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[bookmark: _Hlk129765869]Abstract
Modern science demands sustainable, effective, and natural chemicals that make human life easy and harmless, surfactant is one of them. Surfactants are the most widely used chemicals in industry such as clothing, foods, detergents, pharmaceuticals, and agriculture to modern science. Surfactant is a surface-active agent consisting of organic compounds of amphipathic character with great structural diversity. Surfactants' capacity to self-assemble is a highly potent function for many systems that influences the solubility of the weakly water-soluble products to boost their availability. The commercialization of surfactants has been going on for centuries. The effective surfactant can be detected by its physicochemical behavior. Various physicochemical properties of surfactants are determined through different techniques i.e., DLS, UV-visible spectroscopy, surface tension, conductometry, viscometry etc. The mix-micellar activity of two different types of surfactants is known by a variety of theoretical models such as Clint's, Rubing's, etc. Surfactants have a diverse variety of uses, which increases the need for future research that is more sophisticated. This review provides a detailed, well-articulated overview of surfactant classification, characteristics, applications, challenges, future aspects in various fields, and different techniques.
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1. Introduction
The amphiphilic molecule has a tremendous role in society, nowadays mostly used in biological activities, food, personal care products, medicines, agrochemicals, and petroleum chemicals [1-2]. These features can be enhanced by producing a sugar-based amphiphilic molecule system. These deals are good renewable alternatives to the conventional production of materials [3-4]. The carbocyclic sugar-based alcohol-amphiphilic molecules respectively carbocyclic sugar alcohol, ionic liquids, and surfactants [5]. Surfactants are a type of amphiphilic components also known as surface-active agents illustrated in Fig. 1. It has several beneficial qualities, including wetting, cleaning, foaming, emulsifier splