright 2017 ACS).
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1% soluble st (b) solutions, acquired in different regions of the sample. Several 
peaks corresponding to Ag2O (asterisk) may be recognized in both samples. Raman 
signals at 240 cm−1  and 490 cm−1  are typical Ag-O stretching/bending modes in 
Ag2O [24]. Besides, characteristic peaks of the metallic NP interaction with each 
stabilizer (TSC (diamond) and st (full circle)) are also observed [25–27].

Stability analysis was conducted on Ag nanocolloids produced by FLASiS (100 μJ 
and 500 μJ pulse energies) and chemical route with 1 mM TSC (Figure 5(a)) and 1% 
soluble st (Figure 5(b)) solutions. Plasmon resonance position and full width at half 
maximum (FWHM) for experimental spectra, were measured for freshly prepared 
samples and followed during several weeks (even up to one-year old samples with 
TSC stabilizer). The shift of plasmon peak (upper panel) and the behavior of FWHM 
(lower panel) of the experimental spectra in Figure 5, are represented by geometric 
symbols, while the lines are drawn to visually follow the evolution of both parameters.

Figure 4. 
Raman spectra of Ag nanocolloids obtained by FLASiS with 500 μJ pulse energy in 1 mM TSC (a) and 
1% soluble st (b) solutions acquired at different sites in the samples (reprinted with permission from: [16] 
Copyright 2018 Elsevier and [23] copyright 2017 ACS).

Figure 5. 
Peak position (PP) and FWHM of the experimental extinction spectra of Ag nanocolloids synthesized by 
FLASiS (100 μJ and 500 μJ pulse energies) and salt reduction in 1 mM TSC (a) and 1% soluble st (b) solutions. 
These plasmonic characteristics were monitored during several weeks (reprinted with permission from: [16] 
Copyright 2018 Elsevier and [23] Copyright 2017 ACS).
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From the plots in the upper panel (a), it can be seen that samples obtained by 
FLASiS in 1 mM TSC solution, reach their saturation regime at the second week 
(fast rate). However, nanocolloid produced by salt reduction method seems to reach 
saturation at times beyond one year (slow rate).

Nanocolloids synthesized by FLASiS still after one year show a clear plasmonic 
band without signs of agglomeration, indicating the excellent properties of TSC as 
stabilizer. Long-term stability results are similar to those for salt reduction chemical 
synthesis using TSC as stabilizer.

On the other hand, FWHM (lower panel (a)) reveals a very stable regime for the 
salt reduction synthesis during one year, whereas for FLASiS samples it presents a 
decrease, indicating a slight narrowing of the plasmon resonance.

For the case of st used as stabilizer (b), the monitoring of plasmon resonance 
peak position and FWHM show that FLASiS samples stabilize much faster than 
those produced by salt reduction. It is also observed that low energy pulses seem to 
produce more stable nanocolloids than higher energy pulses. This larger stability 
could be due to some kind of laser-induced NPs surface modification with amylose 
that avoids coalescence and sets a limit to their size. In contrast to all these cases, no 
stable suspensions are obtained for salt reduction, because plasmon peak is continu-
ously red-shifted and FWHM increases without showing stationary behavior.

2.2  Synthesis and characterization of metal nanocolloids with magnetic 
properties (Ni and Fe)

In recent years, one of the most active topics in nanotechnology is the synthesis, 
characterization and functionalization of magnetic NPs. The interest in this type 
of NPs is due to their wide applications in areas of diagnosis and therapy in bio-
medicine [28, 29], as contrast agents in magnetic resonance imaging [30], for drug 
administration [31], as catalysts [32, 33], among others.

In this Subsection the characterization of Ni and Fe nanocolloids synthesized 
by FLASiS with different pulse energies and in different liquid media is addressed. 
Independent characterization techniques such as OES, TEM, ED, MRS, and VSM 
are used, which provide complementary and interrelated information.

2.2.1 Ni nanocolloids synthesized by FLASiS in n-heptane and water

In the synthesis of nanomaterials, Ni nanocolloids have attracted scientific 
interest because of their extensive prospects in catalysts [32, 33], information stor-
age [32], magnetic behavior [34], biomedicine [35], among others.

Although there are different studies of the production of Ni colloidal suspen-
sions by laser ablation, few of these have been in the femtosecond regime. 
Experimental and theoretical extinction spectra of Ni nanocolloids synthesized by 
FLASiS with 100 μJ pulse energy in n-heptane and water are observed in Figure 6. 
These spectra are recorded immediately after synthesis and normalized at 

nmλ = 340 . For the case of nanocolloid in n-heptane, the log-normal distribution 
(inset in Figure 6(a)) is formed by Ni NPs with modal radius of 2.5 nm and 10 nm, 
together with hollow Ni NPs with external modal radius of 6.6 nm (10% shell), 
12 nm (20% shell) and 15.6 nm (4% shell). However, for the case of the nanocolloid 
obtained in water, the multimodal size distribution (inset in Figure 6(b)) shows the 
presence of Ni@NiO NPs (short dashed line), NiO@Ni (dashed dotted line) and 
hollow Ni (short dashed dotted line), with sizes similar to that determined for 
n-heptane but shifted to higher values of external radii due to the presence of oxide 
shells around the NPs. Each one of the mentioned species influences the extinction 
spectrum in specific and distinct regions, in such a way that the combination of 
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structures, sizes, and relative abundances derived from the optimum fit constitute a 
unique set of fitting parameters, showing the high sensitive of OES technique [18].

Morphology analysis of NPs in the Ni nanocolloids was performed using TEM. 
Figure 7 presents TEM images of the nanocolloids synthesized in n-heptane ((a) 
and (b)) and water ((c) and (d)). Panel (a) is a panoramic view of Ni and hollow Ni 
NPs together with an enlargement of a NP with the latter structure indicated by the 
dotted line. Panel (b) images a Ni NP from a different region. Panel (c) is a pan-
oramic view where NPs with different structures are observed, and panel (d) 
contains enlargements where the Bragg planes of NiO can be seen. ED is performed 
to phase identification of the NPs. Panel (e) shows a representative ED pattern 
indexed with the reflection lines of NiO (cubic, Fm 3  m, JCPDS #75-0197) and Ni 
(cubic, Fm 3 m, JCPDS # 04-0850) for the Ni nanocolloid in water. ED rings are 
marked according to the panel table (f), where the Miller indices (h, k, l) and 
interplane distances (d) are indicated.

Insets in panels (b) and (c) present histograms of radii corresponding to a 
statistic performed on several TEM images, where the results are fitted by two 
log-normal size distributions that describe the most prominent characteristics of 
the size distribution histogram. The results obtained through TEM analysis for both 
nanocolloids corroborate the morphological determinations achieved through OES.

Magnetic response of Ni nanocolloids synthesized by FLASiS in n-heptane and 
water was determined by the VSM technique. Figure 8 exhibits this magnetic 
response as a function of the applied field. It is observed that the nanocolloid in 
n-heptane exhibits a greater magnetic response than in water. The above is con-
cluded comparing the saturation magnetization and coercivity of 7.5 emu g−1  and 
90 Oe in n-heptane, and 4.4 emu g−1  and 61 Oe in water, respectively.

The fitting curve in Figure 8 agrees with the superparamagnetic behavior of the 
nanocolloids, corresponding to a Langevin function weighted with a log-normal 
distribution of magnetic moments ( ( )g µ ) and a linear contribution proportional 
to the susceptibility ( pχ ) of the field. This function is given by Eq. 1:
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where, the mean magnetic moment ( /eσµ µ=
2 2

0 ) is obtained from the fitted 
parameters of the log-normal (median µ0  and dispersion σ ) and the saturation 
magnetization is given by S dM N µ= , where dN  is the number density of NPs.
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Experimental (solid line) and theoretical (dashed dotted line) extinction spectra of the Ni nanocolloids in  
(a) n-heptane and (b) water. The dashed line represents the theoretical fit without considering the presence of 
hollow Ni NPs. The insets show the RA of the different species of NPs present in the nanocolloids (reprinted 
with permission from [18] Copyright 2015 ASC).



Colloids - Types, Preparation and Applications

48

From the plots in the upper panel (a), it can be seen that samples obtained by 
FLASiS in 1 mM TSC solution, reach their saturation regime at the second week 
(fast rate). However, nanocolloid produced by salt reduction method seems to reach 
saturation at times beyond one year (slow rate).

Nanocolloids synthesized by FLASiS still after one year show a clear plasmonic 
band without signs of agglomeration, indicating the excellent properties of TSC as 
stabilizer. Long-term stability results are similar to those for salt reduction chemical 
synthesis using TSC as stabilizer.

On the other hand, FWHM (lower panel (a)) reveals a very stable regime for the 
salt reduction synthesis during one year, whereas for FLASiS samples it presents a 
decrease, indicating a slight narrowing of the plasmon resonance.

For the case of st used as stabilizer (b), the monitoring of plasmon resonance 
peak position and FWHM show that FLASiS samples stabilize much faster than 
those produced by salt reduction. It is also observed that low energy pulses seem to 
produce more stable nanocolloids than higher energy pulses. This larger stability 
could be due to some kind of laser-induced NPs surface modification with amylose 
that avoids coalescence and sets a limit to their size. In contrast to all these cases, no 
stable suspensions are obtained for salt reduction, because plasmon peak is continu-
ously red-shifted and FWHM increases without showing stationary behavior.

2.2  Synthesis and characterization of metal nanocolloids with magnetic 
properties (Ni and Fe)

In recent years, one of the most active topics in nanotechnology is the synthesis, 
characterization and functionalization of magnetic NPs. The interest in this type 
of NPs is due to their wide applications in areas of diagnosis and therapy in bio-
medicine [28, 29], as contrast agents in magnetic resonance imaging [30], for drug 
administration [31], as catalysts [32, 33], among others.

In this Subsection the characterization of Ni and Fe nanocolloids synthesized 
by FLASiS with different pulse energies and in different liquid media is addressed. 
Independent characterization techniques such as OES, TEM, ED, MRS, and VSM 
are used, which provide complementary and interrelated information.

2.2.1 Ni nanocolloids synthesized by FLASiS in n-heptane and water

In the synthesis of nanomaterials, Ni nanocolloids have attracted scientific 
interest because of their extensive prospects in catalysts [32, 33], information stor-
age [32], magnetic behavior [34], biomedicine [35], among others.

Although there are different studies of the production of Ni colloidal suspen-
sions by laser ablation, few of these have been in the femtosecond regime. 
Experimental and theoretical extinction spectra of Ni nanocolloids synthesized by 
FLASiS with 100 μJ pulse energy in n-heptane and water are observed in Figure 6. 
These spectra are recorded immediately after synthesis and normalized at 

nmλ = 340 . For the case of nanocolloid in n-heptane, the log-normal distribution 
(inset in Figure 6(a)) is formed by Ni NPs with modal radius of 2.5 nm and 10 nm, 
together with hollow Ni NPs with external modal radius of 6.6 nm (10% shell), 
12 nm (20% shell) and 15.6 nm (4% shell). However, for the case of the nanocolloid 
obtained in water, the multimodal size distribution (inset in Figure 6(b)) shows the 
presence of Ni@NiO NPs (short dashed line), NiO@Ni (dashed dotted line) and 
hollow Ni (short dashed dotted line), with sizes similar to that determined for 
n-heptane but shifted to higher values of external radii due to the presence of oxide 
shells around the NPs. Each one of the mentioned species influences the extinction 
spectrum in specific and distinct regions, in such a way that the combination of 
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structures, sizes, and relative abundances derived from the optimum fit constitute a 
unique set of fitting parameters, showing the high sensitive of OES technique [18].

Morphology analysis of NPs in the Ni nanocolloids was performed using TEM. 
Figure 7 presents TEM images of the nanocolloids synthesized in n-heptane ((a) 
and (b)) and water ((c) and (d)). Panel (a) is a panoramic view of Ni and hollow Ni 
NPs together with an enlargement of a NP with the latter structure indicated by the 
dotted line. Panel (b) images a Ni NP from a different region. Panel (c) is a pan-
oramic view where NPs with different structures are observed, and panel (d) 
contains enlargements where the Bragg planes of NiO can be seen. ED is performed 
to phase identification of the NPs. Panel (e) shows a representative ED pattern 
indexed with the reflection lines of NiO (cubic, Fm 3  m, JCPDS #75-0197) and Ni 
(cubic, Fm 3 m, JCPDS # 04-0850) for the Ni nanocolloid in water. ED rings are 
marked according to the panel table (f), where the Miller indices (h, k, l) and 
interplane distances (d) are indicated.

Insets in panels (b) and (c) present histograms of radii corresponding to a 
statistic performed on several TEM images, where the results are fitted by two 
log-normal size distributions that describe the most prominent characteristics of 
the size distribution histogram. The results obtained through TEM analysis for both 
nanocolloids corroborate the morphological determinations achieved through OES.

Magnetic response of Ni nanocolloids synthesized by FLASiS in n-heptane and 
water was determined by the VSM technique. Figure 8 exhibits this magnetic 
response as a function of the applied field. It is observed that the nanocolloid in 
n-heptane exhibits a greater magnetic response than in water. The above is con-
cluded comparing the saturation magnetization and coercivity of 7.5 emu g−1  and 
90 Oe in n-heptane, and 4.4 emu g−1  and 61 Oe in water, respectively.

The fitting curve in Figure 8 agrees with the superparamagnetic behavior of the 
nanocolloids, corresponding to a Langevin function weighted with a log-normal 
distribution of magnetic moments ( ( )g µ ) and a linear contribution proportional 
to the susceptibility ( pχ ) of the field. This function is given by Eq. 1:
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Experimental (solid line) and theoretical (dashed dotted line) extinction spectra of the Ni nanocolloids in  
(a) n-heptane and (b) water. The dashed line represents the theoretical fit without considering the presence of 
hollow Ni NPs. The insets show the RA of the different species of NPs present in the nanocolloids (reprinted 
with permission from [18] Copyright 2015 ASC).
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From the fit of the experimental data, the log-normal size distributions are 
determined (inset) considering that each NP of volume V is magnetized 
as / .=SM Vµ  Furthermore, Mr  and Tr  are calculated taking into account the 

Figure 7. 
TEM images of the NPs present in the Ni nanocolloids synthesized in n-heptane (a) and (b), and water  
(c) and (d). (e) ED pattern indexed with the reflection lines belonging to NiO (lines 1, 2 and 5) and Ni (lines 
3 and 4) according to table (f) for the Ni nanocolloid in water (reprinted with permission from [18] Copyright 
2015 ASC).
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experimental and theoretical magnetization, respectively. The difference between 
these two values corresponds to the size of the magnetically NiO oxide shell frus-
trated layer, which does not present any type of magnetization. The size distribu-
tions are determined without considering hollow NPs or structures that present 
higher oxidation. Therefore, this determination is an estimative measurement that 
complements the characterization by OES and TEM.

2.2.2 Fe nanocolloids synthesized by FLASiS in water and ethanol

Synthesis of metallic Fe NPs and their dispersion in various liquid media is of 
great interest in the field of nano-magnetic materials, owing to great potential 
in biomedical applications [28–31]. The main routes for the synthesis of Fe NPs 
have been through wet chemistry [36–38]. Depending on the technique, NPs with 
different morphological and physicochemical characteristics can be obtained. In the 
case of FLASiS, the different processes that eventually occur lead to the formation 
of self-organized spherical nanostructures with different morphological, struc-
tural, compositional, and size characteristics compared with those generated with 
chemical techniques. Figure 9 presents the experimental extinction spectra of the 
different Fe nanocolloids obtained by FLASiS using pulse energies of 70 μJ, 300 μJ 
and 700 μJ in water and ethanol. All spectra show an overall decrease in optical 
extinction as laser energy decreases, indicating, as expected, a lesser amount of 
ablated material. This is also qualitatively supported by the decreasing coloration of 
the colloidal suspensions (insets in Figure 9).

The extinction spectra of the Fe nanocolloids lack the characteristic plasmonic 
resonance exhibited by some metals, as seen above for the case of Ag (subsection 
2.1.) and Ni (subsection 2.2.1.). This fact makes it difficult to fully characterize 
these suspensions by OES.

However, it can be observed that the spectra decrease monotonically in both 
media, except for the region from 300 nm up to 400 nm, in which the spectral 
behavior remains shoulder-shaped. This may be due to the presence of NPs with 
sizes greater than 20 nm. Although the number density of these NPs may be low, 
they have large enough cross-section, so their contribution is observable in the 
extinction spectra.

Furthermore, for ethanol, the formation of NPs with Fe C3  is highly probable, 
due to the binding of free carbons to Fe NPs during the ablation process at the 
plasma-liquid interface [8]. This is concluded from the fact that Fe C3  has an 
absorption band in the range of 300 nm - 400 nm, as can be seen in panel (b). This 

Figure 8. 
Experimental magnetization curves and Langevin fitting of Ni nanocolloids in n-heptane and in water. The 
inset shows the size distribution for each nanocolloid. At the right: photographs of the colloidal suspensions 
showing the magnetic effect on the NPs exerted by a NdFeB magnet.
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experimental and theoretical magnetization, respectively. The difference between 
these two values corresponds to the size of the magnetically NiO oxide shell frus-
trated layer, which does not present any type of magnetization. The size distribu-
tions are determined without considering hollow NPs or structures that present 
higher oxidation. Therefore, this determination is an estimative measurement that 
complements the characterization by OES and TEM.

2.2.2 Fe nanocolloids synthesized by FLASiS in water and ethanol

Synthesis of metallic Fe NPs and their dispersion in various liquid media is of 
great interest in the field of nano-magnetic materials, owing to great potential 
in biomedical applications [28–31]. The main routes for the synthesis of Fe NPs 
have been through wet chemistry [36–38]. Depending on the technique, NPs with 
different morphological and physicochemical characteristics can be obtained. In the 
case of FLASiS, the different processes that eventually occur lead to the formation 
of self-organized spherical nanostructures with different morphological, struc-
tural, compositional, and size characteristics compared with those generated with 
chemical techniques. Figure 9 presents the experimental extinction spectra of the 
different Fe nanocolloids obtained by FLASiS using pulse energies of 70 μJ, 300 μJ 
and 700 μJ in water and ethanol. All spectra show an overall decrease in optical 
extinction as laser energy decreases, indicating, as expected, a lesser amount of 
ablated material. This is also qualitatively supported by the decreasing coloration of 
the colloidal suspensions (insets in Figure 9).

The extinction spectra of the Fe nanocolloids lack the characteristic plasmonic 
resonance exhibited by some metals, as seen above for the case of Ag (subsection 
2.1.) and Ni (subsection 2.2.1.). This fact makes it difficult to fully characterize 
these suspensions by OES.

However, it can be observed that the spectra decrease monotonically in both 
media, except for the region from 300 nm up to 400 nm, in which the spectral 
behavior remains shoulder-shaped. This may be due to the presence of NPs with 
sizes greater than 20 nm. Although the number density of these NPs may be low, 
they have large enough cross-section, so their contribution is observable in the 
extinction spectra.

Furthermore, for ethanol, the formation of NPs with Fe C3  is highly probable, 
due to the binding of free carbons to Fe NPs during the ablation process at the 
plasma-liquid interface [8]. This is concluded from the fact that Fe C3  has an 
absorption band in the range of 300 nm - 400 nm, as can be seen in panel (b). This 

Figure 8. 
Experimental magnetization curves and Langevin fitting of Ni nanocolloids in n-heptane and in water. The 
inset shows the size distribution for each nanocolloid. At the right: photographs of the colloidal suspensions 
showing the magnetic effect on the NPs exerted by a NdFeB magnet.
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is due to the reactivity that such solvent has with Fe atoms at the high temperatures 
present in the plasma during FLASiS. Similar results are reported by other authors 
[40] who assign this band to the presence of Fe C3  in colloids.

From the spectroscopic results it can be concluded that the colloids have very 
similar composition. Therefore, from this point only the samples obtained with 
700 μJ pulse energy are analyzed.

Figure 10 exhibits Raman spectra of the Fe nanocolloids in water (a) and 
ethanol (b), recorded in different regions of the sample. In both cases, it can be seen 
that depending on the local measurement area, the spectra show Raman signals of 
magnetite ( Fe O3 4 , full circle), hematite ( Fe Oα − 2 3 , asterisk) or mixtures of them. 
For the case of water, maghemite ( Fe Oλ − 2 3 , diamond) signals are also detected.

Figure 11 shows TEM images of the Fe nanocolloids in water (a) and ethanol 
(b). Panel (a) is a panoramic view that includes core@shell NPs indicated with 
dashed line circles. An enlargement of a hollow Fe NP is observed in the inset. Panel 
(b) presents a group of NPs of typical size in ethanol. ED measurements are 

Figure 9. 
Experimental extinction spectra of Fe nanocolloids synthesized by FLASiS in (a) water and (b) ethanol, with 
three different pulse energies. The insets exhibit photographs of the nanocolloids in each solvent (reprinted with 
permission from [39] copyright 2017 Wiley-VCH).

Figure 10. 
Raman spectra of Fe nanocolloids in water (a) and ethanol (b) recorded at different points in the samples 
(reprinted with permission from [39] copyright 2017 Wiley-VCH).
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performed to phase identification. Panel (c) exhibits a typical pattern for the Fe 
nanocolloid in water, where there are faint halos suggesting a high crystallinity of 
the NPs. Table in panel (d) presents the labeled ED rings, according to the inter-
plane distances Fedα− , Fe Od

2 3
 and Fe Od

3 4
, and to the corresponding Miller indices  

(h, k, l), indexed with reflection lines (JCPDS #06-0696 to Feα − , #75-0033 to 
Fe O3 4  and #39-1346 to Fe Oγ − 2 3 ). The crystallographic parameters of Fe O3 4 , 

Fe Oγ − 2 3  and Feα −  are obtained from TEM simulation software (JEMS).
The field-dependent magnetization curves at room temperature for the Fe 

nanocolloids in water and in ethanol are presented in Figure 12. The cycles show 
the common behavior for NPs in a superparamagnetic state.

After a theoretical fitting using the Langevin function (Eq. 1), the log-normal 
distributions of radii centered at 1.7 nm for water and 3.7 nm for ethanol, are 
determined (inset in Figure 12). In this Figure it is observed that for the nanocol-
loid in water, the regime of magnetic saturation is not reached even at 18 kOe. This 
is probably due to surface effects and non-magnetic shells on NPs.

The magnetic saturation of the Fe nanocolloid in water (49.3 e mu g−1 ) is higher 
than for the case of ethanol (26.5 emu g−1 ). In both cases, the saturation magnetiza-
tion is less than for Fe in bulk size (217 emu g−1 ) [41]. However, the Fe NPs obtained 

Figure 11. 
TEM images of Fe nanocolloids in water (a) and ethanol (b). The images show NPs with spherical structure 
where the numbers indicate their radius. (c) ED pattern indexed with the reflection lines belonging to Fe O3 4  
(lines 1 and 2), Feα −  (lines 3 and 6) and Fe O2 3  (lines 4 and 5) according to table (d) for the Fe nanocolloid 
in water (reprinted with permission from [39] copyright 2017 Wiley-VCH).
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is due to the reactivity that such solvent has with Fe atoms at the high temperatures 
present in the plasma during FLASiS. Similar results are reported by other authors 
[40] who assign this band to the presence of Fe C3  in colloids.

From the spectroscopic results it can be concluded that the colloids have very 
similar composition. Therefore, from this point only the samples obtained with 
700 μJ pulse energy are analyzed.

Figure 10 exhibits Raman spectra of the Fe nanocolloids in water (a) and 
ethanol (b), recorded in different regions of the sample. In both cases, it can be seen 
that depending on the local measurement area, the spectra show Raman signals of 
magnetite ( Fe O3 4 , full circle), hematite ( Fe Oα − 2 3 , asterisk) or mixtures of them. 
For the case of water, maghemite ( Fe Oλ − 2 3 , diamond) signals are also detected.
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(b). Panel (a) is a panoramic view that includes core@shell NPs indicated with 
dashed line circles. An enlargement of a hollow Fe NP is observed in the inset. Panel 
(b) presents a group of NPs of typical size in ethanol. ED measurements are 
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three different pulse energies. The insets exhibit photographs of the nanocolloids in each solvent (reprinted with 
permission from [39] copyright 2017 Wiley-VCH).
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Raman spectra of Fe nanocolloids in water (a) and ethanol (b) recorded at different points in the samples 
(reprinted with permission from [39] copyright 2017 Wiley-VCH).
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performed to phase identification. Panel (c) exhibits a typical pattern for the Fe 
nanocolloid in water, where there are faint halos suggesting a high crystallinity of 
the NPs. Table in panel (d) presents the labeled ED rings, according to the inter-
plane distances Fedα− , Fe Od

2 3
 and Fe Od

3 4
, and to the corresponding Miller indices  

(h, k, l), indexed with reflection lines (JCPDS #06-0696 to Feα − , #75-0033 to 
Fe O3 4  and #39-1346 to Fe Oγ − 2 3 ). The crystallographic parameters of Fe O3 4 , 

Fe Oγ − 2 3  and Feα −  are obtained from TEM simulation software (JEMS).
The field-dependent magnetization curves at room temperature for the Fe 

nanocolloids in water and in ethanol are presented in Figure 12. The cycles show 
the common behavior for NPs in a superparamagnetic state.

After a theoretical fitting using the Langevin function (Eq. 1), the log-normal 
distributions of radii centered at 1.7 nm for water and 3.7 nm for ethanol, are 
determined (inset in Figure 12). In this Figure it is observed that for the nanocol-
loid in water, the regime of magnetic saturation is not reached even at 18 kOe. This 
is probably due to surface effects and non-magnetic shells on NPs.

The magnetic saturation of the Fe nanocolloid in water (49.3 e mu g−1 ) is higher 
than for the case of ethanol (26.5 emu g−1 ). In both cases, the saturation magnetiza-
tion is less than for Fe in bulk size (217 emu g−1 ) [41]. However, the Fe NPs obtained 

Figure 11. 
TEM images of Fe nanocolloids in water (a) and ethanol (b). The images show NPs with spherical structure 
where the numbers indicate their radius. (c) ED pattern indexed with the reflection lines belonging to Fe O3 4  
(lines 1 and 2), Feα −  (lines 3 and 6) and Fe O2 3  (lines 4 and 5) according to table (d) for the Fe nanocolloid 
in water (reprinted with permission from [39] copyright 2017 Wiley-VCH).
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have saturation magnetization greater than that determined by Maneeratanasarn  
et al. [42], who published on the synthesis of magnetic NPs by laser ablation of a 
target of α - Fe O2 3  in ethanol, deionized water and acetone.

On the other hand, the smooth change in the magnetization slope in the region 
close to zero of the applied field, evidences the presence of different oxide phases as 
previously revealed in the MRS and ED studies.

2.3 Synthesis and characterization of few atoms Ag nanoclusters

Metallic clusters are known as few nanometer sized particles made up of sub-
units, which can be atoms of a single element (mono metal), or of several elements 
(alloys). Their novel chemical and physical properties are dependent only on the 
number of atoms they contain. These size-dependent properties, which make them 
suitable for applications in catalysis [43], photoluminescence [44], biomedical 
[45], magnetism [46], among others, show significant deviations from their bulk 
and large NPs counterparts. There are different procedures for clusters synthesis, 
which rely on the use of microemulsions [47], thiol cappings [48], vesicles [49] and 
electrochemistry techniques [46].

Particularly, Ag NCs have received much attention as novel fluorophores due to 
their good photostability, high quantum yield emitters and low toxicity. These prop-
erties make them suitable for microscopy settings, with potential biocompatibility, 
applications to sensing and bio-labelling when DNA is used as template [50]. With 
the experimental setup shown in Figure 1, Ag colloidal suspensions containing 
different sized NPs were obtained. To separate small clusters from the large Ag NPs, 
the nanocolloids were centrifuged varying centrifugation speed and time [6].

Fluorescence spectra of the as-prepared nanocolloids, normalized to their absor-
bance at 220 nm, yield band structures in the range 250 nm to 625 nm (Figure 13(a)). 
These bands correspond to transitions arising from a discretization of the energy 
bands when bulk metal downscale to few atoms structures. According to the jellium 
model, the HOMO-LUMO bandgap energy (E g ) of the metal cluster, the Fermi 
energy ( FE ) of the bulk metal and the number of atoms (N) in the cluster are related 
by the expression 

1
3

FE E Ng

−
= ×  [51, 52]. Considering FE =  5.49 eV for Ag, full line 

in Figure 13(b) shows theE g  relation with N according to this expression, showing a 

Figure 12. 
Experimental magnetization curves and Langevin fitting of Fe nanocolloids in water and in ethanol. The inset 
shows the size distribution for each nanocolloid. At right: photographs of the colloidal suspensions where the 
magnetic effect on the NPs exerted by a NdFeB magnet may be observed.
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monotonically decreasing dependence on cluster atoms number. Besides, it is clear 
that, for increasing N, the E g  values get closer to each other.

Experimental E g  values may be estimated from the peak wavelength of the 
fluorescence UV-visible bands in Figure 13(a). With these values, clusters atom 
number may be determined from the curve in Figure 13(b), which enables to assign 
the different band peaks to specific cluster atom numbers (circles and diamonds). 
In this way, isolated peaks corresponding to 2Ag , 3Ag  and 4Ag  are clearly 
 identified. It is also observed the overlapping of bands for increasing N, giving rise 
to the observed wide band. Arrows indicate the wavelengths corresponding to 7Ag  
to 11Ag  NCs. 12Ag  to 20Ag  are indicated by the curly bracket. Inset in Figure 13(b) 
is a photograph of the visible fluorescence observed in the sample cell when it is 
illuminated by UV light (220 nm), corresponding to the white band between 
400 nm and 625 nm.

When the as-prepared nanocolloids are centrifuged at 15000 rpm with increas-
ing centrifugation times, the bands corresponding to larger NCs disappear, remain-
ing a dominant band at 284 nm, which increases in intensity as centrifugation 
time increases (Figure 14). Inset presents spectra of the as-prepared and 20 min 
centrifugation samples as well as that for pure water for comparison.

HRTEM analysis using HAADF-STEM mode for image quality improvement on 
selected parts of the sample is shown in Figure 15. Panel (a) shows a panoramic of 
clusters in different aggregation stages. Coexistence of 1 nm radius NPs together 
with few atoms NCs is readily observed. In the NPs pointed by yellow arrows, Bragg 
planes can be observed. Agglomeration of atomic NCs is indicated by dashed green 
line, while few atoms clusters of 0.1 nm in size are pointed by white arrows. Panel 
(b) exhibits another site of the sample, with similar formations, including a cluster 
in a proto-particle stage with crystalline structure but without a defined morphol-
ogy, enclosed by full blue circle.

Reactivity of NCs is high compared to their bulk counterparts, due to their high 
surface to volume ratio. Photocatalytic activity of Ag nanocolloid containing mainly 
small NCs was assessed by degradation of freshly prepared MB. Figure 16(a) 
presents the absorption spectrum of pure MB solution at different time intervals 
while illuminated by a white light lamp. The main MB absorption band at 660 nm 
decreases gradually as exposure time elapses showing native dye photocatalytic 
degradation. Figure 16(b) shows the same experiment, but when MB is mixed with 
the few atoms NCs colloid.

Figure 13. 
(a) Fluorescence spectra in the UV-visible region. (b) E g  vs. N according to the jellium model (full line). 
Symbols denote observed experimental fluorescence band peaks. Inset shows a snapshot of the induced visible 
fluorescence on the sample cell [6].
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have saturation magnetization greater than that determined by Maneeratanasarn  
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(alloys). Their novel chemical and physical properties are dependent only on the 
number of atoms they contain. These size-dependent properties, which make them 
suitable for applications in catalysis [43], photoluminescence [44], biomedical 
[45], magnetism [46], among others, show significant deviations from their bulk 
and large NPs counterparts. There are different procedures for clusters synthesis, 
which rely on the use of microemulsions [47], thiol cappings [48], vesicles [49] and 
electrochemistry techniques [46].

Particularly, Ag NCs have received much attention as novel fluorophores due to 
their good photostability, high quantum yield emitters and low toxicity. These prop-
erties make them suitable for microscopy settings, with potential biocompatibility, 
applications to sensing and bio-labelling when DNA is used as template [50]. With 
the experimental setup shown in Figure 1, Ag colloidal suspensions containing 
different sized NPs were obtained. To separate small clusters from the large Ag NPs, 
the nanocolloids were centrifuged varying centrifugation speed and time [6].

Fluorescence spectra of the as-prepared nanocolloids, normalized to their absor-
bance at 220 nm, yield band structures in the range 250 nm to 625 nm (Figure 13(a)). 
These bands correspond to transitions arising from a discretization of the energy 
bands when bulk metal downscale to few atoms structures. According to the jellium 
model, the HOMO-LUMO bandgap energy (E g ) of the metal cluster, the Fermi 
energy ( FE ) of the bulk metal and the number of atoms (N) in the cluster are related 
by the expression 
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shows the size distribution for each nanocolloid. At right: photographs of the colloidal suspensions where the 
magnetic effect on the NPs exerted by a NdFeB magnet may be observed.
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monotonically decreasing dependence on cluster atoms number. Besides, it is clear 
that, for increasing N, the E g  values get closer to each other.

Experimental E g  values may be estimated from the peak wavelength of the 
fluorescence UV-visible bands in Figure 13(a). With these values, clusters atom 
number may be determined from the curve in Figure 13(b), which enables to assign 
the different band peaks to specific cluster atom numbers (circles and diamonds). 
In this way, isolated peaks corresponding to 2Ag , 3Ag  and 4Ag  are clearly 
 identified. It is also observed the overlapping of bands for increasing N, giving rise 
to the observed wide band. Arrows indicate the wavelengths corresponding to 7Ag  
to 11Ag  NCs. 12Ag  to 20Ag  are indicated by the curly bracket. Inset in Figure 13(b) 
is a photograph of the visible fluorescence observed in the sample cell when it is 
illuminated by UV light (220 nm), corresponding to the white band between 
400 nm and 625 nm.

When the as-prepared nanocolloids are centrifuged at 15000 rpm with increas-
ing centrifugation times, the bands corresponding to larger NCs disappear, remain-
ing a dominant band at 284 nm, which increases in intensity as centrifugation 
time increases (Figure 14). Inset presents spectra of the as-prepared and 20 min 
centrifugation samples as well as that for pure water for comparison.

HRTEM analysis using HAADF-STEM mode for image quality improvement on 
selected parts of the sample is shown in Figure 15. Panel (a) shows a panoramic of 
clusters in different aggregation stages. Coexistence of 1 nm radius NPs together 
with few atoms NCs is readily observed. In the NPs pointed by yellow arrows, Bragg 
planes can be observed. Agglomeration of atomic NCs is indicated by dashed green 
line, while few atoms clusters of 0.1 nm in size are pointed by white arrows. Panel 
(b) exhibits another site of the sample, with similar formations, including a cluster 
in a proto-particle stage with crystalline structure but without a defined morphol-
ogy, enclosed by full blue circle.

Reactivity of NCs is high compared to their bulk counterparts, due to their high 
surface to volume ratio. Photocatalytic activity of Ag nanocolloid containing mainly 
small NCs was assessed by degradation of freshly prepared MB. Figure 16(a) 
presents the absorption spectrum of pure MB solution at different time intervals 
while illuminated by a white light lamp. The main MB absorption band at 660 nm 
decreases gradually as exposure time elapses showing native dye photocatalytic 
degradation. Figure 16(b) shows the same experiment, but when MB is mixed with 
the few atoms NCs colloid.

Figure 13. 
(a) Fluorescence spectra in the UV-visible region. (b) E g  vs. N according to the jellium model (full line). 
Symbols denote observed experimental fluorescence band peaks. Inset shows a snapshot of the induced visible 
fluorescence on the sample cell [6].
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Figure 16. 
Degradation of MB. (a) Absorption spectra of pure MB sample illuminated by a white light lamp taken at 
fixed time intervals. (b) Absorption spectra of sample containing small concentration of NCs under the same 
conditions as in (a) [6].

The MB absorbance decreases progressively faster than for pure MB. Dye 
degradation is easily identified by color change in the solution, from deep blue to 
faint light blue after exposure to white light (insets in the Figures). Degradation 
efficiency amounts to 80%, while for pure MB is only 55%.

Figure 14. 
Fluorescence spectra of nanocolloid obtained by FLASiS (600 μJ pulse energy) of Ag solid target in water for 
different centrifugation times. Excitation wavelength is exc nmλ = 220 . A dominant band at 284 nm is 
readily seen [6].

Figure 15. 
High resolution and double-corrected electron microscopy analysis in HAADF-STEM mode for NCs 
observation [6].
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3. Conclusion

FLASiS was used as a “green” method for synthesizing Ag, Ni and Fe metal 
nanocolloids in liquid media.

Comparison of Ag nanocolloids synthesized by FLASiS and chemical route in 
aqueous solutions of TSC and st has been discussed. Micro-Raman spectroscopy 
indicated that stabilizer molecules are adsorbed on the NPs surface and inhibit 
agglomeration, even up to one year in TSC. FLASiS synthesized NPs seem to stabi-
lize faster that those generated by chemical route, as evidenced by the evolution of 
their optical extinction spectra.

Magnetic NPs like Ni and Fe colloids were generated in water and n-heptane. 
Spherical NPs shape is almost fully dominant, with a bimodal log-normal size 
distribution centered at roughly 4 nm and 9 nm radii. Different structures, like 
hollow type NPs and NiO species were observed. Nanocolloids in n-heptane exhibit 
a greater magnetic response than in water, both showing superparamagnetic 
behavior.

Fe NPs lack the characteristic optical plasmonic resonance exhibited by noble 
metals. Raman spectra of the Fe nanocolloids in water and ethanol show Raman 
peaks of magnetite, hematite or mixtures of them. For the case of water, maghemite 
signals were also detected.

Few atoms (2–20) Ag NCs can also be synthesized by FLASiS followed by 
several step centrifugation processes. Fluorescence spectra yield band structures 
in the range 250 nm to 625 nm, in agreement with the jellium model which pre-
dicts HOMO-LUMO type transitions. HRTEM analysis show clusters in different 
aggregation stages, with coexistence of 1 nm radius NPs together with few atoms 
NCs. Photocatalytic activity of Ag NCs was assessed against degradation of freshly 
prepared pure methylene blue. It was found that this efficiency rises 25% in the 
mixture of Ag NCs and MB.

Acknowledgements

We want to thank Dr. M.B. Fernandez Van Raap and Dr. D. Coral from Instituto de 
Física de La Plata (IFLP - CONICET) for the VSM measures. Besides, we acknowledge 
Dr. D. Muraca from Instituto de Física “Gleb Wataghin” (IFGW), Universidade Estadual 
de Campinas, Brasil and Dr. A. Caneiro from Y-TEC S.A., Argentina, for TEM analysis. 
We gratefully acknowledge their commitment and dedication.

These works were granted by PIPs 0394, 0280 and 0720 of CONICET, PME 
2006-00018, PICTs 2012-1817 and 2016-3205 (ANPCyT), grants 11/I151 and 11/I197 
(Facultad de Ingeniería), and 11/X651 and 11/X680 (Facultad de Ciencias Exactas) 
of Universidad Nacional de La Plata (UNLP), Argentina. We thank C2NANO-
Brazilian Nanotechnology National Laboratory (LNNano) at Centro Nacional de 
Pesquisa em Energia e Materiais (CNPEM)/MCT (#14825, #14827, #16976, #18425, 
#19927 and #22345) and Research proposal TEM-16976 for the use of TEM. VSM 
was carried out at IFLP. Synthesis of nanocolloids by FLASiS, and OES, MRS, 
fluorescence and photocatalysis studies were performed at CIOp (CONICET - CIC -  
UNLP), La Plata. We acknowledge Y-TEC S.A. for the use of TEM FEI TALOS 
F200X.

D.C.S. and V.B.A. are researchers of CIC. L.B.S., J.M.J.S. and D.M.A. are 
researchers of CONICET, Argentina.



Colloids - Types, Preparation and Applications

56

Figure 16. 
Degradation of MB. (a) Absorption spectra of pure MB sample illuminated by a white light lamp taken at 
fixed time intervals. (b) Absorption spectra of sample containing small concentration of NCs under the same 
conditions as in (a) [6].

The MB absorbance decreases progressively faster than for pure MB. Dye 
degradation is easily identified by color change in the solution, from deep blue to 
faint light blue after exposure to white light (insets in the Figures). Degradation 
efficiency amounts to 80%, while for pure MB is only 55%.

Figure 14. 
Fluorescence spectra of nanocolloid obtained by FLASiS (600 μJ pulse energy) of Ag solid target in water for 
different centrifugation times. Excitation wavelength is exc nmλ = 220 . A dominant band at 284 nm is 
readily seen [6].

Figure 15. 
High resolution and double-corrected electron microscopy analysis in HAADF-STEM mode for NCs 
observation [6].

57

A Simple and “Green” Technique to Synthesize Metal Nanocolloids by Ultrashort Light Pulses
DOI: http://dx.doi.org/10.5772/intechopen.94750

3. Conclusion

FLASiS was used as a “green” method for synthesizing Ag, Ni and Fe metal 
nanocolloids in liquid media.

Comparison of Ag nanocolloids synthesized by FLASiS and chemical route in 
aqueous solutions of TSC and st has been discussed. Micro-Raman spectroscopy 
indicated that stabilizer molecules are adsorbed on the NPs surface and inhibit 
agglomeration, even up to one year in TSC. FLASiS synthesized NPs seem to stabi-
lize faster that those generated by chemical route, as evidenced by the evolution of 
their optical extinction spectra.

Magnetic NPs like Ni and Fe colloids were generated in water and n-heptane. 
Spherical NPs shape is almost fully dominant, with a bimodal log-normal size 
distribution centered at roughly 4 nm and 9 nm radii. Different structures, like 
hollow type NPs and NiO species were observed. Nanocolloids in n-heptane exhibit 
a greater magnetic response than in water, both showing superparamagnetic 
behavior.

Fe NPs lack the characteristic optical plasmonic resonance exhibited by noble 
metals. Raman spectra of the Fe nanocolloids in water and ethanol show Raman 
peaks of magnetite, hematite or mixtures of them. For the case of water, maghemite 
signals were also detected.

Few atoms (2–20) Ag NCs can also be synthesized by FLASiS followed by 
several step centrifugation processes. Fluorescence spectra yield band structures 
in the range 250 nm to 625 nm, in agreement with the jellium model which pre-
dicts HOMO-LUMO type transitions. HRTEM analysis show clusters in different 
aggregation stages, with coexistence of 1 nm radius NPs together with few atoms 
NCs. Photocatalytic activity of Ag NCs was assessed against degradation of freshly 
prepared pure methylene blue. It was found that this efficiency rises 25% in the 
mixture of Ag NCs and MB.

Acknowledgements

We want to thank Dr. M.B. Fernandez Van Raap and Dr. D. Coral from Instituto de 
Física de La Plata (IFLP - CONICET) for the VSM measures. Besides, we acknowledge 
Dr. D. Muraca from Instituto de Física “Gleb Wataghin” (IFGW), Universidade Estadual 
de Campinas, Brasil and Dr. A. Caneiro from Y-TEC S.A., Argentina, for TEM analysis. 
We gratefully acknowledge their commitment and dedication.

These works were granted by PIPs 0394, 0280 and 0720 of CONICET, PME 
2006-00018, PICTs 2012-1817 and 2016-3205 (ANPCyT), grants 11/I151 and 11/I197 
(Facultad de Ingeniería), and 11/X651 and 11/X680 (Facultad de Ciencias Exactas) 
of Universidad Nacional de La Plata (UNLP), Argentina. We thank C2NANO-
Brazilian Nanotechnology National Laboratory (LNNano) at Centro Nacional de 
Pesquisa em Energia e Materiais (CNPEM)/MCT (#14825, #14827, #16976, #18425, 
#19927 and #22345) and Research proposal TEM-16976 for the use of TEM. VSM 
was carried out at IFLP. Synthesis of nanocolloids by FLASiS, and OES, MRS, 
fluorescence and photocatalysis studies were performed at CIOp (CONICET - CIC -  
UNLP), La Plata. We acknowledge Y-TEC S.A. for the use of TEM FEI TALOS 
F200X.

D.C.S. and V.B.A. are researchers of CIC. L.B.S., J.M.J.S. and D.M.A. are 
researchers of CONICET, Argentina.



Colloids - Types, Preparation and Applications

58

Author details

Jesica María José Santillán1*, David Muñetón Arboleda1*, Valeria Beatriz Arce1, 
Lucía Beatriz Scaffardi1 and Daniel Carlos Schinca1,2

1 Optical Research Center (CIOp, CONICET - CIC - UNLP), La Plata, Buenos Aires, 
Argentina

2 Engineering Faculty, National University of La Plata, La Plata, Buenos Aires, 
Argentina

*Address all correspondence to: jesicas@ciop.unlp.edu.ar  
and davidm@ciop.unlp.edu.ar

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

59

A Simple and “Green” Technique to Synthesize Metal Nanocolloids by Ultrashort Light Pulses
DOI: http://dx.doi.org/10.5772/intechopen.94750

References

[1] Gazit E. Self-assembled peptide 
nanostructures: the design of 
molecular building blocks and their 
technological utilization. Chem Soc 
Rev. 2007;36:1263-9. DOI: 10.1039/
B605536M

[2] Kinkhabwala A, Yu Z, Fan S, 
Avlasevich Y, Müllen K, Moerner WE. 
Large single-molecule fluorescence 
enhancements produced by a 
bowtie nanoantenna. Nat Photonics. 
2009;3:654-7. DOI: 10.1038/
nphoton.2009.187

[3] Gao J, Gu H, Xu B. Multifunctional 
Magnetic Nanoparticles: Design, 
Synthesis, and Biomedical Applications. 
Acc Chem Res. 2009;42:1097-107. DOI: 
10.1021/ar9000026

[4] Mafuné, F, Kohno J, Takeda Y, 
Kondow T, Sawabe H. Structure and 
Stability of Silver Nanoparticles in 
Aqueous Solution Produced by Laser 
Ablation. J Phys Chem B. 2000;104: 
8333-7. DOI: 10.1021/jp001803b

[5] Zhang D, Gökce B, 
Barcikowski S. Laser Synthesis and 
Processing of Colloids: Fundamentals 
and Applications. Chem Rev. 
2017;117:3990-4103. DOI: 10.1021/acs.
chemrev.6b00468

[6] Santillán JMJ, Muñetón Arboleda D, 
Muraca D, Schinca DC, Scaffardi LB. 
Highly fluorescent few atoms silver 
nanoclusters with strong photocatalytic 
activity synthesized by ultrashort light 
pulses. Sci Rep. 2020;10:8217. DOI: 
10.1038/s41598-020-64773-z

[7] Pimpang, Pichitchai, Sutham, 
Withun, Mangkorntong, Nikorn, 
Mangkorntong, Pongsri, Choopun, 
Supab. Effect of Stabilizer on 
Preparation of Silver and Gold 
Nanoparticle Using Grinding Method. 
Chiang Mai J Sci. 2008;35:250-7.

[8] Amendola V, Scaramuzza S, 
Agnoli S, Granozzi G, Meneghetti M, 
Campo G, et al. Laser generation of 
iron-doped silver nanotruffles with 
magnetic and plasmonic properties. 
Nano Res. 2015;8:4007–DOI: 10.1007/
s12274-015-0903-y

[9] Santillán JMJ, Fernández 
van Raap MB, Mendoza Zélis P, 
Coral D, Muraca D, Schinca DC. Ag 
nanoparticles formed by femtosecond 
pulse laser ablation in water: self-
assembled fractal structures. J 
Nanopart Res. 2015;17:86. DOI: 10.1007/
s11051-015-2894-8

[10] Zheng C, Wang H, Liu L, 
Zhang M, Liang J, Han H. Synthesis 
and Spectroscopic Characterization 
of Water-Soluble Fluorescent 
Ag Nanoclusters. J Anal Met 
Chem. 2013;2013:e261648. DOI: 
10.1155/2013/261648

[11] Riboh JC, Haes AJ, McFarland AD, 
Ranjit Yonzon C, Van Duyne RP. A 
Nanoscale Optical Biosensor: Real-
Time Immunoassay in Physiological 
Buffer Enabled by Improved 
Nanoparticle Adhesion. J Phys 
Chem B. 2003;107:1772-80. DOI: 
10.1021/jp022130v

[12] Abreu AS, Oliveira M, de 
Sá A, Rodrigues RM, Cerqueira MA, 
Vicente AA, et al. Antimicrobial 
nanostructured starch based films 
for packaging. Carbohyd Polym. 
2015;129:127-34. DOI: 10.1016/j.
carbpol.2015.04.021

[13] Fernández JG, Almeida CA, 
Fernández-Baldo MA, Felici E, Raba J, 
Sanz MI. Development of nitrocellulose 
membrane filters impregnated 
with different biosynthesized silver 
nanoparticles applied to water 
purification. Talanta. 2016;146:237-
43. https://doi.org/10.1016/j.
talanta.2015.08.060.



Colloids - Types, Preparation and Applications

58

Author details

Jesica María José Santillán1*, David Muñetón Arboleda1*, Valeria Beatriz Arce1, 
Lucía Beatriz Scaffardi1 and Daniel Carlos Schinca1,2

1 Optical Research Center (CIOp, CONICET - CIC - UNLP), La Plata, Buenos Aires, 
Argentina

2 Engineering Faculty, National University of La Plata, La Plata, Buenos Aires, 
Argentina

*Address all correspondence to: jesicas@ciop.unlp.edu.ar  
and davidm@ciop.unlp.edu.ar

© 2020 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 

59

A Simple and “Green” Technique to Synthesize Metal Nanocolloids by Ultrashort Light Pulses
DOI: http://dx.doi.org/10.5772/intechopen.94750

References

[1] Gazit E. Self-assembled peptide 
nanostructures: the design of 
molecular building blocks and their 
technological utilization. Chem Soc 
Rev. 2007;36:1263-9. DOI: 10.1039/
B605536M

[2] Kinkhabwala A, Yu Z, Fan S, 
Avlasevich Y, Müllen K, Moerner WE. 
Large single-molecule fluorescence 
enhancements produced by a 
bowtie nanoantenna. Nat Photonics. 
2009;3:654-7. DOI: 10.1038/
nphoton.2009.187

[3] Gao J, Gu H, Xu B. Multifunctional 
Magnetic Nanoparticles: Design, 
Synthesis, and Biomedical Applications. 
Acc Chem Res. 2009;42:1097-107. DOI: 
10.1021/ar9000026

[4] Mafuné, F, Kohno J, Takeda Y, 
Kondow T, Sawabe H. Structure and 
Stability of Silver Nanoparticles in 
Aqueous Solution Produced by Laser 
Ablation. J Phys Chem B. 2000;104: 
8333-7. DOI: 10.1021/jp001803b

[5] Zhang D, Gökce B, 
Barcikowski S. Laser Synthesis and 
Processing of Colloids: Fundamentals 
and Applications. Chem Rev. 
2017;117:3990-4103. DOI: 10.1021/acs.
chemrev.6b00468

[6] Santillán JMJ, Muñetón Arboleda D, 
Muraca D, Schinca DC, Scaffardi LB. 
Highly fluorescent few atoms silver 
nanoclusters with strong photocatalytic 
activity synthesized by ultrashort light 
pulses. Sci Rep. 2020;10:8217. DOI: 
10.1038/s41598-020-64773-z

[7] Pimpang, Pichitchai, Sutham, 
Withun, Mangkorntong, Nikorn, 
Mangkorntong, Pongsri, Choopun, 
Supab. Effect of Stabilizer on 
Preparation of Silver and Gold 
Nanoparticle Using Grinding Method. 
Chiang Mai J Sci. 2008;35:250-7.

[8] Amendola V, Scaramuzza S, 
Agnoli S, Granozzi G, Meneghetti M, 
Campo G, et al. Laser generation of 
iron-doped silver nanotruffles with 
magnetic and plasmonic properties. 
Nano Res. 2015;8:4007–DOI: 10.1007/
s12274-015-0903-y

[9] Santillán JMJ, Fernández 
van Raap MB, Mendoza Zélis P, 
Coral D, Muraca D, Schinca DC. Ag 
nanoparticles formed by femtosecond 
pulse laser ablation in water: self-
assembled fractal structures. J 
Nanopart Res. 2015;17:86. DOI: 10.1007/
s11051-015-2894-8

[10] Zheng C, Wang H, Liu L, 
Zhang M, Liang J, Han H. Synthesis 
and Spectroscopic Characterization 
of Water-Soluble Fluorescent 
Ag Nanoclusters. J Anal Met 
Chem. 2013;2013:e261648. DOI: 
10.1155/2013/261648

[11] Riboh JC, Haes AJ, McFarland AD, 
Ranjit Yonzon C, Van Duyne RP. A 
Nanoscale Optical Biosensor: Real-
Time Immunoassay in Physiological 
Buffer Enabled by Improved 
Nanoparticle Adhesion. J Phys 
Chem B. 2003;107:1772-80. DOI: 
10.1021/jp022130v

[12] Abreu AS, Oliveira M, de 
Sá A, Rodrigues RM, Cerqueira MA, 
Vicente AA, et al. Antimicrobial 
nanostructured starch based films 
for packaging. Carbohyd Polym. 
2015;129:127-34. DOI: 10.1016/j.
carbpol.2015.04.021

[13] Fernández JG, Almeida CA, 
Fernández-Baldo MA, Felici E, Raba J, 
Sanz MI. Development of nitrocellulose 
membrane filters impregnated 
with different biosynthesized silver 
nanoparticles applied to water 
purification. Talanta. 2016;146:237-
43. https://doi.org/10.1016/j.
talanta.2015.08.060.



Colloids - Types, Preparation and Applications

60

[14] Lara HH, Ayala-Núñez NV, 
Ixtepan Turrent L del C, Rodríguez 
Padilla C. Bactericidal effect of silver 
nanoparticles against multidrug-
resistant bacteria. World J Microbiol 
Biotechnol. 2010;26:615-21. DOI: 
10.1007/s11274-009-0211-3

[15] Mori Y, Ono T, 
Miyahira Y, Nguyen VQ, Matsui T, 
Ishihara M. Antiviral activity of silver 
nanoparticle/chitosan composites 
against H1N1 influenza A virus. 
Nanoscale Res Lett. 2013;8:93. DOI: 
10.1186/1556-276X-8-93

[16] Arboleda DM, Santillán JMJ, 
Arce VB, Fernández van Raap MB, 
Muraca D, Fernández MA, et al. 
A simple and “green” technique to 
synthesize long-term stability colloidal 
Ag nanoparticles: Fs laser ablation in 
a biocompatible aqueous medium. 
Mater Charact. 2018;140:320-32. DOI: 
10.1016/j.matchar.2018.04.021

[17] Bohren CF, Absorption HDR. 
Absorption and Scattering of Light by 
Small Particles. John Wiley & Sons; 
2008.

[18] Muñetón Arboleda D, 
Santillán JMJ, Mendoza Herrera LJ, van 
Raap MBF, Mendoza Zélis P, Muraca D, 
et al. Synthesis of Ni Nanoparticles by 
Femtosecond Laser Ablation in Liquids: 
Structure and Sizing. J Phys Chem C. 
2015;119:13184-93. DOI: 10.1021/acs.
jpcc.5b03124

[19] Schinca DC, Scaffardi LB, 
Videla FA, Torchia GA, Moreno P, 
Roso L. Silver–silver oxide core–shell 
nanoparticles by femtosecond laser 
ablation: core and shell sizing by 
extinction spectroscopy. J Phys D: 
Appl Phys. 2009;42:215102. DOI: 
10.1088/0022-3727/42/21/215102

[20] Santillán JMJ, Scaffardi LB, 
Schinca DC. Quantitative optical 
extinction-based parametric 
method for sizing a single core–shell 

Ag–Ag 2 O nanoparticle. J Phys D: 
Appl Phys. 2011;44:105104. DOI: 
10.1088/0022-3727/44/10/105104

[21] Santillán JMJ, Videla FA, 
Fernández van Raap MB, Schinca DC, 
Scaffardi LB. Analysis of the structure, 
configuration, and sizing of Cu and 
Cu oxide nanoparticles generated by fs 
laser ablation of solid target in liquids. 
J App Phys. 2013;113:134305. DOI: 
10.1063/1.4798387

[22] Santillán JMJ, Videla FA, 
Fernández van Raap MB, Muraca D, 
Scaffardi LB, Schinca DC. Influence 
of size-corrected bound-electron 
contribution on nanometric silver 
dielectric function. Sizing through 
optical extinction spectroscopy. J Phys 
D: Appl Phys. 2013;46:435301. DOI: 
10.1088/0022-3727/46/43/435301

[23] Arce VB, Santillán JMJ, Muñetón 
Arboleda D, Muraca D, Scaffardi LB, 
Schinca DC. Characterization and 
Stability of Silver Nanoparticles 
in Starch Solution Obtained by 
Femtosecond Laser Ablation and 
Salt Reduction. J Phys Chem C. 
2017;121:10501-13. DOI: 10.1021/acs.
jpcc.6b12384

[24] Martina I, Wiesinger R, 
Jembrih-Simbürger D, Schreiner M. 
Micro-Raman characterisation of silver 
corrosion products: instrumental set up 
and reference database. E-Preserv Sci. 
2012;9:1-8.

[25] Vinogradova E, Tlahuice-Flores A, 
Velazquez-Salazar JJ, Larios-Rodriguez E, 
Jose-Yacaman M. Surface-enhanced 
Raman scattering of N-acetylneuraminic 
acid on silver nanoparticle surface. J 
Raman Spectrosc. 2014;45:730-5. DOI: 
10.1002/jrs.4544

[26] Kizil R, Irudayaraj J, 
Seetharaman K. Characterization of 
Irradiated Starches by Using FT-Raman 
and FTIR Spectroscopy. J Agric Food 

61

A Simple and “Green” Technique to Synthesize Metal Nanocolloids by Ultrashort Light Pulses
DOI: http://dx.doi.org/10.5772/intechopen.94750

Chem. 2002;50:3912-8. DOI: 10.1021/
jf011652p

[27] Cael SJ, Koenig JL, Blackwell J. 
Infrared and raman spectroscopy of 
carbohydrates: Part III: raman spectra 
of the polymorphic forms of amylose. 
Carbohyd Res. 1973;29:123-34. DOI: 
10.1016/S0008-6215(00)82075-3

[28] Landázuri N, Tong S, Suo J,  
Joseph G, Weiss D, Sutcliffe DJ, et 
al. Magnetic Targeting of Human 
Mesenchymal Stem Cells with 
Internalized Superparamagnetic 
Iron Oxide Nanoparticles. Small. 
2013;9:4017-26. DOI: 10.1002/
smll.201300570

[29] Orozco-Henao JM, Coral DF, 
Muraca D, Moscoso-Londoño O, 
Mendoza Zélis P, Fernandez 
van Raap MB, et al. Effects of 
Nanostructure and Dipolar Interactions 
on Magnetohyperthermia in Iron 
Oxide Nanoparticles. J Phys Chem C. 
2016;120:12796-809. DOI: 10.1021/acs.
jpcc.6b00900

[30] Wang Y-XJ. Superparamagnetic 
iron oxide based MRI contrast 
agents: Current status of clinical 
application. Quant Imaging Med 
Surg. 2011;1:35-40. DOI: 10.3978/j.
issn.2223-4292.2011.08.03

[31] Veiseh O, Gunn JW, Zhang M. 
Design and fabrication of magnetic 
nanoparticles for targeted drug 
delivery and imaging. Adv Drug Deliv 
Rev. 2010;62:284-304. DOI: 10.1016/j.
addr.2009.11.002

[32] Park J, Kang E, Son SU, Park HM, 
Lee MK, Kim J, et al. Monodisperse 
Nanoparticles of Ni and NiO: 
Synthesis, Characterization, Self-
Assembled Superlattices, and Catalytic 
Applications in the Suzuki Coupling 
Reaction. Adv Mater. 2005;17:429-34. 
DOI: 10.1002/adma.200400611

[33] Xu R, Xie T, Zhao Y, Li Y.  
Quasi-homogeneous catalytic 

hydrogenation over monodisperse 
nickel and cobalt nanoparticles. 
Nanotech. 2007;18:055602. DOI: 
10.1088/0957-4484/18/5/055602

[34] Ramírez-Meneses E, Betancourt I, 
Morales F, Montiel-Palma V,  
Villanueva-Alvarado CC, 
Hernández-Rojas ME. Superparamagnetic 
nickel nanoparticles obtained by an 
organometallic approach. J Nanopart 
Res. 2011;13:365-74. DOI: 10.1007/
s11051-010-0039-7

[35] Rodríguez-Llamazares S, Merchán J, 
Olmedo I, Marambio HP, Muñoz JP, 
Jara P, et al. Ni/Ni oxides nanoparticles 
with potential biomedical applications 
obtained by displacement of a nickel-
organometallic complex. J Nanosci 
Nanotechnol. 2008;8:3820-7. DOI: 
10.1166/jnn.2008.199

[36] Solans C, Izquierdo P, Nolla J, 
Azemar N, Garcia-Celma MJ. Nano-
emulsions. Current Opinion in Col Int 
Sci. 2005;10:102-10. DOI: 10.1016/j.
cocis.2005.06.004

[37] Tartaj P, Morales MP,  
Veintemillas-Verdaguer S, 
Gonzalez-Carreño T, Serna CJ. chapter 
5 Synthesis, Properties and Biomedical 
Applications of Magnetic Nanoparticles. 
In: Buschow KHJ, editor. Handbook of 
Magnetic Materials, vol. 16, Elsevier; 
2006, p. 403-82. DOI: 10.1016/
S1567-2719(05)16005-3

[38] Zhang D, Tong Z, Li S,  
Zhang X, Ying A. Fabrication and 
characterization of hollow Fe3O4 
nanospheres in a microemulsion. Mater 
Lett. 2008;62:4053-5. DOI: 10.1016/j.
matlet.2008.05.023

[39] Santillán JMJ, Muñetón Arboleda D, 
Coral DF, Fernández van Raap MB, 
Muraca D, Schinca DC, et al. 
Optical and Magnetic Properties 
of Fe Nanoparticles Fabricated by 
Femtosecond Laser Ablation in 
Organic and Inorganic Solvents. 



Colloids - Types, Preparation and Applications

60

[14] Lara HH, Ayala-Núñez NV, 
Ixtepan Turrent L del C, Rodríguez 
Padilla C. Bactericidal effect of silver 
nanoparticles against multidrug-
resistant bacteria. World J Microbiol 
Biotechnol. 2010;26:615-21. DOI: 
10.1007/s11274-009-0211-3

[15] Mori Y, Ono T, 
Miyahira Y, Nguyen VQ, Matsui T, 
Ishihara M. Antiviral activity of silver 
nanoparticle/chitosan composites 
against H1N1 influenza A virus. 
Nanoscale Res Lett. 2013;8:93. DOI: 
10.1186/1556-276X-8-93

[16] Arboleda DM, Santillán JMJ, 
Arce VB, Fernández van Raap MB, 
Muraca D, Fernández MA, et al. 
A simple and “green” technique to 
synthesize long-term stability colloidal 
Ag nanoparticles: Fs laser ablation in 
a biocompatible aqueous medium. 
Mater Charact. 2018;140:320-32. DOI: 
10.1016/j.matchar.2018.04.021

[17] Bohren CF, Absorption HDR. 
Absorption and Scattering of Light by 
Small Particles. John Wiley & Sons; 
2008.

[18] Muñetón Arboleda D, 
Santillán JMJ, Mendoza Herrera LJ, van 
Raap MBF, Mendoza Zélis P, Muraca D, 
et al. Synthesis of Ni Nanoparticles by 
Femtosecond Laser Ablation in Liquids: 
Structure and Sizing. J Phys Chem C. 
2015;119:13184-93. DOI: 10.1021/acs.
jpcc.5b03124

[19] Schinca DC, Scaffardi LB, 
Videla FA, Torchia GA, Moreno P, 
Roso L. Silver–silver oxide core–shell 
nanoparticles by femtosecond laser 
ablation: core and shell sizing by 
extinction spectroscopy. J Phys D: 
Appl Phys. 2009;42:215102. DOI: 
10.1088/0022-3727/42/21/215102

[20] Santillán JMJ, Scaffardi LB, 
Schinca DC. Quantitative optical 
extinction-based parametric 
method for sizing a single core–shell 

Ag–Ag 2 O nanoparticle. J Phys D: 
Appl Phys. 2011;44:105104. DOI: 
10.1088/0022-3727/44/10/105104

[21] Santillán JMJ, Videla FA, 
Fernández van Raap MB, Schinca DC, 
Scaffardi LB. Analysis of the structure, 
configuration, and sizing of Cu and 
Cu oxide nanoparticles generated by fs 
laser ablation of solid target in liquids. 
J App Phys. 2013;113:134305. DOI: 
10.1063/1.4798387

[22] Santillán JMJ, Videla FA, 
Fernández van Raap MB, Muraca D, 
Scaffardi LB, Schinca DC. Influence 
of size-corrected bound-electron 
contribution on nanometric silver 
dielectric function. Sizing through 
optical extinction spectroscopy. J Phys 
D: Appl Phys. 2013;46:435301. DOI: 
10.1088/0022-3727/46/43/435301

[23] Arce VB, Santillán JMJ, Muñetón 
Arboleda D, Muraca D, Scaffardi LB, 
Schinca DC. Characterization and 
Stability of Silver Nanoparticles 
in Starch Solution Obtained by 
Femtosecond Laser Ablation and 
Salt Reduction. J Phys Chem C. 
2017;121:10501-13. DOI: 10.1021/acs.
jpcc.6b12384

[24] Martina I, Wiesinger R, 
Jembrih-Simbürger D, Schreiner M. 
Micro-Raman characterisation of silver 
corrosion products: instrumental set up 
and reference database. E-Preserv Sci. 
2012;9:1-8.

[25] Vinogradova E, Tlahuice-Flores A, 
Velazquez-Salazar JJ, Larios-Rodriguez E, 
Jose-Yacaman M. Surface-enhanced 
Raman scattering of N-acetylneuraminic 
acid on silver nanoparticle surface. J 
Raman Spectrosc. 2014;45:730-5. DOI: 
10.1002/jrs.4544

[26] Kizil R, Irudayaraj J, 
Seetharaman K. Characterization of 
Irradiated Starches by Using FT-Raman 
and FTIR Spectroscopy. J Agric Food 

61

A Simple and “Green” Technique to Synthesize Metal Nanocolloids by Ultrashort Light Pulses
DOI: http://dx.doi.org/10.5772/intechopen.94750

Chem. 2002;50:3912-8. DOI: 10.1021/
jf011652p

[27] Cael SJ, Koenig JL, Blackwell J. 
Infrared and raman spectroscopy of 
carbohydrates: Part III: raman spectra 
of the polymorphic forms of amylose. 
Carbohyd Res. 1973;29:123-34. DOI: 
10.1016/S0008-6215(00)82075-3

[28] Landázuri N, Tong S, Suo J,  
Joseph G, Weiss D, Sutcliffe DJ, et 
al. Magnetic Targeting of Human 
Mesenchymal Stem Cells with 
Internalized Superparamagnetic 
Iron Oxide Nanoparticles. Small. 
2013;9:4017-26. DOI: 10.1002/
smll.201300570

[29] Orozco-Henao JM, Coral DF, 
Muraca D, Moscoso-Londoño O, 
Mendoza Zélis P, Fernandez 
van Raap MB, et al. Effects of 
Nanostructure and Dipolar Interactions 
on Magnetohyperthermia in Iron 
Oxide Nanoparticles. J Phys Chem C. 
2016;120:12796-809. DOI: 10.1021/acs.
jpcc.6b00900

[30] Wang Y-XJ. Superparamagnetic 
iron oxide based MRI contrast 
agents: Current status of clinical 
application. Quant Imaging Med 
Surg. 2011;1:35-40. DOI: 10.3978/j.
issn.2223-4292.2011.08.03

[31] Veiseh O, Gunn JW, Zhang M. 
Design and fabrication of magnetic 
nanoparticles for targeted drug 
delivery and imaging. Adv Drug Deliv 
Rev. 2010;62:284-304. DOI: 10.1016/j.
addr.2009.11.002

[32] Park J, Kang E, Son SU, Park HM, 
Lee MK, Kim J, et al. Monodisperse 
Nanoparticles of Ni and NiO: 
Synthesis, Characterization, Self-
Assembled Superlattices, and Catalytic 
Applications in the Suzuki Coupling 
Reaction. Adv Mater. 2005;17:429-34. 
DOI: 10.1002/adma.200400611

[33] Xu R, Xie T, Zhao Y, Li Y.  
Quasi-homogeneous catalytic 

hydrogenation over monodisperse 
nickel and cobalt nanoparticles. 
Nanotech. 2007;18:055602. DOI: 
10.1088/0957-4484/18/5/055602

[34] Ramírez-Meneses E, Betancourt I, 
Morales F, Montiel-Palma V,  
Villanueva-Alvarado CC, 
Hernández-Rojas ME. Superparamagnetic 
nickel nanoparticles obtained by an 
organometallic approach. J Nanopart 
Res. 2011;13:365-74. DOI: 10.1007/
s11051-010-0039-7

[35] Rodríguez-Llamazares S, Merchán J, 
Olmedo I, Marambio HP, Muñoz JP, 
Jara P, et al. Ni/Ni oxides nanoparticles 
with potential biomedical applications 
obtained by displacement of a nickel-
organometallic complex. J Nanosci 
Nanotechnol. 2008;8:3820-7. DOI: 
10.1166/jnn.2008.199

[36] Solans C, Izquierdo P, Nolla J, 
Azemar N, Garcia-Celma MJ. Nano-
emulsions. Current Opinion in Col Int 
Sci. 2005;10:102-10. DOI: 10.1016/j.
cocis.2005.06.004

[37] Tartaj P, Morales MP,  
Veintemillas-Verdaguer S, 
Gonzalez-Carreño T, Serna CJ. chapter 
5 Synthesis, Properties and Biomedical 
Applications of Magnetic Nanoparticles. 
In: Buschow KHJ, editor. Handbook of 
Magnetic Materials, vol. 16, Elsevier; 
2006, p. 403-82. DOI: 10.1016/
S1567-2719(05)16005-3

[38] Zhang D, Tong Z, Li S,  
Zhang X, Ying A. Fabrication and 
characterization of hollow Fe3O4 
nanospheres in a microemulsion. Mater 
Lett. 2008;62:4053-5. DOI: 10.1016/j.
matlet.2008.05.023

[39] Santillán JMJ, Muñetón Arboleda D, 
Coral DF, Fernández van Raap MB, 
Muraca D, Schinca DC, et al. 
Optical and Magnetic Properties 
of Fe Nanoparticles Fabricated by 
Femtosecond Laser Ablation in 
Organic and Inorganic Solvents. 



Colloids - Types, Preparation and Applications

62

ChemPhysChem. 2017;18:1192-209. 
DOI: 10.1002/cphc.201601279

[40] Amendola V, Riello P, 
Meneghetti M. Magnetic Nanoparticles 
of Iron Carbide, Iron Oxide, Iron@Iron 
Oxide, and Metal Iron Synthesized by 
Laser Ablation in Organic Solvents. J 
Phys Chem C. 2011;115:5140-6. DOI: 
10.1021/jp109371m

[41] Crangle J, Goodman GM, 
Sucksmith W. The magnetization of 
pure iron and nickel. Proceedings 
of the Royal Society of London A 
Mathematical and Physical Sciences. 
1971;321:477-91. DOI: 10.1098/
rspa.1971.0044

[42] Maneeratanasarn P, Khai TV, 
Choi BG, Shim KB. The effect of laser 
energy on the preparation of iron oxide 
by a pulsed laser ablation in ethanol. 
J Korean Crystal Growth and Crystal 
Technology. 2012;22:134-8. DOI: 
10.6111/JKCGCT.2012.22.3.134

[43] Chen W, Chen S. Oxygen 
Electroreduction Catalyzed by Gold 
Nanoclusters: Strong Core Size Effects. 
Angewandte Chemie. 2009;121:4450-3. 
DOI: 10.1002/ange.200901185

[44] Xu H, Suslick KS. Sonochemical 
Synthesis of Highly Fluorescent Ag 
Nanoclusters. ACS Nano. 2010;4:3209-
14. DOI: 10.1021/nn100987k

[45] Ostuni E, Chen CS, Ingber DE, 
Whitesides GM. Selective Deposition 
of Proteins and Cells in Arrays of 
Microwells. Langmuir. 2001;17:2828-34. 
DOI: 10.1021/la001372o

[46] Santiago González B, Rodríguez MJ, 
Blanco C, Rivas J, López-Quintela MA, 
Gaspar Martinho JM. One step synthesis 
of the smallest photoluminescent 
and paramagnetic PVP-protected 
gold atomic clusters. Nano Lett. 
2010;10:4217-21. DOI: 10.1021/
nl1026716

[47] Buceta D, Piñeiro Y,  
Vázquez-Vázquez C, Rivas J, 
López-Quintela MA. Metallic Clusters: 
Theoretical Background, Properties 
and Synthesis in Microemulsions. 
Catalysts. 2014;4:356-74. DOI: 10.3390/
catal4040356

[48] Donkers RL, Lee D, Murray RW. 
Synthesis and Isolation of the Molecule-
like Cluster Au38(PhCH2CH2S)24. 
Langmuir. 2008;24:5976-5976. DOI: 
10.1021/la801163t

[49] Wu, Zeng, Schelly ZA. Growth of 
Uncapped, Subnanometer Size Gold 
Clusters Prepared via Electroporation of 
Vesicles. J Phys Chem B. 2005;109:18715-
8. DOI: 10.1021/jp0543476

[50] Yuan Z, Chen Y-C, Li H-W, Chang 
H-T. Fluorescent silver nanoclusters 
stabilized by DNA scaffolds. Chem 
Commun. 2014;50:9800-15. DOI: 
10.1039/C4CC02981J

[51] Haberland H, editor. Clusters 
of Atoms and Molecules: Theory, 
Experiment, and Clusters of Atoms. 
Berlin Heidelberg: Springer-Verlag; 
1994. DOI: 10.1007/978-3-642-84329-7

[52] Kreibig U, Vollmer M. Optical 
Properties of Metal Clusters. Berlin 
Heidelberg: Springer-Verlag; 1995. DOI: 
10.1007/978-3-662-09109-8

63

Chapter 4

Gemini Imidazolinium 
Surfactants: A Versatile Class  
of Molecules
Kajol Bhati, Divya Bajpai Tripathy and Anjali Gupta

Abstract

Gemini imidazolinium surfactants fascinated the researchers and many  industries 
towards it due to their distinct molecular structure. It belongs to the cationic surfac-
tant group. The variation in the physicochemical properties of the gemini surfactant 
can be achieved by changing the characteristics in the structure. There are several 
applications of imidazolinium such as antistatic agents, fabric softener that makes it a 
demanding surfactant in detergent industries as well as in the laundry industries due 
to the immense number of properties like dispersibility, viscosity, desirable storage 
stability, emulsification, critical micelle concentration and fabric conditioning etc. 
This book chapter discussed about the Gemini imidazolinium surfactants and its 
various properties, synthesis methods and applications in various fields.

Keywords: gemini, surfactants, imidazoline, imidazolinium, emulsification

1. Introduction

The use of surfactants has been increasing due to their enormous applications 
in the field of chemistry. They belong to the organic compound group used in oil 
recovery, pharmaceuticals, nanoscience, biological activity, fabric softener, antibac-
terial and anti-foaming agents, and other technologies [1, 2]. Gemini is categorized 
as a surfactant and was first used by Menger in 1990 [3]. The word gemini means 
dimeric, an amphiphilic molecule, earlier it used to be synthesized by joining 
the two discrete surfactant molecules by a rigid spacer. It contains two terminal 
hydrocarbon tails (short or long); two polar head groups (cationic, anionic, or 
nonionic); and a spacer (short or long, flexible or rigid) [4]. The gemini surfactant 
has an efficiency of self- assembling at low concentration. In assessment with other 
surfactants, the gemini surfactant shows better surface activity. The presence of two 
polar groups and two terminal tails also made it more hydrophobic and hydrophilic 
as compared to monomeric surfactant systems. The substantial qualities of gemini 
viz., economic efficiency, flexibility, and functionality lead to its speedy demand 
in the field of research as well as in industry for examination and the use of it in 
various products. They also have other enhanced properties like low critical micelle 
concentration, wetting properties, efficient for high adsorption process, low surface 
tension, vesicle formation, helps in reduction of interfacial tension, and have the 
quality for aggregation [5]. The variation in the physicochemical properties of the 
gemini surfactant can be achieved by changing the characteristics in the structure. 
The cationic gemini surfactant has a wide range of purposes in the synthesis of 
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1. Introduction

The use of surfactants has been increasing due to their enormous applications 
in the field of chemistry. They belong to the organic compound group used in oil 
recovery, pharmaceuticals, nanoscience, biological activity, fabric softener, antibac-
terial and anti-foaming agents, and other technologies [1, 2]. Gemini is categorized 
as a surfactant and was first used by Menger in 1990 [3]. The word gemini means 
dimeric, an amphiphilic molecule, earlier it used to be synthesized by joining 
the two discrete surfactant molecules by a rigid spacer. It contains two terminal 
hydrocarbon tails (short or long); two polar head groups (cationic, anionic, or 
nonionic); and a spacer (short or long, flexible or rigid) [4]. The gemini surfactant 
has an efficiency of self- assembling at low concentration. In assessment with other 
surfactants, the gemini surfactant shows better surface activity. The presence of two 
polar groups and two terminal tails also made it more hydrophobic and hydrophilic 
as compared to monomeric surfactant systems. The substantial qualities of gemini 
viz., economic efficiency, flexibility, and functionality lead to its speedy demand 
in the field of research as well as in industry for examination and the use of it in 
various products. They also have other enhanced properties like low critical micelle 
concentration, wetting properties, efficient for high adsorption process, low surface 
tension, vesicle formation, helps in reduction of interfacial tension, and have the 
quality for aggregation [5]. The variation in the physicochemical properties of the 
gemini surfactant can be achieved by changing the characteristics in the structure. 
The cationic gemini surfactant has a wide range of purposes in the synthesis of 
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nanorods, nanoparticles, construction of porous material, the formation of skincare 
products, drug development, gene therapy, and in antimicrobial process. Some 
examples of cationic gemini surfactants are piperidinum, pyridinium, imidazolium, 
imidazolinium, amino acid, and pyrrolidinum [6] (Figure 1).

As per the conducted studies, the spacer in the gemini surfactant has played 
a significant role in aggregation property. Examination conducted by Wanger 
et al. on cationic Gemini surfactants showed that spacer group has effect on the 
aggregation properties in aqueous solution. The use of hydrophilic compound and 
flexible spacer group helped in the formation of closely packed micelle structure as 
compared to the surfactant with rigid spacer group and hydrophobic compound. 
The micelle formation leads to decrease in surface tension of gemini surfactant 
which helps in increasing the surface area of surfactant. Therefore, use of hydro-
philic compound and flexible spacer is in favorable condition for a better version 
of gemini surfactants. On gemini quaternary ammonium surfactants Zana et al. 
observed the behavior of association due to the spacer group in aqueous solution. 
Studies were conducted by Grosmaire et al. [7] on gemini surfactant spacer group 
to check the importance of carbon number on the micellization enthalpy for 
alkanediyl-α, ω-bis (dimethyl alkyl ammonium bromide) surfactants showed that 
the values of ΔHo

m were strongly dependent on the spacer carbon number. In the 
transmission electron microscopy, the carbon position of C12-C-C12 reflected the 
thread-like formation of micelle when concentration was less than 2% wt. and when 
the solution contained C12-3-C12 with 7% wt.; the micelles shape was elongated. 
To cover better surface area, the formation of micelle concentration is crucial in 

Figure 1. 
Gemini surfactant [4].
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surfactant as it lowers the surface tensions and hence, the minimum amount of 
gemini surfactant can be used in formulation process and for the applications.

1.1 Imidazolium gemini surfactant

The imidazolium is one of the varieties of cationic gemini Surfactant hence 
named gemini Imidazolium Surfactants. The nature of imidazolium is inherent and 
has greater potential than any other conventional surfactant. It has a self-aggrega-
tion tendency because of the high polarization nature of its head group. Researchers 
are focusing on imidazolium for advanced applications and for generating an 
enhanced variety [8]. Studies were conducted by Bhadani et al. for the synthesis 
of gemini surfactants taken from cardanol oil. They synthesized two sequences of 
imidazolium and pyridinium based upon phenoxy ring. The hydroxyl substituted 
pyridinium gemini surfactants with inconstant tail length and the other sequence 
with a variable length of the spacer group containing hydroxyl groups in their 
hydrophobic carbon chains for synthesis process [9, 10]. The synthesis of the gemini 
surfactant with variable length of the spacer comprising hydroxyl groups in their 
hydrophobic carbon chains Gemini surfactant has reported by P. Patial et al. [11]. 
They further assessed the surface properties of the synthesized surfactants [7, 12]. 
This carbon chain length is useful factor in the efficiency of surfactant, shorter the 
length of carbon chain, higher the suppressive efficiency of gemini surfactant [13].

1.2 Imidazolinium gemini surfactants

Gemini imidazoline surfactant fascinated the researchers and many industries 
towards it due to their distinct molecular structure. The bonding groups involve-
ment is the crucial aspect in gemini surfactant for the modification of structure 
which affects the interface and solution properties [13, 14]. Conventional imidazo-
linium surfactant used to form with a polar imidazolinium head group and a long 
hydrocarbon tails, it used to be single chain structures whereas the Gemini imidazo-
linium surfactants are made up of two polar imidazolinium head group and two tails 
of hydrocarbon in which head groups are linked by a spacer [15]. It has enhanced 
surface-active properties than the conventional surfactants like corrosion inhibition, 
dispersibility, low critical micelle concentration, and hold better qualities as a soft-
ening agent [13, 16–18]. The Gemini surfactants are formed by adding two monomer 
surfactants with a binding group where the length of the monomer end chain can 
vary in length. It can be anionic, non-anionic, or cationic whereas the binding group 
varies in length and can be inflexible, soft, aromatic, or aliphatic. Other distinct 
chemicals and physical properties of gemini imidazoline surfactants are lower kraft 
point, the ability of self-assembling, high density, compatibility, inimitable rheologi-
cal properties, etc. It has some other applications in drug delivery, nanoscience, and 
nanotechnology, molecular biology, in porous constituents, biological activity, etc.

The applications of imidazolinium such as antistatic agents, fabric softener make 
it a demanding surfactant in detergent industries as well as the laundry industries 
due to the immense number of properties like dispersibility, viscosity, desirable 
storage stability and fabric conditioning [16] (Figure 2).

As per the researches, the adaptation of various methods for synthesis and design-
ing has been adopted which leads to the variation and enhancement in the synthesis 
methods and a better product. Some of the researchers prepared the gemini imidazo-
linium surfactant by microwave synthesis process that enhanced synthesis efficiency 
and also studied their surface properties. The microwave synthesized the surfactant 
in 5–10 minutes with a better yield of 80–91% as compared to conventional method 
i.e. thermal condensation which produced 75–80% [19–22]. The comparative study 



Colloids - Types, Preparation and Applications

64

nanorods, nanoparticles, construction of porous material, the formation of skincare 
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which helps in increasing the surface area of surfactant. Therefore, use of hydro-
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transmission electron microscopy, the carbon position of C12-C-C12 reflected the 
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Figure 1. 
Gemini surfactant [4].
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surfactant as it lowers the surface tensions and hence, the minimum amount of 
gemini surfactant can be used in formulation process and for the applications.
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The applications of imidazolinium such as antistatic agents, fabric softener make 
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due to the immense number of properties like dispersibility, viscosity, desirable 
storage stability and fabric conditioning [16] (Figure 2).

As per the researches, the adaptation of various methods for synthesis and design-
ing has been adopted which leads to the variation and enhancement in the synthesis 
methods and a better product. Some of the researchers prepared the gemini imidazo-
linium surfactant by microwave synthesis process that enhanced synthesis efficiency 
and also studied their surface properties. The microwave synthesized the surfactant 
in 5–10 minutes with a better yield of 80–91% as compared to conventional method 
i.e. thermal condensation which produced 75–80% [19–22]. The comparative study 
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has also been done by Jianbin Huang on gemini and Bola, and the role of cephalic 
groups was found to be important as they alter their properties. A. Migahed et al. 
studied about the ligand length and its effect on the sustained release performance. 
The analysis showed that the shorter the length of the ligand, the better would be 
the effect of the sustained release [17]. Huaivu Yang et al. studied the relationship 
between sustained release and temperature and concluded that sustained release is 
directly proportional to the temperature [23]. A study done on emulsifier proper-
ties of gemini surfactants and applied it to emulsified asphalt and concluded that 
the minute quantity of gemini surfactant can be used in emulsified asphalt. Zhang 
Guanghua’s et al. confirmed the sustained release effect on tinplate by synthesizing it. 
Yangiiang et al. studied the anti-corrosion properties of gemini surfactants and found 
that the surfactant works better during slow compound release [24]. All these studies 
analyzed the aspects of sustained release, surface properties, and length of the inter-
val. Few of the methods used for synthesis helped in increasing the instability [25].

The gemini surfactants were compared with other single chain molecules, in 
which the gemini molecule structure was ambiguous. This was further studied to 
check the uniqueness and sustained release performance of gemini imidazoline sur-
factant. The comparison has been done between single- chain molecule and gemini 
imidazoline surfactant to observed the variations more precisely. The outcomes 
showed the great inhibitve efficiency in HCl solution as compared to single chain 
molecule. It also showed the better inhibitive effect on copper in HCl solution. 
The different concentration of gemini surfactant were taken to check the effect of 
concentration on inhibition property and it results that the inhibitive efficiency was 
higher when the concentration of HCl solution was less whereas for better inhibitive 
effect the concentration of gemini imidazoline surfactant must be more [25].

2. Classification

Gemini imidazoline surfactant can by classified on the basis physicochemical 
characterisitics.

2.1 On the basis of charge

Gemini imidazolinium belongs to the cationic gemini group but they are also 
amphoteric in nature. The imidazolinium gemini surfactant are dimeric molecules 
formed by two head groups associated with the spacer group and two hydrophobic 
tails [26] (Figure 3).

Figure 2. 
Gemini imidazoline surfactant [16].
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2.1.1 Cationic charge

The head group in the gemini imidazolinium surfactants contains the positive 
charge. It possesses long alkyl group, two polar imidazolinium head group and two 
tails of hydrocarbon in which head groups are linked by a spacer. They are soluble 
in organic solvents and dispense in water, eg., imidazoline-based dissymmetric 
bis-quaternary ammonium Gemini surfactant [26–28].

2.1.2 Amphoteric charge

The head group carries both negative and positive charge groups. They main-
tained the stability at acidic and basic pH of the solution, soluble in water, e.g. 
bisalkyl-bisimidazoline surfactant [26, 27, 29].

2.2 On the basis of spacer

The rigidity, length, polarity of the spacer can vary and leads to the variation 
in the structure of the gemini imidazoline surfactant as well as the in the surface 
properties [30, 31] (Table 1).

2.3 On the basis of hydrophobic tail

The variation in the hydrocarbon chain/tail can change the properties of sur-
factant. The chain can have two identical hydrophobic tails and two non-identical 
hydrophobic tails [30].

Figure 3. 
Gemini imdazoline surfactant.
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3. Synthesis

3.1 Synthesis of Gemini imidazole compound

Li et al. (1997) synthesized the Gemini imidazoline by a commercial process 
by taking 46.7 g of triethylene tetramine hydrate (0.25 mol), 146.6 g of oleic acid 
(0.52 mol) and added them in toludende (100 cm3) (DIAGRAM). With continuous 
stirring of the solution, it was heated until it reached to the toluene boiling point 
(120–130 C) almost for 3 hours. After that toluene azeotrope or water was collected 
from the reaction and temperature has been raised to 160–170 C at 12-16th hour of 
reaction by simultaneous removal of toluene from the Barrett distilling receiver. 
Thin layer chromatography was done to check the compounds in the reaction by 
taking chloroform/methanol (80: 20) as solvent and spot visualized using iodine. 
The completion of condensation reaction was checked by the TLC plate as the 
spot disappearance corresponding to the monoamides and diamides resulted in its 
completion. The reaction further continued till 16 hours for the collection of all 
byproduct water and yielded 96% of product which further recrystallized for the 
identification and structure confirmation from chloroform [32].

The two compounds Diethylenetriamine and lauric (molar ratio of 1:1.2) mixed 
with the xylene, which behaved as a solvent and kept at 140°C. Zinc powder has 
been added as a catalyzer. The Diethylenetriamine added into the flask at a slow rate 
and left for the reaction for 2 hours. Later, this flask was connected with the water 
separator at 200°C for 8 hours. A specific volume of water has been evaporated as 
per the theoretical calculation after the solvent were removed using the distillation 
method with the temperature maintained at 140°C to obtained the imidazoline 
intermediate is oily in nature and yellow in color. The distillation process was 
performed again to obtain the Single-chain imidazoline quaternary ammonium salt. 
The temperature was controlled around 80–90°C for 5 hours with the addition of 
dimethyl- carbonate in it with the same molar quantity as imidazoline intermedi-
ate. In this product, some amount of 1,3-dibromopropane has been added as half 
molar volume compared to intermediate and left for 8 hours for the reactivity, 
resulted in a sticky liquid of red-brown. Decreased the temperature to 50°C, after 
that added the less quantity of acetone to it, filtrated out to extract the zinc pow-
der. Solution kept untouched until the crystal appeared, and lifted with sucking 
filtration and washed with acetone for numerous times. The obtained product was 
the Gemini imidazolinium surfactant that is solid khaki. (LG is 1,3-di(1-methyl-
1-ethylamino-2-n-undecyl-4,5-dihydro-imidazoline) propane Gemini which 
is the Gemini cationic imidazoline surfactants based on lauric acid and LM is 

S.NO Spacer 
properties

Characteristics Sub-division

1. Length The surface activity of the surfactant varies with the 
number of carbon atoms present in the spacer group. 
Shorter the length of the surfactant better is the 
surface activity of gemini imidazoline surfactant.

• Shorter spacer chain.

• Longer spacer chain.

2. Rigidity Shows higher surface activity. This can effect the 
aggregation of surfactant.

• Flexible spacer

• Non-rigid spacer

3. Polarity Polarity affects the Critical micelle concentration of 
the surfactant

• Polar spacer

Table 1. 
Classification of gemini imidazolinium surfactant on the basis of spacer group.
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1-enthylamino-2-n-undecyl-4,5-dihydro-imidazoline which is the cationic mono-
meric surfactants based on lauric acid [25] (Figure 4).

Migahed et al. (2018) synthesized the Gemini imidazole compound by taking 
the 0.2 mol dicarboxylic acid (aspartic or glutamic) in 100 ml of xylene, which was 
further mixed with the 0.4 ml of diethylenetriamine followed by refluxed process 
kept for 3 hours with the addition of catalyst PTSA in 0.1% amount at 140 C. Xylene 
has been removed from the solution after the required amount of water (0.2 mol) 
was obtained in the Dean-Stark tube. The resultant product was processed with 
diethyl ether for required amide compounds. For next 6 hours, the temperature of 
the reaction has been raised to 200 C. cool down the solution when collected water 
reached to the desired amount to obtain the Gemini compounds [17].

He further processed the obtained Gemini compounds for the synthesis of 
Gemini di-quaternary ammonium compound. The 1 mol compound was refluxed 
with 2 mol of dodecyl chloride in ethanol for 3 days. After that, ethanol was dis-
tilled off from the solution. Di- quaternary ammonium chloride has been obtained 
as resultant which was washed with the diethyl ether. The characterization and 
structure confirmation was done by FTIR (ATI Mattson series FTIRTM) revealed 
the functional groups of the compound [17].

3.2 Synthesis of Gemini imidazoline amphoteric surfactant

3.2.1 Synthesis of Bisalkyl-bis-imidazoline intermediate

A 250-ml four-necked flask was taken in which lauric acid with the twofold 
amount (in mol) and triethylenetetramine were charged and temperature main-
tained at 160 C for reaction under atmospheric nitrogen for 1.5 hours. Temperature 
has been raised to 200 C and heated for 1 hour and again raised to 250 C and heated 
for 1.5 hours. This process resulted in the formation of a light-yellow solid. This 
product further washed with ethanol, petroleum ether, and ethyl acetate (1:1:1 
ratio) and resulted in bisalkyl-bisimidazoline [21] (Figure 5).

3.2.2 Quaternization of the Bisalkyl-bis-imidazoline intermediate

The intermediate of imidazoline was taken in a 250 ml four-necked flask and mixed 
with the two times the theoretical amount of sodium 2-chloroethanesulfonic acid. 

Figure 4. 
Synthesis of LG [25].
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meric surfactants based on lauric acid [25] (Figure 4).
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kept for 3 hours with the addition of catalyst PTSA in 0.1% amount at 140 C. Xylene 
has been removed from the solution after the required amount of water (0.2 mol) 
was obtained in the Dean-Stark tube. The resultant product was processed with 
diethyl ether for required amide compounds. For next 6 hours, the temperature of 
the reaction has been raised to 200 C. cool down the solution when collected water 
reached to the desired amount to obtain the Gemini compounds [17].

He further processed the obtained Gemini compounds for the synthesis of 
Gemini di-quaternary ammonium compound. The 1 mol compound was refluxed 
with 2 mol of dodecyl chloride in ethanol for 3 days. After that, ethanol was dis-
tilled off from the solution. Di- quaternary ammonium chloride has been obtained 
as resultant which was washed with the diethyl ether. The characterization and 
structure confirmation was done by FTIR (ATI Mattson series FTIRTM) revealed 
the functional groups of the compound [17].

3.2 Synthesis of Gemini imidazoline amphoteric surfactant

3.2.1 Synthesis of Bisalkyl-bis-imidazoline intermediate

A 250-ml four-necked flask was taken in which lauric acid with the twofold 
amount (in mol) and triethylenetetramine were charged and temperature main-
tained at 160 C for reaction under atmospheric nitrogen for 1.5 hours. Temperature 
has been raised to 200 C and heated for 1 hour and again raised to 250 C and heated 
for 1.5 hours. This process resulted in the formation of a light-yellow solid. This 
product further washed with ethanol, petroleum ether, and ethyl acetate (1:1:1 
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Figure 4. 
Synthesis of LG [25].
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Isopropyl alcohol or water mixture was added to it with continuation for 8 hours at 
80–90 C. simultaneously, the pH of the solution has been around 8–9 by mixing the 
10 wt.% NaOH solution. The supernatant liquid of the obtained product was taken in a 
beaker and mixed with 95% of alcohol for recrystallization. With the use of anhydrous 
alcohol, unreacted salts were removed from the solution. Thus, it resulted in the final 
product by removing the amide using chloroform [21] (Figure 6).

3.3 Synthesis of cationic gemini imidazoline surfactants

3.3.1 Synthesis of imidazolines

Tripathy et al. (2016) has synthesized the imidazoline using microwave syn-
thesizer. Different compounds were taken in the beaker such as diethylenetriamine 
(20 mmol), fatty acids (Myristic acid, stearic acid, Lauric acid, Palmitic acid 
and Oleic acid- 40 mmol) and calcium oxide (20 g). The reaction was occurred 
at appropriate temperature as set in microwave. Later on, the mixture was cool 
down at room temperature. Then it further processed by adding the 80–100 ml of 
ethyl acetate and boiled, the remaining mixture was filtrated out and dried using 
vacuum. The optimization has been done and product was yielded at its maximum. 
The characterization and purity of the product was analyzed by spectrum [33].

Figure 6. 
Quaternization of the Bisalkyl-bis-imidazoline intermediate [21].

Figure 5. 
Synthesis of Bisalkyl-bis-imidazoline intermediate [21].
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3.3.2 Synthesis of cationic Gemini imdazoline using waste frying oil

The synthesis of cost effective gemini imidazoline has also been reported by 
using waste frying oil like rapeseed oil, soyabean oil etc. The gemini imidazoline 
thus prepared have been analyzed for their surface active and performance proper-
ties. When compared to their monomeric counterparts, these geminis were found to 
be many folds superior to their corresponding monomeric counterparts [33].

3.3.3 Synthesis of cationic Gemini imidazoline surfactants with carbonate linkage

Tripathy et al. (2016) synthesized gemini imidazoline by the reaction of 
monomeric imidazoline and di iodoalkyl carbonated under microwave irradiation. 
Synthesis of di (iodoethyl) carbonate as quaternizing has been achieved by mix-
ing the iodo alkanol and diphenyl carbonate (1:2 molar ratio) acted as carbonate 
exchange reaction in acetone at room temperature [22]. The resultant product was 
recrystallized by adding ethyl acetate and acetone (50:50) in it. The obtained prod-
uct was Gemini imidazoline which further characterized by spectral analysis [33].

3.3.4  Synthesis of imidazoline-based dissymmetric bis-quaternary ammonium 
Gemini surfactant

Compound (I)N-(3-chloro-2-hydroxypropyl)-N, N-dimethyl alkylammonium 
chloride was formed by constantly mixing the N, N-dimethyl alkylamine hydro-
chloride, N, N-dimethyl alkylamine, and epichlorohydrin (1:1:1 molar ratio) for 
14 hours in absolute ethanol. A light-yellow mixture has been obtained due to 
subsequently rotary evaporation of the ethanol. This product was further processed 
by repeated recrystallization from n-hexane and acetone to attained the white solid 
crude product. As per the study of this paper, compound (I) produced around 
84.30% with the melting point of 47–48°C. The dissymmetric bis-quaternary 
ammonium salt with imidazoline ring (compound (II)) was synthesized using 

Figure 7. 
Synthesis of imidazoline-based dissymmetric bis-quaternary ammonium Gemini surfactant [34].
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The synthesis of cost effective gemini imidazoline has also been reported by 
using waste frying oil like rapeseed oil, soyabean oil etc. The gemini imidazoline 
thus prepared have been analyzed for their surface active and performance proper-
ties. When compared to their monomeric counterparts, these geminis were found to 
be many folds superior to their corresponding monomeric counterparts [33].
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Tripathy et al. (2016) synthesized gemini imidazoline by the reaction of 
monomeric imidazoline and di iodoalkyl carbonated under microwave irradiation. 
Synthesis of di (iodoethyl) carbonate as quaternizing has been achieved by mix-
ing the iodo alkanol and diphenyl carbonate (1:2 molar ratio) acted as carbonate 
exchange reaction in acetone at room temperature [22]. The resultant product was 
recrystallized by adding ethyl acetate and acetone (50:50) in it. The obtained prod-
uct was Gemini imidazoline which further characterized by spectral analysis [33].

3.3.4  Synthesis of imidazoline-based dissymmetric bis-quaternary ammonium 
Gemini surfactant

Compound (I)N-(3-chloro-2-hydroxypropyl)-N, N-dimethyl alkylammonium 
chloride was formed by constantly mixing the N, N-dimethyl alkylamine hydro-
chloride, N, N-dimethyl alkylamine, and epichlorohydrin (1:1:1 molar ratio) for 
14 hours in absolute ethanol. A light-yellow mixture has been obtained due to 
subsequently rotary evaporation of the ethanol. This product was further processed 
by repeated recrystallization from n-hexane and acetone to attained the white solid 
crude product. As per the study of this paper, compound (I) produced around 
84.30% with the melting point of 47–48°C. The dissymmetric bis-quaternary 
ammonium salt with imidazoline ring (compound (II)) was synthesized using 

Figure 7. 
Synthesis of imidazoline-based dissymmetric bis-quaternary ammonium Gemini surfactant [34].
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alkyl imidazoline and N-dimethyl alkylammonium chloride, N-(3-chloro-2-
hydroxypropyl)-N in isopropanol by keeping under the reflux for 10 hours and by 
putting the excess amount of alkyl imidazoline (10%). The resultant appeared as 
a waxy compound product. This product was further recrystallized with absolute 
acetone to obtain the desired compound in the form of a white solid with a melting 
point of 69–70°C. The characterization of the final product was performed to check 
the surfactant surfaces using Mass spectra and infrared spectrum, and 1H NMR 
(JNM ECP 600 MHz spectrometer) [34] (Figure 7).

4. Properties

4.1 Surface tension

Surface tension is the necessary exertion which is obligatory for the enhance-
ment of the surface area of a liquid due to intermolecular force. Surfactant helps 
in reducing the surface tension of the liquid. An increase in the concentration of 
surfactants leads to a decrease in surface tension. Gemini imidazoline surfactant-
containing stearic acid solution increased in the concentration from 0.1813 to 
0.3626 g/l whereas the surface tension decreased from 42.8 to 28.6 mN/m. Again, 
the process repeated, the concentration of surfactant increased up to 0.6250 g/l 
leads to a decrease in the surface tension to 27.6 mN/m and a final increase 
in the concentration to 1.25 g/l and 2.5 g/l but the surface tension remained 
unchanged [22].

In the same study, the CMC values of 1% aqueous solution of gemini surfactants 
were found in the range from 0.0016 to 0.0032 mol/l that depends on the alkyl 
chain length (Figure 8). Greater the chain length of hydrophobic alkyl moiety, 
greater the CMC values of surfactant solutions [22].

4.2 Dispersion

An arrangement in which scattered particles of one substance dispersed to 
another substance is known as dispersion phenomena. Surfactants help in stabiliz-
ing the dispersion phenomena. Cationic gemini imidazoline surfactant showed 
stable and good dispersion capability. Gemini imidazoline surfactant-containing 
stearic acid had a cloudiness of about 4.8 ml that decreased with time. After 5 min-
utes, it was 3.6 ml and decreased to 3.0 ml after 10 minutes [20, 22]. The trend was 
found same when the gemini surfactants of different length of hydrophobic chain 

Figure 8. 
Variation in surface tension and CMC values with hydrophobic chain [20].
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have been studied but in addition it was also revealed that decrease in the chain 
length of hydrophobic group increases the dispersibility of surfactants but the 
stability of dispersion was found to be decreased (Figure 9).

4.3 Softening

Cationic surfactants are used as fabric softening agents. The most common 
cationic surfactants which are used for softening agents are quaternary ammonium 
salts, imidazolinium salts, etc. [35]. The softening of surfactants decreases with 
the decrease in the length of the chain of the alkyl group. When compared with 
surfactants, it showed that surfactant-containing oleic acid had moderate softening 
behavior whereas fatty and highest alkyl chain has less softening. Fabrics treated 
with surfactants found to be soft as compared to untreated fabrics. Therefore, 
gemini imidazoline surfactants make the fabrics soft.

4.4 Critical micelle concentration (CMC)

The surface-active agent present in solutions helps in the formation of micelles 
and this phenomenon is named as Micellization. This phenomenon occurs in 
critical micellar concentration or slender concentration. The surfactants can lower 
down the surface tension of the molecule which occurs due to the free monomer 
concentration and starts the micelle formation. This micelle formation in the solu-
tion is termed as critical micelle concentration. CMC is determined by the surface 
tension of the surfactant. An increase in concentration leads to a decrease in the 
surface tension until it reaches the critical micelle concentration. It was determined 
by plotting the graph of surface tension against the algorithm concentration of the 
surfactant. Critical micelle concentration and surface tension decreased with an 
increase in the length of the alkyl chain [10]. Zhang et al. research showed the CMC 
value of Gemini surfactant as 3.2_10_4 mol/L (194.9 mg/L) as per the graph reading 
in which surface tension plotted against log molar concentration of the surfactant 
and the breaking point revealed the mentioned value [6].

4.5 Wettability

The capability of a liquid to comes in contact with a surface of a solid and main-
tains it; this process is known as wettability. The adhesive and cohesive interaction 
helps in maintaining the interaction between liquid to solid and liquid to liquid. 
This property of gemini imidazoline surfactant increases with a decrease in the 

Figure 9. 
Dispersibility of gemini surfactants based on different fatty acids.
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have been studied but in addition it was also revealed that decrease in the chain 
length of hydrophobic group increases the dispersibility of surfactants but the 
stability of dispersion was found to be decreased (Figure 9).
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Cationic surfactants are used as fabric softening agents. The most common 
cationic surfactants which are used for softening agents are quaternary ammonium 
salts, imidazolinium salts, etc. [35]. The softening of surfactants decreases with 
the decrease in the length of the chain of the alkyl group. When compared with 
surfactants, it showed that surfactant-containing oleic acid had moderate softening 
behavior whereas fatty and highest alkyl chain has less softening. Fabrics treated 
with surfactants found to be soft as compared to untreated fabrics. Therefore, 
gemini imidazoline surfactants make the fabrics soft.

4.4 Critical micelle concentration (CMC)

The surface-active agent present in solutions helps in the formation of micelles 
and this phenomenon is named as Micellization. This phenomenon occurs in 
critical micellar concentration or slender concentration. The surfactants can lower 
down the surface tension of the molecule which occurs due to the free monomer 
concentration and starts the micelle formation. This micelle formation in the solu-
tion is termed as critical micelle concentration. CMC is determined by the surface 
tension of the surfactant. An increase in concentration leads to a decrease in the 
surface tension until it reaches the critical micelle concentration. It was determined 
by plotting the graph of surface tension against the algorithm concentration of the 
surfactant. Critical micelle concentration and surface tension decreased with an 
increase in the length of the alkyl chain [10]. Zhang et al. research showed the CMC 
value of Gemini surfactant as 3.2_10_4 mol/L (194.9 mg/L) as per the graph reading 
in which surface tension plotted against log molar concentration of the surfactant 
and the breaking point revealed the mentioned value [6].

4.5 Wettability

The capability of a liquid to comes in contact with a surface of a solid and main-
tains it; this process is known as wettability. The adhesive and cohesive interaction 
helps in maintaining the interaction between liquid to solid and liquid to liquid. 
This property of gemini imidazoline surfactant increases with a decrease in the 

Figure 9. 
Dispersibility of gemini surfactants based on different fatty acids.
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hydrophobic group length in the chain present in the surfactant. Whereas, the fall 
in the concentration of gemini imidazoline surfactant resulted in a decreased in the 
rewet ability and vice-versa [1, 20].

4.6 Inhibitor

Surfactants are used as corrosion inhibitors; they act as a protector on metal 
surfaces from corrosion. The gemini surfactants are amphiphilic, hence develops 
an affinity at metal/metal oxide–water interfaces for adsorption phenomena which 
leads to creating a barrier on metals and metal oxides surfaces and inhibits corro-
sion [36]. Imidazoline plays a vital role in corrosion inhibition as the imidazoline 
ring bond with the planar alignment to the surface of the metal. Further studies 
showed that the imidazoline inhibits the corrosion by blocking, activating, and 
using energy-related aspects together [37, 38].

4.7 Emulsification

A property of surfactants at the interface. Emulsification is a process that forms 
an emulsion between two immiscible liquids such as oil suspended in water [36]. 
Emulsification is an important property for gemini imidazolinium surfactants for 
the formation of the emulsion. The emulsification power of a surfactant varies with 
the length of the spacer group. It is directly proportional to the spacer chain length. 
Stable emulsions are required in drug formulation, cosmetics, solubilizations, 
etc. [5].

5. Applications

5.1 Biological activity

The antimicrobial activity of surfactants based upon the surface-active proper-
ties, hydrophobic chain length, and concentration. Gawali et al. (2019) synthesized 
the cationic Gemini surfactants and mentioned their application. The synthesized 
Gemini surfactants were assessed to check the biocidal activity contrary to a variety 
of bacteria such as Bacillus subtilis, E. coli, Staphylococcus aureus, and P. aeruginosa.

The R = C7H15 [2-Octyl-1-diethylenediaminimidazoline based gemini surfactant 
(GSCTDH)] and R = C11H23 [2-dodecyl-1-diethylenediaminidazoline based gemini 
surfactant (GSLTDH)] compounds showed good microbial activity. The R = C13H27 
[2-Tetradecyl-1-diethylenediaminimidazoline based gemini surfactant (GSMTDH)] 
surfactant was inactive for Pseudomonas aeruginosa but showed active behavior 
for Bacillus subtilis, E. coli, Staphylococcus aureus. The R = C15H31 [2-Hexadecyl-
1-diethylenediaminimidazoline based gemini surfactant (GSPTDH)] compound 
showed biocidal activity against E. coli, Staphylococcus aureus. The GSCTDH 
surfactant compound containing the highest antimicrobial activity amongst the 
other Gemini synthesized compounds. As the compound showed the biocidal 
activity against the bacteria (gram-positive and negative), they can be considered 
to use as an antimicrobial agent in the form of surfactants. The test result showed 
the variation in the sensitivity of Gemini compound towards the gram-positive 
and gram-negative bacteria, they were more sensitive to gram-positive bacteria as 
compared to gram-negative bacteria. The reason behind that could be the behavior 
of the outer membrane of the bacteria which was less permeable in the case of 
gram-negative bacteria [39]. The surfactant having low critical micelle concentra-
tion values shows good corrosion inhibitor property due to their absorption quality 
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at low concentration [40, 41]. Gawali et al. studied this property on carbon steel by 
making the surfactant with different concentrations at 30 c in 1 N H2SO4 [42].

5.2 Industrial applications

The gemini imidazoline surfactant with quaternary imidazolinium salts is used 
as a dispersant, emulsifiers, bleach agent, ant-static agent, and fabric softener as 
they show the better result as compared to the traditional surfactant and also have 
a mild effect on clothes, to eyes, and their biodegradability. Gemini imidazoline 
surfactant solubility is low in water [21]. They can be used for drug entrapment, 
oil recovery, also a probable vehicle for the transference of bioactive particles, for 
cleaning purpose, used as aerosol application [43].

5.2.1 Corrosion inhibitor

Zhuang et al. examined the corrosion inhibition property of gemini imidazoline 
surfactant on copper. They synthesized the imidazoline gemini surfactant using sat-
urated fatty acids and studied the property by electrochemical method. Copper was 
taken in NaCl solution and according to the work, it showed that various factors like 
pH, surfactant concentrations, and length of carbon change affects the suppressive 
efficiency. The inhibition effect was better with the increase in gemini imidazoline 
surfactant concentration whereas suppressive efficiency is more when the length of 
the carbon chain is short [13].

Yang et al. synthesized the gemini imidazoline surfactant by adding oleic acid 
with triethylenetetramine (2:1). They studied the inhibition of carbon dioxide cor-
rosion by linear polarization resistance in sparged beaker testing and concluded that 
the less concentration of gemini imidazoline was effective as corrosion inhibition 
when compared with traditional imidazoline and emulsion tendency was less than 
traditional imidazoline. The synthesized gemini imidazoline with oleic acid has 
improved film persistency, Higher surface activity, lower critical micelle concen-
tration than traditional imidazoline. Therefore, this is a better surfactant as it is 
polluting the environment less than conventional imidazoline and also have better 
corrosion inhibition property [44]. Obot et al. also studied the corrosion inhibitors 
and concluded that the imidazoline based gemini surfactants are good corrosion 
inhibitors [37].

5.2.2 Laundry detergents

Gemini Imidazolinium surfactants have antistatic property, maintain the 
softness of fabrics. The studies showed that that the antistatic property of gemini 
quaternary ammonium salt surfactant helps in reducing the polyester fabric 
resistance to 107 Ω.S-HSJ-18and resulted in displaying the finest softening effect 
which leads to the low down the polyester fabric stiffness to be less than 2 mN·m. 
The pre-treatment process with KH560, cross-linking monomer N-hydroxymethyl 
acrylamide (MAM) and N, N-methylene bisacrylamide (MBA) of thermal setting 
fabric exhibited the greatest outcome for cross-linking that changed the wetting 
time of the fabric which could be more than 120 min and might stays the same after 
washing the fabric three-time i.e. 90 mins [45].

5.3 Nanoscience and nanotechnology

Li et al. developed the nanoparticles with a combination of silver and gemini 
imidazoline surfactants. The silver (Ag) nanoparticles well dispersed in nature 
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were taken for the synthesis with novel imidazoline Gemini surfactant quaternary 
ammonium salt of di (2-heptadecyl-1-formyl aminoethyl imidazoline) hexane 
diamine at room temperature. Characterization of Ag nanoparticles was done by 
X-ray diffraction, Transmission electron microscopy, Fourier transform infrared, 
and UV- absorption spectra. The result revealed the enhanced micellized aggrega-
tion of gemini imidazoline surfactant in water as well as the Ag particles and the 
coordination and adsorption phenomena between the Ag nanoparticles and the 
imidazoline surfactant. It can act as environmentally friendly nanoparticles due to 
the modification in the surface of synthesized Ag nanoparticles. The developed Ag 
nano product act as a metal catalyst for methyl orange reduction reaction because of 
the active adsorption between methyl orange particles and Ag nanoparticles [46].

6. Conclusions

Gemini imidazolines are the surfactants that have been continuously getting 
explored for their varied application. At the one end where, the pendant structure 
of imidazoline surfactants make them easily absorbable on to the polar surface 
on the same tome the fatty alkyl chain imparts hydrophobicity thus defending so 
many polar surfaces by the adverse environmental impact and increase the life of 
surfaces. Presence of two surfactants molecules with in the molecule, drastically 
minimize their CMC values thus making the surfactants cost effective. Heterocyclic 
atom present in the ring of hydrophilic group imparts antimicrobial properties 
in the molecule thus making the surfactants suitable as antimicrobial agents. 
Furthermore, their existence in various forms like cationic, amphoteric, nonionic 
increase their applicability in various more industrial sectors.
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were taken for the synthesis with novel imidazoline Gemini surfactant quaternary 
ammonium salt of di (2-heptadecyl-1-formyl aminoethyl imidazoline) hexane 
diamine at room temperature. Characterization of Ag nanoparticles was done by 
X-ray diffraction, Transmission electron microscopy, Fourier transform infrared, 
and UV- absorption spectra. The result revealed the enhanced micellized aggrega-
tion of gemini imidazoline surfactant in water as well as the Ag particles and the 
coordination and adsorption phenomena between the Ag nanoparticles and the 
imidazoline surfactant. It can act as environmentally friendly nanoparticles due to 
the modification in the surface of synthesized Ag nanoparticles. The developed Ag 
nano product act as a metal catalyst for methyl orange reduction reaction because of 
the active adsorption between methyl orange particles and Ag nanoparticles [46].

6. Conclusions

Gemini imidazolines are the surfactants that have been continuously getting 
explored for their varied application. At the one end where, the pendant structure 
of imidazoline surfactants make them easily absorbable on to the polar surface 
on the same tome the fatty alkyl chain imparts hydrophobicity thus defending so 
many polar surfaces by the adverse environmental impact and increase the life of 
surfaces. Presence of two surfactants molecules with in the molecule, drastically 
minimize their CMC values thus making the surfactants cost effective. Heterocyclic 
atom present in the ring of hydrophilic group imparts antimicrobial properties 
in the molecule thus making the surfactants suitable as antimicrobial agents. 
Furthermore, their existence in various forms like cationic, amphoteric, nonionic 
increase their applicability in various more industrial sectors.
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Chapter 5

Aerogels Utilization in 
Electrochemical Capacitors
Ranganatha Sudhakar

Abstract

Supercapacitors are the integral part of electrochemical energy conversion and 
storage media. Energy storage mechanism is different in supercapacitors compared 
to batteries and results in exhibition of excellent power density. The supercapacitor 
performance is sensitive to material used as electrode, nature of electrolyte, etc. and 
the very significant is electrode surface nature. Based on the type of energy storage 
mechanism, supercapacitors are divided as electrochemical double-layer capaci-
tors and pseudocapacitors. There is a practice to have both kind of these materials 
as electrode materials to achieve high electrochemical performance. Aerogels with 
inherent characteristics such as large pores, very high surface area, and superior 
mechanical stability make them superior candidates for electrode materials for 
high performance electrochemical supercapacitors. In this chapter, aerogels derived 
from different sources, their suitability and performance in view of electrochemical 
supercapacitors are discussed.

Keywords: supercapacitors, porous, mesoporous, specific capacitance,  
carbon materials

1. Introduction

Rapid growth of human society and subsequent need of energy is driving the 
manipulation of non-renewable sources in nature leading to depletion of the same. 
This is simultaneous with the increasing threats such as global warming, energy 
shortage, air pollution etc. Standardization of our life style and drastic change in 
dependence on electricity, demanding urgent need for high efficiency energy con-
version and storage. Batteries and supercapacitors are excellent means of electrical 
energy conversion and storage including solar cells [1, 2].

Conventional condensers or capacitors utilize dielectric materials, e.g., ceramics, 
polymers which are non-conducting in nature, exhibit the capacitance in the range 
of pico to microfarad. Typically, anodic metal oxides mostly of Ta, Al, Nb are used 
in electrochemical capacitors which widen the capacity from micro to millifarad 
level. Recently, supercapacitors are devised involving energy mechanisms; electric 
double-layer capacitance (EDLC) and pseudocapacitance. Charge separation at 
electrode/electrolyte interface results in EDLC and fast, reversible reactions occur-
ring on solid electrode surface leads generation of pseudocapacitance. RuO2 and 
IrO2 noble metals exhibit superior specific capacitance value of about 750 F/g but at 
the same time hazardous and non-economical. For this reason, oxides of transition 



83

Chapter 5

Aerogels Utilization in 
Electrochemical Capacitors
Ranganatha Sudhakar

Abstract

Supercapacitors are the integral part of electrochemical energy conversion and 
storage media. Energy storage mechanism is different in supercapacitors compared 
to batteries and results in exhibition of excellent power density. The supercapacitor 
performance is sensitive to material used as electrode, nature of electrolyte, etc. and 
the very significant is electrode surface nature. Based on the type of energy storage 
mechanism, supercapacitors are divided as electrochemical double-layer capaci-
tors and pseudocapacitors. There is a practice to have both kind of these materials 
as electrode materials to achieve high electrochemical performance. Aerogels with 
inherent characteristics such as large pores, very high surface area, and superior 
mechanical stability make them superior candidates for electrode materials for 
high performance electrochemical supercapacitors. In this chapter, aerogels derived 
from different sources, their suitability and performance in view of electrochemical 
supercapacitors are discussed.

Keywords: supercapacitors, porous, mesoporous, specific capacitance,  
carbon materials

1. Introduction

Rapid growth of human society and subsequent need of energy is driving the 
manipulation of non-renewable sources in nature leading to depletion of the same. 
This is simultaneous with the increasing threats such as global warming, energy 
shortage, air pollution etc. Standardization of our life style and drastic change in 
dependence on electricity, demanding urgent need for high efficiency energy con-
version and storage. Batteries and supercapacitors are excellent means of electrical 
energy conversion and storage including solar cells [1, 2].

Conventional condensers or capacitors utilize dielectric materials, e.g., ceramics, 
polymers which are non-conducting in nature, exhibit the capacitance in the range 
of pico to microfarad. Typically, anodic metal oxides mostly of Ta, Al, Nb are used 
in electrochemical capacitors which widen the capacity from micro to millifarad 
level. Recently, supercapacitors are devised involving energy mechanisms; electric 
double-layer capacitance (EDLC) and pseudocapacitance. Charge separation at 
electrode/electrolyte interface results in EDLC and fast, reversible reactions occur-
ring on solid electrode surface leads generation of pseudocapacitance. RuO2 and 
IrO2 noble metals exhibit superior specific capacitance value of about 750 F/g but at 
the same time hazardous and non-economical. For this reason, oxides of transition 



Colloids - Types, Preparation and Applications

84

metals, e.g., CoOx, MnOx, and NiOx are extensively being studied as supercapacitor 
electrodes [2, 3].

2. Fundamentals of charge storage in electrochemical supercapacitors

Three categories of supercapacitors are made with respect to the mechanism 
involved in energy storage in them. The very first category is electrical double-layer 
capacitor (EDLC), wherein electrostatic charge gathered at the electrode electrolyte 
interface results in capacitance. Here capacitance is directly proportional to surface 
area accessed by the ions from electrolyte. Pseudocapacitor is the second category, 
where in reversible redox reactions by electroactive compounds are considered. In 
third type, combination of both of these kinds are made use to extract electrical 
energy. The type of material chosen plays a crucial role in the energy delivery. The 
challenges posed by supercapacitors are low energy density, low workable potential 
window, economy and self-discharge. The strategy to overcome these limitations is 
to design newer energy materials. Popularly, designing hybrid of a carbon material, 
pseudocapacitive metal compounds and conducting polymers. Synergistic effects, 
high surface area from carbon materials, high specific capacitance, redox processes 
from pseudocapacitive materials contribute to achieve high capacitance with good 
rate capability [1–4].

The first category supercapacitors, which are dependent on the formation of 
electric double layer, can be fabricated with the help of two carbon related elec-
trode materials, an electrolyte and a separator. There will be no electron exchanges 
between electrolyte and electrode being non-faradaic. There occurs population of 
charges on electrodes when voltage is applied which drives the ion diffusion in the 
electrolytic solution. An electric double layer with oppositely charged ions on the 
electrode surface is formed to skip ionic recombination. Because of this mecha-
nism, charge take up will be very fast and energy delivery too. Also, electrodes 
are benefitted with no swelling during charge and discharge cycles similar to the 
batteries [1, 5–8].

Considering pseudocapacitive materials as electrodes in supercapacitors, redox 
reactions take place between electrode and electrolyte which stores the charge. 
Oxidation or reduction reactions occur when a required voltage is applied, on the 
electrodes involving charge passage across double layer generating faradaic current. 
Metallic compounds and conducting polymers are best examples for this class of 
electrodes which suffer with lack of stability during cycling leading to lowering in 
power density [1]. As these faradaic reactions involve redox reactions, are slower 
which makes them to exhibit lower power density and poor cycling stability com-
pared to EDLC type [1, 6–9].

There are few criteria to design a high performance supercapacitor electrode 
materials. To list out, high specific capacitance stands first. To achieve this, elec-
trode material should pose a very high specific surface area which will eventually 
store high energy per unit mass and volume. So nanomaterials and porous materials 
can be expected to satisfy this criterion. Large rate capability and high cycle stabil-
ity are major characteristic to be possessed by an ideal electrode material, which 
signifies capacitance retention at high scan rate and/or current density. Additionally 
economically viable and non-toxic materials are preferred.

Majorly the factors that determine the characteristics of high specific capaci-
tance, rate capability and cycle stability are Surface area of the electrode, electronic/
ionic conductivity and mechanical/chemical stability. As the charge storage mecha-
nism involves the adsorption and desorption of the ions on the electrode surface, 
more the surface area higher will be energy storage. Specific capacitance and rate 
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capability are highly relative to electronic and ionic conductivity. Higher values of 
these can maintain a rectangular shape of cyclic voltammogram which is typical for 
an ideal capacitor and symmetric profiles in galvanostatic charge discharge cycles.

3. Aerogels as supercapacitor electrode materials

Carbonaceous aerogels extended to three-dimensional structures are very much 
potential for high performance electrode materials in supercapacitor because of 
superior characteristics such as vast surface area and porous nature, facilitating 
uninterrupted paths for ionic movement by shortening diffusion pathways.

Based on the source, the carbonaceous gels are typically classified as (1) Aerogels 
derived from polymers (2) aerogels derived from carbon nanotubes, (3) Aerogels 
derived from graphene, and (4) aerogels sourced from biomass.

4. Polymer-derived aerogels for supercapacitors

Carbon aerogels (CAs) derived from polymers belong to wide category of 
carbonaceous aerogels. Pekala and Kong in 1989 firstly recorded the synthesis of 
CAs by inert atmosphere pyrolysis of resorcinol–formaldehyde (RF) organic aerogel 
[10, 11]. The organic aerogel from RF can be synthesized by aqueous mediated 
sol-gel-based resorcinol and formaldehyde monomeric poly-condensation fol-
lowed by supercritical drying [12]. Alternatively, polymers of sol–gel source too 
utilized as starting materials for synthesizing carbon aerogels, such as phenol–
melamine–formaldehyde gel [13], poly-benzoxazine gel [14], cresol, resorcinol and 
formaldehyde gel [15], resorcinol and pyrocatechol gel [16], cresol and formalde-
hyde gel [17], gel of resorcinol–methanol [18] and poly(vinyl chloride) gel [19]. 
Additionally, microwave drying [20] air drying [21, 22] and freeze-drying [23] 
too are preferred as the synthetic procedures for dried organic gels. The process 
of pyrolysis can also be employed to convert dried organic gel into CAs. Precursor 
configuration and conditions of pyrolysis process are very crucial parameters to 
design the desired structure of CAs.

CAs derived from polymers have been studied exclusively as supercapacitor 
electrode. First, Pekala in 1994 demonstrated capacity of CAs electrodes in superca-
pacitors [24]. The 3D CAs consist of nanoparticle assembly associated with variable 
sized pores. CAs possess the merits like of good electrical conductivity, high poros-
ity, high surface area and tunable pore sizes [24, 25]. These unique structure and 
superior properties, make CAs potential candidates for the application as electrode 
materials in electrochemical supercapacitors.

An aerogel derived from pyrolysis of polybenoxazine by Katanyoota and 
coworkers with surface area 368 m2/g with 2–5 nm pore size exhibits 56 F/g of 
specific capacitance in 3 M sulfuric acid [14]. CAs modified with pseudocapacitive 
materials such as metal oxides or conducting polymers can be expected to offer 
higher performances compared to their pristine counterparts. Resorcinol-methanol-
derived CA modified with Mn3O4 doping shows 503 F/g in 0.5 M Na2SO4 [18]. 
Interestingly it possesses 577 m2/g of surface area associated with 18 nm pore size. 
CA from RF precursor developed by Chien et al., [26] shows an excellent electro-
chemical behavior with 1700 F/g in 1 M potassium hydroxide. Though surface area 
was not so high, i.e., 206 m2/g, the doping of pseudocapacitive material NiCo2O4 
contributes towards high capacity. In an alternate report MnO2 doped RF-derived 
CA offers 515 F/g in neutral 1 M Na2SO4 and corresponding surface area was 120 
m2/g [27]. Conducting polymer, polyaniline being a doping material in a CA for 
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Based on the source, the carbonaceous gels are typically classified as (1) Aerogels 
derived from polymers (2) aerogels derived from carbon nanotubes, (3) Aerogels 
derived from graphene, and (4) aerogels sourced from biomass.
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pacitors [24]. The 3D CAs consist of nanoparticle assembly associated with variable 
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ity, high surface area and tunable pore sizes [24, 25]. These unique structure and 
superior properties, make CAs potential candidates for the application as electrode 
materials in electrochemical supercapacitors.

An aerogel derived from pyrolysis of polybenoxazine by Katanyoota and 
coworkers with surface area 368 m2/g with 2–5 nm pore size exhibits 56 F/g of 
specific capacitance in 3 M sulfuric acid [14]. CAs modified with pseudocapacitive 
materials such as metal oxides or conducting polymers can be expected to offer 
higher performances compared to their pristine counterparts. Resorcinol-methanol-
derived CA modified with Mn3O4 doping shows 503 F/g in 0.5 M Na2SO4 [18]. 
Interestingly it possesses 577 m2/g of surface area associated with 18 nm pore size. 
CA from RF precursor developed by Chien et al., [26] shows an excellent electro-
chemical behavior with 1700 F/g in 1 M potassium hydroxide. Though surface area 
was not so high, i.e., 206 m2/g, the doping of pseudocapacitive material NiCo2O4 
contributes towards high capacity. In an alternate report MnO2 doped RF-derived 
CA offers 515 F/g in neutral 1 M Na2SO4 and corresponding surface area was 120 
m2/g [27]. Conducting polymer, polyaniline being a doping material in a CA for 
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which RF were the precursors, shows of 710 F/g in acidic electrolyte 1 M H2SO4 [28]. 
There are some research efforts wherein secondary materials were used to modify 
the carbon aerogel derived from resorcinol-formaldehyde gel. Wang and co-workers 
doped nickel oxide particles to enhance the activity which resulted in exhibiting 
356 F/g at 1 A/g in 6 M KOH medium [29]. In an alternate piece of work, carbon 
nanotubes were used as dopants to activate the CAs and delivered 141 F/g at 5 mV/s 
in 30% potassium hydroxide solution [30]. Also there are some reports wherein CAs 
are activated by CO2 and KOH to enhance the electrochemical behavior [31]. These 
activated CAs possess hierarchical porous network structures with microporous, 
mesoporous and large pores with <2 nm, 2–4 nm and >30 nm correspondingly. 
These CAs deliver 250 F/g after KOH activation and 8.4 Wh/kg at 0.5 A/g of current 
density in 6 M potassium hydroxide as electrolyte solution. Doping with metal also 
found to influence the performance of CAs. Lee et al., [22] doped a series of CAs 
with different metals. They found metal doped CAs with higher capacitance com-
paring to pristine ones. Mn doping showed higher capacitance compared to those 
of Cu, Fe. The metal compounds doped CAs are also studied including Mn3O4 [18], 
NiCo2O4 [26], ZnO [32], FeOx [33], MnO2 [27], SnO2 [34], NiO [29] and RuO2 [35].

5. Carbon nanotube (CNT)-based aerogels for supercapacitors

Porous interconnects in 3 dimensions with carbon nanotubes as skeleton consti-
tute this category. Different processes are employed to synthesize carbon nanotube-
based aerogels, such as chemical vapor deposition (CVD), [36] freeze-drying, [37, 
38] and critical-point-drying [39–41].

The CNT-based aerogels possess benefits of the carbon nanotubes, like excellent 
electrical conductivities, good mechanical resilience and superior thermal conduc-
tivity, and show the special characteristics of aerogels, too; 3D network with pores, 
less density, porous nature and high specific surface areas. These attractive charac-
ters direct carbon nanotube aerogels for applications as supercapacitor electrodes. 
Also, as these 3D networks possess number of pores facilitate substrate for holding 
other active materials like metal oxides, carbon, and polymers with conducting 
nature, improving storage capacities.

Most extensively used method to fabricate CNT-based aerogels is CVD. Bordjiba 
and coworkers synthesized CNT aerogels by CVD method with surface area 
1059 m2/g and modified with microfibrous carbon offered 524 F/g in 5 M KOH [36]. 
Polyaniline were made use to modify CNT aerogel by Zhong et al., to improvise 
the specific capacitance with the contribution from pseudocapacitive conducting 
polymer. It offered 189 F/g in in 1 M H2SO4 medium [42]. In an attempt Fang et al., 
Ni microfiber supported CNT aerogels were designed which showed 348 F/g in 5 M 
KOH electrolyte [43]. Preparing carbon nanotube layers on other three-dimensional 
networks using CVD process also results in the synthesis of CNT-based composite 
aerogels which can be expected to perform better. Bordjiba et al., targeted this kind 
of composite of CNT aerogel with carbon aerogel by CVD method [44]. This mate-
rial with around 700 m2/g of surface area delivered 524 F/g of specific capacitance 
in 5 M KOH electrolyte. Freeze-drying method was employed to design CNT-based 
aerogel using wet-gel precursors [45]. The aerogels prepared so, exhibit superior 
properties which include mechanical, thermal, etc. Authors of these report the suit-
ability of cellulose-CNT hybrid aerogels for sensor applications for gases and other 
volatile organic compounds. Sun et al., demonstrated [46] direct freeze-drying 
synthesis of CNT-graphene composite aerogels which exhibit superior thermal 
property, electrical conductivity, and good adsorption characteristic, etc., which 
advocate suitability for electrodes in supercapacitors. Li and co-workers prepared 
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CNT aerogel using CVD process which successfully demonstrated capacitive 
behavior [47]. Under 50% of compressive strain, capacity retention was about 90% 
and it was 70% under 80% of strain. This demonstrates the quality of electrode as 
compressible and deformation sustainable electrodes which is of unique quality. A 
concept of decorating CNT aerogel with a conducting polymer was successful for 
superior quality supercapacitor electrodes. Lee et al., [48] were successful in doing 
so as CNT aerogel coating by polyl(3, 4-ethylenedioxythiophene) which success-
ful by delivering a volumetric capacitance of about 40 F/cm3 at 100 V/s and high 
volumetric energy 70 Wh/cm3 along with added superior properties including high 
mechanical flexibility and strength. It will be high interest if a carbon material is 
composed with CNT aerogels which can eventually improve the storage capacity. 
There are reports which advocate this fact by fabricating composite materials of 
CNT aerogels with cellulose nanofibers [49] and mesoporous carbon [50] which 
successfully showed enhanced properties. Though CNT-based aerogels pose supe-
rior electrochemical properties, the high production cost hinders their application.

6. Graphene-based hydrogels and aerogels for supercapacitors

2D carbon material with one atom thick graphene has been very popular among 
scientific community because of its unique properties like superior thermal and 
electrical conductivity, appreciable flexibility and high mobility of charge carriers, 
very high specific surface area, mechanical and chemical stability make it potential 
for charge storage applications.

Graphene layers are basic skeleton for aerogels of graphene. The aerogels of 
graphene not only possess the merits of graphene but carry the inherited characters 
of aerogels. If water is replaced by air from graphene hydrogels, can result in three-
dimensional cross-link, graphene aerogels. Mostly used method to prepare gra-
phene aerogel is supercritical freeze-drying of the wet gels of graphene. There are 
few recent reports on the fabrication of graphene aerogels and their proven ability 
to behave as superior supercapacitor electrode materials. Liu and coworkers utilized 
freeze-drying method to prepare graphene aerogel which studied for electrochemi-
cal properties. It exhibited 172 F/g of capacitance when utilized as supercapacitor 
electrode in 1 M H2SO4 [51]. Supercritical-drying also adapted as synthetic route 
for graphene aerogels by Wu and Si, in a two different studies. The performance of 
these electrodes were fair enough which exhibited 153 F/g and 279 F/g respectively, 
where in corresponding electrolytes were ionic liquid and 1 M H2SO4 [52, 53]. Wu 
et al., [54] fabricated metal oxide composite with graphene aerogel which delivers 
a specific capacitance of 226 F/g by synergistic contribution from pseudocapaci-
tive material, in 1 M H2SO4. Graphene synthesized via freeze-drying modified 
with L-ascorbic acid by Zhang et al., measure to be 512 m2/g of surface area. Up 
on using it as supercapacitor electrodes, it exhibits 128 F/g as a full cell in 6 M 
KOH electrolyte [55]. Aerogels with modification of nitrogen and some atoms also 
attempted by scientific community with a hope that to have improved capacitance. 
Wu et al., were successful in doping nitrogen and Boron which eventually delivers 
62 F/g at 5 mV/s in sulfuric acid-PVA medium. The material had a surface area of 
249 m2/g [56]. Carbohydrate modified graphene aerogel in neutral medium, i.e., 
Na2SO4 shows 162 F/g at 0.5 A/g [57]. However, this doped graphene had a surface 
area of about 365 m2/g. Pyrolization was employed to fabricate graphene aerogel 
aiming to be used as electrode material for supercapacitor. Carbon modified such a 
graphene aerogel exhibited 122 F/g at 0.05 A/g in 6 M potassium hydroxide which 
was having a surface area in the range of 361–763 m2/g [58]. He et al., designed 
aerogel of polypyrrole graphene with 3D hierarchical applied as supercapacitor 
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Wu et al., were successful in doping nitrogen and Boron which eventually delivers 
62 F/g at 5 mV/s in sulfuric acid-PVA medium. The material had a surface area of 
249 m2/g [56]. Carbohydrate modified graphene aerogel in neutral medium, i.e., 
Na2SO4 shows 162 F/g at 0.5 A/g [57]. However, this doped graphene had a surface 
area of about 365 m2/g. Pyrolization was employed to fabricate graphene aerogel 
aiming to be used as electrode material for supercapacitor. Carbon modified such a 
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electrodes [59]. It showed a considerably high 418 F/g at 0.5 A/g with an appreciable 
cyclability with 74% capacity retention in 1 M KOH. It can be noticed some litera-
tures on rGO-based aerogel and their hybrids. In an attempt related to this, Boota’s 
research group, utilized 2,5-dimethoxy-1,4-benoquinone and rGO to synthesize an 
electrode material which showed up to 650 F/g of specific capacitance at 5 mV/s in 
an acidic environment and interestingly 99% of initial capacity retained even after 
25,000 cycles [60].

7. Biomass-derived aerogels for supercapacitors

Several merits of carbonaceous materials including low cost, easy accessibil-
ity and eco friendliness attracted appreciable interest for different applications. 
Especially, hydrogels and aerogels of biomass source consisting of 3D solid net-
works and porous structures carry excellent properties which make them being 
utilized as supercapacitor electrodes. Key factor to consider biomass-derived 
aerogels for supercapacitor application is its low production cost. Along with this, 
considerably high surface area unique structure in addition to greater mechanical 
behavior add to list.

• Carbonaceous gels were aimed by X L Wu from watermelon as a crude biomass 
source [61]. This showed interconnected network with an average 46 nm pore 
diameter. The Fe2O3 composite of this material showed a great electrochemical 
behavior with 333 F/g of capacity. In another effort, Lee and group used bacte-
rial cellulose as carbon source to fabricate carbon fibers [62]. This nanocarbon 
electrode delivers 42 F/g specific capacitance and area normalized capacitance 
was 1617 F/cm2. Graphene also made use to design composites with biomass-
derived aerogels. Hybrid aerogels consisting of cellulose nanofibers and rGO 
designed by Gao et al., showed 207 F/g when used as supercapacitor electrode 
material [63]. CNTs also found place in the composite with aerogel derived 
from biomass. Cellulose nanofiber-multi walled CNT aerogels synthesized 
by Kang et al., which showed 178 F/g of specific capacitance [49]. Bacterial 
cellulose with lignin-resorcinol-formaldehyde carbon aerogel synthesized 
aiming towards efficient supercapacitor electrodes [64]. It performed well and 
showed 124 F/g at 0.5 A/g with 62.2 μF/cm2 of aerial capacitance. Conducting 
polymer is frequently used to modify the aerogels to enhance the performance. 
Zhao and co-workers designed a 3D porous pectin/polyaniline aerogel in 
which functional groups of pectin such as carboxylic acid and hydroxyl groups 
ascribed to have hydrogen bonding with polymer leading to cross linking 
network [65]. This aerogel exhibits 184 F/g at 0.5 A/g and 71% of initial capac-
ity retention. Cheng et al., prepared a cotton-derived carbon fiber aerogel and 
tested its electrochemical performance [66]. This carbon fiber aerogels were 
having 2307 m2/g of surface area and possessed tubular morphology which 
facilitate conductive pathways for electron transport. This advocates shorten-
ing the ion transport lengths which eventually result in higher electrochemical 
performance with 283 F/g at 1 A/g and 224 F/g at 100 A/g.

8. Conclusion

In this chapter, fundamentals of supercapacitors and the utilization of carbo-
naceous aerogels in the fabrication of electrode materials of supercapacitors are 
acquainted along with their evaluations are successfully presented. The carbon 
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Chapter 6

Structure and Dynamics of
Aqueous Dispersions
Tatiana Yakhno and Vladimir Yakhno

Abstract

The content of the chapter summarizes the long-term studies of the authors of the
structure and dynamics of aqueous dispersions, including model protein-salt solu-
tions, blood serum of healthy and sick people, food microdisperse systems. The data
are considered in the context of the existing scientific literature on the stated prob-
lem. One of the important issues is the phase transitions of the protein when the ionic
strength of the solution changes. To observe these processes, a drying droplet model,
optical and atomic force microscopy are used. Based on the observations, a model of a
cascade of phase transitions of a protein, from micelles to gel, was created. Parallels
are drawn with the violation of these processes based on the results of the study of
blood serum in seriously ill people. It is also shown that in the free volume of
microdisperse systems there are near-hour oscillatory processes associated with the
aggregation - disaggregation of the microdispersed phase. The surface tension of
solutions, the mechanical properties of liquids, and the morphological characteristics
of dried drops also fluctuate simultaneously. A model of self-oscillatory processes in
such systems is presented, consistently describing the observed phenomena.

Keywords: aqueous microdisperse systems, drying drops model, protein phase
transitions, ionic strength, free and bound water, nearhourly fluctuations

1. Introduction

The entire world around us, including the “starry sky above us,” is an innumer-
able set of different-scale dispersed systems. The main feature of such systems is a
large specific interfacial area, which provides them with excess energy. It is this
excess energy that is the driving force that determines the structure and dynamics
of dispersed systems. A dispersed system usually consists of two or more phases that
practically do not mix and do not chemically react with each other. In the typical
case of a two-phase system, the first of the substances (dispersed phase) is distrib-
uted in the second (dispersion medium). The result of the physical interaction of
the lyophilic elements of the dispersed phase with the liquid dispersion medium is
the formation of solvation shells around the dispersed particles, which is accompa-
nied by a decrease in interfacial tension and an increase in the aggregate stability of
such systems. In the case of aqueous dispersions, as a result of the physical interac-
tion of hydrophilic particles with the environment, the particles acquire hydration
shells from ordered layers of water molecules with a special spatial structure that
differs from the structure of the bulk phase of water. In this paper, we will focus on
the microstructure of aqueous solutions and microheterogeneous dispersions, as
well as spontaneous and induced dynamic processes in them.
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2. Processes in sessile drying drops of aqueous dispersions

An evaporating droplet sitting on a solid wettable substrate is a convenient
model for observing phase transformations in aqueous colloidal dispersions. The
shape of a sitting drop in the form of a truncated ball ensures the appearance of
temperature gradients on its surface and the development of flows of
thermocapillary nature: centrifugal flow and Marangoni flow (Figure 1).

Since the thinnest layer of liquid is located at the three-phase boundary, solid-
state microdeposits are formed there first of all, ensuring the attachment of the
droplet to the substrate. Further evaporation is accompanied by flattening of the
droplet dome while maintaining its area. In this case, capillary forces arise, which
ensure the predominant evaporation of water through the edges of the drop [1–5]. It
is shown that the direction of the flows depends on the ratio of the thermal con-
ductivities of the liquid and the substrate material [6]: if this ratio does not exceed
1.57, then the Marangoni flow promotes the removal of the colloidal phase to the
edge of the droplet. If it exceeds, then the direction of the flow changes sign, and
the colloidal phase is “swept away” to the center [7]. The ratio of thermal conduc-
tivity of glass and water is �0.6. Therefore, when a drop of hydrocolloid dries up,
the remaining solid sediment on the glass has the shape of a saucer with a volumet-
ric rim along the edge. The same phenomenon is associated with the “effect of a
coffee drop” - the formation of a colored rim along the periphery of the drop
(Figure 2).

More complex and interesting processes take place in drying droplets if the
water-colloidal system contains salt (for example, human biological fluids).
Figure 3 shows fragments of the drying process of a drop of a protein - salt solution,
in which the ratio of total protein to salt corresponds to that in human serum (7% in
BSA in 0.9% NaCl). At the beginning of drying (Figure 3a–c) the visible dynamics
of the process is the same as in the salt-free solution. However, further
(Figure 3d–f), salt crystallization begins in the center of the drop, and the final
picture of the drop acquires a specific image [8, 9].

Let us take a closer look at the structure of the light circle that appears on the
inner side of the protein roller (Figure 3f). In Figure 4 it can be seen that this ring is
composed of individual micron-sized protein aggregates. Closer to the center of the
drop, the layer of protein structures transforms into a homogeneous layer of the
protein gel, inside which salt crystallizes.

Figure 1.
Scheme of flows in a drying drop of an aqueous colloidal solution sitting on a glass substrate (a half of the 2D
image). Capillary flow (black arrows) and Marangoni flow (blue arrows) promote the removal of the colloidal
phase (black balls) to the periphery of the drop. T1 ˃ T2.
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With the help of physical modeling, it was found out how the ratios of the
components in a protein-salt solution, drying in the form of a drop on a glass slide,
change (Figure 5).

The protein roll formation time for a 3 μL drop is 4-6 minutes. During this time,
the liquid part of the droplet loses �30% of water (evaporates) and 70% of albumin
(is carried out to the periphery of the droplet and becomes solid). As a result, the
initial ratio of the components in the remaining solution changes, causing coacer-
vation of albumin. The mechanism of these events is associated with the competi-
tion for hydration between colloidal particles and salt ions. The concentration of salt

Figure 2.
Dried drops (5 μl volume) of an aqueous solution of coffee (a) and a 7% solution of bovine serum albumin
(BSA) in distilled water (b). Formation of the roller of the colloidal phase along the droplet periphery.

Figure 3.
Consecutive fragments of the drying process of drop of 7% BSA in a 0.9% NaCl physiological solution: (a-c) -
redistribution of the colloidal phase and the formation of a protein roller; (d-f) - the process of salt
crystallization in the protein matrix and the formation of the final image of the drop (f).

Figure 4.
Dried drop of protein-salt water solution (left) �10. Light-diffusing circle is a place of protein structures
formation. Right picture shows protein structures evolution from separated precipitates (right) to protein
clusters that transform into gel. Magnification: �280 [10].
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per unit volume of protein increased greatly, which led to the loss of its aggregate
stability and the beginning of the coagulation process. Figure 6 shows the zones of
different phase states of the protein, formed in the gradient of increasing salt
concentration.

The cascade of protein phase transitions, according to the authors, can be
represented as follows (Figure 7).

To examine the bottom adsorption layer in a dried drop of 7% BSA solution in
saline NaCl, the top of the dried protein roll was carefully removed with a scalpel, as
shown in Figure 8.

Investigation of the lower adsorption layer of a dried drop of a protein-salt solution
using an atomic force microscope in zone 2 in Figure 6 showed the presence of protein
precipitates corresponding to the structures of the second order in Figure 7. Investi-
gation of the lower adsorption layer of a dried drop of a protein-salt solution using an
atomic force microscope in zone 2 in Figure 6 showed the presence of protein pre-
cipitates corresponding to the structures of the second order in Figure 7 (Figure 9).

At a lower concentration of protein in physiological saline solution, the coacer-
vation process begins earlier, which confirms the author’s opinion about the nature
of the observed phenomenon (Figure 10).

Thus, due to protein redistribution during drop drying, protein deposits on the
drop edge and protein in the middle part of the drop are in different conditions, and

Figure 5.
Change in the relative content of components in the protein-salt solution when it dries in the form of a drop on a
glass substrate (according to materials in [10]).

Figure 6.
Zones in dried drop of BSA-salt solution: 1 – homogenous protein film (colloidal glass); 2– zone of protein
precipitates, from single ones to their clusters; 3 – gel; 4 - zone of salt structures in shrinking protein gel.
Magnification: � 70.
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form materials with different properties. The authors [11] argue that colloidal
particles can form different structures: from colloidal glasses with very high volume
fractions and low strength of interparticle attraction to colloidal gels with very low
volume fractions and strong attraction between the particles (Figure 11). Before
gelation, colloidal particles form fractal clusters, which turn into space-filling

Figure 7.
Protein phase transitions in fluid part of a sessile drying drop of protein-salt-water solution. R is a radius of the
structure [10].

Figure 8.
Fragments of dried drops of 7% BSA in 0.9% NaCl water solution. Left – zone of protein ring (in a white
rectangle) before removing; right – the same zone after removing the upper film. Black circle shows the area of
bottom protein adsorption layer is used for AFM investigation.
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Figure 9.
AFM data: single protein precipitate (structure of the second generation) lying on the protein film in dried drop
of BSA-salt – water solution. It consists of some subunits (structures of the first generation), which admittedly
represents consolidated micells. (a) three-dimensional image; (b) precipitate profile.

Figure 10.
Dried drops of protein-salt solutions: 7% BSA in 0.9% NaCl (above), and 2.5% BSA in 1.8% NaCl (bottom).
Light-diffusing ring of protein structures has different positions (see the text). Magnification: left – �10;
right - �70.
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networks. Current investigations show that a drying drop of protein–salt aqueous
solution is an excellent illustration of this dynamics. Taking into account hydrody-
namic motion of the colloidal phase to the drop periphery and its rapid consolida-
tion there, we suppose that this solid phase really represents the protein glass
transition: it is transparent and extremely fragile. In contrast to the drop periphery,
low protein volume fraction and high ionic strength in liquid residuals in the middle
part of a drying drop stimulate liquid–liquid separation and further cascade of
protein phase transitions leading to gel formation. Thus, protein gel probably forms
only inside the protein glass ring of a drying drop.

More detailed information on the processes in drying drops of protein-salt
solutions can be obtained in publications [12–22].

When working with biological fluids of healthy and sick people, it was noticed
that in the case of severe diseases, the processes of protein structuring are
disrupted, which is revealed in experiments with drying drops [23, 24]. Figure 12
shows dried drops of blood serum of women after delivery at term and premature
birth. Noteworthy is the significant expansion of the zone of protein structures and
the formation of larger precipitates.

It is surprising that in some cases, in seriously ill people, regardless of the nature
of the disease, micron-sized protein precipitates can be observed already in liquid
blood serum (Figure 13).

The magnitude of the osmotic pressure created by the solution depends on the
amount, and not on the chemical nature of the substances dissolved in it (or ions, if
the molecules of the substance dissociate), that is, the osmotic pressure is a colliga-
tive property of the solution. The higher the concentration of a substance in a
solution, the greater the osmotic pressure it creates. The volume and mass of a
colloidal particle is much larger than the volume and mass of a molecule of low-
molecular substances. At the same mass concentration of a substance, a unit volume
of a sol contains significantly fewer particles than a unit volume of a true solution.
Therefore, it is generally accepted that the osmotic pressure of colloidal solutions is
negligible compared to that in true solutions. However, there is an opinion that a
relatively small number of particles, much less than required by the “usual” colli-
gation law, can create a high osmotic pressure if they have extensive hydrophilic
surfaces [25]. Since, in addition to salts, blood serum contains other osmotically

Figure 11.
Schematic state diagram of colloidal particles with short-range potentials, after V. Trappe, R. Sandkuhler [11].
Φ – volume fraction of colloid phase; U – strength of the interparticle attraction.
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active components, it is customary in clinical practice to operate with the concept of
“osmolarity,” meaning the sum of the concentrations of cations, anions and non-
electrolytes, that is, all kinetically active particles in 1 liter of plasma or serum. The
osmolarity of biological fluids is a fairly strict indicator of homeostasis. So, the
osmolarity of blood plasma in normal conditions can vary in the range of 280-300
mosm/l [26] (1).

Osmolarity ¼ 195:1þ 0:74� sodiumþ 0:25� urea nitrogen þ 0:03� glucose (1)

where 195.1 is a free member; 0.74; 0.25; 0.03 - empirically found coefficients in
the equation; sodium - in mmol/l, urea nitrogen and glucose - in mg%.

Calculations showed that in the examined patients with burn disease, the plasma
osmolarity averaged 301.6 � 6.56 mosm/l, fluctuating within the range of
286.16-320.01 mosm/l. However, in patients, the content of both total protein and
albumin was decreased. That is, against the background of normal ionic strength of
the solution, there was an average decrease in the mass fraction of albumin [27].
Violation of the protein-electrolyte balance led to coacervation of albumin in the
liquid phase of the serum. In the course of successful treatment of the underlying
disease, the disturbance of this balance began to decline, and coacervation in the
liquid serum was not observed.

In this brief review, the phase transformations of protein in droplets of protein-
salt solutions drying on glass were examined, and analyzed the cause-and-effect

Figure 12.
Dried drops of serum of women in early afterbirth period: (a) is in-time birth (40 weeks); (b) is premature
birth (34 weeks). Narrows show ring of micelles; (c) and (d) are selected by tetragon regions in more
enlargement. Magnification: 15 � 40.
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relationships of these transformations. Also similar processes occurred in real
human biological fluids was found. In this regard, it would like to note the amazing
results of the successful treatment of hundreds of cases of serious diseases of a
different nature, obtained by the Soviet doctor A.S. Samokhotskiy, which were
carried out according to the method developed by him [28, 29]. Here is the
conclusion of one of his articles [30]:

1.The concentration of electrolytes (sodium, potassium, calcium, magnesium) in
the blood serum changes in a wide variety of diseases, but the ratios of these
electrolytes can be similar in different diseases and different in the same
disease in different people, as well as in one person for different stages of the
painful process.

2.The use of medicinal compositions containing electrolytes, the concentration
of which in the blood serum is relatively low, naturally increased their content
and improved the patient’s condition.

3.The use of medicinal compositions containing electrolytes, the concentration
of which in the blood serum is relatively high, naturally increased their content
(increased the gap in the ratios) and worsened the patient’s condition. The
deterioration usually was significant.

Figure 13.
The initial drying process of blood serum drops is the formation of a solid rim along the periphery of the drops:
(a) - norm, (b) - chronic hepatitis B + C; (c) - burn disease; (d) - coxarthrosis. In the liquid phase of the
patient’s serum, micron-sized protein precipitates are visible. The initial volume of each drop is 3 μl.
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birth (34 weeks). Narrows show ring of micelles; (c) and (d) are selected by tetragon regions in more
enlargement. Magnification: 15 � 40.
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4.Very small doses of these elements are useful to normalize the ratios of
sodium, potassium, calcium and magnesium in the blood serum and improve
the patient’s condition.

Unfortunately, after the death of the author in 1986, his work was not contin-
ued. Current investigation shows that continued research in this direction is very
promising.

2.1 Materials and methods used when working with drying drops

7% w bovine serum albumin solution (BSA, 68 kDa, Sigma, USA) in distilled
water or in physiological salt solution (0.15 M NaCl, chemically pure, “Reactiv,
Inc.,” Russia) were used. All solutions were prepared without buffering, a day prior
to experimentation, refrigerated overnight and allowed to come to room tempera-
ture before testing. The samples under study were placed, using micropipette, onto
clean glasses in the form of drops of volume of 3 μl (6-8 drops for each sample), and
let for drying at room conditions. Morphological observations were carried out
during drying, and 2-3 days after placing on the glasses, using LUMAM-I-3 micro-
scope and video camera – computer setup. Dried drops also were investigated by
means of atom force microscope (AFM) “Smena” NT-MDT (Russia), Russia, using
a sensor CSG11. Samples of blood plasma and serum were obtained from 30 clini-
cally healthy donors (the material supplied by Hemotransfusion Station, Nizhny
Novgorod); 18 patients with viral hepatitis B and C in acute stage (the material
supplied by the Hepatological Center, Nizhny Novgorod); 30 patients with burn
disease, and 8 patients with diseases of articulations of inflammatory and degener-
ative character (supplied by the Federal Burn Treatment Center, Nizhny Novgorod
Research Institute of Traumatology and Orthopedics); 40 women after normal or
premature (second- and third-trimester) childbirth (supplied by the maternity and
child-welfare services of Nizhny Novgorod).

3. Structure and dynamics of water microdispersed systems

Due to the thermodynamic instability of colloidal solutions, aggregation and
disaggregation processes continuously occur in them, leading to a change in the
number of osmotically active particles per unit volume, and, consequently, in the
osmotic pressure. With an increase in the average radius of the particles of the
system, as a result of their coagulation and the formation of aggregates, the osmotic
pressure should drop very strongly. On the contrary, with the disintegration of
aggregates into primary particles, the osmotic pressure should increase strongly.
Since the phenomena of aggregation and disaggregation in colloidal systems very
easily occur under the influence of sometimes even very weak external influences,
the variability of the osmotic pressure of lyosols and their dependence on the
prehistory of the solution becomes clear [31]. In recent years, evidence has
appeared in the literature about the inhomogeneity of water and aqueous solutions
at the micro level. For the first time, as far as we know, giant (millimeter-sized)
clusters in a thin layer of water were detected using IR spectroscopy [32]. An
assumption was made about their liquid crystal nature. As a result of the study of
solutions of NaCl, citric acid, glucose, urea, vinegar and ethanol using static and
dynamic light scattering, it was concluded that the dissolved substances in liquid
media are distributed unevenly: areas with low and high concentration provide a
contrast in light scattering during experimental observation. There are separate
domains, close to spherical in shape, with a high density relative to the surrounding
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fluid. Their size can reach hundreds of nanometers [33]. Investigation of suspen-
sions of fluorescent polystyrene microparticles (d = 1 μm, C = 0.2% in highly
purified water) using a confocal laser scanning microscope for several hours
allowed the authors to observe the appearance and growth of “voids” inside the
colloidal phase [34]. According to the authors, the reason for this is the attraction
initiated by counterions between like-charged particles [35]. The ability to move a
particle forcibly placed in the resulting voids was severely limited in comparison
with particles located in adjacent areas with a high packing density [36]. The
addition of salt to the solution reduced the distance between the colloidal particles,
but after reaching a certain limit, the “colloidal crystal” melted.

The results of experiments on determining the size distribution of optical inho-
mogeneities (clusters) in bidistilled water by the method of small-angle light scat-
tering are presented [37]. The measurements showed the presence of a spectrum of
cluster sizes in the water in the range (1.5-6.0) μm. With the help of laser interfer-
ometry, the formation of supramolecular water complexes with linear dimensions
of 30–100 μm, distributed in continuous water, was shown [38, 39]. A critical
review of modern water purification methods [40] states that water is easily con-
taminated with chemicals, gases, vapors and ions that are washed out of pipelines
and containers. These can include sodium and silica from glass, plasticizers and ions
from pipes, microbial particles and their endotoxins, and contaminants. Soluble
organic contaminants can even be introduced from deionizing resins used during
processing, especially if inadequate resins are selected or the resins have previously
been contaminated. No cleaning method is perfect.

In our previous works it was also shown that water and aqueous solutions are
microdispersed systems [41, 42]. Upon evaporation of free water, structures rang-
ing in size from ten to hundreds of micrometers remain on the substrate, which are
aggregates of a microdispersed phase (Figure 14). The aggregates do not evaporate
at room temperature, have a viscous consistency and “melt” when the osmotic
pressure rises. The unit of the microdispersed phase is NaCl microcrystals
surrounded by a thick hydration shell. The water of hydration shells evaporates at a
temperature of ˃ 200° C and accounts for �20% of the dry sediment mass [43].

The hydration shells of hydrophilic microparticles are denser liquid crystalline
water, which forms a zone around the particle, displacing all impurities, including
ions, from its volume — Exclusion Zone (EZ) [45]. The microheterogeneous struc-
ture of water was investigated using a conventional light microscope in the

Figure 14.
Fragments of microstructure aggregates: (a) - dry white wine, in a thin layer of liquid (8 μm), frame width -
2.4 mm; (b) in the precipitate of a NaCl solution on a substrate after evaporation of free water, the frame
width is 1 mm [44].
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initiated by counterions between like-charged particles [35]. The ability to move a
particle forcibly placed in the resulting voids was severely limited in comparison
with particles located in adjacent areas with a high packing density [36]. The
addition of salt to the solution reduced the distance between the colloidal particles,
but after reaching a certain limit, the “colloidal crystal” melted.

The results of experiments on determining the size distribution of optical inho-
mogeneities (clusters) in bidistilled water by the method of small-angle light scat-
tering are presented [37]. The measurements showed the presence of a spectrum of
cluster sizes in the water in the range (1.5-6.0) μm. With the help of laser interfer-
ometry, the formation of supramolecular water complexes with linear dimensions
of 30–100 μm, distributed in continuous water, was shown [38, 39]. A critical
review of modern water purification methods [40] states that water is easily con-
taminated with chemicals, gases, vapors and ions that are washed out of pipelines
and containers. These can include sodium and silica from glass, plasticizers and ions
from pipes, microbial particles and their endotoxins, and contaminants. Soluble
organic contaminants can even be introduced from deionizing resins used during
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ing in size from ten to hundreds of micrometers remain on the substrate, which are
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at room temperature, have a viscous consistency and “melt” when the osmotic
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preparation between the slide and cover glass (layer thickness � 8 μm), as well as in
a drop of water placed in a hole in a plastic plate 0.5 mm in diameter (Figure 15).

The dry residue mass after evaporation of free water from these liquids was
0.25%, 0.48% and 2.5% of the initial mass, respectively.

Now, when it became known that water and aqueous solutions are not homoge-
neous media, but are microheterogeneous dispersions with their characteristic
dynamic processes, facts that previously did not have an adequate explanation
become clear. For example, oscillatory processes in liquids revealed by different
physical methods of analysis: determination of enzyme activity [46–48]; dynamic
light scattering [49, 50], IR spectroscopy, Raman spectroscopy, UHF radiometry
and NMR [51]. Continuous multi-hour studies of autonomous oscillatory processes
in a number of beverages (tea, dry red wine [52], instant freeze-dried coffee
[53, 54]), were conducted registering several parameters simultaneously: the
dynamics of the complex mechanical properties of drying drops of these liquids, the
dynamics of the surface tension of the solution, and the width of the edge roller for
drops dried on glass. For periodic registration of complex mechanical characteristics
of drying drops, a method developed by us earlier was used.

3.1 Methods used for studying dynamical processes in water microdispersed
systems

3.1.1 Drying drop technology (DDT)

To monitor fluctuations of physicochemical properties of colloidal systems the
DDT method was used based on acoustical impedancemetry developed in our labora-
tory earlier [55, 56]. Here only its main features would be explained. A coffee drop
(volume of 3 μl) without any pretreatment dries on a polished end of a quartz plate.
The quartz oscillates with a constant frequency of 60 kHz, which is equal to the
resonance frequency of unloaded resonator. Acoustical –Mechanical Impedance
(AMI) of the drop during drying is displayed as a curve on a screen (Figure 16). The
parameter BS_2 reflects the dynamics of complex mechanical properties of the drying
drop deposit (mechanical stress) and is calculated automatically by the software. In the
same environment this parameter depends strongly on liquid composition and struc-
ture. The diagrams were built for temporal fluctuations of BS_2 parameter using Excel.

3.1.2 Optical investigation of coffee ring width fluctuations

The experiments were carried out using water solutions of the Nescafe Gold
sublimated instant coffee bought in a store, with a concentration of 2.50 g/100 ml,

Figure 15.
Microstructure of liquids in the “hanging drop” preparation. Liquid placed in a hole in a plastic plate with a
diameter of 0.5 mm: (a) - distilled water; (b) - tap water; (c) - water from the Black Sea. The drops were
looked via microscope right through.
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at T = 22-23°C and H = 64-65%. A dry coffee sample was placed in a chemical glass,
filled in with hot tap boiled water, and mixed by a glass stick until the coffee
dissolved. Sampling was begun after cooling of solution to room temperature, at 9
o’clock Moscow time. Sampling was made each 30 minutes from the same glass of
coffee solution standing on a table, using the zone equidistant from the center and
edges of the glass, from the depth of about 2 cm by a microdispenser with remov-
able tips. Such 30 minute intervals were stipulated by the duration of one test
(20 min) and quartz treatment procedure. In some experiments we added to the
colloidal system surfactant sodium dodecyl sulfate (SDS) with a concentration of
0.2% w. Ten repeated experiments were made for every type of investigation. The
tests were carried out simultaneously with BS_2 parameter measurements. For
every 30-minutecounting we took four drops having a volume of 3 μl: one drop for
BS_2 parameter measurement, and 3 drops for coffee ring width measurements.
Those 3 drops were placed on a new (without any treatment) microscope slides
ApexLab, 7 countings of each slide (Figure 17), up to 22 countings.

The preparations were drying in horizontal position under room conditions, and
were investigated the next day. Coffee ring width was measured using the

Figure 16.
DDT scheme: (a) – a drop as an object having a set of unique physical properties is drying on the surface of
oscillating quartz resonator; (b) – typical AMI curve for drying drop of coffee: 1 – portion of the curve measured
by total derivative (parameter BS_2).

Figure 17.
Arrangement of drops on a glass for drying and microscopy.
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edges of the glass, from the depth of about 2 cm by a microdispenser with remov-
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Levenhuk ToupView program in 3 positions into every drop (Figure 18), so for
each 30-minute account 9 measurements were made. Arithmetic mean and stan-
dard deviation were calculated for further analysis.

3.1.3 Optical investigations of liquid samples

The microscopy investigation of coffee solution was carried out in freshly pre-
pared samples by the method of “flattened drop.” For this purpose a drop with a
volume of 5 μl was placed on a new (without any treatment) microscope slide
ApexLab (25.4 � 76.2 mm) then the drop was covered with a cover glass 24 �
24 mm in size (ApexLab), avoiding formation of air bubbles, and was studied under
microscope Levenhuk with a digital camera connected to a computer. We made 10
pictures for every 30-minute step with the same magnitude and analyzed them later
using the Levenhuk ToupView program. Morphometric measurements (diameters
of avoids in the pictures) were made for every 30-minute step. Statistical analysis
(calculation of mean and standard deviation) were made by Excel program. In some
experiments, in parallel with the flattened drop, freshly prepared smears (without
cover glass) were also examined under a microscope in polarized light.

3.1.4 Surface tension fluctuations detection

For detecting surface tension temporal changers we used a set of certified glass
capillaries (10 μl Drummond Microdispenser, 100 Replacement Tubes, made in the
USA by Drummond Scientific Company. Cat.# 3-000-210G). Each capillary was
used once. A new dry capillary was submerged into liquid at regular intervals to a
certain mark on a capillary and liquid raising level was measured. Simultaneously,
the fluctuations of BS_2 were usually measured. Diagrams and calculations of the
correlation coefficient were done by means of Excel program.

3.2 Results and discussion

3.2.1 Dynamic processes in liquid media

Figure 19 shows joint temporal fluctuations of parameter BS_2 and coffee ring
width. Direct linear correlation between them at significant value p = 0.005 was
0.7 � 0.16. This testified to a causal relationship between these parameters.

Figure 18.
Measurement of coffee ring width under microscope.
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Fluctuations of surface tension in the same coffee solution could be measured more
frequently. It was shown that one period took 30-40 minutes (Figure 20). Correla-
tion coefficient between BS_2 and surface tension fluctuations in one and the same
experiment was 0.8 � 0.2 (p = 0.01) (Figure 21). It is interesting to note that
fluctuations of these parameters did not disappear either on the third day of stay of
this liquid in the same glass without cover on the table in laboratory. Despite a long

Figure 19.
Joint dynamics of parameter BS_2 (solid line) and coffee ring width (dashed line) in coffee water solution
(2.5 g/100 ml).

Figure 20.
Fluctuations of surface tension in coffee water solution (2.5 g/100 ml).

Figure 21.
Joint dynamics of parameter BS_2 (solid line) and level of rising of liquid in a capillary (dashed line) in coffee
water solution (2.5 g/100 ml).
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Fluctuations of surface tension in the same coffee solution could be measured more
frequently. It was shown that one period took 30-40 minutes (Figure 20). Correla-
tion coefficient between BS_2 and surface tension fluctuations in one and the same
experiment was 0.8 � 0.2 (p = 0.01) (Figure 21). It is interesting to note that
fluctuations of these parameters did not disappear either on the third day of stay of
this liquid in the same glass without cover on the table in laboratory. Despite a long

Figure 19.
Joint dynamics of parameter BS_2 (solid line) and coffee ring width (dashed line) in coffee water solution
(2.5 g/100 ml).

Figure 20.
Fluctuations of surface tension in coffee water solution (2.5 g/100 ml).

Figure 21.
Joint dynamics of parameter BS_2 (solid line) and level of rising of liquid in a capillary (dashed line) in coffee
water solution (2.5 g/100 ml).
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period of storage, fluctuations of parameters persist, and direct correlation link
between them remains high (r = 0.7 � 0.2, p = 0.01).

It is important to note that when the concentration of coffee in the sample was
halved, the amplitude was halved, and the period of oscillations doubled [53]. This
makes it probable that oscillatory processes in liquids are associated with aggrega-
tion - disaggregation of the microdispersed phase.

A very important problem for the theory and practice is the development of
methods for increasing the stability of colloidal systems. Such tasks can be decided
in particular by means of adding surface modifying polymers [57] and a literature
there]. In our research it was important to find out how addition of surfactant
influences parameters of fluctuations and structurization of the drops drying on a
glass support. According to Figure 22, SDS adding drastically reduced BS_2 value
(mechanical stress during drop drying). It occurred due to decrease in interaction
between colloidal particles as well as between the particles and quartz surface.

Diameter of the dried drops considerably increased, and the relief of their
surfaces became smooth (Figure 22, drops 12, 13). Drops 5 and 6, corresponding to
one of maxima of fluctuations of the BS_2 parameter before SDS adding were
characterized by the relief coffee ring and presence of fragments of reticular struc-
tures on the surface. Drops 4 and 7, corresponding to the minimum BS_2 values,

Figure 22.
Fluctuations of the BS_2 parameter in the drying drops of coffee solution (2.5 g/100 ml) before and after SDS
addition (the moment of addition is specified by an arrow). From below - photos of the dried drops of coffee
solution on glass support taken from total volume in different phases of the process (numbers of photos
correspond to numbers of counting in above diagram).
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had more flat coffee ring and did not contain the reticular structures. Instead of
them separate clamps on a surface of the drops were observed. Our data agree with
results of the work [58], showed that the interactions of colloids with (and at)
liquid-solid and liquid-gas interfaces as well as bulk particle-particle interactions
affect the morphology of the deposit. Now we can add that such interactions
influence also the mechanical properties of dried materials from these colloids,
which may be represented quantitatively. After surfactant addition the area of
drops considerably increased, formation of the coffee ring has been complicated
and structurization was suppressed, which corresponds to results of the research
[59]. Thus, it can be stated that autonomous temporal fluctuations of mechanical
properties of drying drops of colloidal suspensions revealed by us earlier [43, 52,
53], are also followed by coordinated fluctuations of surface tension. The authors
will try to disclose the internal mechanism of these fluctuations looking directly into
a liquid phase.

Observation of colloidal systems under optical microscope followed the same
scheme: samples from one and the same volume of coffee solution were taken in
certain periods of time and investigated them by the method of flattened drop.
Perfectly shaped circles contoured by colloidal particles, sitting close to each other
were observed everywhere (Figure 23). The circles were sitting on a glass substrate.
Commonly it could be possible to find one central particle in each circle. Those
round figures could associate, forming large – scale agglomerates [54].

It seems that growing “circles” pushed back colloidal particles, creating condi-
tions for their convergence and coagulation. The size of the particles observed by us
was not less than 1 μm so they did not participate actively in Brownian motion.
Therefore during creation of spatial reticular structures their passive crowding due
to the growing external structures seems to us more convincing than their active
movement at the expense of the long-range attraction forces. Figure 24 shows
stages of temporal evolution of round structures in bulk, from small to big, and the
remains of arches from colloidal particles after collapse of “round structures.”
Similar arches after collapse of round structures could be observed for some time in
free floating (Figure 25).

The dynamics of growth and destruction of such round structures and their
associates is shown in Figure 26. On the ascending and descending parts of the
curve, size distribution of structures became bimodal due to the presence in the field
of view, along with round structures, their large associates (see Figure 23, left).
Nevertheless, our observations have revealed the rhythmic nature of formation and

Figure 23.
Microphoto of water solution of coffee. Round figures and associates of round figures.
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period of storage, fluctuations of parameters persist, and direct correlation link
between them remains high (r = 0.7 � 0.2, p = 0.01).

It is important to note that when the concentration of coffee in the sample was
halved, the amplitude was halved, and the period of oscillations doubled [53]. This
makes it probable that oscillatory processes in liquids are associated with aggrega-
tion - disaggregation of the microdispersed phase.

A very important problem for the theory and practice is the development of
methods for increasing the stability of colloidal systems. Such tasks can be decided
in particular by means of adding surface modifying polymers [57] and a literature
there]. In our research it was important to find out how addition of surfactant
influences parameters of fluctuations and structurization of the drops drying on a
glass support. According to Figure 22, SDS adding drastically reduced BS_2 value
(mechanical stress during drop drying). It occurred due to decrease in interaction
between colloidal particles as well as between the particles and quartz surface.

Diameter of the dried drops considerably increased, and the relief of their
surfaces became smooth (Figure 22, drops 12, 13). Drops 5 and 6, corresponding to
one of maxima of fluctuations of the BS_2 parameter before SDS adding were
characterized by the relief coffee ring and presence of fragments of reticular struc-
tures on the surface. Drops 4 and 7, corresponding to the minimum BS_2 values,

Figure 22.
Fluctuations of the BS_2 parameter in the drying drops of coffee solution (2.5 g/100 ml) before and after SDS
addition (the moment of addition is specified by an arrow). From below - photos of the dried drops of coffee
solution on glass support taken from total volume in different phases of the process (numbers of photos
correspond to numbers of counting in above diagram).

108

Colloids - Types, Preparation and Applications

had more flat coffee ring and did not contain the reticular structures. Instead of
them separate clamps on a surface of the drops were observed. Our data agree with
results of the work [58], showed that the interactions of colloids with (and at)
liquid-solid and liquid-gas interfaces as well as bulk particle-particle interactions
affect the morphology of the deposit. Now we can add that such interactions
influence also the mechanical properties of dried materials from these colloids,
which may be represented quantitatively. After surfactant addition the area of
drops considerably increased, formation of the coffee ring has been complicated
and structurization was suppressed, which corresponds to results of the research
[59]. Thus, it can be stated that autonomous temporal fluctuations of mechanical
properties of drying drops of colloidal suspensions revealed by us earlier [43, 52,
53], are also followed by coordinated fluctuations of surface tension. The authors
will try to disclose the internal mechanism of these fluctuations looking directly into
a liquid phase.

Observation of colloidal systems under optical microscope followed the same
scheme: samples from one and the same volume of coffee solution were taken in
certain periods of time and investigated them by the method of flattened drop.
Perfectly shaped circles contoured by colloidal particles, sitting close to each other
were observed everywhere (Figure 23). The circles were sitting on a glass substrate.
Commonly it could be possible to find one central particle in each circle. Those
round figures could associate, forming large – scale agglomerates [54].

It seems that growing “circles” pushed back colloidal particles, creating condi-
tions for their convergence and coagulation. The size of the particles observed by us
was not less than 1 μm so they did not participate actively in Brownian motion.
Therefore during creation of spatial reticular structures their passive crowding due
to the growing external structures seems to us more convincing than their active
movement at the expense of the long-range attraction forces. Figure 24 shows
stages of temporal evolution of round structures in bulk, from small to big, and the
remains of arches from colloidal particles after collapse of “round structures.”
Similar arches after collapse of round structures could be observed for some time in
free floating (Figure 25).

The dynamics of growth and destruction of such round structures and their
associates is shown in Figure 26. On the ascending and descending parts of the
curve, size distribution of structures became bimodal due to the presence in the field
of view, along with round structures, their large associates (see Figure 23, left).
Nevertheless, our observations have revealed the rhythmic nature of formation and

Figure 23.
Microphoto of water solution of coffee. Round figures and associates of round figures.
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destruction of round structures, similar to a rhythm of fluctuations of physico-
chemical parameters of this colloidal system. Our equipment allowed observing
events only in two-dimensional option. Therefore, circular structures can be a
projection of the balls on the plane. Data obtained by means of a laser scanning
microscope manifestly showed spherical cavities in latex suspension (Figure 2 in

Figure 24.
Microphoto of water solution of coffee. Temporal evolution of round structures in bulk. Some structures in every
picture are encircled (as a guide for eyes). Sampling time from the solution: (a) – 12:50, (b) – 13:30,
(c) – 14:00.

Figure 25.
Water immersion. Microphoto of water solution of coffee. Remainders of arches floating in solution after
destruction of round structures.

Figure 26.
Dynamics of growth and destruction of “round structures” in coffee solution (2.5 g/100 ml).
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[34]). Unfortunately, the authors did not pay attention to their shape. Those cavities
looked empty, but now we believe that they were filled by transparent liquid crystal
water. If so, then it is easy to explain the restricted movement of the particle placed
in such media [16]. This assumption is confirmed by our observations of freshly
prepared smears of coffee solution (Figure 27c and d). We could see real agglom-
erates of liquid crystal water. In a flat variant (between substrate and cover glasses),
these agglomerates consist of round structures, which have visible borders due to
adsorbing colloid particles (Figure 27a and b).

The mechanism of particle interaction in solution is currently actively discussed.
Attraction of like charged gel beads with a diameter of 400-650 μm spaced several
hundred micrometers apart in water was described in [60]. The authors measured
the charge distribution around the beads with a pH sensitive dye and conjectured
that the cause of the long-range attraction was a shell of multilayer structured
water, formed around beads’ hydrophilic surface. Here we can see the analogy with
our experiment, where colloidal particles rather than gel beads interact. Moreover,
their interaction is caused by spatial convergence which is due to the growing
spheres of the liquid crystal water. In soft matter and nano-science, critical Casimir
forces attract an increasing interest thanks to their capability of reversible particle
assembly [61–67]. These forces are the thermodynamic analogue of the quantum
mechanical Casimir force arising from the confinement of vacuum fluctuations of
electromagnetic field. In its thermodynamic analogue, solvent fluctuations confined
between suspended particles give rise to an attractive or repulsive force between
them. Due to its unique temperature dependence, this effect allows in situ control of

Figure 27.
Microphoto of water solution of coffee (a, b) prepared by the method of flattened drop; (c, d) – agglomerates of
microdispersed particles with hydration shells of liquid crystal water (smears of the same coffee solution in
polarized light). Each frame width is 1700 μm.
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destruction of round structures, similar to a rhythm of fluctuations of physico-
chemical parameters of this colloidal system. Our equipment allowed observing
events only in two-dimensional option. Therefore, circular structures can be a
projection of the balls on the plane. Data obtained by means of a laser scanning
microscope manifestly showed spherical cavities in latex suspension (Figure 2 in

Figure 24.
Microphoto of water solution of coffee. Temporal evolution of round structures in bulk. Some structures in every
picture are encircled (as a guide for eyes). Sampling time from the solution: (a) – 12:50, (b) – 13:30,
(c) – 14:00.

Figure 25.
Water immersion. Microphoto of water solution of coffee. Remainders of arches floating in solution after
destruction of round structures.

Figure 26.
Dynamics of growth and destruction of “round structures” in coffee solution (2.5 g/100 ml).

110

Colloids - Types, Preparation and Applications

[34]). Unfortunately, the authors did not pay attention to their shape. Those cavities
looked empty, but now we believe that they were filled by transparent liquid crystal
water. If so, then it is easy to explain the restricted movement of the particle placed
in such media [16]. This assumption is confirmed by our observations of freshly
prepared smears of coffee solution (Figure 27c and d). We could see real agglom-
erates of liquid crystal water. In a flat variant (between substrate and cover glasses),
these agglomerates consist of round structures, which have visible borders due to
adsorbing colloid particles (Figure 27a and b).

The mechanism of particle interaction in solution is currently actively discussed.
Attraction of like charged gel beads with a diameter of 400-650 μm spaced several
hundred micrometers apart in water was described in [60]. The authors measured
the charge distribution around the beads with a pH sensitive dye and conjectured
that the cause of the long-range attraction was a shell of multilayer structured
water, formed around beads’ hydrophilic surface. Here we can see the analogy with
our experiment, where colloidal particles rather than gel beads interact. Moreover,
their interaction is caused by spatial convergence which is due to the growing
spheres of the liquid crystal water. In soft matter and nano-science, critical Casimir
forces attract an increasing interest thanks to their capability of reversible particle
assembly [61–67]. These forces are the thermodynamic analogue of the quantum
mechanical Casimir force arising from the confinement of vacuum fluctuations of
electromagnetic field. In its thermodynamic analogue, solvent fluctuations confined
between suspended particles give rise to an attractive or repulsive force between
them. Due to its unique temperature dependence, this effect allows in situ control of

Figure 27.
Microphoto of water solution of coffee (a, b) prepared by the method of flattened drop; (c, d) – agglomerates of
microdispersed particles with hydration shells of liquid crystal water (smears of the same coffee solution in
polarized light). Each frame width is 1700 μm.
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reversible assembly [63, 64]. The authors of [62] showed that in the system with
negligible van der Waals forces a simple competition between repulsive screened
Coulomb and attractive critical Casimir forces can account quantitatively for the
reversible aggregation. Above the temperature Ta, the critical Casimir force drives
aggregation of the particles into fractal clusters, while below Ta, the electrostatic
repulsion between the particles breaks up the clusters, and the particles resuspend
by thermal diffusion [62]. If the gap between the interacting surfaces is filled with a
specially designed substance, the attraction between the surfaces can change their
repulsion. If such interaction of surfaces with a dielectric constant Ɛ1 or Ɛ2, respec-
tively, occurs in a medium with a dielectric constant Ɛ3, they will be attractive at
(Ɛ1 - Ɛ3) (Ɛ2 - Ɛ3) ˂ 0, and repulsive at (Ɛ1 - Ɛ3) (Ɛ2 - Ɛ3) ˃ 0. These interactions are
extremely sensitive to temperature, chemical composition of the medium and its
physical characteristics [65, 66]. According to our data, the observed process is
characterized by cyclic changes both in liquid solute concentration due to displace-
ment of the ions and particles from Exclusion Zones (EZs) to the bulk, and in
particle surface properties due to EZ shell growth around them. As these zones
routinely generate protons in the water regions beyond, unequal proton concentra-
tions in the respective areas may be responsible for creating both the pH and
potential gradients, which may be ultimately responsible for the osmotic drive [30].
On the other hand, the surface water has different water activity and chemical
potential to the bulk, leading to differences in osmotic pressure and other colligative
properties [25]. When this increase in osmotic pressure next to the surface reaches a
threshold, the mechanical instability of the system sharply growths, velocity of
microstreams enhances, and aggregates of EZ spheres start to collapse. They break
into small pieces and melt. Solute concentration and osmotic pressure decline. Free
colloidal particles are distributed uniformly. Chains of particles coagulated on the
surface of the water balls remain in solution. Growth of EZ balls begins again and
the process recurs (Figure 28). As similar events (EZ growth) are registered for
other polar liquids, we believe that the autonomous fluctuations based on rhythmic
formation and destruction of liquid crystal spheres are the universal law of the
nature. The considered processes have been used for creation of a phenomenologi-
cal model showing a possibility of the existence of self-oscillatory modes in similar
systems.

3.2.2 Model of dynamic processes in microdispersed water media

Let the volume of a colloidal system be a cube with edge length L. Let this cube
house N1 hydrophilic particles – seeds around which liquid crystal water spheres

Figure 28.
Scheme of cyclic physicochemical transformations in colloidal system. Background coloring intensity corresponds
to the concentration of ions and particles in dispersive phase 1 – Initial state, quasi-homogenous distribution of
particles with small EZs; 2 – EZs growth around some particles is more intense than around others; 3 – giant
EZ-balls aggregate and begin destruction due to high osmotic pressure; chains of particles coagulated on the
surface of water balls remain in solution; 4 – destruction process continues, osmotic pressure decreases
progressively; 5 – EZs are ready to grow again.
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(EZ) are formed. Let n be the number of ions and colloidal particles determining
osmotic pressure P at the interface between water spheres of radius r and dispersive
medium. V is the amplitude of mean speed of microflows with a characteristic
lateral dimension smaller than πr. This corresponds to the excited mode of
mechanical instability for the sphere surface: 2πr=m, where m = 2, 3, 4, 5… The
estimated equations for integral processes in such a system can be written down in
the following form: EZ growth near a seed particle can be described as (2).

dr=dt ¼ l0=τgr 1� V=Vcritð Þ (2)

where V is the average velocity of microstreams in bulk near the water balls; Vcrit

is the critical velocity of microstreams in bulk with sufficient energy for destruction
of external borders of the water balls; l0 is the increment of EZ shell thickness
around a hydrophilic particle during time τgr. From the works [68, 69] and our own
experiments we know that l0 /τgr≈ 1 – 10 μm/sec. Formation of microstreams near
the interface between the EZ shell and free water on achieving critical osmotic
pressure Pcrit can be described as (3)

dV=dt ¼ �V=τvisc þ 4πr2 � γm � P � F x½ � � P� Pcrit½ � (3)

where τvisc is the characteristic time of reduction of microstreams velocity due to
solution viscosity; τvisc≈const; γm is the coefficient characterizing average change of
destruction force depending on the created mode of spatial nonuniformity on the
destroyed external border of EZ; F[x] is the step-type function equal to zero if

x = P - Pcrit ˂0, and equal to 1 if x = P - Pcrit > 0.
We assume that the speed of diffusion of ions and colloidal particles is much

more than the growth rate of EZ shell and speeds of delay of microstreams. Then we
can use Vant Hoff’s law for stationary conditions (4)

P ¼ n � R � T=V (4)

where R is universal gas constant, T is absolute temperature.
The volume of colloidal liquid except for the volume of water spheres is found

from equation (5)

V ¼ L3 � 1� 4=3πr3 �N1=L3� �
(5)

Thus, the status of water spheres in the bulk of the remaining colloidal liquid can
be described by Eqs. (2)–(5). We introduce the following notation:

β ¼ 4πN1=3L3 (6)

α ¼ 4πγm � nRT=L3 � Vcrit (7)

χ ¼ V=Vcrit (8)

and rewrite the above equations correspondingly:

dr=dt ¼ l0=τgr 1� χð Þ ð9Þ

dχ=dt ¼ �χ=τvisc þ αr2=1� βr3 � F x½ � � P� Pcrit½ � ð10Þ

P ¼ n � R � T=L3 � 1� βr3ð Þ ¼ Vcrit=4πγmð Þ � α= 1� βr3ð Þ ð11Þ

8>>><
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reversible assembly [63, 64]. The authors of [62] showed that in the system with
negligible van der Waals forces a simple competition between repulsive screened
Coulomb and attractive critical Casimir forces can account quantitatively for the
reversible aggregation. Above the temperature Ta, the critical Casimir force drives
aggregation of the particles into fractal clusters, while below Ta, the electrostatic
repulsion between the particles breaks up the clusters, and the particles resuspend
by thermal diffusion [62]. If the gap between the interacting surfaces is filled with a
specially designed substance, the attraction between the surfaces can change their
repulsion. If such interaction of surfaces with a dielectric constant Ɛ1 or Ɛ2, respec-
tively, occurs in a medium with a dielectric constant Ɛ3, they will be attractive at
(Ɛ1 - Ɛ3) (Ɛ2 - Ɛ3) ˂ 0, and repulsive at (Ɛ1 - Ɛ3) (Ɛ2 - Ɛ3) ˃ 0. These interactions are
extremely sensitive to temperature, chemical composition of the medium and its
physical characteristics [65, 66]. According to our data, the observed process is
characterized by cyclic changes both in liquid solute concentration due to displace-
ment of the ions and particles from Exclusion Zones (EZs) to the bulk, and in
particle surface properties due to EZ shell growth around them. As these zones
routinely generate protons in the water regions beyond, unequal proton concentra-
tions in the respective areas may be responsible for creating both the pH and
potential gradients, which may be ultimately responsible for the osmotic drive [30].
On the other hand, the surface water has different water activity and chemical
potential to the bulk, leading to differences in osmotic pressure and other colligative
properties [25]. When this increase in osmotic pressure next to the surface reaches a
threshold, the mechanical instability of the system sharply growths, velocity of
microstreams enhances, and aggregates of EZ spheres start to collapse. They break
into small pieces and melt. Solute concentration and osmotic pressure decline. Free
colloidal particles are distributed uniformly. Chains of particles coagulated on the
surface of the water balls remain in solution. Growth of EZ balls begins again and
the process recurs (Figure 28). As similar events (EZ growth) are registered for
other polar liquids, we believe that the autonomous fluctuations based on rhythmic
formation and destruction of liquid crystal spheres are the universal law of the
nature. The considered processes have been used for creation of a phenomenologi-
cal model showing a possibility of the existence of self-oscillatory modes in similar
systems.

3.2.2 Model of dynamic processes in microdispersed water media

Let the volume of a colloidal system be a cube with edge length L. Let this cube
house N1 hydrophilic particles – seeds around which liquid crystal water spheres

Figure 28.
Scheme of cyclic physicochemical transformations in colloidal system. Background coloring intensity corresponds
to the concentration of ions and particles in dispersive phase 1 – Initial state, quasi-homogenous distribution of
particles with small EZs; 2 – EZs growth around some particles is more intense than around others; 3 – giant
EZ-balls aggregate and begin destruction due to high osmotic pressure; chains of particles coagulated on the
surface of water balls remain in solution; 4 – destruction process continues, osmotic pressure decreases
progressively; 5 – EZs are ready to grow again.
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(EZ) are formed. Let n be the number of ions and colloidal particles determining
osmotic pressure P at the interface between water spheres of radius r and dispersive
medium. V is the amplitude of mean speed of microflows with a characteristic
lateral dimension smaller than πr. This corresponds to the excited mode of
mechanical instability for the sphere surface: 2πr=m, where m = 2, 3, 4, 5… The
estimated equations for integral processes in such a system can be written down in
the following form: EZ growth near a seed particle can be described as (2).

dr=dt ¼ l0=τgr 1� V=Vcritð Þ (2)

where V is the average velocity of microstreams in bulk near the water balls; Vcrit

is the critical velocity of microstreams in bulk with sufficient energy for destruction
of external borders of the water balls; l0 is the increment of EZ shell thickness
around a hydrophilic particle during time τgr. From the works [68, 69] and our own
experiments we know that l0 /τgr≈ 1 – 10 μm/sec. Formation of microstreams near
the interface between the EZ shell and free water on achieving critical osmotic
pressure Pcrit can be described as (3)

dV=dt ¼ �V=τvisc þ 4πr2 � γm � P � F x½ � � P� Pcrit½ � (3)

where τvisc is the characteristic time of reduction of microstreams velocity due to
solution viscosity; τvisc≈const; γm is the coefficient characterizing average change of
destruction force depending on the created mode of spatial nonuniformity on the
destroyed external border of EZ; F[x] is the step-type function equal to zero if

x = P - Pcrit ˂0, and equal to 1 if x = P - Pcrit > 0.
We assume that the speed of diffusion of ions and colloidal particles is much

more than the growth rate of EZ shell and speeds of delay of microstreams. Then we
can use Vant Hoff’s law for stationary conditions (4)

P ¼ n � R � T=V (4)

where R is universal gas constant, T is absolute temperature.
The volume of colloidal liquid except for the volume of water spheres is found

from equation (5)

V ¼ L3 � 1� 4=3πr3 �N1=L3� �
(5)

Thus, the status of water spheres in the bulk of the remaining colloidal liquid can
be described by Eqs. (2)–(5). We introduce the following notation:

β ¼ 4πN1=3L3 (6)

α ¼ 4πγm � nRT=L3 � Vcrit (7)

χ ¼ V=Vcrit (8)

and rewrite the above equations correspondingly:

dr=dt ¼ l0=τgr 1� χð Þ ð9Þ

dχ=dt ¼ �χ=τvisc þ αr2=1� βr3 � F x½ � � P� Pcrit½ � ð10Þ

P ¼ n � R � T=L3 � 1� βr3ð Þ ¼ Vcrit=4πγmð Þ � α= 1� βr3ð Þ ð11Þ
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On the basis of this system of equations and understanding of the physics of the
dynamical process we can distinguish 3 stages of the process:

a. EZ shell growth around hydrophilic colloidal particles to the size of huge
liquid crystal water spheres; osmotic pressure growth in a bulk;

b. Osmotic pressure growth in bulk over critical value, forming conditions for
the development of mechanical instability at the interface between water
spheres and bulk (similar to the Rayleigh-Taylor instability [67]);
microstream strengthening, causing erosion until complete destruction of
water spheres.

c. Microstreams slowdown due to viscosity and transition of the system to stage 1.

Let us consider the dynamics of the process based on Eqs. (9)–(11) in simplified
form.

Stage 1. EZ shell growth around hydrophilic colloidal particles (12)–(14):

dr=dt ¼ l0=τgr 1� χð Þ, χ > 1 ð12Þ
dχ=dt ¼ �χ=τvisc, χ ≈0 at t ¼ 0ð Þ ð13Þ
P ¼ Vcrit=4πγmð Þ � α= 1� βr3ð Þ <Pcrit ð14Þ

8>><
>>:

Stage 2. Development of instability and destruction of water spheres (15)–(17):

P ¼ Pcrit ð15Þ
r3 ¼ r3crit ¼ 1=β 1– α � Vcrit=4 πγm � Pcritð Þ½ � ð16Þ
d χ=dt ¼ χmax–χð Þ=τvisc, ð17Þ

8>><
>>:

where χmax = α• τvisc •r2crit/ (1 - β�r3crit). If χ ≤ 1, then r continues to grow.
According to our observations, rcrit ≈ 250 μm.
Stage 3. Microflows slowdown.
Since turbulent flows are formed at this stage, τgr may depend on χ and P.

However, for our simplified representation, we shall assume that τvisc = const, as in
the case of laminar flow (18)–(21):

P<Pcrit: ð18Þ
dr=dt ¼ l0=τgr 1–χð Þ, χ> 1 ð19Þ
dχ=dt ¼ �χ=τvisc ð20Þ
P ¼ Vcrit=4 πγmð Þ • α= 1� βr3

� �
<Pcrit ð21Þ

8>>>>><
>>>>>:

This dynamics can also be represented on phase plane in χ and r coordinates
(Figure 29).

4. Conclusions

In this part of work an instant coffee as a sample of complex colloidal system was
used. Making long repeated measurements of the dynamics of complex mechanical
properties of drying drops by DDT [55, 56] slow periodic fluctuations of the
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measured parameter were noticed. Additional studies showed that, simultaneously
with the above mentioned parameter, there occurred coordinated fluctuations of
the surface tension and the character of structuring in drying drops. It had been
found earlier that parameters of fluctuations depended on the extent of dilution and
did not depend on additional hashing of solution and shielding from external elec-
tromagnetic fields [53, 54]. So, it was decided to elucidate the mechanism of such
fluctuations in liquid phase. The basis for such a study was, on the one hand,
information available on reversible formation of voids inside colloidal dispersions
[34–36] and, on the other hand, description of slow fluctuations and inhomogeneity
of fluids of different types obtained in the light scattering studies [33, 49, 50].
Moreover, it had been earlier described similar fluctuations of optical density in
blood and plasma diluted with physiological saline solution in different proportions
[27]. For the liquid phase study, the method of flattened drop and smears of freshly
prepared coffee solution were used. The existence of spherical structures in the
liquid phase of coffee, their periodical occurrence, growth, destruction and re-
emergence, which agreed with fluctuations of physicochemical parameters of the
system, was described for the first time. It had been showed morphologically that
these spheres are liquid crystal water which forms EZs around hydrophilic colloidal
particles. Agglomerates of such crystal water spheres look like voids inside colloidal
dispersions under confocal scanning laser microscope. These findings are based on
modern and last-century studies of wall layer of water mentioned in the book of
Gerald Pollack [45]. We proposed a water-induced mechanism of self-oscillatory

Figure 29.
Qualitative description of cyclic changes of variables in the course of growth of water spheres, their destruction
and formation of conditions for their new growth: (a) - view of phase trajectories: process begins at the zero point
(χ = 0; r = 0) and reaches limit cycle; (b) - temporary change of radius of water spheres; (c) - temporary change
of velocity of microstreams.
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On the basis of this system of equations and understanding of the physics of the
dynamical process we can distinguish 3 stages of the process:
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the development of mechanical instability at the interface between water
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Let us consider the dynamics of the process based on Eqs. (9)–(11) in simplified
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Stage 1. EZ shell growth around hydrophilic colloidal particles (12)–(14):

dr=dt ¼ l0=τgr 1� χð Þ, χ > 1 ð12Þ
dχ=dt ¼ �χ=τvisc, χ ≈0 at t ¼ 0ð Þ ð13Þ
P ¼ Vcrit=4πγmð Þ � α= 1� βr3ð Þ <Pcrit ð14Þ

8>><
>>:

Stage 2. Development of instability and destruction of water spheres (15)–(17):

P ¼ Pcrit ð15Þ
r3 ¼ r3crit ¼ 1=β 1– α � Vcrit=4 πγm � Pcritð Þ½ � ð16Þ
d χ=dt ¼ χmax–χð Þ=τvisc, ð17Þ

8>><
>>:

where χmax = α• τvisc •r2crit/ (1 - β�r3crit). If χ ≤ 1, then r continues to grow.
According to our observations, rcrit ≈ 250 μm.
Stage 3. Microflows slowdown.
Since turbulent flows are formed at this stage, τgr may depend on χ and P.

However, for our simplified representation, we shall assume that τvisc = const, as in
the case of laminar flow (18)–(21):

P<Pcrit: ð18Þ
dr=dt ¼ l0=τgr 1–χð Þ, χ> 1 ð19Þ
dχ=dt ¼ �χ=τvisc ð20Þ
P ¼ Vcrit=4 πγmð Þ • α= 1� βr3

� �
<Pcrit ð21Þ

8>>>>><
>>>>>:

This dynamics can also be represented on phase plane in χ and r coordinates
(Figure 29).

4. Conclusions

In this part of work an instant coffee as a sample of complex colloidal system was
used. Making long repeated measurements of the dynamics of complex mechanical
properties of drying drops by DDT [55, 56] slow periodic fluctuations of the
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measured parameter were noticed. Additional studies showed that, simultaneously
with the above mentioned parameter, there occurred coordinated fluctuations of
the surface tension and the character of structuring in drying drops. It had been
found earlier that parameters of fluctuations depended on the extent of dilution and
did not depend on additional hashing of solution and shielding from external elec-
tromagnetic fields [53, 54]. So, it was decided to elucidate the mechanism of such
fluctuations in liquid phase. The basis for such a study was, on the one hand,
information available on reversible formation of voids inside colloidal dispersions
[34–36] and, on the other hand, description of slow fluctuations and inhomogeneity
of fluids of different types obtained in the light scattering studies [33, 49, 50].
Moreover, it had been earlier described similar fluctuations of optical density in
blood and plasma diluted with physiological saline solution in different proportions
[27]. For the liquid phase study, the method of flattened drop and smears of freshly
prepared coffee solution were used. The existence of spherical structures in the
liquid phase of coffee, their periodical occurrence, growth, destruction and re-
emergence, which agreed with fluctuations of physicochemical parameters of the
system, was described for the first time. It had been showed morphologically that
these spheres are liquid crystal water which forms EZs around hydrophilic colloidal
particles. Agglomerates of such crystal water spheres look like voids inside colloidal
dispersions under confocal scanning laser microscope. These findings are based on
modern and last-century studies of wall layer of water mentioned in the book of
Gerald Pollack [45]. We proposed a water-induced mechanism of self-oscillatory

Figure 29.
Qualitative description of cyclic changes of variables in the course of growth of water spheres, their destruction
and formation of conditions for their new growth: (a) - view of phase trajectories: process begins at the zero point
(χ = 0; r = 0) and reaches limit cycle; (b) - temporary change of radius of water spheres; (c) - temporary change
of velocity of microstreams.
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processes in colloidal systems and confirmed the principle possibility of its existence
by a simple mathematical model. These data allow a fresh look at the process of
aggregation - disaggregation of colloidal particles in the solution. The experiments
showed that the growth of water spheres pushes colloidal particles to the borders of
the spheres, promotes their crowding and coagulation. On the border of water
spheres, the particles form chains (reticular structures) which exist some time in
liquid phase after destruction of liquid crystal water shells. Thus, all complex
dynamics is controlled by the phase transitions of water – from the free to the
bound (liquid crystal) state and back. Osmotic pressure acts as the intermediary
messenger and the synchronizer of these transformations in a whole volume of
liquid. Actually, these processes are not very sensitive to temperature (unlike the
models based on calculation of Casimir forces [61–66]), and do not notably depend
on liquid disturbance by hashing. Hashing by a turning of a test tube initiates
emergence of streams of liquid with a characteristic size of an order of the size of a
test tube (1.5 � 9.0 cm [53]), when the most part of the brought energy is spent for
movement of spheres in bulk. Destruction of water spheres happens at initiation of
microstreams of 10-100 μm in size, which correspond to the sizes of the destroyed
objects. Osmotic pressure P in accordance with Eq. (3) is proportional to the abso-
lute temperature (≈295 K). Possible changing the temperature at a few degrees is
negligible to affect the considered processes. For obvious reasons parameters of
fluctuations depend on concentration of the components. The described mechanism
can explain some phenomena that were not clear before and deserves special
research. The authors believe that we deal with a universal phenomenon of
undoubted importance for fundamental and applied science. We are sure that our
hypothesis will stimulate researchers with other ideas and other tool kits to join this
direction of study.

5. Concluding remarks

In this chapter, the authors tried to present their ideas about the structure and
dynamics of aqueous microdispersed media, which were developed by them over
the course of last 20 years. The authors followed the phase transformations of the
protein using the drying drop model; found similar changes in the blood serum of
seriously ill people and came to the conclusion that they have a violation of the
required proportion between the content of protein and salt components of blood
serum; found confirmation of our conclusions in the practical activities of Dr. A.S.
Samokhotskiy, who drew the attention to the importance of the problem posed and
the prospects of its solution for the drug-free treatment of patients. It has been
shown that water and aqueous solutions of salts are also microdispersions. There is
no clean water in the world around us. Using instant coffee as an example, we made
sure that aqueous dispersions live in their own rhythm, the parameters of which
depend on the ratio of the volume of the dispersed phase and the ionic strength of
the dispersion medium. These parameters do not depend on the volume and shape
of the vessel, as well as on mechanical disturbances. Surfactants reduce the ampli-
tude of oscillations without significantly affecting their phase. In phase with the
fluctuations in the mechanical properties of dispersion media, their surface tension
and the width of the edge ridge of the drops dried on glass change. The authors
associated these processes with the phenomenon of aggregation - disaggregation of
the dispersed phase, the elementary unit of which is a hydrophilic microparticle
surrounded by a hydration shell of liquid crystalline water. A model of self-
oscillatory processes in microdispersed systems, which consistently describes the
observed phenomena, was proposed.
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Chapter 7

Colloidal Stability of Cellulose 
Suspensions
Marina Stygar Lopes

Abstract

Cellulose is the most abundant natural compound in nature and the main 
component of the cell wall of plants. It is a linear polymer with a high degree of 
polymerization, responsible for most of the properties of wood. Colloidal phenomena 
are often used in various industrial production processes. Suspended cellulose, 
used worldwide in the paper and cellulose industries, with regard to stability, has a 
high tendency to aggregate and form clots. The different interactions between the 
dispersed phase and the dispersion phase are one of the critical points in the study 
of the behavior and stability of colloids. Cellulose is no different, as several studies 
seek to improve the colloidal stability of cellulose in aqueous media by observing the 
specific characteristics of the colloid, such as its geometry, mass and area/volume 
ratio, and the possible interactions between particles that make up the cellulose 
dispersion in order to understand and control colloidal stability. Therefore, the 
objective of this chapter is to define the main characteristics of colloids, to classify 
them, to present the main methods of preparation, to address important aspects 
about colloid stability and the colloidal stability of cellulose.

Keywords: colloids, suspension, cellulose, colloidal stability, cellulose fibers, 
lignocellulosic material

1. Introduction

Colloids are heterogeneous mixtures of at least two distinct phases, with the 
material of one of the phases in a finely divided form (solid, liquid or gas), called 
dispersed phase, mixed with the continuous phase (solid, liquid or gas), called 
medium dispersion [1].

Understanding and controlling the stability of colloidal dispersions is essential 
for its satisfactory use. For both economic and environmental reasons, water is 
often required as a dispersing phase, even when the particles that need to be kept in 
suspension are hydrophobic, as is the case with cellulose [1].

Cellulose has been gaining importance in the industrial scenario due to the 
growing interest in sustainability and environmental protection, becoming a 
competitive material since it is renewable, abundant, low cost, non-petroleum and 
non-toxic [2].

Suspended cellulose has a tendency to aggregate. In this way, some strategies to 
avoid cellulose self-agglomeration in aqueous medium have been used in order to 
reduce the hydrophilic character of cellulose, avoiding the formation of additional 
hydrogen bonds between cellulose fibers [3].
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Therefore, this chapter aims to contribute to the field of study of colloids and 
their characteristics, in addition to cellulose with regard to its characteristics and 
behavior of aqueous solutions of cellulose and alternatives sought to improve the 
colloidal stability of cellulose suspensions.

2. Colloids

Colloids are systems formed by macromolecules or particles dispersed in a 
medium, in which one or more components have at least one of their dimensions 
within the range of 1 nm to 1000 nm [4].

Colloidal systems have been used since the dawn of humanity. Ancient people 
used gels from natural products as food, clay dispersions for the manufacture of 
ceramic utensils and colloidal pigment dispersions to decorate cave walls [5].

Colloidal systems are present in our daily lives in several products and tech-
nologies, such as personal hygiene (shampoo, toothpaste, foam, shaving cream, 
makeup, cosmetics) and in food (milk, coffee, butter, vegetable creams, fruit jellies, 
beer, soda or ice cream). During a single day we are consuming several colloids [5]. 
Colloids are also present in several consumer goods production processes, including 
drinking water, in the separation processes in the biotechnology industries and in 
the treatment of the environment.

In addition, colloidal phenomena are frequently used in industrial processes for 
the production of polymers, detergents, paper, soil analysis, food products, fabrics, 
precipitation, chromatography, ion exchange, flotation and heterogeneous catalysis. 
In orthomolecular therapeutic medicine, knowledge of the properties of colloidal sys-
tems can assist in the elucidation of diseases, such as Alzheimer’s and Parkinson’s [5].

2.1 Colloid characteristics

The factors that most contribute to the characteristics of a colloid are:

• The particle dimensions;

• The shape and flexibility of the particles;

• Surface properties;

• Particle-particle interactions;

• Particle-solvent interactions.

Colloids have specific characteristics such as high mass, high particle area/volume 
ratio and are relatively large. On the separation surfaces (interfaces) between the 
dispersed phase and the dispersion medium, characteristic surface phenomena are 
manifested, such as adsorption and double electrical layer effects, phenomena of great 
importance in determining the physicochemical properties of the system as a whole [6].

Depending on the affinity between the particles of a dispersion and the medium 
in which they are dispersed, we can classify colloids in two ways: lyophilic and 
lyophobic colloids. Lyophilic colloids are those in which the particle surface has an 
affinity for the solvent, keeping the dispersion more stable and minimizing aggre-
gation. Lyophobic colloids, on the other hand, are those in which the particles have 
greater interaction with each other, which ends up leading to a rapid aggregation 
process [7].
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2.2 Colloid classification

Regarding the colloid classification, there are the following categories:

• Aerosol: consists of a solid or a liquid dissolved in a gas.

• Foam: consists of a gas dispersed in solid or liquid.

• Emulsion: are colloids formed by liquid dispersed in another liquid.

• Sol: are colloids formed by the dispersion of a solid in a liquid or solid.

• Gel: solid of gelatinous material formed from a colloidal dispersion, in which 
the dispersed is in the liquid state and the dispersant in the solid state.

The Table 1 shows some different types of colloids according to the state of the 
continuous and dispersed phases, and examples found in everyday life.

Colloidal systems can be divided into three types: colloidal dispersions, true 
macromolecule solutions and association colloids [8].

Colloidal dispersions are heterogeneous systems composed of two or more 
phases, as shown in Table 1, and these systems are thermodynamically unstable, due 
to their high surface free energy. In a colloidal dispersion, the interfacial area of the 
dispersed phase is very large, which requires a lot of energy to keep it dispersed. In 
an attempt to minimize the free energy of the surface, the system tends to minimize 
the area, based on the aggregation of the dispersed phase [8].

True macromolecule solutions are thermodynamically stable colloidal systems, 
that is, they will not separate phase. Polymeric solutions are examples of this class 
of colloids. Association colloids, which are also thermodynamically stable, are 
formed by the association of surfactant molecules, that is, micellar aggregates [8].

2.3 Colloid preparation

For the production of colloids there are two groups with different production 
methods, they are: dispersion methods and condensation methods [3].

Scattered

Gas Liquid Solid

Dispersant Gas Does not exist. All gases 
are soluble with each 
other

Aerosol Liquid
Examples: cloud, fog

Aerosol solid
Examples: smoke, 
dust in suspension

Liquid Liquid foam
Example: soap foam, 
shaving cream, 
whipped cream

Emulsion
Examples: milk, 
honey, mayonnaise, 
creams

Sol
Example: paints, 
colored glass

Solid Solid foam
Example: pumice, 
expanded polystyrene

Gel
Examples: gelatin, 
cheese, jam

Solid Sun
Example: ruby and 
sapphire crystal, 
metal alloys

Table 1. 
Classification of colloids according to the dispersed phase and dispersion medium.



Colloids - Types, Preparation and Applications

124

Therefore, this chapter aims to contribute to the field of study of colloids and 
their characteristics, in addition to cellulose with regard to its characteristics and 
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colloidal stability of cellulose suspensions.
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Colloidal systems are present in our daily lives in several products and tech-
nologies, such as personal hygiene (shampoo, toothpaste, foam, shaving cream, 
makeup, cosmetics) and in food (milk, coffee, butter, vegetable creams, fruit jellies, 
beer, soda or ice cream). During a single day we are consuming several colloids [5]. 
Colloids are also present in several consumer goods production processes, including 
drinking water, in the separation processes in the biotechnology industries and in 
the treatment of the environment.

In addition, colloidal phenomena are frequently used in industrial processes for 
the production of polymers, detergents, paper, soil analysis, food products, fabrics, 
precipitation, chromatography, ion exchange, flotation and heterogeneous catalysis. 
In orthomolecular therapeutic medicine, knowledge of the properties of colloidal sys-
tems can assist in the elucidation of diseases, such as Alzheimer’s and Parkinson’s [5].

2.1 Colloid characteristics
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greater interaction with each other, which ends up leading to a rapid aggregation 
process [7].
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2.3.1 Methods of dispersion

Mechanical spraying: for the production of colloids a solid substance is used 
added to a liquid, using colodal mills, which is a method used in the industry for the 
production of colloidal pigments.

Electric spraying: produced using the Bredig method, in which two electrodes are 
immersed in water to generate an arc. Spraying results in a coarse suspension from 
the metal particles. In the suspension you get the hydrosol. Electric spraying is used 
in the production of metallic colloids. In the reaction of substances such as benzene 
and ethyl ether, alkaline and alkaline earth colloids are produced.

Spraying by Ultrasound: from mechanical vibrations, which can be produced 
under a piezoelectric quartz generator in an excitation process, the formation spray 
of colloidal solutions is generated.

Peptization: performed with peptizing agents that have the ability to disintegrate, 
with colloids as the final product. These materials are used, for example, in the food 
industry in the production of gelatins, gums, and agar from the use of hot water, 
which is a peptizing agent.

2.3.2 Condensation methods

The condensation method is a means of producing colloids carried out with 
the precipitation of an insoluble substance by means of a chemical transformation 
between solvent substances. During its chemical transformation, the insoluble 
product is in the molecular state, occurring after condensation.

2.4 Stability of colloids

The different interactions between the dispersed phase (particles) and the 
dispersion phase (continuous) constitute one of the critical points in the study of 
the behavior and stability of colloids. The interactions between the particles that 
make up a dispersion and the dispersing medium are fundamental to understand 
colloidal stability [9].

The stability of a dispersion can be thermodynamic or kinetic and one of the 
ways to understand the difference between them is in terms of the colloid stabi-
lization time. While a thermodynamically stable colloid will remain unchanged 
for an infinite time, maintaining properties like temperature and concentration 
unchanged, kinetically stable colloids tend to aggregate over time. Therefore, the 
study of colloidal chemistry makes it possible to change the time in which the colloid 
remains kinetically stable [8].

When it comes to particles, the energy in van der Waals’ interactions comes from 
integrating the potential of all the molecules that make it up [10]. Van der Waals 
interactions between two particles will always be attractive if the particles are made 
of the same material, no matter what medium they are in [11]. If the particles are 
different in nature, van der Waals interactions can be attractive or repulsive [12]. In 
the study of colloidal dispersions, the focus is mostly on the interaction of particles 
of the same nature, that is, they are attractive interactions [13].

To increase the stability of a colloidal dispersion the steric effect of macro-
molecules is used to prevent the particles from aggregating by adding a stabilizer 
that will adsorb on the surface of the particle [13]. If the adsorbed macromolecule 
is in a good solvent, its chains expand. When it encounters a chain from another 
particle, there is a restriction in the conformation of both chains in the volume 
between the two particles, causing a decrease in configurational entropy and an 
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increase in free energy [14]. To minimize this effect, the chains of the macromol-
ecules repel each other, causing a repulsive effect between the particles, prevent-
ing aggregation.

Regarding the stability of aqueous colloidal dispersions, they are sensitive to the 
presence of electrolytes and polyelectrolytes (charged polymers of high molecular 
mass), since the colloidal particles can irreversibly aggregate in the presence of 
electrolytes and result in large and compact aggregates (clots) by a process called 
coagulation, while in the presence of polyelectrolytes there may be the formation 
of less dense aggregates (floccules), which can be easily broken and dispersed by 
mechanical agitation [15].

Understanding and controlling the stability of colloidal dispersions is essential 
for its satisfactory use. Some specific applications require that such dispersions be 
maintained over a wide range of temperatures and chemical conditions [8].

For both economic and environmental reasons, water is often required as a 
dispersing phase, even when the particles that need to be kept in suspension are 
hydrophobic. Water is a highly structured material, due to the hydrogen bonds 
that connect the molecules to each other. In the vicinity of a hydrophobic surface, 
ruptures of the hydrogen bonds between water molecules occur, increasing the free 
energy in relation to the solution. As a consequence, water is expelled to regions 
more favorable to hydrogen bonding. The migration of water molecules results in a 
mutual attraction between hydrophobic surfaces that implies a reduction in the free 
energy of the system [11].

3. Cellulose

Cellulose has stood out in the last 20 years as a study material for several appli-
cations, as it is the most abundant, renewable and natural polymer on the face of 
the Earth [15], and can be found mainly in woody plants (wood), annuals and in 
grasses [16]. Cellulose is located mainly in the secondary cell wall, corresponding to 
approximately 40 to 45% of the wood mass [17].

Cellulose (C6H10O5) n is a polysaccharide, linear chain containing from hundreds 
to thousands of chemical bonds involving carbon, hydrogen and oxygen atoms 
(Figure 1) [18]. The cellulose chain is of high molecular weight, which tends to form 
hydrogen bonds between the molecules [19, 20]. The hydroxyl groups of cellulose 
molecules form hydrogen bonds that can be intramolecular or intermolecular, 

Figure 1. 
Chemical structure of cellulose.
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directing the crystalline packaging, and it is these bonds that make cellulose a stable 
polymer and appreciated as reinforcement in composites [21, 22].

Its organized structure is formed by cellulose microfibrils, which due to inter-
molecular bonds form the fibrils, which in turn are composed in an orderly fashion 
in order to form cellulosic fibers. Cellulose fibers are made up of two regions, the 
crystalline region, in which the microfibrils are presented in an extremely orderly 
manner, and the amorphous region, in which they are arranged in a less ordered 
manner [17], and for some lignocellulosic sources the amorphous regions can reach 
50% of the structure [22].

Despite the hygroscopic nature of the individual cellulose molecules, the 
absorption of water molecules is only possible in the amorphous zones, since there 
is a lack of empty spaces in the crystalline structure. Hydroxy groups are the most 
abundant groups in the cellulose molecule, followed by the acetal bonds that form 
the ring of pyraneses [23].

In the crystalline regions of cellulose, we also have that the intra and intermo-
lecular interactions can vary, giving rise to the various polymorphs [18]. The degree 
of polymerization and the crystallinity of cellulose vary according to the lignocellu-
losic source [1]. Due to the presence of crystalline and amorphous regions, cellulose 
can be classified as a semicrystalline fibrillar material [24].

Using cellulosic materials has several advantages, such as: its low cost, low 
density, high mechanical resistance and high elastic modulus. Due to the stable 
structure of their crystalline regions, cellulose fibrils have high mechanical prop-
erties along the longitudinal direction [24]. It is also possible to benefit from the 
high stiffness of the cellulose crystal which, when used on a nanometer scale for 
the production of composite materials, makes it possible to preserve the optical 
properties of the original material while improving the mechanical properties [25].

3.1 Colloidal stability of cellulose

Cellulosic pulp is a material whose characteristics and properties are determined 
by its origin. Cellulose modification methods are used when carrying out processes 
carried out in an aqueous medium, but cellulose is an amphiphilic polymer, that is, 
it presents a hydrophilic region that dissolves in water, and another hydrophobic 
region that does not dissolve in water, due to the presence of crystalline and amor-
phous regions.

The geometry, size and surface density of the particles are also properties that 
interfere with the processes of coagulation and flocculation. The polymers used 
with water retention agents increase the forces of colloidal attraction and induce 
flocculation through different mechanisms, based on different effects. We can 
mention: flocculation by bridge effect, flocculation by depletion effect and floc-
culation by reinforced bridge effect [1].

In the case of cellulose fibers, these properties are not well defined due to the 
variety in the size and shape of the fibers. However, it is known that cellulose fibers 
when dispersed in water have a pH of around 6, which indicates the acidic character 
of the surface, therefore a tendency to preferentially adsorb OH- group. In this way, 
the aqueous dispersions of cellulose fibers are influenced in their colloidal stability 
by the presence of a double electrical layer under their surface, resulting from the 
dissociation of different functional groups, such as carboxylics [26].

The pure cellulose fiber in suspension has a high tendency to aggregate and form 
clots by the action of gravity. However, studies show that through the addition of 
symmetrical or asymmetric electrolytes the tendency to coagulate the cellulose fiber 
suspension can be maximized or minimized depending on the final objective. The 
addition of cationic starch and calcium carbonate to the cellulose fiber suspension 
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causes a change in the charge signal of the fiber surface, resulting in phenomena of 
fiber-fiber interaction that guarantees greater stability in relation to pure cellulose 
fiber [1].

3.2 Cellulose used in paper production

In the refining process, for example for the production of paper, cellulose fibers 
are immersed in water. The fibrils, which make up the cells, are composed of crys-
talline regions that, when immersed in water, absorb a quantity of this water across 
all exposed crystalline surfaces, causing their swelling and decreased attraction 
between the fibrils. The mechanical action of shearing the fibers through refiners 
speeds up this swelling, as it exposes the surfaces previously located inside the 
fibers, causing an increase in surface exposure, which promotes a greater number of 
contacts and connections between the fibers, resulting in this stronger paper [1].

The steps of converting cellulose to paper involve many surface chemical 
interactions, interactions between fibers and colloidal particles. Understanding 
these interactions is useful for product development and improving the resolution 
of operational problems.

4. Conclusions

This chapter sought to define the main characteristics of colloids, as well as 
their classification, methods of preparation and finally to address characteristics of 
colloid stability. Cellulose, the most abundant biopolymer in the world, is a colloid 
widely used in several industries. This colloid proves challenging for some segments 
due to its detailed characteristics throughout of the chapter. Studies continue to be 
carried out on this topic in order to bring solutions to improve the colloidal stability 
of cellulose.
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Chapter 8

Removal of Copper Ions from 
Aqueous Solution Using  
Liquid Surfactant Membrane 
Technique
Huda M. Salman and Ahmed Abed Mohammed

Abstract

Liquid Surfactant Membrane (LSM) as an alternative extraction technique 
shows many advantages without altering the chemistry of the oil process in terms 
of efficiency, cost effectiveness and fast demulsification post extraction. Copper 
(Cu) extraction from aqueous solution using Liquid Membrane (LM) technology is 
more efficient than the sludge-forming precipitation process and has to be disposed 
of in landfills. In this chapter, a liquid surfactant membrane (LSM) was developed 
that uses kerosene oil as LSM ‘s key diluent to extract copper ions as a carrier from 
the aqueous waste solution through di-(2-ethylhexyl) phosphoric acid (D2EHPA). 
This technique has several benefits, including extracting one-stage extracts. The 
LSM process was used to transport Cu (II) ions from the feed phase to the stripping 
phase, which was prepared, using H2SO4. For LSM process, various parameters have 
been studied such as carrier concentration, treat ratio (TR), agitating speed and 
initial feed concentration. After finding the optimum parameters, it was possible to 
extract Cu up to 95% from the aqueous feed phase in a single stage extraction.

Keywords: copper, D2EHPA, extraction, surfactant, liquid membrane

1. Introduction

Increased use of metals and chemicals in process industries has led to the 
production of large volumes of effluent containing high levels of toxic heavy metals 
and their presence, due to their non-degradable and persistent existence, poses 
problems with disposal. World Health Organization (WHO)-based aluminum, 
cobalt, chromium, iron, cadmium, nickel, zinc, copper, lead and mercury are the 
most toxic metals [1–3].

Leather tanning, mining, electroplating, textile dyeing, coating operations, 
aluminum conversion, and pigments are the main industries that introduce water 
contamination by chromium. Owing to the decreasing availability of natural 
resources and the rising contamination in the atmosphere, the removal of ions 
from their effluents has taken on greater significance in the recent past [4–6]. 
For environmental purposes, the removal of copper (Cu) from aqueous solutions 
requires an effective method (toxic ions if they are beyond the WHO limits). The 
minimization of liquid effluents containing hazardous metals is a general concern. 
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The solvent extraction process is a conventional method to eliminate Cu from solu-
tions. A well-established Cu extract, such as diketones or hydroxytoxic agents [7], 
should be used in this technique. Both are LIX acid (Cognis) and phosphoric acid 
(D2EHPA) di- (2-ethylhexyl) [8–11].

Liquid surfactant membrane (LSM) for the isolation of solvents, such as phe-
nols, biochemical products and metal pollutants [2, 12–19], has been considered 
as an alternative to solvent extraction. LSM is a form of triple dispersion, where a 
primary emulsion (water/oil or oil/water) is dispersed to be processed in the feed 
process (E). The liquid membrane consists of three phases: I internal, ii) external 
and iii) organic. The organic phase includes a diluent, an emulsifier to stabilize the 
emulsion and, in the case of metal ion separation [10], an extractant. The solution 
is transferred through the membrane through the stripping phase droplets during 
the mixing between the feed phase (E) and the emulsion (organic + internal) and 
is concentrated [20]. After extraction, the emulsion is isolated from the raffinate 
process and the emulsion is typically demulsified by high voltage or heat applica-
tion. There are several advantages to LSM, such as single-stage re-extraction, large 
specific surface area for extraction, concurrent extraction and the need for an 
expensive extractant in small quantities [10, 21, 22].

The aim of this research was to investigate the potential of a liquid surfactant 
membrane (LSM) to extract copper ions from the feed solution. Despite studies in 
this area, the study examined different experimental parameters, such as extract-
ant concentration, ratio of treatment, rate of agitation, and initial feed concen-
tration, to determine the best conditions that would give the LSM the greatest 
efficiency.

2. Experimental protocols

2.1 Reagents

The phosphoric acid di-(2-ethylhexyl) (D2EHPA) worked as a shuttle and the 
nonionic emulsifier was Sorbitan monooleate (Span 80 C24H44O6), both of which 
were supplied by Sigma-Aldrich (Merck, Darmstadt, Germany). The Southern Oil 
Company (SOC) (Al Basra-Iraq) supplied kerosene used as a diluent, while the 
removing agent was sulfuric acid (H2SO4) and was purchased from the acid and 
base factory (Babylon, Iraq). Copper solutions were prepared from nitrate of cop-
per (Chemical, Company, Co., Ltd. Korea).

2.2 Procedure

The experimental work consists of four parts: emulsion preparation as a first 
step, stock solution preparation, extraction process execution, and emulsion 
demulsification. In this article, Figure 1 shows the LSM process.

2.2.1 Emulsion preparation

Mixing those volumes of kerosene, Span80, and D2EHPA using SR30 digital 
Homogenizer, (model: 670/340 W, 10-2000 ml, 3000–27,000 rpm) at a speed of 
17,500 rpm to reach the oil process. The sulfuric acid (H2SO4) solution was applied 
dropwise to the oil process as a stripping agent until the necessary volume ratio was 
obtained from the oil solution to the stripping solution. To achieve a stable Water/
Oil LSM, the solution was continuously stirred for 10 minutes.
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2.2.2 Feed phase preparation

This stage was prepared to obtain the necessary concentrations (200 ppm) of 
copper by adding distilled water (conductivity, 1 μs/m) to Cu (NO3)2 (solid form) 
and then adding some drops of sulfuric acid to pH 4.

2.2.3 Extraction

At a temperature of 25 ± 1°C, all experiments were performed. The prepared 
emulsion (2.2.1) has been added to a specific feed solution volume. The production 
of double emulsions of water / oil/water was obtained by stirring the contents with 
a digital stirrer (12,700 rpm) for 12 minutes. The external solution (E) was drawn 
from the syringe and filter syringe and then analyzed by AAS (atomic absorption 
spectrophotometry). The resulting solution was allowed to be separated by gravity 
into an emulsion (water/oil) and an external solution (E) in a 24-hour separation 
funnel. The external phase was drawn after two-phase separation and the concen-
tration of Cu was analyzed using AAS (Atomic Absorption Spectrophotometer) in 
the internal phase. The Cu(II) ions remain in membrane process can be determined 
by mass balance. The extractant concentration, initial Cu concentration, treatment 

Figure 1. 
LSM technique: (1) droplets, (2) organic phase, (3) globules, (4) emulsifier, (5) internal phase and Cu.
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ratio (TR) and stirring speed were varied to observe their effects on Cu extraction 
in order to understand the important variables relating to the extraction of Cu.

2.2.4 Demulsification of the emulsion

After the extraction experiment, the loaded emulsion was broken into the 
internal Cu concentrated phase and the organic phase by means of a hot plate 
magnetic stirrer (70° C for 43 minute). The internal phase (I) was analyzed and the 
Cu concentration determined after that.

2.3 Extraction mechanism in the ELM system

The prepared emulsion (Section 2.2.1) containing a certain concentration of 
copper ions at pH 4 (adding some drops of 0.2 M H2SO4) was transferred to the 
external process. For 0–12 minutes, a robotic mixer was used to stir the solution. 
Eqs. 1 and 2 elucidate the extraction and stripping reactions of the copper ions.

Here, RH refers to an extractant’s protonated form (D2EHPA in this paper) [23]. 
Figure 2 [24, 25] reveals the D2EHPA structure.

Extraction reaction of the copper ions:

 ( ) ( )( ) ( )2
2 22 2S LCu RH PbR RH H+ ++ → +  (1)

Stripping reaction of the copper ions:

 ( ) ( ) ( ) ( )
2

2 2 22 2S LCuR RH H Cu RH+ ++ → +  (2)

At the membrane (O)-external (E) interface, Eq. (1) denotes the reaction, 
whereas Eq. (2) shows the reaction where the copper ions are stripped at the oil 
(O)-internal (W) interface. Figure 3 describes the movement of Cu (II) ions by an 
extractant from the external phase to the internal phase. Based on the Eq. (3), the 
extraction percentage (E percent) is found:

 in out

in

C CE% 100%
C

= ×
-  (3)

In the external phase, where Cin is the initial copper concentration, and Cout is 
the concentration of copper ions after the extraction phase.

Figure 2. 
Depicts the structure of D2EHPA.
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3. Results and discussion

3.1 Effect of changes in carrier concentration on copper removal efficiency

As expected, this paragraph presented in Figure 4, as soon as the mixing began, 
the extraction efficiency increased in the first 0.5 minutes due to the efficacy of the 
carrier in carrying the copper ions and the increase of the shuttle D2EHPA con-
centration from 6–8% (v / v) provides only a 2% increase in the quantity extracted 
using LSM. At 10% D2EHPA, the E percentage decreased significantly. It should be 
noted that the D2EHPA concentration in the membrane process was observed to 
decrease the rate of copper extraction in the range of 2% (v / v) to 4% (v/v) under 
optimum conditions for copper extraction from nitrate solution, as observed by 
[2, 23]. An improvement of 2 percent from an economic point of view is very low, 
so 6 percent of D2EHPA is used in the experiments.

Figure 3. 
Depicts the transfer mechanism of LSM.

Figure 4. 
Effect of D2EHPA concentration on the Cu extraction at optimal conditions using LSM. (O/I = 1/1, span 
80 = 4 v/v%, H2SO4 = 0.5 M, feed concentration≈ 200 mg/L, pH = 4, TR = 1:10, mixing speed = 250 rpm).
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using LSM. At 10% D2EHPA, the E percentage decreased significantly. It should be 
noted that the D2EHPA concentration in the membrane process was observed to 
decrease the rate of copper extraction in the range of 2% (v / v) to 4% (v/v) under 
optimum conditions for copper extraction from nitrate solution, as observed by 
[2, 23]. An improvement of 2 percent from an economic point of view is very low, 
so 6 percent of D2EHPA is used in the experiments.

Figure 3. 
Depicts the transfer mechanism of LSM.

Figure 4. 
Effect of D2EHPA concentration on the Cu extraction at optimal conditions using LSM. (O/I = 1/1, span 
80 = 4 v/v%, H2SO4 = 0.5 M, feed concentration≈ 200 mg/L, pH = 4, TR = 1:10, mixing speed = 250 rpm).
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3.2 Effect of changes of stirring speed on the copper removal efficiency

Stirring speed was found to be another parameter affecting extraction to a large 
extent, and it was studied using LSM1 in the 150 to 550 rpm range and shown in 
Figure 5. Using LSM, as the stirring speed increased from 150 to 250 rpm, copper 
removal increased from 82% to 94.7% in 11 minutes. This was due to the small size 
of the globules (SSG) formed by the shear force of the stirrer impellers, which pro-
vided more interfacial surface area for efficient mass transfer. In the external phase, 
no copper was detected for more than 11 minutes due to membrane breakage. 
However, as the stirring rate was increased to 300 rpm, the emulsion and external 
phase were introduced with more shear, which promotes emulsion breakage. The 
interfacial contact area and mass transfer between the external phase and the emul-
sion decreased due to the larger size of the emulsion for lower agitating velocity. For 
a satisfactory extraction percentage, 250 rpm was appropriate.

The proportion starts to decrease after 250-rpm extraction. A further increase 
in the mixing speed resulted in a breakdown of the liquid surfactant membranes, 
resulting in the outflow of extracted lead into the external phase. This is due to a 
higher mixer speed, which usually results in greater transport of water into the 
inner strip process beyond limits, causing the membrane to swell [26, 27]. 250 rpm 
was therefore chosen as the optimum speed of mixing for Cu (II) extraction.

3.3 Effect of changes of treat ratio (TR) on the copper removal efficiency

The ratio of the emulsion phase to the feeding phase in an LSM extraction is the 
treatment ratio. Generally, rising TR contributes to an improvement in the loading 
ability and extraction rate. This case occurred due to an increase in emulsion volume 
and an increase in D2EHPA and H2SO4 [28, 29]. Figure 6 illustrates the effect of TR 
on the copper extraction from copper nitrate solutions using LSM. As TR improved, 
there was an improvement in the efficiency of this ratio as it improved from 1:15 to 
1:10. Because of the increased hold-up of the emulsion, this trend may be known from 
a potential rise in distribution of globule size. Due to increased globule-size distribu-
tion at larger emulsion hold-ups, Sengupta et al. (2006) observed a strong decrease in 
the extraction percentage of silver ions when TR was raised from 1:6 to 1:4.

The formation of LG (larger-globules) decreases the outer surface areas and 
increases the effective duration of the pathways of diffusion between the globules, 
resulting in a low removal rate of Cu. Treatment ratios of 1:15, 1:10 and 1:5 indi-
cate a substantial increase in extraction capacity at which time TR increased from 

Figure 5. 
The effect, of stirring speed on a rate of copper extraction using LSM.
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1:15 to 1:10, owing to an increase in emulsion retention, the size distribution of the 
globules tended to shift to LG with a consequent decrease in the pace.

3.4  Effect of changes of initial copper concentration on copper removal 
efficiency

Using emulsions with O/I = 1/1, span80 = 4 v / v percent of the organic phase 
and H2SO4 = 0.5 M, D2EHPA = 6 percent (v/v), the effect of initial Cu (II) ion 
concentrations in the feed on the rate of copper extraction was investigated. At 4 
and 1:10 respectively, the original (pH) and (TR) were retained. The extraction 
results are shown in Figure 7, which is a plot of the change in copper concentration 
over time in the feed stage.

Figure 8 demonstrates the pattern of copper loading in LSM along with a quan-
titative assessment of the quantity of copper stripped in the internal stripping step 
of the emulsion after a 12-minute contact between the feed and LSM for differences 
in the initial feed concentration.

Figure 6. 
Effect of (TR) on the Cu-extraction by LSM

Figure 7. 
Effect of initial-feed concentration on rate of copper extraction using LSM (O/I = 1/1, span 80 =,4 v/v%, 
H2SO4=,0.5 M, D2EHPA = 6%, feed concentration≈ 200 mg/L, pH = 4, TR = 1:10, mixing speed = 250 rpm). 
(Cu IE, initial-concentration of copper, in the external phase).
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no copper was detected for more than 11 minutes due to membrane breakage. 
However, as the stirring rate was increased to 300 rpm, the emulsion and external 
phase were introduced with more shear, which promotes emulsion breakage. The 
interfacial contact area and mass transfer between the external phase and the emul-
sion decreased due to the larger size of the emulsion for lower agitating velocity. For 
a satisfactory extraction percentage, 250 rpm was appropriate.
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a potential rise in distribution of globule size. Due to increased globule-size distribu-
tion at larger emulsion hold-ups, Sengupta et al. (2006) observed a strong decrease in 
the extraction percentage of silver ions when TR was raised from 1:6 to 1:4.
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resulting in a low removal rate of Cu. Treatment ratios of 1:15, 1:10 and 1:5 indi-
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1:15 to 1:10, owing to an increase in emulsion retention, the size distribution of the 
globules tended to shift to LG with a consequent decrease in the pace.

3.4  Effect of changes of initial copper concentration on copper removal 
efficiency

Using emulsions with O/I = 1/1, span80 = 4 v / v percent of the organic phase 
and H2SO4 = 0.5 M, D2EHPA = 6 percent (v/v), the effect of initial Cu (II) ion 
concentrations in the feed on the rate of copper extraction was investigated. At 4 
and 1:10 respectively, the original (pH) and (TR) were retained. The extraction 
results are shown in Figure 7, which is a plot of the change in copper concentration 
over time in the feed stage.

Figure 8 demonstrates the pattern of copper loading in LSM along with a quan-
titative assessment of the quantity of copper stripped in the internal stripping step 
of the emulsion after a 12-minute contact between the feed and LSM for differences 
in the initial feed concentration.

Figure 6. 
Effect of (TR) on the Cu-extraction by LSM

Figure 7. 
Effect of initial-feed concentration on rate of copper extraction using LSM (O/I = 1/1, span 80 =,4 v/v%, 
H2SO4=,0.5 M, D2EHPA = 6%, feed concentration≈ 200 mg/L, pH = 4, TR = 1:10, mixing speed = 250 rpm). 
(Cu IE, initial-concentration of copper, in the external phase).
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The extent of copper-extraction-into LSM was also increased as the initial-feed 
concentration increased.-When Cu loading was low, most of the Cu extracted in the 
membranes was stripped during the inner process of the membranes. However, the 
amount of copper stripped during the internal process of the LSMs did not increase 
significantly at high copper loadings, so most of the copper removed by the LSMs 
was retained during the membrane phase [4, 21, 22].

From the slow stripping kinetics, as well as the diffusional effects that 
play an important role in further slowing down the stripping rates, the low 
percentage of Cu stripping could be recognized. Strong CuIE (Initial copper 
concentration) values lead to higher copper loads in the LSMs, resulting in rapid 
saturation of the peripheral internal phase droplets in the emulsion, requiring 
deeper penetration of the Cu-D2EHPA complex inside the emulsion globules 
to be stripped.

4. Conclusions

Using a liquid surfactant membrane (LSM), copper Cu (II) extraction from an 
aqueous process was studied. The membrane consisted of D2EHPA dissolved as a 
solvent as an emulsifier in kerosene and span80, respectively. The stripping- solution 
was used for sulfuric acid (H2SO4). The optimum conditions for Cu extraction are: 
(a) 6–8 percent (v / v) concentration of D2EHPA, (b) 4 percent (v/v) concentration 
of span80, (c) concentration of 0.5 M concentration of H2SO4 in the internal phase, 
(d) 1:1 the internal phase-to-membrane phase ratio; (e) the external phase acidity 
is 4; (f) the external phase volume is 1/10 of the membrane volume; (g) the extrac-
tion time is 11 minutes; and (h) the agitation speed is 250 rpm. The results also 
showed that many parameters are very important in Cu extraction, stirring speed, 
D2EHPA concentration, feed concentration and treatment ratio, (2) Cu extraction 
efficiency (E) is 95 percent at 11 minutes. (3) Small emulsion droplets are produced 
at the higher agitating velocity of the water /oil/water emulsion, thus increasing 
the carrier/Cu reaction interface area. However, in order to increase the extrac-
tion efficiency, this paper considered a maximum limit (250 rpm); (4) the results 
showed that the LSM method is a beneficial method for removing Cu from aqueous 
solution.

Figure 8. 
Copper extraction, stripping patterns in LSM. (Int., internal phase; roil, retained in the oil phase; FExt, final 
concentration in the external phase.
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Chapter 9

Hydrocolloids in Dentistry:  
A Review
Stanley Onwubu and Chibuzor Stellamaris Okonkwo

Abstract

Hydrocolloids are complex polysaccharides that disperse or dissolve in  
aqueous solution to give thickened or vicious effects. Also hydrocolloids possess 
high molecular weight. Owing to these characteristics, hydrocolloids have been 
widely used in various applications. In dentistry, for example, most intricate and 
precise procedures are made of hydrocolloids and are found in its simplest material 
to the most complex material such as impression making, fillings, separating media, 
electro-polishing etc. The two common hydrocolloids widely used in dentistry 
are reversible (agar) and irreversible (alginate) materials. Hence, this chapter 
bring to the forefront their preparations, uses and storage for optimal results and 
application.

Keywords: agar, alginate, dentistry, hydrocolloids, impression materials

1. Introduction

Hydrocolloids are colloidal systems wherein the colloid particles are hydrophilic 
polymers dispersed in water and depending on the quantity of water available 
that can take place in different states, e.g., gel or sol (liquid) It is an intermediate 
between a solution and a suspension which can be distinguished from solutions 
using the Tyndall effect [1]. Hydrocolloids materials are available in the form of 
viscous liquids in the “sol” state or the form of semi-solid substances of a gelati-
nous consistency. Without a filler, the gel would lack stability and would have a 
slimy surface covered with synerate exudate [2]. They can be either irreversible 
(single-state) or reversible hydrocolloids (transiting from gel-sol-gel on the 
application of heat) [3]. Owing to their unique properties, hydrocolloids have 
found wide and useful applications in various fields including, dentistry, medi-
cine and the food industries. For instance, hydrocolloids such as Xanthan, gum 
Arabic, Pectin are added to food as additives due to their gelling, viscosity, and 
stabilizing properties [4, 5]. The aforementioned hydrocolloids could significantly 
reduce human appetite in acute settings due to the ability to form gelation in the 
stomach when ingested. An important rheological property of fibers within the 
intestine is viscosity, which is thought to account for beneficial physiological 
responses in relation to appetite regulation, glycemic and lipidemic control [4, 5]. 
In Medicine, studies have been carried out with different strategies and approaches 
or a combination of both as hydrocolloid gels have found some potentials in bone 
regeneration in the delivery of osteo-inductive factors, bone-forming cells, or a 
combination of both [2].
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Recently, hydrocolloid (alginate) gels have also been actively investigated for 
their ability to mediate the regeneration and tissue engineering of different tissues 
and organs, including skeletal muscle, nerves, the pancreas, and liver. Current 
strategies for skeletal muscle regeneration include cell transplantation, growth 
factor delivery, or a combination of both approaches [6, 7]. Also, Studies within the 
pharmacological field have demonstrated how alginate-antacid formulations can 
decrease post-prandial symptoms by neutralizing the acidity of gastric contents by 
forming a gel-like barrier to displace the “acid pocket” from the oesophagogastric 
junction and protect the oesophageal and gastric mucosa with controlled released 
drug products used as model system for mammalian cell culture in biomedical 
studies [6]. In Dentistry, for example, hydrocolloids are widely used in the fabrica-
tion of dental and maxillofacial prostheses impression due to their biocompatibility 
with the tissues, ease of use, physical properties and hydrophilicity with the oral 
tissues [8]. Other areas of hydrocolloids applications include orthopaedic structures 
and stone models in surgical cases [8]. This chapter aims to discuss the different 
hydrocolloids used in dentistry, their preparations, uses and storage for optimal 
results and application.

1.1 Overview of hydrocolloids application in dentistry

Hydrocolloids were the first elastic materials to be used in the Dentistry [2]. 
Elastic impression materials commonly used in the dental field include reversible 
hydrocolloids (agar-agar), irreversible hydrocolloids (alginate), and other synthetic 
and elastomeric materials such as polysulfide, polyether’s, and silicone [2]. The 
properties and abilities of hydrocolloids materials enables the replication of the oral 
tissue with little or no deformity on withdrawal while abiding to both manufacturer 
and mechanical stipulations of its manipulation prior to being loaded on a tray to 
produce the gel or sol form [3].

Agar discovered by Sears in 1937 was the first hydrocolloids used in dentistry 
for making impressions to circumvent the cumbersome procedure and oral lacera-
tions of using impression compound [9]. Agar is a vegetable colloid derived from 
seaweed found on the sea coast of Japan, a jelly-like substance softened when 
heated and solidifies when cooled [9]. However, the technique of using agar was 
complicated because of the need for special heaters and tempering Jars for heating 
and holding prior to use, syringes and water-cooled trays, even though it could 
be used severally without losing its chemical and physical properties before been 
discarded [10].

In 1947, alginate was introduced during the second world war as a result of 
the scarcity of agar from Japan by the extraction of alginic acid from marine 
seaweed [10]. Unlike agar which reaction is reversible; alginate reaction was 
chemical which resulted in irreversible hydrocolloids when the alginate gels are 
mixed with water [10]. Furthermore, the physical, mechanical, biocompatibility 
and fatigue properties and most importantly the hydrophilic nature that allows 
hydrocolloids to capture accurate impressions in the presence of some saliva or 
blood [10].

Equally significant, its low wetting angle makes it easy to capture full or partial 
arch impressions moderate ability to reproduce the detail and costs relatively little 
compared with other elastomeric impression materials [10]. Despite this, hydrocol-
loids materials are not accurate enough for fixed partial dentures but are used for 
partial framework impressions to the modelling materials, ability to adapt to the 
oral tissues and the formation of an elastic resilient film [3, 11].
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1.2 Types of hydrocolloids use in dentistry

Generally, hydrocolloids used in dentistry can be typified as either reversible 
(agar) and or irreversible (alginate). This section, therefore, focuses on the proper-
ties, composition and application of these two hydrocolloids materials.

1.2.1 Agar

Agar hydrocolloid has remained an excellent, cost-effective impression material 
since its discovery in 1937 from seaweed found on the coasts of Japan, and thus, 
has been used widely for the replication/duplication of models [12]. It is a revers-
ible hydrocolloid which can repeatedly pass between highly viscous gel and low 
viscosity sol through heating and cooling [3]. In terms of its chemical composition 
and structure, agar is the sulfuric ester of a linear polymer of galactose extracted 
from seaweed [3].

1.2.1.1 Composition

The components of the agar gels are 12–15% agar, 1% potassium sulphate to 
ensure a proper set of the gypsum material poured in the impression, 0.2% borax 
as a strengthener for the gel, 0.1% alkyl benzoate as an antifungal during storage, 
and 85% water (Table 1). Borax and agar retard the set of gypsum products, so 
potassium sulphate is added to cancel out their effect [13].

The composition described in Table 1 may differ slightly depending on the 
dispersing medium for the gel; which could be either loading on an impression tray 
or a syringe. When fine details of preparation are needed, a less concentrated gel 
type is used in a syringed. A more concentrated gel is used to in water-cooled tray 
to form the bulk of the impression. Agar possesses relatively good elastic recovery, 
reproduction of details, pleasant tasting and easy to clean up. But it cannot be 
used to produce electroplated pies due to its dissolution inside the electrolytic bath 
[14]. Agar is a technique sensitive impression material due to its low tear strength 
of 27.6 KPa. Agar is dimensionally unstable due to the loss of water from the agar 
gels even when stored at 100% humidity. The consequence of this is an inaccurate 
model if left for a while before the cast is poured [9]. Agar hydrocolloids are sup-
plied as sticks or gel and require specific equipment for its manipulation before 
the impression making process. Thereby making the process cumbersome but can 
be reused once the setup is done. Although agar hydrocolloid is an inexpensive 

Material Composition (Approximate 
percentage)

Purpose

Agar 12–15% Colloidal particle as basis of the gel

Potassium 
Sulphate

1% Ensures set of gypsum material

Borax 0.2% Strengthens the gel

Alkyl Benzonate 0.1% Antifungal agent

Water 85% Dispensing medium for the colloidal 
suspension

Table 1. 
Composition of agar gels.
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impression material with very good accuracy, its use has declined over the years due 
to the inability to pour impressions immediately, low dimensional stability, ease 
of manipulation and water-cooled impression trays and the inability to produce 
electroplated dies [9].

1.2.2 Alginate

Alginate is an irreversible hydrocolloid largely used in dentistry [15]. It is mainly 
used for diagnostic and planning in the rehabilitation of oral, orthodontics and 
maxillofacial prostheses [16–18]. The advantage of alginate materials is that it is 
easy to manipulate, cheap and provides a good level of comfort for patients without 
the need for specialized instruments and equipment [17, 19].

1.2.2.1 Composition and setting reactions

Discovered in 1945, as a substitute for agar whose importation was hampered 
by the outbreak of the Second World War. Alginates are salts of alginic acid, a 
polysaccharide extracted from the cell walls of brown algae (washed, ground and 
chemically treated, especially the pulp) belonging to the Phaeophyceae family, 
widespread especially in America [20]. Like agar, alginic acid, chemically known as 
anhydro-B-D-mannuronic acid has a high molecular weight (30,000 to 200,000) 
linear polymer [9].

The extracted alginic acid is then converted into a salt (alginate) of sodium, 
calcium, potassium or magnesium. Although alginate is insoluble in water, its 
alkaline salts are water-soluble. The production process of sodium alginate from 
brown algae can be done in two ways; using the calcium alginate method or the 
alginic acid method [21]. To extract alginic acid, the algae are placed in a sodium 
carbonate bath, exploiting the solubility of alkaline alginates in water. The alginic 
acid is recovered from the obtained solution by precipitation with hydrochloric 
acid or sulfuric acid [21]. The difficulty of the processes lies in the required physical 
separations; such as in the filtration of muddy residues from viscous solutions or in 
the separation of gelatinous precipitates that retain a large amount of liquid in their 
structure, resisting filtration and centrifugation [2].

The alginate impression materials for dental use contain several additives such 
as sodium alginate, calcium sulphate, trisodium phosphate, diatomaceous earth, 
zinc oxide, and potassium titanium fluoride, all in the form of a powder [2]. They 
are irreversible hydrocolloids because the picking reaction is a chemical reaction of 
irreversible precipitation therefore they cannot return in sol form using physical 
means, such as temperature, as with reversible hydrocolloids.

The chemical reaction occurs two times: a first phase called ‘slowing’ and a 
second phase called ‘setting’. Initially, the powder is mixed with water, a sol is formed 
and the sodium or potassium salts of alginic salts react with the calcium sulphate [2] 
to allowing crosslinking of the alginic salts [9, 22, 23]. After the sodium phosphate 
has reacted, the remaining calcium sulphate reacts with sodium alginate to form 
insoluble calcium alginate that forms a gel with water which acts as a catalyst. There 
are many commercial variations of alginate that vary in consistency, setting time, 
elasticity, strength, and dimensional stability; manufacturers also add fillers, which 
impact on its properties, application, setting time, and pouring time [22]. The 
standard composition of alginate is as described in Table 2.

The alginates available on the market can be of two types: fast setting (harden-
ing time of 1–2 min) or normal setting (setting time between 2 and 5 min). The 
setting time depends on the composition (water/powder ratio, where increasing the 
powder accelerates the hardening reaction) and the temperature at which mixing 
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takes place [2]. The reaction that causes the alginate impression materials to form 
makes use of the different solubilities of the sodium, potassium, ammonium and 
calcium H2O % Na & alginate % CaSO4 ÿ (paste) Ca & alginate % Na2SO4 (gel) salts 
of alginic acid in water.

The setting reaction is a chemical reaction between Sodium Alginate and 
Calcium Sulphate, where:

 ( )3 4 4 3 4 2 42Na PO 3CaSO Ca PO 2 3Na SO+ → +  (1)

This reaction (1) can be retarded with Calcium Phosphate, which acts as a 
retarder, thereby increasing the setting time and obtain a type I (fast set) or type II 
(Normal set) setting time [20].

The irreversible hydrocolloids, which are the most commonly used, are a 
mixture of manual or mechanized techniques through the union of powder and 
water [2]. Alginate impression materials are easy to use and manipulate without 
specialized equipment but can be mixed manually or mechanically, it is less expen-
sive and has more rapid setting times. The reaction time and the setting time can 
be controlled with the temperature of the water used. They are slightly flavoured 
and in recent formulations, have colour indicators according to the phases of the 
chemical reaction [2].

1.3 Summary

What started as a trial in the 19th century gradually became a benchmark in the 
history of dentistry and has today found its way into different aspects of medical, 
pharmaceutical and food industries with more studies on how to improve its effec-
tiveness for optimal use. We are currently in a technologically advanced era which 
is gradually employing the use of CAD/CAM technologies for the diagnosis and 
treatment of patients which is still very expensive due to the cost of the equipment 
and specialized training required for the operators to interface with it. Amid all 
these, studies are still being carried out on convectional irreversible hydrocolloids to 
improve their physical, mechanical and biological properties [24].

Recent studies have shown that the dimensional stability of hydrocolloids has 
been improved upon with the materials which have extended cast pouring times 
[25]. The incorporation of disinfectant gels into the powder which when mixed with 

Material Percentage 
(Approximate)

Purpose

Sodium or potassium alginate 15–20% Colloidal particles as basis of the gel

Calcium sulphate dihydrate 14–20% Creates irreversible gel with alginate

Potassium sulphate 10% Ensures set of gypsum materials

Trisodium phosphate 2% Retarder to control setting time

Diatomaceous earth 55–60% Filler to increase thickness and strength

Other additives: chemical indicators Very small quantities Colour change

• Organic glycols
• Flavoring agents
• Coloring agents
• Disinfectants

Reduce dust when powder is handled
Improve taste of material
Provide pleasant colors

Cause antibacterial action

Table 2. 
Composition and properties of alginate use in dentistry.
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Table 2. 
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water will dissolve thereby preventing surface inaccuracies when soaked/sprayed 
with disinfectants [25]. Dust-free particles with the use of glycerine making the 
powder denser and the two-sol system like elastomeric materials to reduce inaccura-
cies due to annual mixing [25]. Chromatic products to indicate the different chemical 
reactions within the sol [25].

An important advancement is the use of agar-alginate laminate for making 
impressions which give better accuracy, thereby, eliminating the water-cooled 
trays for agar impressions. Certainly improving the quality and definition of these 
materials would be possible to expand their use with benefits for patients. Also, 
the reduced setting time and their single-footprint technique will provide added 
benefits for dentists in terms of time available for manipulation. The prospect is 
that these materials will continue to evolve as has happened since the 40s, thus 
producing high-performing impression materials [2].

1.4 Conclusion and recommendation

Despite the advancement in science and technology, hydrocolloids have remained 
relevant in dentistry, particularly as an impression material. The resilient proper-
ties of hydrocolloids coupled with the simplicity of use and biocompatibility with 
the oral tissues had endeared it in dental practices. While hydrocolloids had some 
inherent disadvantage in its properties, the advancement in material science and 
modification of hydrocolloids with other additivities has improved their properties 
and usefulness in the oral care practice.
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Chapter 10

Application of Colloids and Its 
Relevance in Mineral Engineering
Abhyarthana Pattanaik and Rayasam Venugopal

Abstract

Mineral engineering is an interdisciplinary branch which includes many branches 
like physics, chemistry, math and sub branches like instrumentation, chemical engi-
neering, mechanical engineering, geology etc. Amongst the various separation/benefi-
ciation techniques of mineral processing, froth flotation is one of the most important 
fines beneficiation technique, which depends upon the surface and colloid chemical 
phenomena as the basis of selectivity. The method of separation relies on the surface 
state and colloidal chemistry of the ore particles and chemical reagents. Adsorption 
at the mineral solution interface is of major importance for the behaviour of mineral 
particles in the solution and for successful flotation performance. Adsorption of simple 
ions determine the change of the particle surface and electrochemical properties of 
the pulp/slurry phase and therefore affect the colloidal stability and the adsorption 
behaviour of reagent on the mineral surface. This chapter describes in detail about the 
role, importance and application of colloidal chemistry in mineral processing espe-
cially froth flotation. Froth flotation will remain a key unit operation for the treatment 
of low-grade ore fines for the decades to come with the overarching challenge as the 
need of the hour is to modify and improve existing process conditions so as to maintain 
an acceptable grade and recovery response for the feed whose liberation is more finer, 
more complex association of minerals and of lower grade.

Keywords: mineral processing, iron minerals, colloids chemistry, surface chemistry, 
adsorption, zeta potential, interfacial chemistry

1. Introduction

Mineral Engineering is a multidisciplinary and inter disciplinary branch, which 
includes many other branches and sub branches. Due to depletion of high-grade ores 
and liberation size being finer, particles are approaching colloidal size range, mineral 
processing is becoming more and more applied colloid chemistry. Colloid chemistry is 
inevitably involved in all aspects of mineral processing, ranging from rheological phe-
nomena in grinding, in froth flotation in which selective adsorption of various chemical 
additives (flotation collectors, flocculants, dispersants, depressants etc.) onto mineral 
surfaces, dewatering, tailings management and analysing the forces which control the 
stability of dispersion as well as the wettability of mineral surfaces. Surface phenomena 
control both the dewatering of “fines” and area involved in dust suppression. So, to 
understand the colloidal science and colloidal chemistry in mineral engineering, a basic 
knowledge on surface science (surface physics, surface chemistry, surface mineralogy 
etc.) should be there. Colloidal solution is formed by dispersing one phase into another 
and the phase change can be easily described in terms of attractive and repulsive 
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and the phase change can be easily described in terms of attractive and repulsive 
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interactions in the dispersed phase. Different mineral beneficiation processes along 
with the application of colloid chemistry are depicted in Figure 1.

Along with the application in Mineral industry, colloidal chemistry has the 
application in non-mineral industry also in deinking, waste water treatment etc. We 
can’t just use the word colloid science, in this modern era, interdisciplinary is more 
accurate word for Mineral Engineers as it has been justified. Fine mineral particles 
(colloidal particles), when present in slurry exert an affect on the ionic environment 
surrounding the particle. To understand or to get an extensive knowledge about col-
loidal systems in mineral processing, a knowledge on basic surface science is required.

So, as flotation, flocculation are (physico-chemical surface based separation 
processes), involves the application of certain surfactants in the slurry phase, hence 
valuable understanding of intermolecular forces at the interfaces in mandated.

1.1 Colloidal chemistry in froth flotation

Amongst the various beneficiation/upgradation technologies of Mineral process-
ing, froth flotation is the most innovative and ingenious process development for the 
treatment of low-grade ore fines, slimes and tailings [2–4]. The basis of separation 
in froth flotation process rely on the surface state and colloidal chemistry of the 
particles and chemical reagents [5, 6]. Adsorption of the surfactants/reagents at the 
mineral solution interface is of the major importance for the behaviour of mineral 
particles in the solution and for the successful execution of the froth flotation [7].

Grinding of ore for liberation inevitably results distribution of particle sizes. 
Colloidal chemistry also plays a role between particle sizes and contact angle in the 
physio chemical processes [8].

Flotation process is not fully interpretable and remains a challenge, as it requires 
a good understanding of the interactions involved between the major phases (macro 
processes) and the number of inter related events (micro processes), as represented 
in Figure 2.

Adsorption of simple ions will determine the change of surface characteristics 
of the particles in the pulp/slurry phase and therefore affect the colloidal stability 
and the adsorption behaviour of reagents on the mineral surface. A comprehensive 
understanding of the flotation colloid chemistry is essential to enhance flotation 
performance and adapt them for treatment of more complex and low-grade ores.

Figure 1. 
Important role of Colloid chemistry in mineral processing [1].

157

Application of Colloids and Its Relevance in Mineral Engineering
DOI: http://dx.doi.org/10.5772/intechopen.95337

Colloidal chemistry plays an important role in flotation particularly surface 
and interfacial forces (Vander Waals, electrical double layer, hydrophobic, hydro-
dynamic, hydration, and adhesion forces) are of great importance in order to 
understand interparticle, interbubble and bubble-particle interaction mechanisms. 
However due to complexity of flotation system and difficulty in experimental 
verification and due to various particle size range, the physicochemical principles of 
flotation colloid interactions are still not fully understood.

2. Surface energy in Froth flotation

The concept of surface energy provides a satisfactory basis for explaining a 
wide range of “capillary phenomena”, many of which are pertinent to the  flotation 
process.

1. Th e shape s of liquid drops, bubbles, or menisci at equilibrium, either with or 
without deformation by gravity.

2. The internal pressure difference across curved interfaces.

3. The vapour pressure over curved interfaces of droplets or small particles.

4. The growth of particles (or bubbles) at the expense of smaller ones, either 
through the vapour phase or via a solvent.

5. The creepage or retraction of a film of liquid over another liquid or solid.

6. The establishment of an equilibrium angle of contact of a liquid on a solid 
 substrate — as governed by Young' s equation

7. The accumulation of one or more components at an interface — adsorption.

Figure 2. 
Different colloidal phases and interfaces of froth flotation [7].
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6. The establishment of an equilibrium angle of contact of a liquid on a solid 
 substrate — as governed by Young' s equation

7. The accumulation of one or more components at an interface — adsorption.

Figure 2. 
Different colloidal phases and interfaces of froth flotation [7].
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According to molecular theory, different crystal structures have different surface 
energy [9–11]. Interface is the boundary between two or more phases exist together. 
The properties of the molecules forming the interface are different from those in the 
bulk that these molecules are forming an interfacial phase. Several types of interface can 
exist depending on whether the two adjacent phases are in solid, liquid or gaseous state.

2.1 Interfacial tension

In the liquid state, the cohesive forces between adjacent molecules are well devel-
oped. There are various forces present between surface and interfaces molecules 
presented in Figure 3.

Cohesive forces are present with the other molecules which are situated below or 
adjacent to them. Adhesive forces are being developed with the molecules of other 
phases in the interface. Surface tension (γ) is the force per unit length that must be 
applied parallel to the surface so as to counter balance the net inward pull. Interfacial 
tension is the force per unit length existing at the interface between two different phases.

3. Methods for characterization of colloidal slurry phases

Potential determining ions [H+ and OH−] at the interface plays a very important role 
in determining electrical charge at the surface in the colloidal system [12–15]. There are 
many diagnostic methods such as particle size analysis and turbidity measurements, 
surface force measurement with atomic force microscope (AFM) and surface force 
apparatus (SFA) are direct approaches for studying colloidal interactions, which could 
provide insights into molecular mechanisms of operating colloidal forces with high 
resolution [1]. After invention of these advanced techniques, these have become the 
most important tools in colloid and interface science to directly measure the interac-
tions between particles and liquid substrates, and even the single molecular force 
involved in the rupture of a single chemical bond and the stretching of polymer chains. 
These are not only limited to hard or non-deformable surfaces, are also used to measure 
the forces between one solid particle and an air bubble or an oil drop. Although progress 
has been made in studying bubble-particle interactions using AFM in recent years, 
the deformation of the bubble by both the hydrodynamic and surface forces remains a 
bottleneck in determining the absolute separation and the surface forces.

4. Parameters affecting colloidal stability in mineral processing

Mineral processing is influenced in many ways by colloidal and surface forces 
(Figure 4).

Figure 3. 
Surface and Interfacial tensions for the molecules in bulk liquid.
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Rheology is dominated by particle coagulation and thus affects the effectiveness 
of grinding. Selective homocoagulation/flocculation is advantageous by decreas-
ing mechanical entrainment or dewatering for fine particle flotation of valuables. 
Flotation of fine particles also depends on the interaction of bubble-bubble and bub-
ble-particle interaction. However, for thickening/dewatering, hetero-coagulation/
flocculation that is detrimental to selective flotation by slime coating is desirable.

4.1 Colloidal stability

The stability of colloidal system is mainly affected by interactions among the 
particles. The coagulation kinetics of multicomponent colloidal systems with regard 
to the different electrical double layers for each dispersed species will vary.

The reduction of diffuse layer potential by surfactant adsorption can result 
in coagulation. Another important factor affecting the coagulation of mineral 
particles is hydrophobicity and thus affecting the rheology of suspensions. This 
is particularly true when the particles are sufficiently hydrophobic, being able to 
counteract electrostatic repulsion through strong hydrophobic attractive forces.

Colloidal interactions of slimes particles (<10 μm) requires careful attention, 
because it results in slime coating and hence diminishing the separation performance.

4.1.1 Methods to study colloidal stability

Many advancements have been made in the past several decades for accurate and 
direct measurements of forces acting between particles as a function of the surface 
separation. Although the findings were consistent with the colloidal forces double-
layer hypothesis, deviation was found at very short distances, mainly due to hydra-
tion forces or surface roughness.

The presence of cations in the aqueous process, which makes it possible to 
adsorb hydrated cations on the solid surface, is responsible for the resulting hydra-
tion force between the two mineral surfaces and is a significant flotation factor.

On the other hand, for predicting hetero-coagulation such as slime coating, zeta 
potential calculation can be used.

No attraction, weak attraction, or strong attraction between different mineral 
fines can be distinguished from the zeta potential measurements for a slurry 
mixture system containing various mineral fines.

Figure 4. 
Colloidal chemistry in Mineral Processing.
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Rheology is dominated by particle coagulation and thus affects the effectiveness 
of grinding. Selective homocoagulation/flocculation is advantageous by decreas-
ing mechanical entrainment or dewatering for fine particle flotation of valuables. 
Flotation of fine particles also depends on the interaction of bubble-bubble and bub-
ble-particle interaction. However, for thickening/dewatering, hetero-coagulation/
flocculation that is detrimental to selective flotation by slime coating is desirable.

4.1 Colloidal stability

The stability of colloidal system is mainly affected by interactions among the 
particles. The coagulation kinetics of multicomponent colloidal systems with regard 
to the different electrical double layers for each dispersed species will vary.

The reduction of diffuse layer potential by surfactant adsorption can result 
in coagulation. Another important factor affecting the coagulation of mineral 
particles is hydrophobicity and thus affecting the rheology of suspensions. This 
is particularly true when the particles are sufficiently hydrophobic, being able to 
counteract electrostatic repulsion through strong hydrophobic attractive forces.

Colloidal interactions of slimes particles (<10 μm) requires careful attention, 
because it results in slime coating and hence diminishing the separation performance.

4.1.1 Methods to study colloidal stability

Many advancements have been made in the past several decades for accurate and 
direct measurements of forces acting between particles as a function of the surface 
separation. Although the findings were consistent with the colloidal forces double-
layer hypothesis, deviation was found at very short distances, mainly due to hydra-
tion forces or surface roughness.

The presence of cations in the aqueous process, which makes it possible to 
adsorb hydrated cations on the solid surface, is responsible for the resulting hydra-
tion force between the two mineral surfaces and is a significant flotation factor.

On the other hand, for predicting hetero-coagulation such as slime coating, zeta 
potential calculation can be used.

No attraction, weak attraction, or strong attraction between different mineral 
fines can be distinguished from the zeta potential measurements for a slurry 
mixture system containing various mineral fines.

Figure 4. 
Colloidal chemistry in Mineral Processing.
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Zeta potential, electric double layer is first prescribed by Helmoltz [16]. The 
counter ions in an electrical double layer can exchange with ions of the same sign 
from the solution. In a similar way, the moment of counter ions occurs, with the 
application of electric field because of the concept of surface conductivity.

4.1.1.1 Atomic Force Microscopic (AFM) analysis

The bubble-particle attachment forces can be calculated by attaching a bubble 
to a stationary solid surface and a particle to an AFM cantilever. Strong long range 
attractive forces can be determined for a hydrophobic particle and an air bubble 
before any double-layer and van der Waals forces can be established, with the gas 
bubble acting like a hydrophobic surface.

The attractive hydrophobic attraction between the solid-water and the water-
gas interfaces is assumed to be the main driving force for film rupture and the 
attachment of air bubbles to hydrophobic mineral particles, taking into account 
the repulsive existence of electrostatic repulsion and van der Waals forces between 
particles and air bubbles encountered in flotation. The development of a dimple 
due to a hydrodynamic pressure greater than the internal bubble pressure is highly 
dependent on the velocity of the air bubble’s approach. Although the higher bubble 
approach velocity leads to a more pronounced dimple, in order to evaluate the film 
thickness of the first dimple and the form of the film for hydrophobic solid surface 
systems, the surface hydrophobicity needs to be taken into account. By changing the 
reaction conditions such as electrochemical potential and solution pH, it is possible 
to maximise the alteration of hydrophobicity with/without collector. 

4.1.2 Effect of water chemistry

As water is a polar liquid and moderate conductor of electricity, potential dif-
ference will not be observed in the absence of electric current. The chemistry of 
water has a great influence on the interaction forces in aqueous solution between 
solid surfaces. The colloidal stability of various slurry phases is influenced by 
various ions (monovalent, divalent, trivalent, etc.) present in the water. Cations 
function as a binder to bridge various charged surfaces in certain instances. If 
present in process water, reagents/surfactants bind with cations to minimise the 
amount of free cations in the liquid, are able to mitigate the undesirable effect of 
cations and thus promote the release of mineral particles. The water chemistry 
of the aqueous system where the attachment occurs is strongly influenced by 
bubble-particle attachment. Electrolytes in water compress the electrical double 
layer for the already hydrophobic particles and thus lower the energy barrier 
created during the collision between hydrophobic particles and air bubbles, which 
is advantageous for the bubble particle attachment. Knowledge about the surface 
properties and zeta potential is very important for flotation. The literature may 
define the ideal situation for different ores, but due to the presence of different 
interfering ions, the actual situation of different ores with varied mineralogy 
differs. Therefore, for flotation process effectiveness, the particle size distribution 
proportions of coarse and fine size groups, surface features of bulk and size frac-
tions of different mineral species and their interactions with the reagents need to 
be understood and closely monitored.

4.1.3 Effect of reagents

Flotation reagents play the most important role in flotation, as the hetero-
coagulation that could contribute to the loss of liberated valuables in the tailings 
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due to slime coating will affect less than the optimum quantity, while the optimum 
quantity helps to selectively homo-coagulate fine valuable particles, increasing the 
kinetics of fine particle recovery.

4.1.3.1 Collector

Collectors are reagents which render minerals’ surface hydrophobic by 
adsorption. The selection of an appropriate collector is critical for selective 
separation of valuable minerals from gangue minerals. Collectors can be clas-
sified into non-ionic, anionic and cationic depending on their ionic charge and 
active ion participation.

4.1.3.2 Frothers

Frothers are organic compounds that dissociate into ions at the air-water 
interface and decrease the surface tension, thus stabilising the froth consisting 
of a multitude of mineral-laden air bubbles and inducing the mineralized surface 
buoyancy effect.

4.1.3.3 Modifiers

These are chemical compounds applied to the pulps of flotation to strengthen the 
collector-mineral Adsorption, that is, selectivity enhancement. This may be achieved 
by either (a) creating an environment or revitalizing the floatability of the desired 
mineral, (b) by suppressing the flotation activity of the undesired mineral (at a 
particular stage of flotation operation), (c) by removing the deleterious elements 
which hinder effective flotation of desired minerals or (d) by providing proper 
hydrophobicity for the selective adsorption between the mineral and collector.

There are different types of modifiers.

I. Activators

II. Depressants

III. Dispersants

IV. pH regulators

Along with flotation, colloidal chemistry plays an important role in flocculation. 
Inorganic salts and synthetic high-molecular - weight polymers are commonly used 
in the treatment of mine waste and oil sands tailings to coagulate/flocculate the 
solid particles. Following its biomedical applications by settling experiments, the 
feasibility of using highly biocompatible glycopolymers in solid–liquid separation 
has been explored.

4.1.4 Effect of surface charge

Yield stress measurements are used in combination with electrophoretic and 
zero charge point measurements as a function of solution pH to detect the surface 
charge characteristics of particles that play a very important role in froth flotation. 
Although the coagulation peak, the isoelectric point and the zero charge point all 
converge at the same value for isotropic minerals, they spread across a wide range 
of anisotropic minerals, and with the addition of anionic polymer as a dispersant to 
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the mineral suspensions, this disparity between isotropic and anisotropic minerals 
is even accentuated.

5. Conclusions

In mineral processing, colloidal interactions play an important role.
Developments of different techniques allow us to research the phenomenon 

of colloidal interactions, including slime coating, homocoagulation, particle and 
bubble coalescence, and mineral attachment of air bubbles.

Hence, in the analysis of colloidal and surface force in mineral processing, it is 
important to use complementary techniques.

To control the state of colloidal dispersions by creating favourable conditions, it 
is of paramount importance to study the colloidal interactions in a relevant system, 
including such considerations as different electrolyte concentrations, the presence 
of divalent cations, the co-existence of various cation species and natural surfactants 
in industrial process water, different pH values, the presence of reagents such as 
collectors, dispersants, and activators, and the existence of other surfactants. It can 
be reiterated that lower solution pH, higher salinity, and higher ionic concentration 
affects the repulsive forces present in a colloidal solution, made the adhesion forces 
stronger, while both decreasing long-range repulsive forces and increasing adhesion 
forces are beneficial for mineral froth-flotation and flocculation process [17–20].

The factors affecting the surface colloidal chemistry of fines beneficiation 
process in Mineral Processing are

I. Equilibrium of mineral particles in the pulp phase at a given pH

II. Equilibrium of mineral surfactants in the solution at a given pH

III. Adsorption of reagents on the particle surfaces

IV. Hydrophobic interaction of hydrophobic particles

V. Oil agglomeration of mineral particles

VI. Attachment of air bubbles to hydrophobic particles.
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Abstract

This chapter deals with magnetic colloids with catalytic properties for the 
 treatment of polluted waters and the efficient production of fuel alternatives. 
This kind of materials presents great advantages such as high surface/volume 
ratio, reproducibility, selectivity, ability to be magnetic harvested, functionaliz-
able surfaces (e.g. with tunable pores and selective chelators deposited on them), 
high efficiencies and reusability. In particular, this chapter will consider the case 
of magnetic iron oxide colloids, which can be easily synthesized at low cost, are 
biocompatible and presents a well-developed surface chemistry. The most common 
techniques for the synthesis and functionalization of these magnetic nanoparticles 
will be reviewed and summarized. The iron oxide nanoparticles present outstand-
ing properties that can be exploited in different aspect of the wastewater treatment 
such as heavy metals and organic pollutants removal by ionic exchange or adsorp-
tion, and degradation of the contaminants by advanced oxidation processes, among 
others. In the field of alternative energies, they have also been used as catalysts for 
biofuels production from oil crops, in Fischer-Tropsch reactions for liquid hydro-
carbons and many other processes with potential environmental impact.

Keywords: magnetic colloids, iron oxide nanoparticles, renewable energies, water 
remediation, biofuels, pollutant, degradation, adsorption

1. Introduction: Environmental challenges

The incessant deterioration of the environment caused by anthropogenic 
activities, including industrial ones, has been an issue of great concern over the last 
few decades. The modern society demands the development of novel technological 
solutions able to create a more efficient and eco-friendly industry. Nanotechnology 
has the potential to improve traditional environmental remediation technologies 
through cleaner processes at a reduced cost. This global “nanorevolution” has 
located engineered nanomaterials and in particular, magnetic iron oxide colloids, 
under the spotlight for environmental applications such as water treatments and 
renewable energies solutions.

1.1 Water management

Water management has emerged as a global issue while the governmental 
agencies in many countries are stepping up to combat climate change. Pollution of 
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oceans, water sources eutrophication, pollution of effluents by heavy metals and 
industrials wastes, the spread of desserts and the restricted access to drinking water 
are all challenges that demand the development of alternative treatment techniques 
and cleaner industrial processes [1].

Water and wastewater treatment generally includes up to four different stages 
that encompasses chemical, physical and biological processes [2]. Usually, waste-
water needs to go through a preliminary treatment aimed to easily separate large 
residues, and in some cases a pre-aeration process. Once pretreated, the following 
stage known as primary treatment consists on processes of sedimentation and 
smaller sieving. The secondary treatment comprises more complex biological and 
physicochemical techniques. Finally, in a tertiary treatment, water is disinfected 
and processed to adequate the biologic oxygen demand and heavy metals concen-
trations by simple methods like adsorption or filtration [3]. Magnetic iron oxides 
colloids are a well-known alternative for adsorption processes mentioned in ternary 
treatments, since they present a high relative surface area and ease of functionaliza-
tion that increase their adsorption capacity, selectivity and facilitate the separation 
by magnetic harvesting [4, 5].

Typically, the secondary water treatment stage requires more efforts and pres-
ents more challenging inconveniences [6]. Depending on the wastewater effluent 
composition, this stage may comprise different processes either physicochemical or 
biological. Biological treatments like aerobic and anaerobic processing are usually 
implemented to efficiently eliminate and remove organic matter by transforming it 
into harmless compounds. These treatments may fail when the effluent is not bio-
degradable with a relation between chemical oxygen demand and biological oxygen 
demand above 4 (COD/BOD>4) [7]. In those cases, a physicochemical alternative 
results more convenient, being advanced oxidation processes (AOPs) the most 
promising and exploitable ones [8]. These AOPs are based on the in-situ generation 
of highly oxidative hydroxyl radicals or other oxidative species able to purify water 
by mineralizing the harmful organic matter into CO2, water, salts or inorganic acids. 
The oxidative species can be generated with the help of oxidizing agents, irradiation 
or with a catalyst [9, 10]. In the last years, many efforts have been place to improve 
these AOPs by combining them with photochemical, electrochemical and catalytic 
techniques and looking for cheaper, eco-friendly and more efficient agents that 
enable the transference of these technologies to industrial processing of wastewater 
[11]. In this sense, iron oxide colloids have been proposed as a very interesting cata-
lyst for the degradation of contaminants by AOPs, through the Fe-mediated Fenton 
and Fenton-like reactions [12].

1.2 Fuels and alternatives

Fossil fuels are a non-renewable energy resource produced by organic mat-
ter from different living beings accumulated hundreds of millions of years at the 
bottom of lakes or sees with very little oxygen and covered with several layers of 
sediment. Humanity has known about the existence of fossil fuels since ancient 
times, becoming the main energy source during the industrial revolution [13]. At 
present, fossil fuel along with natural gas, are still fundamental for modern’s society 
economy and alternative sources have not yet been found to replace them. The cur-
rent energy model, based on these fuels, presents serious concerns of sustainability, 
either due to the emissions of polluting greenhouse gases or the economic and 
political tensions and therefore, there is a need to search for new alternative ener-
gies [14, 15]. In the last decade, different resources have been used to overcome the 
problematic carried out by fossil fuels, among these are solar, wind, water, natural 
gas, coal and biomass. Figure 1 shows how some alternative fuels can be processed 
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from different feedstock. The idea of waste valorization comes as a strong alterna-
tive for fuel and bio-fuels production. It is possible to reuse, recycle and compost 
waste materials and convert them into fuels. This is a way to overcome the envi-
ronmental impact of common fossil fuels while taking advantage of useless wastes 
like food and wood residues, agricultural and municipal waste and used engine oil, 
among others [16, 17].

Biodiesel is a synthetic fuel obtained from natural components such as  vegetable 
oils or animal fats through a transesterification reaction. It is mainly used for the 
preparation of diesel substitutes and can be mixed with it for commercial purposes. 
The use of biodiesel offers many advantages against traditional fossil fuels. As this 
combustible is synthesized from vegetable sources, such as rape, soy or sunflower 
seeds, it can be considered as an environmentally friendly fuel. It is even possible 
to manufacture it from recycled oils produced by different food industries [18–20]. 
Moreover, biodiesel generates less emissions of polluting gases and harmful sub-
stances like soot or benzenes. During the last decade the efficient production of 
biodiesel has been of great importance, and novel catalytic pathways, using for 
example nanocatalysts, are currently explored to increase the production yields [21].

Another alternative for fuel production comes from the waste valorization for 
hydrocarbons synthesis. Fischer-Tropsch process obtains gasoline from synthesis 
gases (syngas). This process was developed in the early 20’s to obtain liquid fuels 
from coal as raw material as an alternative for fossil fuels [22]. But the syngas can 
be obtained from more sustainable sources, being biomass the one with the less 
environmental impact. The Fischer-Tropsch alternative process consists in trans-
forming dry biomass into hydrocarbons via gasification with oxygen and using the 
syngas generated in the process as organic source [23]. As any chemical reaction, an 
efficient catalyst could lead this process to better yields of the desired product.

Finally, a third strategy to obtain alternative fuels consist on taking advantage of 
highly pollutant wastes such as used engine oils to produce liquid hydrocarbons. By 
thermal cracking, it is possible to break down the long, branched and cyclic chains, 
to obtain less heavy hydrocarbons that are in the order of the 15 to 20 carbons, 
which are usually the compounds of diesel [24].

Two important parameters play a fundamental role in the enhanced production 
of alternative fuels: the efficient heating and the catalyst separation. Both of them are 
usually expensive and time consuming and there is still a lack of efficient processes 

Figure 1. 
Different feedstock for alternative fuels.
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to provide a profitable alternative. The use of nanocatalysts in all these processes has 
been extensively studied since they make possible to work at moderated tempera-
tures and increase mass transfer. Recent works in this area have shown that magnetic 
nanoparticles based on iron oxide could be a powerful tool to address many of the 
limitations exposed for the efficient waste valorization for fuels production [25, 26].

1.3 Magnetic colloids as alternative materials

In both applications, wastewater treatment processes and catalytic biodiesel 
production at industrial scale, it is crucial the use of efficient and inexpensive 
materials. This is the case of magnetic iron oxide nanoparticles (IONPs) that, as 
mentioned before, can be used in the former case as adsorbents for heavy metals or 
organic compounds and for the advanced oxidation of organic matter, and for the 
latter case, they have demonstrated a high-performance as reaction catalysts [5, 27].

It is essential to design and produce an efficient colloid for the mentioned 
environmental processes taking into account parameters such as the particle size 
and the colloidal stability. It should be emphasized that in the case of these colloids, 
the magnetic properties of the nanoparticles provide important advantages over 
other commonly used materials as it is the possibility of easy separation by using a 
magnetic gradient and heating them under an alternating magnetic field [28, 29]. 
However, magnetic properties are also responsible for the formation of aggregates 
and agglomerates due to the magnetic interactions inter-particles that reduce the 
specific surface area and the colloidal stability, limiting the efficiency and possible 
re-use of the particles [30]. Therefore, it results crucial to design colloids with 
nanoparticle sizes in the nanometer range (<100 nm) and coatings that provide 
them electrostatic and, if possible, steric repulsion, to keep magnetic interactions at 
the minimum and assuring in this way long term colloidal stability.

2. Environmental applications of magnetic iron oxide colloids

Figure 2 summarizes in a schematic way some of the applications of IONPs col-
loids that can be beneficial for environmental conservation. Compared to conven-
tional macroscale materials such as activated carbons or zeolites, IONPs can achieve 
similar performance with minimum masses reduction on materials and energy 
costs. To understand how important IONPs are turning out to be, in this section the 
most recent works on this field will be reviewed.

2.1 Wastewater treatment agents

IONPs have been extensively studied for water purification and remediation 
of wastewaters. The three most important properties for these applications are the 
surface area/volume ratios, the possibility of magnetic harvesting and their surface 
reactivity. Among the possible uses of IONPs in this field, some of the most high-
lighted are the adsorption for the removal of contaminants and, less-known is the 
advanced oxidation processes (AOPs) for its degradation [31–33].

Adsorption is a surface phenomenon where the molecules of a sorbate are 
bound to the solid surface of the sorbent. In this phenomenon, mass transfer has a 
remarkable significance in the three steps involved: external diffusion, pore dif-
fusion and surface reaction. In the first step, the adsorbate is transported from the 
bulk phase to the external surface of the sorbent. The pore diffusion refers to the 
transport through the sorbent pores so it can get to the final step were the sorbate 
molecules are attached to the internal surface, for the surface reaction [34]. Once 
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adsorbed, the pollutants can be removed by magnetic collection using permanent 
magnets or alternatively degraded by the characteristic surface chemistry of iron 
oxide. As mentioned before, AOPs are based on physicochemical processes capable 
of producing profound changes in the chemical structure of pollutants. The concept 
was initially established by Glaze and collaborators, who defined AOPs that involve 
the generation and use of powerful transient species, mainly the hydroxyl radical 
(HO•) [35]. This radical, and others like HO•, OOH• can be generated by photo-
chemical means (including sunlight) or by other forms of energy and are highly 
effective for the oxidation of organic matter. Some toxic pollutants that are not very 
susceptible to oxidation, such as metal ions or halogenated compounds, requires the 
use of chemical catalyst such as iron oxide [36]. An additional advantage of AOPs, 
is that they do not only change the pollutant phase but transform it chemically by its 
complete mineralization with no sludge generation [37].

Table 1 summarizes some recent works in the field of adsorption and AOPs 
using different iron oxide nanoparticles formulations. As it can be observed, IONPs 
are widely used in this matter due to their unique properties. Their applications for 
water remediation range from the elimination of inorganic and organic pollutants to 
the elimination of bacteria, proving that IONPs are materials with great versatility. 
Between the inorganic contaminants that can be removed by magnetic colloids, the 
most common are arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), lead 
(Pb) and zinc (Zn), which can cause, above their maximum levels in water, adverse 
health effects [38]. On the other hand, organic compounds like azo dyes, which 
present ecological hazardous effects due to their capacity of obstruct light within 
streams causing distress in aquatic environments, can also be removed using mag-
netic colloids [39]. Another class of organic pollutants that have been intensively 
studied for many researchers in the last decade are the emerging contaminants 
[40]. IONPs have demonstrated their ability to successfully remove many of these 
novel contaminants like for example pharmaceutical active chemicals, pesticides, 
personal cleaning compounds and others proving to be an efficient tool for environ-
mental remediation [41, 42].

Figure 2. 
Examples of applications of magnetic iron oxide colloids with positive impact on the environment.
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To maximize the adsorption capacity of the magnetic colloids, several parameters 
can be adjusted to the compound to be removed, that include the surface chelated 
molecules, the surface charge and the surface area available for the adsorption, being 
the later one determined by the nanoparticle size and the porosity of the coating.

Material Process Highlights Ref.

Fe3O4 immobilized 
on sand

Chromium 
adsorption

Supportive matrix for nanoparticles to avoid 
agglomeration and enhance adsorption.

[43]

Fe/La oxide 
microspheres

Arsenic adsorption SiO2 template used for the microsphere 
synthesis and a double shell material 
composed of Iron oxide and Lanthanum 
oxide

[44]

Resin-based hydrated 
iron oxide

Organic and 
inorganic 
compounds

Simultaneous removal of ρ-arsanilic acid 
and adsorption of arsenic.

[45]

Pristine γ-Fe2O3 
nanoparticles

Arsenite adsorption Material presented binding affinity to 
arsenite when coexisting with arsenate.

[46]

Fe3O4/Douglas fir 
biochar

Pharmaceuticals 
adsorption

Byproduct waste of syn-gas production was 
used for developing the adsorbent. Caffeine, 
ibuprofen and acetylsalicylic acid were 
removed in a fast equilibrium process.

[47]

Zr metal organic 
framework 
immobilized onto 
Fe3O4@SiO2

Fungicides 
adsorption

Adsorbent with maximum adsorption 
capacities for triclosan and triclocarban (476 
and 602 mg/g). Material recycled up to 11 
times.

[48]

Chitosan-polyglycidol 
coated iron oxide

Methylene blue 
adsorption

Interactions between the coating molecules 
where analyzed. It was proved that this 
material can be used for dye removal

[49]

α-Fe2O3/lignosulfonate 
composite 
(no-magnetic)

Cadmium 
adsorption

The incorporation of organics onto 
magnetic sorbent can improve the 
adsorption process of heavy metals

[50]

Fe3O4 grafted with 
β-cyclodextrin

Bacteria adsorption Pathogenic bacteria in water can be 
adsorbed and removed by magnetic 
harvesting processes.

[51]

Fe3O4/activated 
carbon

Combined 
adsorption and 
Fenton oxidation of 
chlorophenol

Iron oxide was impregnated over porous 
activated carbon. Adsorption followed the 
intraparticle diffusion model and 90% 
degradation was achieved. 5 times recycled.

[52]

Fe3O4 immobilized on 
graphene oxide

Fenton-like 
degradation of 
emerging pollutants 
and arsenic

Simultaneous degradation of ρ-arsanilic 
acid and adsorption of arsenic.

[53]

Fe3O4/SiO2 coated 
with Polyethylene and 
polyacrilyc acid

Photo-Fenton 
for bacteria 
inactivation

E. coli bacteria photo-Fenton inactivation 
was achieved at natural pH

[54]

(Ag3PO4)-(Fe3O4)@ 
activated biochar

Sonocatalytic 
degradation of 
Rhodamine B and 
Bisphenol A

H2O2 production was achieved by pyrolysis 
of water molecules on catalyst surface. 
Degradation of synthetic dyes, endocrine-
disrupting compounds/pharmaceutical 
active chemicals, and chlorinated 
compounds was tested.

[55]

Table 1. 
Different iron oxide nanoparticles as adsorbents or catalysts for water remediation (references taken from 
recent works).
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IONPs can be efficiently chelated with certain molecules like (3-Aminopropyl) 
triethoxysilane (APTES) to modify the surface charge and promote the heavy met-
als adsorption process. Gallo et al. showed how the efficiency of IONPs increased 
with the increasing positive surface charge [56]. Moreover, the way IONPs are 
chelated can influence their selectivity for certain compounds. Removal of uranium 
from nuclear power polluted wastes has become a major issue in water processing 
since it can cause severe health and ecological problems. Helal et al. developed and 
efficient IONPs nanosorbent coated with APTES and succinyl-β-cyclodextrin mol-
ecules to increase its selectivity for uranium [57]. For other heavy metal ions such as 
chromium usually found in its anionic form (HCrO4−, Cr2O7

2−), the ionic attraction 
with its sorbent is an important parameter to be considered.

Silica coating of magnetic nanoparticles is an innovative way to modify the 
porosity of the sorbents surface and has been widely tested for the adsorption and 
degradation of different pollutants. Gallo et al. designed an interesting mesoporous 
silica coated IONPs for the adsorption of heavy metals and organic compounds [58]. 
They observed an interesting remark in which mesopores, growth with porogenic 
agents (e.g. octadecyltrimethoxysilane), present more affinity for the adsorption 
of organic compounds than heavy metals, in spite of having larger molecules. In 
this sense, it is not only possible to optimize the IONPs surface area but also their 
selectivity for specific compounds. On the other hand, as proved by Wu, et al. it 
is possible to grow the IONPs by spontaneous infiltration over a mesoporous SiO2 
template, which results in a much faster and easy way of producing these hybrid 
materials for the degradation of harmful azo dyes [59]. Even though the active sites 
available where occupied by IONPs and the adsorption decreased, they observed 
that the removal was enhanced by the Fenton-like degradation, proving that the 
hybrids are efficient agents for dyes remediation. Likewise, an interesting approach 
for wastewater treatment using IONPs@SiO2 is to chelate the shell to increase selec-
tivity for certain compounds. Uranium selectivity of cobalt ferrite nanoparticles 
coated with SiO2 was studied by Huang et al. where they decorated the shell with 
2-Phosphonobutane-1,2,4-tricarboxylic acid to increase the affinity sorbent/sorbate 
[60]. The SiO2 coating was performed by the Stöber method and by coexisting ions 
tests they proved that the silica matrix can be efficiently chelated to improve selec-
tivity. These examples show the importance of the physico-chemical nature of the 
coating on the stability, adsorption capacity and catalytic activity of the IONPs [61].

2.2 Catalysts for alternative energies

The use of magnetic iron oxide nanoparticles as catalyst supports dates back to 
the 70’s when Robinson et al. reported the synthesis of enzymatic biocatalysts sup-
ported over magnetic iron oxides. The initial interest for the use of iron oxide was to 
facilitate the catalyst recovery and the immobilization of the catalyst in the reactor 
with magnetic fields [62]. Since then, the interest for IONPs as catalyst has emerged 
for an extensive list of chemical reactions including the ones that contribute to 
diminishing environmental harmful effects triggered by anthropogenic activities. 
Some of these reactions are based on developing alternatives to the highly pollutant 
use of fossil fuels, e.g. biodiesel production, Fischer-Tropsch synthesis and catalytic 
cracking of used engine oil, among others.

The design of IONPs for this application, should prevent mechanical breakdown 
of the catalyst and increase its lifetime by avoiding the possible particle growth or 
sintering during the process. One way is by introducing IONPs in mesoporous mate-
rials, assuring better catalytic process due the relatively large pores with high sur-
face area that facilitate mass transfer and increase the concentration of active sites 
per mass of material. A recent study of Wei, et al. consisted in the Fischer-Tropsch 
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To maximize the adsorption capacity of the magnetic colloids, several parameters 
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triethoxysilane (APTES) to modify the surface charge and promote the heavy met-
als adsorption process. Gallo et al. showed how the efficiency of IONPs increased 
with the increasing positive surface charge [56]. Moreover, the way IONPs are 
chelated can influence their selectivity for certain compounds. Removal of uranium 
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Silica coating of magnetic nanoparticles is an innovative way to modify the 
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coated with SiO2 was studied by Huang et al. where they decorated the shell with 
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[60]. The SiO2 coating was performed by the Stöber method and by coexisting ions 
tests they proved that the silica matrix can be efficiently chelated to improve selec-
tivity. These examples show the importance of the physico-chemical nature of the 
coating on the stability, adsorption capacity and catalytic activity of the IONPs [61].
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the 70’s when Robinson et al. reported the synthesis of enzymatic biocatalysts sup-
ported over magnetic iron oxides. The initial interest for the use of iron oxide was to 
facilitate the catalyst recovery and the immobilization of the catalyst in the reactor 
with magnetic fields [62]. Since then, the interest for IONPs as catalyst has emerged 
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diminishing environmental harmful effects triggered by anthropogenic activities. 
Some of these reactions are based on developing alternatives to the highly pollutant 
use of fossil fuels, e.g. biodiesel production, Fischer-Tropsch synthesis and catalytic 
cracking of used engine oil, among others.

The design of IONPs for this application, should prevent mechanical breakdown 
of the catalyst and increase its lifetime by avoiding the possible particle growth or 
sintering during the process. One way is by introducing IONPs in mesoporous mate-
rials, assuring better catalytic process due the relatively large pores with high sur-
face area that facilitate mass transfer and increase the concentration of active sites 
per mass of material. A recent study of Wei, et al. consisted in the Fischer-Tropsch 
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synthesis catalyzed by a mesoporous iron oxide nanoparticle-decorated graphene 
oxide [63]. Here, they showed that the designed hierarchically mesoporous mate-
rial can hinder the contact of the syngas with the active sites, highlighting that the 
improved mesoporous structure of the IONPs is extremely beneficial for reactants 
access and products release. Zhang et al. postulated that maybe metals atoms with 
multiple valences, including Fe and their oxides, result partially reduced during 
pyrolysis processes and generate oxygen vacancies that might transform some 
volatile biomass compounds into bio-oil [64]. The high specificity in the catalytic 
cracking of spent engine oils, reducing the undesired aromatics and high molecular 
weight constituents in a produced diesel-fuel, has been demonstrated also for 
simple natural magnetite particles in the micrometer range [65].

More complex nanostructures, like CaO@Fe3O4 composites have been shown to 
increase yields in the transesterification reaction of vegetable oils with no need of 
additional base compounds. It is also possible to improve the biodiesel production 
by immobilizing enzymes like lipase over IONPs. In this way there will be no need 
of purification after the reaction as these catalysts decrease yields of toxic byprod-
ucts [66]. Furthermore, Teo et al. prepared a highly recyclable CaSO4/Fe2O3-SiO2 
catalyst for biodiesel production, showing its efficiency in the reaction [67].

In spite of the promising results in the use of magnetic colloids in this area, the 
literature is quite limited, and it is needed to strengthen the efforts in the years 
ahead to evaluate the potential of these catalysts in the efficient production of alter-
native fuels. It should be mentioned that besides the benefits of high surface areas, 
high selectivity and specificity and the ability to be functionalized, IONPs can offer 
a selective heating at the nanoparticle surface under an alternating magnetic field 
that may enhance the reaction rate and yield as will be described in Section 4.

3. Preparation of iron oxide magnetic colloids

The past two decades have seen tremendous advances in the synthesis and 
application of IONPs that take advantage of their distinct properties and function-
alities. As seen in Figure 3, the economical perspectives for the market of magnetite 
nanoparticles is in continuous growth mainly boosted by their use in biomedical 
applications but also in fields like energy and wastewater treatment. As the interest 
for IONPs in different applications rises, the demand of new ways and technologies 
to produce them also increases.

Iron is one of the most abundant elements in nature presenting multiple crystal-
line phases with different structural and magnetic properties. Specifically, magnetite 

Figure 3. 
U.S. market perspectives on the application of magnetite nanoparticles [68].
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(Fe3O4) and maghemite (γ-Fe2O3, the oxidized form of magnetite) have an interest-
ing magnetic crystalline structure that can be described as a cubic inverse spinel 
structure with O2 shaping an fcc structure and Fe cations in the tetrahedral and octa-
hedral sites, as presented in Figure 4. These are the two most common phases used 
in environmental applications due to their high magnetic susceptibility and good 
chemical stability. Other iron oxides like hematite (α-Fe2O3) or goethite (α-FeOOH) 
frequently found in nature, present poor magnetic properties although they present 
unique and different advantages for other specific applications [69].

Different methods of synthesis have been studied and optimized so far in order 
to improve the physicochemical features of the magnetic iron oxide colloids. By 
selecting the proper method and controlling their key parameters (solvent, tem-
perature, reaction time…) it is possible to generate IONPs of specific morphologies, 
size distributions and to control their colloidal stability. Each synthesis method 
presents specific advantages and drawbacks, therefore none of them can be declared 
as the universal method for producing IONPs. Between top-down or bottom-up 
approaches, the last ones are the most commonly used for large scale production 
because they offer a better control on the production of uniform nanoparticles with 
less defects, more homogeneous in shape, and better short and long range ordering 
(better crystallinity). This bottom-up category can be subclassified as a function of 
the reaction media, as aqueous synthesis (coprecipitation, hydrothermal and elec-
trochemical, among others) or organic synthesis (thermal decomposition, polyol 
process, etc.) [71, 72]. In this section we will focus our attention in three different 
methods for comparison purposes: coprecipitation, thermal decomposition and 
polyol-based hydrothermal method.

3.1 Synthesis techniques

3.1.1 Coprecipitation

This is probably the most common and simplest method of synthesis of IONPs. 
Magnetic nanoparticles of magnetite or maghemite can be produced by coprecipitation 
of a stoichiometric mixture of Fe (II) and Fe (III) salts in an alkaline medium such as 
sodium hydroxide or ammonium hydroxide, for example. It is possible to obtain par-
ticles with diameters between 5 and 15 nm by controlling the synthesis key parameters 
like pH, temperature, addition rate of iron precursors and concentration of precursors 
[73]. For magnetite formation the overall reaction can be described as Eq. (1):

 2 3
3 4 22 8 4+ + −+ + → +Fe Fe OH Fe O H O  (1)

Figure 4. 
Typical inverse spinel crystalline structure of magnetite [70]. © IOP Publishing and Deutsche Physikalische 
Gesellschaft. Reproduced by permission of IOP Publishing. CC BY-NC-SA.
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structure with O2 shaping an fcc structure and Fe cations in the tetrahedral and octa-
hedral sites, as presented in Figure 4. These are the two most common phases used 
in environmental applications due to their high magnetic susceptibility and good 
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frequently found in nature, present poor magnetic properties although they present 
unique and different advantages for other specific applications [69].

Different methods of synthesis have been studied and optimized so far in order 
to improve the physicochemical features of the magnetic iron oxide colloids. By 
selecting the proper method and controlling their key parameters (solvent, tem-
perature, reaction time…) it is possible to generate IONPs of specific morphologies, 
size distributions and to control their colloidal stability. Each synthesis method 
presents specific advantages and drawbacks, therefore none of them can be declared 
as the universal method for producing IONPs. Between top-down or bottom-up 
approaches, the last ones are the most commonly used for large scale production 
because they offer a better control on the production of uniform nanoparticles with 
less defects, more homogeneous in shape, and better short and long range ordering 
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trochemical, among others) or organic synthesis (thermal decomposition, polyol 
process, etc.) [71, 72]. In this section we will focus our attention in three different 
methods for comparison purposes: coprecipitation, thermal decomposition and 
polyol-based hydrothermal method.

3.1 Synthesis techniques

3.1.1 Coprecipitation

This is probably the most common and simplest method of synthesis of IONPs. 
Magnetic nanoparticles of magnetite or maghemite can be produced by coprecipitation 
of a stoichiometric mixture of Fe (II) and Fe (III) salts in an alkaline medium such as 
sodium hydroxide or ammonium hydroxide, for example. It is possible to obtain par-
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The complete precipitation of magnetite is obtained in pH ranging from 8 
to 14 with Fe3+/Fe2+ ratios of 2:1, usually in an oxygen free environment to avoid 
premature Fe2+ oxidation. As magnetite usually is sensitive to oxidation by air, for 
environmental applications results much better to work with maghemite that will 
preserve its properties throughout the processes [72]. Magnetite is transformed to 
maghemite by heating up to 250°C or by acid treatment with nitrate/nitric acid. The 
main problem using this synthesis method is that the IONPs obtained, usually pres-
ent a wide particle size distribution and poor crystallinity since they are prepared at 
temperatures below 100°C.

3.1.2 Thermal decomposition

This synthesis technique is based on the decomposition of organometallic 
precursors of Fe in high boiling point organic solvents in the absence of oxygen and 
the presence of massive amount of surfactants. It is possible to finely tune the size 
and shape of the IONPs just by controlling the boiling temperature of the solvent, 
the reactivity and concentration of the iron precursor, and the surfactants (typically 
fatty acids) chain lengths. The high reaction temperature used in thermal decompo-
sition (>300°C), creates IONPs with narrow size distributions and excellent crystal-
linity in a range size between 5 and 100 nm [74, 75]. Due to the presence of organic 
surfactants (oleic acid, oleylamine…), the raw product has hydrophobic character 
and forms stable dispersions in many organic solvents like hexane, cyclohexane 
and toluene. However, these particles cannot be dispersed in water, being necessary 
a second step, like a ligand exchange reaction or the coating with an amphiphilic 
polymer, to transfer the synthesized IONPs to aqueous medium [76].

3.1.3 Polyol method

The polyol synthesis method was specifically designed for the development of 
nanostructured materials. Polyols are a family of solvents whose characteristics and 
properties (boiling temperature, viscosity, polarity) depends mainly on the length 
and alcohol substitution of methylene chains. They take advantage of the boiling 
temperatures of multivalent alcohols in their liquid phase to fix the temperature of 
reaction. It is interesting to highlight that the boiling temperature increases with the 
number of –OH moieties, the same with the molecular weight, viscosity and polar-
ity [77, 78]. The main advantage of the use of polyols is that they provide reaction 
temperatures like the ones obtained in organic media, but the obtained IONPs are 
hydrophilic and can be dispersed in water like the ones produced in aqueous media.

Due to the diversity of polyols, it is possible to control the reaction temperature, 
just by selecting one with the interested boiling point. These temperatures can 
range between 200 and 320°C. Besides, glycol chains of the polyols can be used to 
control the particle sizes. Figure 5 shows the TEM images of different IONPs with 
their size distribution obtained by Hachani et al. [79] where they proved that the 
length of the polyol chain is strictly related to the size of the obtained particles. 
They confirmed by thermal gravimetric analyses that each polyol was attached to 
the surface supporting the crucial role of the solvent on the growth of the IONPs. 
Moreover, thanks to the high polarity of the polyols, many common metallic salts 
are soluble and can be used as precursors for the synthesis of magnetite or other 
cobalt or zinc ferrites [80].

This well-known synthesis method was firstly described in 1989 by Fievet 
et al. when they synthesized metal powders of gold, copper, cobalt and lead in the 
micrometer range [81]. In that seminal work, they carried out reactions in a polyol-
based media from the ionic form of each oxide, hydroxide or salt. In general, they 
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demonstrated that polyols can act simultaneously as solvents, reducing agents and 
in certain cases as protective agents. Moreover, surfactant abilities of polyols are 
usually considered weak due to their relatively low molecular weighted molecules, 
thus they can be easily removed and exchanged by specific functional groups 
depending on the IONPs application [81].

An interesting approach to synthesize single (5–15 nm) and multicore 
(20–300 nm) IONPs and other metal ferrites is to combine the polyol method with 
a microwave assisted heating or with high pressure autoclaves. The microwave 
assisted polyol method is a versatile technique with improved yields, shorter 
residence times and highly reproducibility. The polyol molecules are able to adsorb 
microwave radiation due to their high polarity, with dielectric constants ranging 
from 20 to 45 [80, 82]. On the other hand, the polyol synthesis performed in a high 
pressure autoclave can decrease reaction times in a well-sealed environment and 
control of the size and the aggregation of the particles by controlling the synthesis 
parameters [83].

3.2 Colloidal stabilization

Magnetic attraction between nanoparticles compromise the colloidal stabil-
ity of the suspension inducing agglomeration or even large precipitates [72, 84]. 
Depending on the application, the lack of colloidal stability may reduce the efficiency 
of the material. Therefore, it is necessary to develop compatible coatings that increase 
either the electrostatic or the steric repulsion between IONPs. Usually, IONPs are 
coated with polymers, surfactant agents, ligands, or inorganic materials like noble 

Figure 5. 
Iron oxide nanoparticles synthesized with different polyols: (A) Tetraethylene glycol, (B) triethylene glycol and 
(C) diethylene glycol [79] - Published by The Royal Society of Chemistry.
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demonstrated that polyols can act simultaneously as solvents, reducing agents and 
in certain cases as protective agents. Moreover, surfactant abilities of polyols are 
usually considered weak due to their relatively low molecular weighted molecules, 
thus they can be easily removed and exchanged by specific functional groups 
depending on the IONPs application [81].

An interesting approach to synthesize single (5–15 nm) and multicore 
(20–300 nm) IONPs and other metal ferrites is to combine the polyol method with 
a microwave assisted heating or with high pressure autoclaves. The microwave 
assisted polyol method is a versatile technique with improved yields, shorter 
residence times and highly reproducibility. The polyol molecules are able to adsorb 
microwave radiation due to their high polarity, with dielectric constants ranging 
from 20 to 45 [80, 82]. On the other hand, the polyol synthesis performed in a high 
pressure autoclave can decrease reaction times in a well-sealed environment and 
control of the size and the aggregation of the particles by controlling the synthesis 
parameters [83].

3.2 Colloidal stabilization

Magnetic attraction between nanoparticles compromise the colloidal stabil-
ity of the suspension inducing agglomeration or even large precipitates [72, 84]. 
Depending on the application, the lack of colloidal stability may reduce the efficiency 
of the material. Therefore, it is necessary to develop compatible coatings that increase 
either the electrostatic or the steric repulsion between IONPs. Usually, IONPs are 
coated with polymers, surfactant agents, ligands, or inorganic materials like noble 

Figure 5. 
Iron oxide nanoparticles synthesized with different polyols: (A) Tetraethylene glycol, (B) triethylene glycol and 
(C) diethylene glycol [79] - Published by The Royal Society of Chemistry.
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metals, oxides or silica that can prevent the dissolution of the particle, stabilize them 
at the working pH or introduce functional groups for the attachment of specific 
molecules. For environmental applications, tuning the nanoparticle surface, either 
in aqueous media by using small molecules or inorganic coating, or in organic media 
using surfactants, has been shown to improve its adsorption and catalytic capacities.

3.2.1 Small molecules

The modification of the nanoparticle surface with small molecules having a 
carboxylic or phosphate group with high coordination capacity to the iron atoms 
assures long term colloidal stability. The variety of molecules used is immense, 
some of the most commonly used are phosphonates, dimercaptosuccinic acid 
(DMSA), 11-mercaptoundecanoic acid or citric acid, small molecules with charged 
functional groups that provide excellent electrostatic stability.

If the IONPs were synthesized in aqueous media, the coating molecules can be 
introduced directly in the reaction media or preferably in a second step after the 
synthesis of the nanoparticles. In the case of IONPs obtained by the thermal decom-
position method, it is possible to introduce functional groups by ligand exchange 
during the water transference. For example, in the coating with DMSA, one of 
the carboxylic groups of this molecule would replace the one at the surface of the 
IONPs with oleic acid, and the other carboxylic groups will remain facing outwards 
providing high negative surface charge in a wide pH range and a carboxylic func-
tional group for further functionalization depending on the application [85].

3.2.2 Engineered silica coating

Coatings with silica (SiO2) have now become a promising and important pathway 
for the development of coated magnetic colloids for different applications due to its 
biocompatibility, stability, easy conjugation with different functional groups that 
offer high selectivity and specificity [72]. Most of the SiO2 coating strategies for mag-
netic colloids result in core-shell structures with an ionic positive charge that activate 
the surface and avoids aggregation (isoelectric point = 2–3). This diamagnetic coating 
reduces the magnetization per gram of material, but also increase the colloidal stabil-
ity avoiding aggregation issues that results inconvenient for many applications [86].

The coating routes to obtain IONPs@SiO2 can be divided into three categories: 
pre-synthesized silica matrices, in-situ fabrication of core-shell structures, and 
silica coating in already synthesized nanoparticles. This last one been the most com-
mon technique, where Stöber method is the easiest pathway to obtain homogeneous 
particles by hydrolysis and polycondensation of tetraethyl orthosilicate under alka-
line conditions with temperatures above 60 °C [86]. SiO2 layer over the IONPs can 
also be growth by a sol–gel process, where the silica shell is limited by a water-in-oil 
reverse microemulsion [87]. With these processes it is possible to control the shell 
thickness and to design a matrix with enhanced properties for specific applications.

It is also possible to design a high surface area Fe3O4@SiO2 nanostructures where 
mesopores can be potentiated by porogenic agents that allow its in-situ formation 
through the SiO2 shell. In this approach, nanoparticles are first coated by reverse 
microemulsion to add a first protective silica layer and the porogenic-doped shell is 
added by the Stöber method in a secondary step [58]. A schematic pathway for these 
kind of approach is showed in Figure 6 were it is also pointed out how the porosity 
of silica engineered structures can be incremented by creating a hollow structure 
with hydrothermal or etching methods [88]. This example shows how the multitude 
of designing parameters of this kind of grafting molecules convert the Fe3O4@SiO2 
nanocomposites in a versatile material for environmental processes.
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3.2.3 Organic coatings

Since many alternative energies processes are performed with oils or organic 
solvents, it is also important to develop IONPs soluble in organic media. Just as 
hydrophobic particles can undergo a ligand exchange to be redispersed in water, 
hydrophilic ones can be coated with molecules that allow their dispersion in organic 
media. For example, an interesting way to increase the stability in organic solvents 
is to add, in an additional step after the synthesis of the nanoparticles, a surfactant 
with a hydrophobic end. This step consists in the mixture of the surfactant on the 
IONPs aqueous suspension at ~80 °C and is frequently used for ferrofluids prepara-
tion. Oleic acid is one the most common compounds used for these purposes as 
it is a fatty acid formed by a terminal carboxylic acid group (–COOH) and a long 
hydrophobic alkyl chain. The resulting particles are quite stable in many organic 
solvents like hexane, toluene, cyclohexane, etc. [84].

For biodiesel production some studies have shown that iron oxides catalysts 
modified with polymers presented higher efficiencies [89]. Calcining organic 
compounds over nanoparticles surfaces can lead to a high surface area material with 
carbonaceous residues for enhanced adsorption and catalytic properties.

4. Promising magnetic features

The unique magnetic features of the iron oxide colloids represent one of the 
most exploitable characteristics of these materials for developing novel applications 
in the environmental area. In this section, we will review the physical principles of 
the superparamagnetic behavior observed in magnetic particles at the nanoscale 
and how it can be used in water remediation and biofuel generation.

At the macroscale, the magnetic materials minimize their magnetic energy 
breaking the alignment of their atomic moments into regions of coherent magne-
tization known as magnetic domains. The size of these domains depends on the 
anisotropy and saturation magnetization of the material. When the size of the solid 
is reduced to the size of a single magnetic domain, all the atomic magnetic moments 
of the material are oriented in the same direction and rotate coherently with the 
applied field (macrospin approximation). If we continue decreasing their size, 

Figure 6. 
Grafting iron oxide nanoparticles with engineered silica structures.
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reduces the magnetization per gram of material, but also increase the colloidal stabil-
ity avoiding aggregation issues that results inconvenient for many applications [86].

The coating routes to obtain IONPs@SiO2 can be divided into three categories: 
pre-synthesized silica matrices, in-situ fabrication of core-shell structures, and 
silica coating in already synthesized nanoparticles. This last one been the most com-
mon technique, where Stöber method is the easiest pathway to obtain homogeneous 
particles by hydrolysis and polycondensation of tetraethyl orthosilicate under alka-
line conditions with temperatures above 60 °C [86]. SiO2 layer over the IONPs can 
also be growth by a sol–gel process, where the silica shell is limited by a water-in-oil 
reverse microemulsion [87]. With these processes it is possible to control the shell 
thickness and to design a matrix with enhanced properties for specific applications.

It is also possible to design a high surface area Fe3O4@SiO2 nanostructures where 
mesopores can be potentiated by porogenic agents that allow its in-situ formation 
through the SiO2 shell. In this approach, nanoparticles are first coated by reverse 
microemulsion to add a first protective silica layer and the porogenic-doped shell is 
added by the Stöber method in a secondary step [58]. A schematic pathway for these 
kind of approach is showed in Figure 6 were it is also pointed out how the porosity 
of silica engineered structures can be incremented by creating a hollow structure 
with hydrothermal or etching methods [88]. This example shows how the multitude 
of designing parameters of this kind of grafting molecules convert the Fe3O4@SiO2 
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most exploitable characteristics of these materials for developing novel applications 
in the environmental area. In this section, we will review the physical principles of 
the superparamagnetic behavior observed in magnetic particles at the nanoscale 
and how it can be used in water remediation and biofuel generation.

At the macroscale, the magnetic materials minimize their magnetic energy 
breaking the alignment of their atomic moments into regions of coherent magne-
tization known as magnetic domains. The size of these domains depends on the 
anisotropy and saturation magnetization of the material. When the size of the solid 
is reduced to the size of a single magnetic domain, all the atomic magnetic moments 
of the material are oriented in the same direction and rotate coherently with the 
applied field (macrospin approximation). If we continue decreasing their size, 
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Grafting iron oxide nanoparticles with engineered silica structures.
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we observe the characteristic magnetic response of small magnetic nanoparticles 
known as superparamagnetism. For magnetite nanoparticles smaller than 50 nm, 
the thermal fluctuations observed at room temperature are able to disorder the 
moments, cancelling the global magnetization of the sample. Consequently, in 
the absence of a magnetic field, the superparamagnetic nanoparticles present no 
remanent magnetization, avoiding the instability problems related to magnetic 
aggregation. However, when a magnetic field is applied, for example by approach-
ing a magnet, the nanoparticles recover their magnetism with a high susceptibility 
and will be dragged towards the magnet proximity [90, 91].

Interestingly, when the superparamagnetic nanoparticles are subjected to an 
alternating magnetic field, they are able to absorb the magnetic energy and dis-
sipate it as heat. The applied AMF forces the inversion of the spins of the atoms in a 
hysteretic process. During this process of magnetization reversal, the AMF energy 
will be transformed into heat increasing the temperature of the close environment 
of the nanoparticles. The way in which IONPs dissipate energy depends on the 
relaxation process and it is a function of the particle size, magnetic anisotropy and 
the viscosity of the media. The two principal relaxation mechanisms reported are 
Brown and Néel [92].

In the first mechanism, Brownian relaxation, the magnetic moment rotates 
with the particle within the medium, thus it is only observed when the particles are 
dispersed in a liquid medium. In this case, the time required to reverse moments by 
this mechanism (τB) depends on the hydrodynamic volume (Vh), the viscosity of 
the solvent where the particles are located (η) and the absolute temperature (T), as 
shown by the following expression, Eq. (2) where kB is Boltzmann’s constant [93]:
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On the other hand, the Néel mechanism describes the relaxation of the magnetic 
moment within the particle crystal axis. This mechanism is always present, and 
it is the only one that intervenes in the relaxation of magnetic moments when the 
particles are in compacted powder or in a frozen liquid where they cannot physically 
rotate. The expression for the relaxation time (τN) of the magnetic moments by 
Néel mechanism is as follows in Eq. (3):
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where, T is the temperature, VMAG the magnetic volume of the particle, Keff 
the energy by unit of volume needed to reverse the magnetic moment orientation 
(effective anisotropy) and τ0 the inverse value of the Larmor frequency [94].

When the particles are small (<~20 nm), we can consider that τN < < τB and the 
relaxation of the magnetic moment takes place by Néel relaxation. On the other 
hand, for larger nanoparticles in which the magnetic moment is blocked in the 
direction of the easy axis of magnetization within the particle, it is satisfied that 
τB < < τN, and the main relaxation mechanism is the Brownian rotation. The super-
paramagnetic IONPs that are usually employed in environmental applications are in 
an intermediate range in which both relaxation mechanisms might be present [94].

This superparamagnetic behavior is beneficial for wastewater treatment and 
catalysis in two aspects. On one hand, IONPs can be dispersed in the absence of a 
magnetic field without problems of magnetic aggregation and later be separated 
with a magnet once they have achieved their purpose like adsorbed a specific 
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pollutant on their surface. On the other hand, they can be selectively heated under 
an AMF using moderate field conditions, which can rise reaction yields and shorten 
residence times.

4.1 Boosting environmental processes

Apart of the fact that IONPs can be efficiently recovered with an external 
magnetic field, facilitating its regeneration and reuse, environmental processes like 
the presented in previous sections can also be enhanced by taking advantage of the 
magnetic heating power of IONPs in the presence of AMF. In the case of adsorption 
with IONPs, Rivera et al. presented the improvement of the adsorption capacity of 
chromium under an AMF [95]. Here, they showed much higher adsorption yields 
for IONP systems heated up with AMF than with common thermal heating even 
though both systems were set at the same global temperature. The heat generated 
by the IONPs is dissipated in their surface what generates local temperature much 
greater than those measured in the reaction media, giving rise to better adsorption 
yields. Furthermore, in a more recent work they used the same principle to improve 
the reaction yields of the methylene blue degradation in the presence of IONPs and 
AMF [96].

The advanced oxidation processes have also been benefited by the use of IONPs, 
although the influence of the AMF has not been deeply studied yet. Figure 7 shows 
the reaction mechanism that these particles can undertake in combination with 
hydrogen peroxide using the potential of IONPs as in situ nanoheaters. There are 
just a few references on this matter, where typical studies only focus in the increas-
ing degradation yields with the increasing temperatures in common thermal 
reactors but they do not take advantage of the IONPs selective heating. Among 
the limited references on the subject, Munoz et al. were also able to prove that the 
catalytic wet peroxide oxidation of antibiotic sulfamethoxazole presented rates 
significantly faster with an AMF than in a typical CWPO system [97].

Recently, magnetic colloids have been used as catalysts to enhance biomass 
hydrodeoxygenation reaction with magnetic induction heating, proving that this 
heating can provide a better environment for the reaction to take place in [98]. 
Furthermore, the potential heating of these catalysts have only been analyzed in a 
few environmental reaction mechanisms. One of them is the CO2 methanation pre-
sented by Rivas-Murias et al. where they achieved conversions >95% using a cobalt 
ferrite catalyst under a 93 kHz and 53 mT AMF with a SAR value of 270 W/g [99].

Figure 7. 
An environmental catalytic process: Advanced oxidation of organic pollutants using iron oxide nanoparticles 
under an alternating magnetic field (AMF). (R: degradation products).
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pollutant on their surface. On the other hand, they can be selectively heated under 
an AMF using moderate field conditions, which can rise reaction yields and shorten 
residence times.

4.1 Boosting environmental processes

Apart of the fact that IONPs can be efficiently recovered with an external 
magnetic field, facilitating its regeneration and reuse, environmental processes like 
the presented in previous sections can also be enhanced by taking advantage of the 
magnetic heating power of IONPs in the presence of AMF. In the case of adsorption 
with IONPs, Rivera et al. presented the improvement of the adsorption capacity of 
chromium under an AMF [95]. Here, they showed much higher adsorption yields 
for IONP systems heated up with AMF than with common thermal heating even 
though both systems were set at the same global temperature. The heat generated 
by the IONPs is dissipated in their surface what generates local temperature much 
greater than those measured in the reaction media, giving rise to better adsorption 
yields. Furthermore, in a more recent work they used the same principle to improve 
the reaction yields of the methylene blue degradation in the presence of IONPs and 
AMF [96].

The advanced oxidation processes have also been benefited by the use of IONPs, 
although the influence of the AMF has not been deeply studied yet. Figure 7 shows 
the reaction mechanism that these particles can undertake in combination with 
hydrogen peroxide using the potential of IONPs as in situ nanoheaters. There are 
just a few references on this matter, where typical studies only focus in the increas-
ing degradation yields with the increasing temperatures in common thermal 
reactors but they do not take advantage of the IONPs selective heating. Among 
the limited references on the subject, Munoz et al. were also able to prove that the 
catalytic wet peroxide oxidation of antibiotic sulfamethoxazole presented rates 
significantly faster with an AMF than in a typical CWPO system [97].

Recently, magnetic colloids have been used as catalysts to enhance biomass 
hydrodeoxygenation reaction with magnetic induction heating, proving that this 
heating can provide a better environment for the reaction to take place in [98]. 
Furthermore, the potential heating of these catalysts have only been analyzed in a 
few environmental reaction mechanisms. One of them is the CO2 methanation pre-
sented by Rivas-Murias et al. where they achieved conversions >95% using a cobalt 
ferrite catalyst under a 93 kHz and 53 mT AMF with a SAR value of 270 W/g [99].

Figure 7. 
An environmental catalytic process: Advanced oxidation of organic pollutants using iron oxide nanoparticles 
under an alternating magnetic field (AMF). (R: degradation products).
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Our research group has recently tested the potential of IONPs as AOPs catalyst 
and local heating source on the decontamination of landfill leachate and complex 
textiles wastewater. The mineralization efficiency of the AOP of industrial waste-
water was increased by magnetic induction heating of the nanocatalyst resulting 
in much quicker degradations in the presence of AMF compared to conventional 
heating. In general, magnetic induction-driven processes are a promising alterna-
tive for the improvement of well-known chemical reactions and real wastewaters 
remediation techniques.

5. Conclusion

This chapter shows the wide range of possible applications of magnetic iron 
oxide colloids in the field of environmental applications. It probes how iron oxide 
nanoparticles are excellent platforms to overcome many of the current technologi-
cal challenges of this area. The chapter reviews the most recent references on water 
treatment and alternative fuels production in which iron oxide colloids has been 
used as treatment agents or catalysts. We have covered the areas of adsorption, 
advanced oxidation processes, hydrocarbon synthesis, biofuels and catalytic crack-
ing of long chain hydrocarbons. Using iron oxide colloids has been proved to be a 
promising alternative for these processes and recent works in the field have shown 
an excellent performance of this material.

However, in order to obtain a competitive material, it is important to control 
parameters such as the particle size, coating and stability of the magnetic colloids. 
The analysis made here provides details of the most common synthesis and colloidal 
stabilization methods to create magnetic iron oxide colloids for this application.

The prospection of using iron oxide colloids tends to take advantage of the 
presence of Fe atoms at the surface working as catalysts for the degradation of 
contaminants through Fenton reactions, and their magnetic properties, not only 
for magnetic separation but also for the possibility of heating under an alternating 
magnetic field, enhancing catalytic and remediation processes.
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Our research group has recently tested the potential of IONPs as AOPs catalyst 
and local heating source on the decontamination of landfill leachate and complex 
textiles wastewater. The mineralization efficiency of the AOP of industrial waste-
water was increased by magnetic induction heating of the nanocatalyst resulting 
in much quicker degradations in the presence of AMF compared to conventional 
heating. In general, magnetic induction-driven processes are a promising alterna-
tive for the improvement of well-known chemical reactions and real wastewaters 
remediation techniques.

5. Conclusion

This chapter shows the wide range of possible applications of magnetic iron 
oxide colloids in the field of environmental applications. It probes how iron oxide 
nanoparticles are excellent platforms to overcome many of the current technologi-
cal challenges of this area. The chapter reviews the most recent references on water 
treatment and alternative fuels production in which iron oxide colloids has been 
used as treatment agents or catalysts. We have covered the areas of adsorption, 
advanced oxidation processes, hydrocarbon synthesis, biofuels and catalytic crack-
ing of long chain hydrocarbons. Using iron oxide colloids has been proved to be a 
promising alternative for these processes and recent works in the field have shown 
an excellent performance of this material.

However, in order to obtain a competitive material, it is important to control 
parameters such as the particle size, coating and stability of the magnetic colloids. 
The analysis made here provides details of the most common synthesis and colloidal 
stabilization methods to create magnetic iron oxide colloids for this application.

The prospection of using iron oxide colloids tends to take advantage of the 
presence of Fe atoms at the surface working as catalysts for the degradation of 
contaminants through Fenton reactions, and their magnetic properties, not only 
for magnetic separation but also for the possibility of heating under an alternating 
magnetic field, enhancing catalytic and remediation processes.
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Abstract

The serious threat that human beings face in near future will be shortage of fos-
sil fuel reserves and abrupt changes in global climate. To prepare for these serious 
concerns, raised due to climate change and shortage of fuels, conversion of exces-
sive atmospheric CO2 into valuable chemicals and fuels and production of hydrogen 
from water splitting is seen most promising solutions to combat the rising CO2 
levels and energy crises. Amoung the various techniques that have been employed 
electrocatalytic conversion of CO2 into fuels and hydrogen production from water 
has gained tremendous interest. Hydrogen is a zero carbon-emitting fuel, can be an 
alternative to traditional fossil fuels. Therefore, researchers working in these areas 
are constantly trying to find new electrocatalysts that can be applied on a real scale 
to deal with environmental issues. Recently, colloidal nanocrystals (C-NCs)-based 
electrocatalysts have gained tremendous attention due to their superior catalytic 
selectivity/activity and durability compared to existing bulk electrodes. In this 
chapter, the authors discuss the colloidal synthesis of NCs and the effect of their 
physiochemical properties such as shape, size and chemical composition on the 
electrocatalytic performance and durability towards electrocatalytic H2 evolution 
reaction (EH2ER) and electrocatalytic CO2 reduction reactions (ECO2RR). The last 
portion of this chapter presents a brief perspective of the challenges ahead.

Keywords: colloidal nanocrystals, electrocatalysis, size control, shape control,  
CO2 reduction reactions, H2 evolution reaction

1. Introduction

A clean environment and sustained energy resources are essential for future 
generations. With growing concerns for both dwindling traditional fossil fuels and 
global warming, there is an urgent need to develop renewable and environmentally 
benign alternatives to address these issues of mankind [1–3]. Currently, humans are 
mainly dependent on fossil fuels and thus extract carbon from the geosphere and 
put it into the atmosphere where it causes global warming. There are two methods 
that can be helpful in preventing and reducing carbon emissions. The first and 
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convenient way to stop carbon emissions is to move towards zero carbon-emitting 
resources. In view of this, hydrogen (H2) produced by photo/electrocatalytic water 
splitting has shown great potential to become the fuel of the future. The merits 
have been attributed to its high energy density and it produces only one by-product 
of water upon combustion [4]. Thus H2, which is a zero carbon-emitting fuel, can 
be a promising solution to the mitigation of climate change. The second method is 
to capture carbon from the atmosphere and then store it back into the geosphere. 
However, the geosphere sequestration of CO2 has no financial benefits. In con-
trast, chemical transformation of excess accumulated CO2 from air into valuable 
industrial products, such as fuels (methanol, ethanol), hydrocarbon (methane, 
ethylene) and chemicals (formic acid, acetic acid), is an effective way to solve both 
global warming and energy crises [5, 6]. Furthermore, it has economic significance 
from an industrial point of view. However, carbon-di-oxide reduction (CO2R) is 
a highly cumbersome and non-specific process. So far, several approaches, such 
as biochemical, chemical, thermal, photochemical and electrochemical catalysts 
have been explored to achieve aspirated activity and selectivity in this region [7–9]. 
Nonetheless, unlike other catalytic system electrocatalysts have gained tremen-
dous attention due to its easy operation at ambient temperature and pressure. In 
addition, the selectivity of the product can be obtained by just adjusting reaction 
conditions, such as redox potential, electrode, and electrolyte, pH temperature and 
so on. The main advantage of using electrocatalysts is that they can be powered 
by renewable energy sources that emit zero carbon. For all these reasons, many 
research activities have shifted to the areas of EH2ER and ECO2RR (Figure 1) [10].

Over the years of time metal, metal oxide, metal sulphide have shown great 
promise in ECO2RR and EH2ER using electrocatalysis phenomenon. These electro-
catalysts are being considered as a promising system that would be able to operate 
on a real scale without polluting environment. Whereas, there are still many 
limitations that are associated with electrocatalysts, such as high cost, poor product 
selectivity, high overpotential and low stability [11]. Colloidal Nanocrystal (C-NC) 
based electrocatalysts have become indispensable to overcome these limitations to 
certain extent owing to their larger surface to volume ratio, precise shape, long-term 
durability, and the plethora of configurations [12, 13]. These factors are important 
in influencing their efficiency, selectivity, and durability for EH2ER and ECO2RR. 
For example, variation in the size and/or shape causes alteration in reactivity at 

Figure 1. 
Electrochemical CO2 conversion into fuel and H2 production by using colloidal nanocrystal-based 
electrocatalysts.
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different locations (edges/corners/faces) of the C-NC due to changes in a specific 
atomic-arrangement of active centers and crystal surface energy. The impact of 
these features will be discussed in detail as this chapter unfolds.

The purpose of this chapter is to elaborate on recent research developments and 
challenges in the field of heterogeneous C-NCs-based electrocatalysts for ECO2RR 
and EH2ER. In the first part of this chapter, colloidal synthesis of nanocrystals will 
be discussed. The second part of this chapter will address the structural aspects, 
such as size, shape, and composition, are important in tuning the catalytic effi-
ciency, selectivity, and durability of NC-based catalysts for ECO2RR. Here a brief 
introduction of effect of ligand functionalization and effect of MOF/NCs hybrid 
system on ECO2RR activity will be also discussed. In the third part of this chapter, 
the role of C-NCs-based catalysts on EH2ER, its activity and stability is given. 
Moreover, the detailed mechanism of EH2ER is also discussed in this part. Finally, 
Authors have given extractive commentary that sheds light on the future perspec-
tive of ECO2RR and EH2ER in conclusion.

2. Colloidal synthesis of NCs

The C-NC is an inorganic material with a size of 1–100 nm and surface covering 
of protecting capping agents like polymer and surfactants molecules. Generally, the 
inorganic part exhibits characteristic features, such as optical, electrical, magnetic, 
and catalytic, that can be tuned by changing their physicochemical parameters, 
while surface capping guarantees the stabilization of these structures and paves the 
way for synthesizing more complex structures [14, 15]. The physical parameters like 
morphology and chemical composition of C-NCs can be easily adapted by varying 
their reaction parameters like monomer concentration forming inorganic core of 
NCs and judicious choice of capping substances for surface covering. Over the last 
two-three decades, researchers have gained good control over synthesis of high-
quality and cost-effective NCs with uniform morphology and chemical constituents 
using colloidal synthesis [16–19]. The C-NCS approach has not only enhanced 
efficiency, selectivity of NCs, but also improved their service life. So far, research-
ers have found many commercial applications of C-NCs in various fields ranging 
from life sciences to the material world. One of the striking applications of C-NCs 
is in the field of biological imaging of cells, where quantum dots are used owing to 
their excellent fluorescent properties and also they do not photo-chemically bleach 
out like organic dyes [20]. Recently, quantum dots are being used commercially in 
LED displays also known as QLED-displays [21]. In addition, C-NCs-based photo/
electro-catalysts for ECO2RR and EH2ER are being developed to solve the energy 
crisis and global warming. However, their uses at economical scale in this area is still 
facing challenges. Deep insights of C-NCs synthesis and the effect of C-NCs phys-
iochemical parameters on their electrocalytic properties need to be investigated for 
their successful applications at the economical level.

In general, C-NCs can be synthesized in both water and organic solvents. 
However, synthesizing a broad spectrum of NCs requires different reaction condi-
tions that are much more feasible to achieve in organic solvents compared to water 
that is mainly used in the synthesis of noble metal C-NCs [14]. Therefore, in this 
section, authors will focus on organic phase C-NCs synthesis. Generally, C-NCs 
synthesis requires three major elements: 1) precursor molecules or building blocks 
forming inorganic core of NCs, 2) capping agents, and 3) organic solvents. Capping 
agents sometime act as solvent. The process of nanocrystal formation starts with 
transformation of precursor molecules into unstable and reactive species or mono-
mers that usually occurs at quite high temperature. Thereafter, these monomers 
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convenient way to stop carbon emissions is to move towards zero carbon-emitting 
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Figure 1. 
Electrochemical CO2 conversion into fuel and H2 production by using colloidal nanocrystal-based 
electrocatalysts.
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different locations (edges/corners/faces) of the C-NC due to changes in a specific 
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the role of C-NCs-based catalysts on EH2ER, its activity and stability is given. 
Moreover, the detailed mechanism of EH2ER is also discussed in this part. Finally, 
Authors have given extractive commentary that sheds light on the future perspec-
tive of ECO2RR and EH2ER in conclusion.

2. Colloidal synthesis of NCs

The C-NC is an inorganic material with a size of 1–100 nm and surface covering 
of protecting capping agents like polymer and surfactants molecules. Generally, the 
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and catalytic, that can be tuned by changing their physicochemical parameters, 
while surface capping guarantees the stabilization of these structures and paves the 
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morphology and chemical composition of C-NCs can be easily adapted by varying 
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ers have found many commercial applications of C-NCs in various fields ranging 
from life sciences to the material world. One of the striking applications of C-NCs 
is in the field of biological imaging of cells, where quantum dots are used owing to 
their excellent fluorescent properties and also they do not photo-chemically bleach 
out like organic dyes [20]. Recently, quantum dots are being used commercially in 
LED displays also known as QLED-displays [21]. In addition, C-NCs-based photo/
electro-catalysts for ECO2RR and EH2ER are being developed to solve the energy 
crisis and global warming. However, their uses at economical scale in this area is still 
facing challenges. Deep insights of C-NCs synthesis and the effect of C-NCs phys-
iochemical parameters on their electrocalytic properties need to be investigated for 
their successful applications at the economical level.

In general, C-NCs can be synthesized in both water and organic solvents. 
However, synthesizing a broad spectrum of NCs requires different reaction condi-
tions that are much more feasible to achieve in organic solvents compared to water 
that is mainly used in the synthesis of noble metal C-NCs [14]. Therefore, in this 
section, authors will focus on organic phase C-NCs synthesis. Generally, C-NCs 
synthesis requires three major elements: 1) precursor molecules or building blocks 
forming inorganic core of NCs, 2) capping agents, and 3) organic solvents. Capping 
agents sometime act as solvent. The process of nanocrystal formation starts with 
transformation of precursor molecules into unstable and reactive species or mono-
mers that usually occurs at quite high temperature. Thereafter, these monomers 
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lead to formation of C-NCs whose growth is mainly influenced by capping agents. 
The crystallization of C-NCs can be best understood using widely accepted LaMer 
mechanism as depicted in Figure 2 [22–25]. Based on this mechanism, NCs devel-
opment considered to have three major steps. In the first phase, the precursor 
molecules are converted to the reactive species, or monomer, and then eventually 
reach to a supersaturated phase (I), where no particle or second phase is still visible. 
In the next step, reactive species concentrate to the critical limit of supersaturation 
(phase II), at which a thermodynamically feasible state (Cmin) is developed for 
nucleation, followed by monomers to form initial seed for nucleation. In the second 
phase, the supersaturation again drops at some point due to instant nucleation, 
reducing the monomer concentration below Cmin that triggers the third phase (III) 
of the mechanism, that is, the growth of NCs. In this phase, because of monomer 
concentrations remain below Cmin, therefore, NCs grow without forming further 
nuclei until they attain an equilibrium state. During the growth phase of C-NCs, 
capping agents also play an important role in determining the final morphology of 
NCs. First and foremost, the capping agent should have a tendency to adsorb on the 
surface of the growing NCs.

Secondly, capping agents are required to bind in such a way that it can desorb 
and adsorb on the surface of growing NCs during growth process, making grow-
ing NCs surface accessible for reactive monomers, yet surface covering of capping 
agents, overall, stabilize NCs [14, 26].

2.1 Size control in C-NCs synthesis

During NC synthesis, control over size uniformity is a prominent feature of 
contemporary synthetic methods. The LaMer mechanism discussed earlier not only 
explains the formation of NCs, but is also an approach to synthesize C-NCs with nar-
row size distributions. The essential element of LaMer approach to synthesize uni-
form-sized C-NCs is to divide crystallization into two disparate events; nucleation and 
growth. As discussed previously, the nucleation occurs for short periods of time, also 
known as burst nucleation, triggering a different growth phase where all nuclei then 
grow at the same rate without generating extra nuclei. The formation of extra nuclei 
during the growth phase can cause differences in the size of C-NCs because the newly 
formed nuclei will lag behind the previously growing NCs in growth kinetics. The 

Figure 2. 
The LaMer mechanism based formation of active monomers, burst nucleation, and subsequent slow growth of 
colloidal nanocrystals. Adapted from [23].
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several methods utilize LaMer mechanism to grow uniform size C-NCs [24, 27]. The 
first example is seed-mediated growth method where reaction medium is introduced 
pre-developed nuclei at low monomer concentration to inhibit secondary nucleation. 
Therefore, these pre-developed nuclei further grow up to the desired size of C-NCs 
without creating extra nuclei. However, in order to obtain narrow size distribution 
of NCs, it is still required to control growth phase as well. The second example is hot 
injection method where the reaction medium at high temperature is rapidly supple-
mented with the precursor or reducing reagents to create a state of supersaturation 
that triggers subsequent burst nucleation. The next example is the heating up method 
where reaction medium pre-treated with precursor, and capping agents is heated at 
high temperature to induce the LaMer crystallization. Due to the simplicity of this 
method it is often used to synthesize C-NCs at large scale [28–30].

2.2 Shape control in C-NCs synthesis

Unlike the bulk materials, the physiochemical properties of C-NCs are also 
strongly dependent on their shape. In this chapter, authors will further discuss 
how the shape of C-NCs can be adapted to improve the service life, selectivity and 
efficiency of electrocatalysts. Generally, C-NCs shapes can be tuned by means of 
both thermodynamic and kinetic controls. In C-NCs synthesis, capping agents are 
used, primarily, to obtain the desired shape using their specific binding nature on 
the surface of the growing NCs [31]. If the surface adsorption of capping agents 
causes the decrement in surface energy of any specific facet, then the obtain 
shape will be favored by thermodynamically. Whereas, if capping agents serves 
an obstruction between growing NCs and diffusing monomers then the resulting 
shape of C-NCs will be governed by kinetic factors [32, 33]. Thermodynamically, 
the growing NCs attain it most likely shape by reducing its total surface free energy. 
For example, during the formation of fcc NC, the capping agents first selectively 
adheres to the (100) plans, which in turn, decreases their surface free energy 
[32]. These selective adsorptions onto the (100) plans causes transformation of 
cuboctahedron into cubic structure due the subsequent growth of higher energy 
facets. Whereas, in the kinetic regime, capping agents selectively adhere to some 
specific facets to lower their growth rate compare to others, resulting in various 
NCs shapes. Simultaneously, capping agents inhibit the diffusion of pre-deposited 
atoms over the NCs surface. In the real situation, however, the final shape of C-NCs 
is governed by the comparable kinetics of diffusion and deposition of monomers to 
growing NCs [32].

3. C-NCs-based catalysts for ECO2RR

3.1 Mechanistic insight of ECO2RR

Thermodynamically, CO2 is a quite stable molecule (bond dissociation enthalpy 
of C=O is ~750 KJ mol−1), so high energy is required for its activation. Moreover, 
the highest oxidation state of CO2, causes problems for its selective reduction [34]. 
A catalyst in this regard is an alternative that offers reactive sites for its selective 
and rapid transformations. In this chapter, the authors are focusing specially on 
NC-based electrocatalyst for ECO2RR. Generally, ECO2RR involves several proton/
electron transfers processes that take place at the cathode (catalyst). This process is 
considered to have three major stages. First, CO2 is absorbed on the catalytic surface 
and its binding strength depends on the structure and composition of the NC as 
well as the nature of the electrolyte. Once it is absorbed, an electron is transferred 
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lead to formation of C-NCs whose growth is mainly influenced by capping agents. 
The crystallization of C-NCs can be best understood using widely accepted LaMer 
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In the next step, reactive species concentrate to the critical limit of supersaturation 
(phase II), at which a thermodynamically feasible state (Cmin) is developed for 
nucleation, followed by monomers to form initial seed for nucleation. In the second 
phase, the supersaturation again drops at some point due to instant nucleation, 
reducing the monomer concentration below Cmin that triggers the third phase (III) 
of the mechanism, that is, the growth of NCs. In this phase, because of monomer 
concentrations remain below Cmin, therefore, NCs grow without forming further 
nuclei until they attain an equilibrium state. During the growth phase of C-NCs, 
capping agents also play an important role in determining the final morphology of 
NCs. First and foremost, the capping agent should have a tendency to adsorb on the 
surface of the growing NCs.

Secondly, capping agents are required to bind in such a way that it can desorb 
and adsorb on the surface of growing NCs during growth process, making grow-
ing NCs surface accessible for reactive monomers, yet surface covering of capping 
agents, overall, stabilize NCs [14, 26].

2.1 Size control in C-NCs synthesis

During NC synthesis, control over size uniformity is a prominent feature of 
contemporary synthetic methods. The LaMer mechanism discussed earlier not only 
explains the formation of NCs, but is also an approach to synthesize C-NCs with nar-
row size distributions. The essential element of LaMer approach to synthesize uni-
form-sized C-NCs is to divide crystallization into two disparate events; nucleation and 
growth. As discussed previously, the nucleation occurs for short periods of time, also 
known as burst nucleation, triggering a different growth phase where all nuclei then 
grow at the same rate without generating extra nuclei. The formation of extra nuclei 
during the growth phase can cause differences in the size of C-NCs because the newly 
formed nuclei will lag behind the previously growing NCs in growth kinetics. The 

Figure 2. 
The LaMer mechanism based formation of active monomers, burst nucleation, and subsequent slow growth of 
colloidal nanocrystals. Adapted from [23].
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several methods utilize LaMer mechanism to grow uniform size C-NCs [24, 27]. The 
first example is seed-mediated growth method where reaction medium is introduced 
pre-developed nuclei at low monomer concentration to inhibit secondary nucleation. 
Therefore, these pre-developed nuclei further grow up to the desired size of C-NCs 
without creating extra nuclei. However, in order to obtain narrow size distribution 
of NCs, it is still required to control growth phase as well. The second example is hot 
injection method where the reaction medium at high temperature is rapidly supple-
mented with the precursor or reducing reagents to create a state of supersaturation 
that triggers subsequent burst nucleation. The next example is the heating up method 
where reaction medium pre-treated with precursor, and capping agents is heated at 
high temperature to induce the LaMer crystallization. Due to the simplicity of this 
method it is often used to synthesize C-NCs at large scale [28–30].

2.2 Shape control in C-NCs synthesis

Unlike the bulk materials, the physiochemical properties of C-NCs are also 
strongly dependent on their shape. In this chapter, authors will further discuss 
how the shape of C-NCs can be adapted to improve the service life, selectivity and 
efficiency of electrocatalysts. Generally, C-NCs shapes can be tuned by means of 
both thermodynamic and kinetic controls. In C-NCs synthesis, capping agents are 
used, primarily, to obtain the desired shape using their specific binding nature on 
the surface of the growing NCs [31]. If the surface adsorption of capping agents 
causes the decrement in surface energy of any specific facet, then the obtain 
shape will be favored by thermodynamically. Whereas, if capping agents serves 
an obstruction between growing NCs and diffusing monomers then the resulting 
shape of C-NCs will be governed by kinetic factors [32, 33]. Thermodynamically, 
the growing NCs attain it most likely shape by reducing its total surface free energy. 
For example, during the formation of fcc NC, the capping agents first selectively 
adheres to the (100) plans, which in turn, decreases their surface free energy 
[32]. These selective adsorptions onto the (100) plans causes transformation of 
cuboctahedron into cubic structure due the subsequent growth of higher energy 
facets. Whereas, in the kinetic regime, capping agents selectively adhere to some 
specific facets to lower their growth rate compare to others, resulting in various 
NCs shapes. Simultaneously, capping agents inhibit the diffusion of pre-deposited 
atoms over the NCs surface. In the real situation, however, the final shape of C-NCs 
is governed by the comparable kinetics of diffusion and deposition of monomers to 
growing NCs [32].

3. C-NCs-based catalysts for ECO2RR

3.1 Mechanistic insight of ECO2RR

Thermodynamically, CO2 is a quite stable molecule (bond dissociation enthalpy 
of C=O is ~750 KJ mol−1), so high energy is required for its activation. Moreover, 
the highest oxidation state of CO2, causes problems for its selective reduction [34]. 
A catalyst in this regard is an alternative that offers reactive sites for its selective 
and rapid transformations. In this chapter, the authors are focusing specially on 
NC-based electrocatalyst for ECO2RR. Generally, ECO2RR involves several proton/
electron transfers processes that take place at the cathode (catalyst). This process is 
considered to have three major stages. First, CO2 is absorbed on the catalytic surface 
and its binding strength depends on the structure and composition of the NC as 
well as the nature of the electrolyte. Once it is absorbed, an electron is transferred 
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to the CO2 molecule that produces surface bound CO2
−. Intermediate as depicted 

in Figure 3. This step is known as a rate-limiting step because it requires large 
reconstitution energy to convert linear CO2 into twisted form, that is, CO2

.−. For 
this reason, it requires extra potential (overpotential of −1.91 V) for electrochemi-
cal CO2 conversion, even if it is thermodynamically feasible. After the formation 
of CO2

.− its reactivity on the catalytic surface determines resulting product in 
ECO2RR. In principle, an optimal binding of the intermediate on the surface of the 
electrode is required for the rapid electron transfer process, thereby, increasing 
the selectivity and kinetics of the conversion. The reason for this is, a very strong 
affinity with intermediates will poison the surface of the electrode, while weak 
interaction will disrupt the electron transfer process. Sn, In and Pb, for example, 
represent week interaction with CO2

−. intermediate, therefore, further reduction 
leads to production of HCOO− as resulting product [35]. In comparison, CO2

−. on 
the surface of Ag, Au and Zn is reduced to COOH* which can be further reduced 
into CO* [35]. However, CO* has week affinity towards these metal ions, and thus, 
gaseous CO is generated. Interestingly, Cu, which has been extensively studied by 
Hori et al., shows optimal binding with CO* and uniquely reduces CO2 in many 
products including alcohol and hydrocarbons [35]. Whereas, metals, such as Pt and 
Ni, have a strong affinity for CO*, which prevents further reduction, and for this 
reason, these metals favor EH2ER over ECO2RR [35]. Therefore, optimal interaction 
between metal-based electrodes and surface bound intermediates has a significant 
importance in product selection and/or reaction rate.

Furthermore, it was realized that surface properties of electrocatalyst, such as, 
surface area, roughness, composition, and morphological design have profound 
influence on efficiency, selectivity and durability of electrodes in electrochemi-
cal reactions [37–38]. It is a general understanding that the higher surface area 
provides good economy of the active center on the surface relative to the bulk, and 
thus, accelerates CO2 reduction. Similarly, Cu shows optimal coordination with 
CO, however, changes in surface structure, such as roughness, may deviate from 
their normal behavior. For example, Jiang et al. showed that the high population 
of under-coordinated sites on the rough surface of the Cu leads to the formation of 
oxygen-containing compounds and hydrocarbons compared to CO due to enhanced 
interaction with CO* intermediates [38]. However, it is still challenging to adjust 
the optimal binding energy for intermediates to increase selectivity/reactivity 
towards ECO2RR, because of the large number of intermediates and many possible 
intricate pathways involved. Until now, many bulk metal-based electrodes have 
been investigated from both a material and structural point of view; however, 

Figure 3. 
Reaction pathways leading to the formation of formate, CO, and C–H products are highlighted. Adapted from 
[36]. Abbreviation: RDS, rate-determining step.
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they are still facing many hurdles, such as: 1) high overpotential of the existing 
electrodes, 2) obtaining a mixture of products due to poor product selection of the 
catalyst, 3) deactivation of metal-based electrodes in short periods, 4) high cost of 
metal-based electrodes such as Ag, Au, Pt etc. discourages their use economically, 5) 
slow kinetics, or low activity. Beside there is always a competitive reaction EH2ER 
to the ECO2RR based on the thermodynamics. Rapid electron transfer in first step 
of electrochemical CO2 reduction may be an effective strategy to suppress EH2ER, 
which, in turn, accelerates ECO2RR. In Table 1, the authors have summarized elec-
trochemical Eqs. (1–16) of CO2R in some valuable products such as CH4, CH3OH, 
HCOOH, etc., with their respective equilibrium potentials in aqueous medium 
(pH 6.8) at 1 atm. and 25°C with respect to standard hydrogen electrode (SHE) 
[39, 40]. The equilibrium potential of the ECO2RR, as provided, corresponds to the 
equilibrium potential of the EH2ER.

3.2 C-NCs-based heterogonous catalyst for ECO2RR

Recent studies have shown that nanometer-sized (1–100 nm) electrocatalyst 
is not only capable of reducing overpotential, but also shows an improvement in 
current density for CO2 conversion. Regardless of the metal, the electronic structure 
of the catalysts at nanoscale is a key player in determining their efficiency, selectiv-
ity and durability for ECO2RR. Several electronic factors have been determined, 
such as finite size effects, and the location of the d band center that can tune the 
binding strength of intermediates, such as CO*, CHO*, etc., on the nanoparticle 

Products Thermodynamic half-cell equations E(V)

Hydrogen 2H+ + 2e− → H2 0.000

C1

Methane CO2 + 8H+ + 8e− → CH4 + H2O 0.17

Carbon-mono oxide CO2 + 2H+ + 2e− → CO + H2O −0.10

Methanol CO2 + 6H+ + 6e− → CH3OH + H2O 0.03

Formic acid CO2 + 2H+ + 2e− → HCOOH + H2O −0.02

C2

Acetaldehyde 2CO2 + 10H+ + 10e− → CH3CHO + 3H2O 0.05

Acetate 2CO2 + 8H+ + 8e− → CH3COOH + 2H2O −0.26

Ethanol 2CO2 + 12H+ + 12e− → C2H5OH + 3H2O 0.09

Ethylene
Ethylene glycol

2CO2 + 12H+ + 12e− → C2H4 + 4H2O
2CO2 + 10H+ + 10e− → C2H6O2 + 2H2O

0.08
0.20

Glyoxal 2CO2 + 6H+ + 6e− → C2H2O2 + 2H2O −0.16

Glycoaldehyde 2CO2 + 8H+ + 8e− → C2H4O2 + 2H2O −0.03

C3

Acetone 3CO2 + 16H+ + 16e− → CH3COCH3 + 5H2O −0.14

Allyl alcohol 3CO2 + 16H+ + 16e− → C3H6O + 5H2O 0.11

Propionaldehyde 3CO2 + 16H+ + 16e− → C3H6O + 5H2O 0.14

1-Propanol 3CO2 + 18H+ + 18e− → C3H7OH + 5H2O 0.21

Hydroxyacetone 3CO2 + 14H+ + 14e− → C3H6O2 + 4H2O 0.46

Oxygen O2 + 4H+ + 4e− → 2H2O 1.23

Table 1. 
Thermodynamic electrochemical half-cell equations of CO2R products, along with their relative standard 
redox potential (vs SHE in volt), or E(V) at pH 6.8 [39, 40].
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to the CO2 molecule that produces surface bound CO2
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Figure 3. 
Reaction pathways leading to the formation of formate, CO, and C–H products are highlighted. Adapted from 
[36]. Abbreviation: RDS, rate-determining step.
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they are still facing many hurdles, such as: 1) high overpotential of the existing 
electrodes, 2) obtaining a mixture of products due to poor product selection of the 
catalyst, 3) deactivation of metal-based electrodes in short periods, 4) high cost of 
metal-based electrodes such as Ag, Au, Pt etc. discourages their use economically, 5) 
slow kinetics, or low activity. Beside there is always a competitive reaction EH2ER 
to the ECO2RR based on the thermodynamics. Rapid electron transfer in first step 
of electrochemical CO2 reduction may be an effective strategy to suppress EH2ER, 
which, in turn, accelerates ECO2RR. In Table 1, the authors have summarized elec-
trochemical Eqs. (1–16) of CO2R in some valuable products such as CH4, CH3OH, 
HCOOH, etc., with their respective equilibrium potentials in aqueous medium 
(pH 6.8) at 1 atm. and 25°C with respect to standard hydrogen electrode (SHE) 
[39, 40]. The equilibrium potential of the ECO2RR, as provided, corresponds to the 
equilibrium potential of the EH2ER.

3.2 C-NCs-based heterogonous catalyst for ECO2RR
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is not only capable of reducing overpotential, but also shows an improvement in 
current density for CO2 conversion. Regardless of the metal, the electronic structure 
of the catalysts at nanoscale is a key player in determining their efficiency, selectiv-
ity and durability for ECO2RR. Several electronic factors have been determined, 
such as finite size effects, and the location of the d band center that can tune the 
binding strength of intermediates, such as CO*, CHO*, etc., on the nanoparticle 

Products Thermodynamic half-cell equations E(V)

Hydrogen 2H+ + 2e− → H2 0.000

C1

Methane CO2 + 8H+ + 8e− → CH4 + H2O 0.17

Carbon-mono oxide CO2 + 2H+ + 2e− → CO + H2O −0.10

Methanol CO2 + 6H+ + 6e− → CH3OH + H2O 0.03

Formic acid CO2 + 2H+ + 2e− → HCOOH + H2O −0.02

C2

Acetaldehyde 2CO2 + 10H+ + 10e− → CH3CHO + 3H2O 0.05

Acetate 2CO2 + 8H+ + 8e− → CH3COOH + 2H2O −0.26

Ethanol 2CO2 + 12H+ + 12e− → C2H5OH + 3H2O 0.09

Ethylene
Ethylene glycol

2CO2 + 12H+ + 12e− → C2H4 + 4H2O
2CO2 + 10H+ + 10e− → C2H6O2 + 2H2O

0.08
0.20

Glyoxal 2CO2 + 6H+ + 6e− → C2H2O2 + 2H2O −0.16

Glycoaldehyde 2CO2 + 8H+ + 8e− → C2H4O2 + 2H2O −0.03

C3

Acetone 3CO2 + 16H+ + 16e− → CH3COCH3 + 5H2O −0.14

Allyl alcohol 3CO2 + 16H+ + 16e− → C3H6O + 5H2O 0.11

Propionaldehyde 3CO2 + 16H+ + 16e− → C3H6O + 5H2O 0.14

1-Propanol 3CO2 + 18H+ + 18e− → C3H7OH + 5H2O 0.21

Hydroxyacetone 3CO2 + 14H+ + 14e− → C3H6O2 + 4H2O 0.46

Oxygen O2 + 4H+ + 4e− → 2H2O 1.23

Table 1. 
Thermodynamic electrochemical half-cell equations of CO2R products, along with their relative standard 
redox potential (vs SHE in volt), or E(V) at pH 6.8 [39, 40].
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(NP) surface and thus, alter the reactivity of NP-based electrocatalysts [41–43]. 
In addition, the geometric effect is an important factor that is crucial in stabilizing 
the specific intermediate during the reduction process, which leads to an increase 
in selectivity [44, 45]. When using C-NC-based electrocatalysts, electronic and 
geometric factors can be adapted to increase selectivity, stability and activity using 
several approaches, such as size adjustment, shape modification, compositional 
control, surface functionalization and reaction conditions. As discussed earlier, the 
nucleation and growth process can be optimized by changing the reaction condi-
tions (thermodynamic and kinetic of the reaction) to achieve the desired C-NCs 
with well-defined composition, and morphology. Therefore, C-NCs-based catalytic 
systems have been found to be highly promising to lead the catalytic field that can 
achieve higher selectivity and efficiency than existing systems. Here, our focus will 
be mainly on to understand how properties like size, shape, morphology, composi-
tion and surface functionalization of nanocrystal affect efficiency and durability of 
C-NCs-based electrocatalysts for ECO2RR.

3.3 Effect of C-NCs size on ECO2RR

The size is an important factor for C-NC-based electrocatalysis because dif-
ferent size of C-NCs show different activity/selectivity towards ECO2RR. Several 
studies have shown that alteration in size at nanoscale can affect both atomic 
distributions at various reaction sites (plans, edges, corners) and electronic struc-
ture of NCs, changing their catalytic characteristics. Therefore, the search for the 
optimal size C-NC showing the best efficiency, selectivity and durability requires 
contemporary research in this area. So far, to explore the effect of size towards 
ECO2RR, different sizes of electrocatalysts have been evaluated, however, our 
focus here is towards C-NC-based electrocatalysts. Colloidal synthesis of NCs is an 
excellent approach to study different sizes of NCs while keeping other factors such 
as shape and composition stable. Loiudice et al. synthesized spherical and cubical 
Cu C-NCs in the size range of 7.5–27 nm and 24–63 nm respectively for ECO2RR 
[46]. Their study has revealed unprecedented correlation between size of NCs and 
their electrochemical activity as well as selectivity for ECO2RR. The activity of Cu 
C-NCs increases as size of NCs within same morphology decreases, however, this 
does not hold while comparing cubical NCs with spherical. For example, the 44 nm 
cube has higher current density than 27 nm sphere. To understand this phenom-
enon, the propensity of Cu (100) facet towards ethylene production can provide 
a better understanding. Based on previous findings, it is widely accepted that the 
Cu (100) plane is selective for the electrochemical reduction of CO2 in ethylene. 
Additionally, edges in ethylene production are thought to be responsible for the 
absorption and stabilization of an important intermediate (i.e., COOH *) as well as 
inhibiting EH2ER. In this study, the X-ray diffraction pattern has shown a higher 
contribution of the Cu (100) plane in the nanocube than in the nanosphere and Cu 
foil. Interestingly, among all Cu C-NCs, a size of 44 nm exhibited highest selectiv-
ity with 50% FE for ethylene and overall 80% for ECO2RR over EH2ER. This can 
be ascribed to changes in atomic configuration at different sites of C-NC due to 
differences in size. As nanocube move from smaller to larger sizes, the number of 
atoms at the edges and corners decreases, however, the number of atoms at the 
plane site increases. As a result, it came close to the morphology of a single crystal, 
where all the atoms of the surface are populated on the (100) plane. And, as previ-
ously stated edges also play an important role in electrochemical reduction of CO2 
into C2 products. Therefore, an optimal balance between ratio of edge to plane site 
in 44 nm Cu C-NC, suggesting not only its unique selectivity for C2H4, but also an 
overall activity towards ECO2RR.
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Similarly, Zhu et al. investigated the non-monotonic size-dependent selectiv-
ity of Au C-NCs for CO2 reduction into CO [47]. Among Au C-NCs of size 4, 6, 8, 
10 nm synthesized, the 8 nm exhibited a highest selectivity for CO production with 
FE of ~90% at −0.67 V vs. RHE as shown in Figure 4(c). Based on the DFT calcula-
tions, the group concludes that dominance of edge sites at 8 nm C-NC facilitates 
selective CO2 reduction in hydrocarbons, whereas depletion of corner sites inhibits 
EH2ER. They have further reported the unique selectivity of Au13 C-NC towards 
EH2ER. Although Au13 facilitates the formation of COOH* intermediate as com-
pared to Au (211) and Au (111) facet, a stronger binding with CO* intermediate 
would lead to its lower tendency to produce CO2 reduction products.

Additionally, as shown in Figure 4(f ), the free energy of formation 
(ΔGformation) of H* intermediates on Au13 is lower than ΔGformation of COOH*, sug-
gesting the generation of H2 at low overpotentials. Furthermore, this study is found 
to correspond to a size dependence study on the small size (2–15 nm) Cu C-NCs for 
ECO2RR. For particle sizes at 5–15 nm, significantly higher activity and selectivity 
were found for H2 and CO than for hydrocarbons. Moreover, particles smaller than 
5 nm in size showed an exponential increase in the formation of H2 and CO relative 
to hydrocarbons. This unique property of small C-NCs is due to an increase in under 
coordinated catalytic sites, which, in turn, strongly stabilize and bind with H* and 
CO* intermediates. Strong adsorption of H* and CO* intermediates is suggested to 
prevent subsequent hydrogenation of CO into hydrocarbons, so the increase in H2 
and CO production occurs at small (<5 nm) NCs.

3.4 Effect of C-NCs shape on ECO2RR

The shape of the C-NC plays an important role in determining the selectivity/
activity of the electrocatalysts. Several findings have shown that the shape-
dependent C-NC activity/selectivity towards ECO2RR is typically associated with 
the presence of specific crystal plane. For example, Suen et al. have revealed that 
cubic Cu C-NC (C-Cu) with mainly (100) facet shows enhanced selectivity towards 
C2 products while octahedron Cu C-NC (O-Cu) with predominantly (111) facets 
shows selectivity for C1 products in ECO2RR [48].

Besides, Zhou et al. have illustrated the correlation between different shapes 
of C-NCs and their corresponding crystal planes using a stereographic triangle as 
depicted in Figure 5(a) [49]. The lower index surfaces, namely, the (100) (110) and 
(111) facets that lie on the three vertices of triangle, are present on the nanocrystal 

Figure 4. 
TEM images of (a) the 8 nm Au NPs and (b) the C-Au NCs. (c) Potential-dependent FEs of the C-Au on 
electrocatalytic reduction of CO2 to CO. (d) Current densities for CO formation (mass activities) on the C-Au 
at various potentials. Free energy diagrams for electrochemical reduction of (e) CO2 to CO and (f) protons to 
hydrogen on Au(111) (yellow symbols), Au(211) (orange symbols), or a 13-atom Au cluster (red symbols) at 
−0.11 V. reprinted with the permission from [47]. Copyright © 2013, American Chemical Society.
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where all the atoms of the surface are populated on the (100) plane. And, as previ-
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10 nm synthesized, the 8 nm exhibited a highest selectivity for CO production with 
FE of ~90% at −0.67 V vs. RHE as shown in Figure 4(c). Based on the DFT calcula-
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EH2ER. They have further reported the unique selectivity of Au13 C-NC towards 
EH2ER. Although Au13 facilitates the formation of COOH* intermediate as com-
pared to Au (211) and Au (111) facet, a stronger binding with CO* intermediate 
would lead to its lower tendency to produce CO2 reduction products.

Additionally, as shown in Figure 4(f ), the free energy of formation 
(ΔGformation) of H* intermediates on Au13 is lower than ΔGformation of COOH*, sug-
gesting the generation of H2 at low overpotentials. Furthermore, this study is found 
to correspond to a size dependence study on the small size (2–15 nm) Cu C-NCs for 
ECO2RR. For particle sizes at 5–15 nm, significantly higher activity and selectivity 
were found for H2 and CO than for hydrocarbons. Moreover, particles smaller than 
5 nm in size showed an exponential increase in the formation of H2 and CO relative 
to hydrocarbons. This unique property of small C-NCs is due to an increase in under 
coordinated catalytic sites, which, in turn, strongly stabilize and bind with H* and 
CO* intermediates. Strong adsorption of H* and CO* intermediates is suggested to 
prevent subsequent hydrogenation of CO into hydrocarbons, so the increase in H2 
and CO production occurs at small (<5 nm) NCs.

3.4 Effect of C-NCs shape on ECO2RR

The shape of the C-NC plays an important role in determining the selectivity/
activity of the electrocatalysts. Several findings have shown that the shape-
dependent C-NC activity/selectivity towards ECO2RR is typically associated with 
the presence of specific crystal plane. For example, Suen et al. have revealed that 
cubic Cu C-NC (C-Cu) with mainly (100) facet shows enhanced selectivity towards 
C2 products while octahedron Cu C-NC (O-Cu) with predominantly (111) facets 
shows selectivity for C1 products in ECO2RR [48].

Besides, Zhou et al. have illustrated the correlation between different shapes 
of C-NCs and their corresponding crystal planes using a stereographic triangle as 
depicted in Figure 5(a) [49]. The lower index surfaces, namely, the (100) (110) and 
(111) facets that lie on the three vertices of triangle, are present on the nanocrystal 
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TEM images of (a) the 8 nm Au NPs and (b) the C-Au NCs. (c) Potential-dependent FEs of the C-Au on 
electrocatalytic reduction of CO2 to CO. (d) Current densities for CO formation (mass activities) on the C-Au 
at various potentials. Free energy diagrams for electrochemical reduction of (e) CO2 to CO and (f) protons to 
hydrogen on Au(111) (yellow symbols), Au(211) (orange symbols), or a 13-atom Au cluster (red symbols) at 
−0.11 V. reprinted with the permission from [47]. Copyright © 2013, American Chemical Society.
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cube, octahedral, and rhombic dodecahedral, respectively. These low index surfaces 
are said to be less energetic, that is, catalytically less active. However, the plains lying 
on three sidelines of triangle and one which is residing inside the triangle are known 
as high index surfaces, that is, catalytically more active and stable. The high index 
planes (310), (311), (331), and (321) are correlated with tetrahedron, trapezohe-
dron, trisoctahedron, and hexoctahedron, respectively, as illustrated in Figure 5(b). 
The high energy of these polyhedron is attributed to predominance of atomic steps, 
islands and kinks on their surface. For example, a concave rhombic dodecahedron 
Au C-NC enclosed with multiple high index planes showed excellent activity and 
selectivity towards CO formation [50]. In addition, this particular structure of Au 
C-NC was found durable for longer period of time. Summing up, low coordinating 
high index planes with CN less than 7 exhibits high catalytic activity, selectivity, 
stability whereas low index planes with higher CN greater than 6 exhibits lower 
catalytic activity and stability.

Lattice strain has evolved as another factor that have a significant influence on 
electrocatalytic properties of C-NCs towards ECO2RR. It was studied that strain 
generates a distortion in lattice, which, in turn, alters d-band center of metallic 
C-NCs. The altered d-band center either facilitates or lowers the adsorption of 
intermediates, as a result of that changing catalytic properties. Typically, upshifting 
of the d-band center facilitates adsorption of reaction intermediates on the surface 
of C-NCs. This is because, as the d band center approaches the Fermi level, which is 
the highest occupied state, the antibonding orbitals move over it, causing them to 
empty. This, as a result, strengthens the binding strength of the reaction intermedi-
ate on the catalytic surface and, therefore, enhances the reaction kinetics [51]

In general, lattice strain in C-NCs can be induced by shaping C-NC in various 
morphologies, which leads to the inward displacement of atoms at high-energy 
locations, such as corners and edges, while the outward displacement of atoms 
on planes to gain overall crystal stability. These compression and expansion 
in the atomic arrangement in the NCS induce aeolotropic strain gradients that 
may improve the catalytic efficiency/selectivity of C-NCs [45]. Octahedral and 
Icosahedron C-NC of Pd with similar sizes were examined by huang et al. to 
investigate the effect of strain on ECO2RR. They observed that icosahedral/C C-NC 
shows higher FE (91% with −0.81 V vs. RHE) for CO production than octahedral/C 
C-NC in ECO2RR. The molecular simulations and DFT calculations showed that 
surface strain in icosahedral C-NC enhanced catalytic selectivity due to shifting in 
d-band center, which, in turn, facilitates absorption of a key intermediate (COOH*) 

Figure 5. 
(a) Unit stereographic triangle of fcc single-crystal and models of surface atomic arrangement. (b) Unit 
stereographic triangle of polyhedral nanocrystals bounded by different crystal planes. Reproduced form [49] 
with permission from the Royal Society of Chemistry.
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in ECO2RR. Thus, surface strain in icosahedral C-NC boots catalytic efficiency and 
selectivity for CO2R [52].

3.5 Effect of C-NCs composition on ECO2RR

The variation in composition of metal C-NCs is another intriguing factor that 
plays an important role in tuning electrocatalytic efficiency/selectivity towards 
ECO2RR. Among other effects of composition, the synergistic effect where the 
mutual synergy between both electronic and geometric effects determines the 
activity/selectivity of C-NCs towards ECO2RR is well known. The electronic effect 
can be understood by the concept of shifting in d-band center due to alteration 
in composition. In addition to the electronic effect, the geometrical effect also 
makes a significant contribution, where the particular atomic arrangement in 
the active center can modify the binding strength of the reaction intermediate, 
thereby improving the electrocatalytic efficiency/selectivity towards ECO2RR 
[44]. Therefore, to understand the synergistic chemistry between geometric and 
electronic effects in this section, the electrocatalytic efficiency, selectivity and 
durability of bimetallic C-NCs and doped C-NCs electrocatalysts towards ECO2RR 
will be discussed.

3.5.1 Bimetallic C-NCs

Until now, several bimetallic NCs have been investigated for ECO2RR. For 
example, Kortlever et al. have found an optimal composition of a novel Pd70Pt30/C 
electrocatalyst highly active and selective towards HCOOH production. Moreover, 
this has a remarkably lower onset potential close to 0 V vs. RHE, making it best 
catalyst till the date [53]. However, usage of noble high-cost metals discourages its 
application on economical scale. Incorporation of non-noble metals such as Cu, Ni, 
Fe, etc., in bimetallic system could serve a better alternative to address high cost 
and stability of electrocatalyst. Kim et al. synthesized different composition of NCs 
including Au, AuCu, AuCu3, Au3Cu, and Cu, which were assembled in a monolayer 
on glassy carbon while keeping precise control over morphology (Size, Shape 
etc.) [44]. When considering electronic effect solely, pristine Au NC should have 
shown higher activity due to its optimal binding with COOH and CO intermediates. 
Interestingly, they have observed higher activity for Au3Cu bimetallic C-NC than 
expected one. Therefore, electronic effect mere does not explain volcanic acti vity 
correlation for C-NCs. The geometric effect that works synergistically along with 
electronic effect ensure further stabilization of intermediates, thus, explaining 
optimal activity of Au3Cu bimetallic C-NC towards electrochemical CO2 reduction, 
among others. Previous studies have shown excellent properties of In based metal 
catalysts for selective CO2 conversion into HCOOH. However, these metal catalysts 
suffer from limited current density and poor stability.

Kown et al. synthesized In2O3-ZnO C-NCs that showed excellent selectivity 
towards formation of HCOOH [54]. The XRD pattern showed that pre reduction of 
these C-NCs during electrolysis leads to the formation of In-Zn bimetallic C-NCs. 
Among all Zn1-xInx NCs, In0.05Zn0.95 offered remarkable selectivity for HCOOH 
production at FE of 95% (−1.2 V vs. RHE) as well as with higher current density. 
The higher catalytic activity was seen in both Zn1-xInxO and Zn1-xInx with decreas-
ing value of x. The XPS data has revealed predominance of O vacancies in bimetallic 
systems at lower x, which, in turn, decreases thickness of oxide layers in Zn1-xInx. 
Consequently, conductivity of Zn1-xInx C-NCs increases at lower x, therefore, facili-
tates rapid electron transfer processes in ECO2RR. Thus, highest catalytic activity 
of Zn0.95In0.05 C-NC is attributed to its remarkable conductivity. DFT calculations 
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in ECO2RR. Thus, surface strain in icosahedral C-NC boots catalytic efficiency and 
selectivity for CO2R [52].
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The variation in composition of metal C-NCs is another intriguing factor that 
plays an important role in tuning electrocatalytic efficiency/selectivity towards 
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revealed that tight binding of OCHO* on pristine In, which impedes HCOOH 
production, has weakened by introduction of Zn in bimetallic C-NC. Therefore, 
mutual synergies of In with Zn in bimetallic system enhanced its catalytic selectiv-
ity in CDRR as compared to In [54]. Guo et al. have shown compositional effect in 
Cu3Pt C-NCs is responsible for improved activity and selectivity for CH4 [55]. It 
was observed that increasing Cu contents in bimetallic NC leads to desorption of 
more CO* intermediates that subsequently gets protonated into CH4. Moreover, Pt 
which shows higher affinity for H+ has significantly accelerated protonation of CO*. 
However, higher Cu content beyond ratio of Cu and Pt (3:1) raised CO* poisoning, 
and thus, declining in CH4 production [55].

3.5.2 Dopped C-NCs

In doped C-NCs, extrinsic or intrinsic introduction of impurities can cause a 
change in the electronic structure in a way that can enhance catalytic efficiency/
selectivity and durability. For example, the incorporation of impurities can 
provide additional electrons (n-type) or additional vacancies (p-type), thereby, 
increasing the conductivity of the catalyst that would otherwise be poor in 
conductivity. Therefore, the increased conductivity may accelerate the electron 
transfer process in the ECO2RR. Although many advances have been made in the 
field of doped C-NCs, some studies conducted in ECO2RR. Recently, a group led 
by Kim et al. reported an unprecedented selectivity of vanadium (23V) doped 
In2O3 C-NCs towards CH3OH formation in addition to HCOOH and CO, previ-
ously not known with pristine In and In2O3 [56]. This can be understood using 
the commonly suggested scheme for producing CH3OH shown in the Figure 3. 
The CO* intermediate needs to be stabilized on the surface to proceed towards 
CH3OH formation otherwise it may release as CO gas and terminate the reaction. 
The introduction of V3+ into In2O3 strengthens the binding of CO* intermediate 
with NCs possibly due to the π-back donation from dopant to intermediate  
CO*, and thus, reaction proceeds towards CH3OH (FE of 15.8% at −0.83 V vs. 
RHS) [56].

3.6 C-NCs/metal organic framework hybrid

In the past years, molecular organic frameworks (MOFs) have received signifi-
cant attention in the field of catalysis, including ECO2RR, where they have been 
used primarily to provide solid support for molecular catalysts [57, 58]. The com-
bination of MOF with C-NCs creates a class of hybrid materials that have demon-
strated great potential to become future class of electrocatalysts with improved 
efficiency/selectivity and durability. Concerning this, a deep understanding of the 
material design and working principle of these novel hybrid systems is indispens-
able prior to implementing them practically. Recently, Guntern et al. investigated 
catalytic selectivity and durability of Ag C-NCs/Al PMOF hybrid system for 
electrochemical CO2 reduction [59]. Based on UV visible and XPS data, it was 
concluded that electron transfer from MOF to Ag C-NC in this hybrid system 
increases electron density at Ag C-NC, thereby, facilitates electron transfer to 
CO2

.− intermediate. As in result, selectivity of Ag C-NCs/Al PMOF towards CO 
increases than pristine Ag C-NCs while decreases for H2ER. Additionally, a small 
contribution of transport events due to diffusion of reactants and products within 
pores of MOF adds in the selectivity of NC/MOF hybrid towards CO. Besides, 
NC/MOF hybrid system showed better stability compared to bare Ag C-NCs at 
lower potential [59].
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3.7 Ligand functionalized C-NCs

Capping agents such as, organic ligands, surfactants or polymers are engender-
ing factors of surface anchoring molecules that are crucial in synthesis of C-NCs 
based catalysts with well-defined shape, uniform size distribution and different 
composition. After synthesis, these capping agents can significantly alter C-NCs 
catalytic efficiency in both positive and negative way by staying absorbed on 
their surface. For example, Wang et al. reported that catalytic activity of Ag NCs 
modified with capping agents increased by 53-fold compared to pristine Ag NCs 
towards ECO2RR [60]. In Several studies it has been shown that presence of surface 
molecule can affect active site of NC in numerous ways: 1) by perturbing electronic 
structure of active sites 2) by introducing steric hindrance that impedes diffusion 
of absorbates reaching at active center 3) by blocking selective facets of C-NCs, 
which, in turn, could enhance selectivity and activity. Moreover, chiral ligands can 
be used to produce stereoselective products. Therefore, surface functionalized NCs 
has opened a new window in the field of electrocatalytic reactions where unprec-
edented control over efficiency/selectivity can be achieved by ligand design [61, 
62]. However, researchers still have a limited understanding of how these anchoring 
ligands affect the local electronic environment of NC and how the backbone of 
anchoring ligands regulates reactivity between NC and surrounding reactants, or 
reaction intermediates.

Pankhurst et al. have tuned ECO2RR selectivity of Ag C-NCs using dif-
ferent imidazolium ligands [63]. Here they were able to introduce different 
organic component by varying tail and anchoring groups on imidazole motif. 
When performed ECO2RR, the ligand bearing NO2 anchoring group with octyl 
tail-found highly selective towards CO with FE of 92%. It was concluded that 
interaction between cationic imidazolium group with CO2 increases population 
of this reactant over the catalytic surface. Furthermore, an optimal chain length 
of ligand tail-group increased hydrophobicity of surface, and thus, increases 
selectivity and efficiency for ECO2RR by inhibiting EH2ER. However, electronic 
changes induced by ligand anchoring-group did not improve significantly prop-
erties of electrocatalyst. The next example of ligand surface functionalization 
for ECO2RR discusses N-heterocyclic-carbine functionalized Au C-NCs (Au 
C-NC-Cb) from group led by Cho et al. The significant downfield shifting in 13C 
NMR peaks of NHC reveals strong electron donation from ligand to metal, mak-
ing Au C-NCs surface electron-rich. As in result, it facilitates the electron transfer 
process to CO2, and thus, enhances efficiency of Au C-NC-Cb relative to bare Au 
C-NCs [64].

4. C-NCs-based heterogeneous catalyst for EH2ER

The concept of using electric current to control various chemical reactions 
achieved much attention, since the time when humankind invented first power 
resources. Splitting of water to produce hydrogen and oxygen gas started much 
earlier, but now it has started at large scale in industrial process and seems to play 
a crucial role in combating the future energy crisis. The increasing demand for 
energy day by day and the shortage of fossil fuels have encouraged scientists to 
develop a renewable and clean source of energy.

Hydrogen is considered a clean source of energy because by-product of H2 
combustion is H2O and the starting material to obtain H2 is water, therefore, 
an efficient and clean source to supplant the depleting fossil fuels [65–67]. 
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Moreover, H2 produces highest energy on combustion of per unit mass relative to 
any other fuels, thus, leading to become a fuel of future. The H2 can be produced 
by electrochemical water splitting reaction which is an endothermic process with 
a potential of ΔE° = 1.23 V and ΔG° = 237.2 kJ mol−1. Water splitting generates 
both hydrogen and oxygen. For the process of electrochemical water splitting the 
reactions that occur at anode are called as oxygen evolution reaction (O2ER) and 
the reactions which occurs at cathode are called as H2 evolution reaction (H2ER) 
[68]. Electrocatalysis is actually an attempt to elucidate and predict observable 
phenomena like overall activity of the reactions that occur on the surface of 
electrode by the interactions of electrode/electrolyte interface. Development of 
an efficient electrocatalyst is important to minimize the energy losses during the 
electrocatalytic splitting of water to produce hydrogen and oxygen gas. Figure 6 
shows a diagrammatic representation of evolution of hydrogen (Depicted to the 
left-side of Figure 6) and oxygen (depicted to the right side of Figure 6) gas on 
the surface of glassy carbon electrode (GCE) after deposition of catalyst on its 
surface.

 24H 4e 2H+ −+ →  

 2 22H O O 4H 4e+ −→ + +  

 → +2 2 2Net reaction : 2H O 2H O  

The reactions which are central to hydrogen energy are two types. These are 
hydrogen evolution (2H+ + 2e− → H2) and hydrogen oxidation (H2 → 2H+ + 2e−) 
reactions. The research of oxidizing and evolving hydrogen was started in 1960 but 
it gained importance in 1970 and 1990 when the shortage of oil was realized [69]. 
The most success in this regard was achieved when precious metals like platinum 
(Pt) were used. Metal NPs on the surface of carbon also showed great success in 
H2ER and hydrogen oxidation reaction (H2OR).

In the world of EH2ER electrochemistry, recent merge of computational 
quantum chemistry and nanotechnology have shown great progress in explaining 

Figure 6. 
Diagrammatic representation of formation of hydrogen during hydrogen evolution reaction and formation of 
oxygen during oxygen evolution reaction on the surface of glassy carbon electrode. Abbreviation: LSV - linear 
sweep voltammetry, WE - working electrode, RE - reference electrode, CE - counter electrode.
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fundamentals and basics of EH2ER with much emphasize on its utility and stor-
age [51, 70, 71]. Metallic Pt is considered as ‘state of the art catalyst’ and exhibits 
small Tafel slope values and extremely high exchange current density (j0) [72–74]. 
However, because of high cost and less availability of Pt, a sustainable, cost effec-
tive, and stable catalyst needs to be developed. So, there have been efforts to 
synthesize the EH2ER active catalysts from the transition metals that are abundant 
in nature.

4.1 Mechanistic overview of EH2ER

EH2ER kinetics has a long history and have been explained in detail [69]. EH2ER 
(2H+ +2e- → H2) is a process involving a series of electrochemical steps which takes 
place on the electrode surface and results in the evolution of hydrogen. There are 
two mechanisms in acidic and basic conditions accepted universally as shown in 
Figure 7 [75]. These steps are:

1. Electrochemical hydrogen adsorption (Volmer reaction) (Eq. (1), (2))

 ( )+ − ∗+ + ↔ −H M e M H acidic solution  (1)

 ( )− ∗ −+ + ↔ − +2H O M e M H OH alkaline solution  (2)

This step is followed by.

2. Electrochemical desorption (Heyrovsky reaction) (Eq. (3), (4))

 ( )∗ +− + ↔ 2M H H H acidic solution  (3)

 ( )∗ −− + ↔ + +2 2M H H O M OH H alkaline solution  (4)

Figure 7. 
Mechanism of hydrogen evolution reaction on surface of glassy carbon electrode (GCE). Abbreviation:  
GCE - glassy carbon electrode.
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Or,

3. Chemical desorption or combination reaction (Tafel reaction) (Eq. (5))

 ( )∗− ↔ + 22 M H 2M H both acidic & alkaline  (5)

In the above reactions, H* indicates an adsorbed hydrogen atom that has been 
adsorbed chemically on the surface of electrode (M) at the active site. These 
reaction pathways are highly dependent on electronic and chemical properties of 
the electrode surface [76]. Tilak et al., explained that rate controlling steps (1, 2 
and 3) is predicted by deducing Tafel slope values from EH2ER polarization curves 
[72]. The mechanism and rate determining step is studied by the Tafel slope. Tafel 
slope is an inherent and interesting property because it gives information about the 
potential difference required to increase or decrease the current density by 10-fold. 
Tafel slope is also useful to determine the effectiveness of a catalyst. In order to cal-
culate the Tafel slope the linear portion of the Tafel plots is to be fitted in the Tafel 
equation (η = b log (j) + a, where η = overpotential, b = Tafel slope, and j = current 
density) [77, 78]. Theoretical facts about Tafel slope have been derived from Butler-
Volmer equation and it is proved for three limited cases. First, if the discharge 
reaction proceeds very quickly and H2 is evolved by the rate determining combi-
nation reaction (Tafel step). The slope value is 29 mV dec-1 at 25°C (2.3RT/2F). 
Second, if the discharge reaction proceeds very quickly and H2 is evolved by the rate 
determining desorption reaction (Heyrovsky step). The slope value for this step 
is 40 mV dec-1 at 25°C (4.6RT/3F). Third, if the discharge reaction proceeds very 
slowly and then the rate determining step will be Volmer step irrespective of the 
fact whether H2 is evolved by the combination reaction or the desorption reaction. 
The Tafel slope is 116 mV dec-1 at 25°C (4.6RT/F). The detailed mechanism is shown 
in Figure 7. It is evident that reaction (1) represents chemical adsorption, whereas, 
reaction (2) and (3) exhibits H atoms desorption from the electrode surface, which 
are competing with each other. Sabatier and co-workers came with an idea (Sabatier 
principle) that a better catalyst should not only form a strong bond with absorbed 
H* and facilitates the proton electron transfer process, but also it should be weak 
enough in facial bond breaking to assure quick release of H2 gas [79]. It is difficult 
to establish a quantitative relationship between energies of H* intermediate and 
rate of electrochemical reaction owing to absence of directly measured surface-
intermediate bonding energy values [80]. However from the perspective of physical 
chemistry, both for H* adsorption and H2 evolution on the catalyst surface can be 
determined from the change in free energy of H* adsorption (∆GH*) using EH2ER 
free energy diagram [81]. According to Sabatier principle, under the condition 
∆GH* = 0 will have maximum overall reaction rate (expressed in terms of EH2ER 
exchange current density, j0).

4.2 Metal-based C-NCs for EH2ER

An important correlation between ∆GH* and j0 have been proposed in the 
form of “volcano curve” for a wide variety of electrode surfaces as illustrated 
in Figure 8 [81, 82]. Pt group of metals are the most efficient in the process and 
that’s why are found at the top of the volcano curve, because they have small Tafel 
slope and quasi zero onset potential.

However, due to high cost of Pt, various research groups have been working on 
modifying Pt group metals such as engineering the NCs. Crystal plane (110) of Pt 
NCs has been proved good surface for EH2ER. Like Pt, Palladium (Pd) NCs have 
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been showing great promise as it is in the same group and has almost same size and 
its lattice matches about 0.77% to Pt, good thing about Pd is that it is comparatively 
cheaper than Pt. Pd has one advantage that it can adsorb hydrogen from both 
electrolytes and the gas phase. Pd can be loaded on various supports to increase 
its activity as it alters surface area and electronic conductivity of the nanocrystals 
[84]. Huang et al. observed that Pd C-NCs deposited on carbon paper substrate has 
activity higher than Pt black electrode and it required very less catalyst loading that 
is 0.0106 mg cm−2 [85]. One thing to be noted about Pd is that it has higher activ-
ity in acidic medium than alkaline medium because of lower Pd-H binding energy 
and lower activation energy, acid (32.3 ± 0.7 kJ/mol) and base (38.9 ± 3.0 kJ/mol). 
Ruthenium (Ru) NCs are also being explored for EH2ER. As the Sabatier principle 
suggest that catalyst should not have much stronger binding to the hydrogen and 
should possess moderate binding capacity so desorption is easy, Ru-H follows this 
trend as it has ~65 kcal/mol energy for Ru-H bond and thus less activation barrier 
for desorption process [86]. Ru C-NCs are usually used with some support as they 
have durability problems because of aggregation. One such example where Joshi et 
al. used Ru C-NCs supported with Tungsten (W). DFT calculations suggest that Ru 
(0001) has high H2 binding to surface energy but using W support, it could reduce 
the H2 adsorption energy and changes the electronic environment thus making 
it similar to Pt (111) and increases its activity for EH2ER process [86]. Baek et al. 
revealed that Ru when deposited on graphene nanoplatelets (GnP) to form Ru@
GnP, its activity usually surpasses that of Pt/C in both acidic and alkaline medium. 
This happens because it is more stable, possess low Tafel slope (30 mV dec−1 in 
0.5 M aq. H2SO4; and 28 mV dec−1 in 1.0 M aq. KOH) and also has comparatively 
low overpotential at 10 mA cm−2 (13 mV in 0.5 M aq. H2SO4; 22 mV in 1.0 M aq. 
KOH) [87]. Not only Pt, Pd, Ru, metals like Iridium (Ir) are also explored for the 
EH2ER process and also earth abundant metals are used but they are prone to cor-
rosion in the presence of alkaline and acidic medium. Thus, the other way is using 
non-noble metals for the process.

Non-Noble metals follow this trend for the catalytic activity Nickel 
(Ni) > Molybdenum (Mo) > Cobalt (Co) > W > Iron (Fe) > Copper (Cu) which 
is calculated using the voltammetric techniques [88]. Ni shows a very good 
catalytic activity when using in the hybrid form of Ni/NiO/CoSe2 because this 
composite helps in less resistance to charge transfer. But this hybrid has poor 

Figure 8. 
Volcano plot for log I0 values for HER as a function of M-H bond energy. Adapted from [83].
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Or,

3. Chemical desorption or combination reaction (Tafel reaction) (Eq. (5))

 ( )∗− ↔ + 22 M H 2M H both acidic & alkaline  (5)
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stability as Ni does not work well in acidic medium [89]. Recent studies by Qiu 
et al. found that when Ni is used with graphene it forms Ni-C bonds which 
increases the stability as well as the activity of the catalyst and is the best one 
proved for the process using Ni [90]. Co when embedded with Nitrogen rich 
CNTs forms a very good catalyst that catalyzed at all pH ranges. The reason for 
this good activity at all pH ranges is the N-doped content and the structural 
defect caused by the caused by pyrolysis of the Co-NRCNTs at higher tempera-
tures [91]. These Nitrogen rich Co based catalyst can also be dispersed over the 
nanofibers for improving the catalytic activity. These particular catalysts also 
showed good stability for various potential cycles of process [92]. Along with Co 
and Ni Other Non-Noble metals are also used for the EH2ER process including 
Fe, W, Mo but these all face the problem of their stability and there is still a lot to 
discover in this field.

4.3 Non-nobel metal-based C-NCs for EH2ER

To avoid using precious noble metals there have been a plethora of reports using 
non-noble metal-based C-NCs for EH2ER process. Some of them are transition 
Metal Oxides (TMOs), transition metal nitrides (TMNs), transition metal carbides 
(TMCs), transition metal borides (TMBs), transition metal phosphides (TMPs), 
transition metal dichalcogenides (TMDs). In this section the authors will discuss 
about the advancement in these types of NCs their advantage and disadvantages all. 
Although there are huge number of reports on transition metal-based compounds, 
but Mo and W display very good catalytic activity out of all of them. TMOs are 
easily available, stable, not harmful to the environment and obviously not precious 
like noble metals and thus is a good class of EH2ER catalysts. Out of all the TMOs, 
Mo (MoO2) and W (WO2) based EH2ER catalysts are best as they have high electri-
cal conductivity as compared to other TMOs the credit goes to their monoclinic 
and distorted rutile crystal structure [93]. Compact MoO2 faces have a problem of 
aggregation and thus various research groups tried to bring changes in the catalyst 
by decreasing the size of structure, forming hybrid composites, doping the MoO2 
or even introducing surface defects. One such example where Yu et al. encapsu-
lated MoO2 with phosphorous-doped porous carbon embedded on rGO to form 
MoO2@PC-rGO which has a small tafel slope (41 mV dec-1) and less over potential 
(ƞ10 = 64 mV). Here electronic coupling between MoO2 and rGO along with the 
porous carbon layer helps in getting rid of the problem of aggregation and improves 
its efficiency as a EH2ER catalyst [94]. The other important metal oxide for EH2ER is 
WO2. Reports have revealed when WO2 have vacancies of oxygen, it provides large 
number of active sites and thus augmented the EH2ER process as compared to the 
compact WO2 counterpart. One such example where Shen et al. encapsulated WOx 
with Carbon on a Carbon support to form WOx@C/C which has EH2ER activity 
comparable to Pt metal with ultra-low overpotential (ƞ60 = 36 mV) and very small 
tafel slope (19 mV dec−1) which is because of the thick carbon shell helping in 
increase of charge transfer and also changes the Gibbs free energy values of H* for 
different adsorption sites [95].

TMNs are also other class of noble metal-compound based NCs for EH2ER. 
The importance lies in the fact that they possess more contraction of the d bands 
and density of state near Fermi level because of interaction of negatively charged 
N atom which expands the lattice and increases it efficiency as a catalyst to make 
it comparable to noble metals like Pt, Pd [96]. As discussed earlier, whenever NCs 
are encapsulated with carbon material they tend to avoid aggregation and improve 
the efficiency as a catalyst. One such example where Shao et al. developed MoN 
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encapsulated with N-doped carbon material to form MoN@NC which exhibited 
very low overpotential (ƞ10 = 62 mV dec−1) and small tafel slope (54 mV) as depicted 
in Figure 9 (c) [97]. WN also possess same features as they exhibit less activity 
when used as it is but when encapsulated with carbon material its activity increases, 
one such example is using WN encapsulated with N doped graphene material 
(WNxNRPGC) which has high electrocatalytic activity because of the formed 
hetero-architecture [98]. Ni based TMNs have also been explored a lot as they pos-
sess high electrocatalytic activity.

4.4 Metal-alloy-based C-NCs for EH2ER

Whenever there is introduction of another element in the lattice of the metal 
synergistic effect comes into effect (intercalation of crystal planes, change in the 
metal–metal length to have strain and also formation of heteroatom bond to give 
ligand effect). This result in the change of electronic properties and morphology 
and hence in the electrocatalytic activity of the catalyst. To reduce loading of noble 
metals they are doped either with other comparatively cheap noble metal or some-
times with transition metal. The authors will discuss examples of both these types. 
Pt can be doped with Pd to form 1-D single crystalline material (thickness 3 nm) 
which increases the Pt utilization efficiency this was done by Liu et al. using solu-
tion phase method directed by surfactant [99]. Pt can also be doped with non-noble 
metals one such example is the use of Pt-Co alloy encapsulated on carbon material, 
thus possessing high activity as displayed by the small tafel slope of 20 mV dec−1. 
This catalyst requires very less loading of Pt (ca. 5 wt %) and has activity compa-
rable to Pt/C catalyst [100]. Using the same strategy Pd and Ru can also be doped 

Figure 9. 
(a) Procedure for the synthesis of MoN-NC nano-octahedrons derived from Mo-based MOFs (b) polarization 
curves (iR compensated) in 0.5 M H2SO4 at a scan rate of 5 mV s−1 and (c) the corresponding Tafel plots of the 
MoN-NC nano-octahedrons, intermediate MoO2-C, bulk MoN, and 20% Pt/C catalysts. Reprinted with the 
permission from [97]. Copyright © 2017, American Chemical Society.



Colloids - Types, Preparation and Applications

208

stability as Ni does not work well in acidic medium [89]. Recent studies by Qiu 
et al. found that when Ni is used with graphene it forms Ni-C bonds which 
increases the stability as well as the activity of the catalyst and is the best one 
proved for the process using Ni [90]. Co when embedded with Nitrogen rich 
CNTs forms a very good catalyst that catalyzed at all pH ranges. The reason for 
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tures [91]. These Nitrogen rich Co based catalyst can also be dispersed over the 
nanofibers for improving the catalytic activity. These particular catalysts also 
showed good stability for various potential cycles of process [92]. Along with Co 
and Ni Other Non-Noble metals are also used for the EH2ER process including 
Fe, W, Mo but these all face the problem of their stability and there is still a lot to 
discover in this field.

4.3 Non-nobel metal-based C-NCs for EH2ER

To avoid using precious noble metals there have been a plethora of reports using 
non-noble metal-based C-NCs for EH2ER process. Some of them are transition 
Metal Oxides (TMOs), transition metal nitrides (TMNs), transition metal carbides 
(TMCs), transition metal borides (TMBs), transition metal phosphides (TMPs), 
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but Mo and W display very good catalytic activity out of all of them. TMOs are 
easily available, stable, not harmful to the environment and obviously not precious 
like noble metals and thus is a good class of EH2ER catalysts. Out of all the TMOs, 
Mo (MoO2) and W (WO2) based EH2ER catalysts are best as they have high electri-
cal conductivity as compared to other TMOs the credit goes to their monoclinic 
and distorted rutile crystal structure [93]. Compact MoO2 faces have a problem of 
aggregation and thus various research groups tried to bring changes in the catalyst 
by decreasing the size of structure, forming hybrid composites, doping the MoO2 
or even introducing surface defects. One such example where Yu et al. encapsu-
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MoO2@PC-rGO which has a small tafel slope (41 mV dec-1) and less over potential 
(ƞ10 = 64 mV). Here electronic coupling between MoO2 and rGO along with the 
porous carbon layer helps in getting rid of the problem of aggregation and improves 
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WO2. Reports have revealed when WO2 have vacancies of oxygen, it provides large 
number of active sites and thus augmented the EH2ER process as compared to the 
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with Carbon on a Carbon support to form WOx@C/C which has EH2ER activity 
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tafel slope (19 mV dec−1) which is because of the thick carbon shell helping in 
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different adsorption sites [95].
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The importance lies in the fact that they possess more contraction of the d bands 
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in Figure 9 (c) [97]. WN also possess same features as they exhibit less activity 
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Whenever there is introduction of another element in the lattice of the metal 
synergistic effect comes into effect (intercalation of crystal planes, change in the 
metal–metal length to have strain and also formation of heteroatom bond to give 
ligand effect). This result in the change of electronic properties and morphology 
and hence in the electrocatalytic activity of the catalyst. To reduce loading of noble 
metals they are doped either with other comparatively cheap noble metal or some-
times with transition metal. The authors will discuss examples of both these types. 
Pt can be doped with Pd to form 1-D single crystalline material (thickness 3 nm) 
which increases the Pt utilization efficiency this was done by Liu et al. using solu-
tion phase method directed by surfactant [99]. Pt can also be doped with non-noble 
metals one such example is the use of Pt-Co alloy encapsulated on carbon material, 
thus possessing high activity as displayed by the small tafel slope of 20 mV dec−1. 
This catalyst requires very less loading of Pt (ca. 5 wt %) and has activity compa-
rable to Pt/C catalyst [100]. Using the same strategy Pd and Ru can also be doped 

Figure 9. 
(a) Procedure for the synthesis of MoN-NC nano-octahedrons derived from Mo-based MOFs (b) polarization 
curves (iR compensated) in 0.5 M H2SO4 at a scan rate of 5 mV s−1 and (c) the corresponding Tafel plots of the 
MoN-NC nano-octahedrons, intermediate MoO2-C, bulk MoN, and 20% Pt/C catalysts. Reprinted with the 
permission from [97]. Copyright © 2017, American Chemical Society.
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with either noble metal or transition metals, some examples are Pd-Au catalyst, 
Pd-Co catalyst, Ru-Co and Ru-Ni [101–104].

Transition metal can be alloyed with transition metal itself and thus it can be a 
very good alternative for noble metal electrocatalysts because of the cost-effective 
nature of them. These alloys could either be binary alloys or ternary alloys, the 
authors will discuss examples from both binary and ternary alloys. Ni can form 
alloy with various other transition metal, but Ni-Mo binary alloy is considered 
best for the EH2ER. Zhang et al. worked on the synthesis of MoNi4 supported 
over the MoO2 cuboids over the Ni foam. This catalyst has the activity similar to 
Pt/C with zero onset potential and ƞ10 = 15 mV and very low tafel slope of 30 mV 
dec−1 [105]. Ni binary alloys face the problem of corrosion which can be overcome 
by using the carbon support along with the Ni based alloy. Co also form binary 
alloys with Fe using N-doped carbon-based support. Also, Co can be alloyed with 
Mo forming good electrochemical catalyst for EH2ER such as Co3Mo having an 
overpotential of ƞ10 = 68 mV and tafel slope of 61 mV dec−1 [106]. Ternary alloys 
in the recent times have gained popularity for EH2ER electrochemical catalysts 
as electronic and morphological features of catalyst can be tuned by variation in 
compositions of various metals and thus it can act as the good promising sub-
stitute for the noble-metal-based EH2ER catalyst. One such example is the use 
of small amount of Pt (4.6%) to the Fe-Co binary alloy to form the PtCoFe@CN 
electrocatalyst which demonstrated activity similar to that of commercial 20% 
Pt/C having an overpotential of ƞ10 = 45 mV as depicted in Figure 10(b) [107]. 
Research is still going on to prepare the ternary alloys without using the noble 
metals in it and that will really be the landmark in this field as it will be a catalyst 
with cost-effective nature.

Figure 10. 
(a) Polarization curves (b) Tafel plots of samples (c) polarization curves of PtCoFe@CN 1st and 10000th 
cycles (d) Amperometric i-t curves of PtCoFe@CN. Reprinted with the permission from [107]. Copyright © 
2017, American Chemical Society.
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5. Conclusions

This chapter discuses a thorough study of recent acheivements by C-NCs-based 
elelctroctalysts for ECO2RR and EH2ER. In this chapter, the authors have tried 
to summarize role of C-NCs in ECO2RR and EH2ER and the scope of these two 
important electrocatalytic reaction in combating the energy crises for human 
kind in introduction part. The examples that are discussed in this chapter were 
taken from recent reports in literature. The first part of this chapter sheds light on 
colloidal synthesis of nanocystals. The second part of this chapter emphasizes on 
effect of shape, size and composition in determining the catalytic activity, selectiv-
ity and stability of C-NCs for ECO2RR. Here the effect of ligand functionalization 
and MOF/NCs hybrid system on ECO2RR activity is also illustrated. The third part 
of this chapter addreses the role of C-NCs-based electrocatalysts on EH2ER, its 
activity and stability. In this part, indepth study about mechanism of EH2ER is also 
discussed. Although a lot has been done in ECO2RR but ECO2RR still face a big chal-
lenge in selectivity, similarly in EH2ER a lot of research has been dedicated to find 
a substitute of state-of-art Pt/C catalyst which is very much expensive. However, 
researchers have been sucessful in discovering the costeffective electrocatalysts 
which are as good as Pt/C but they are still facing the stability issues.
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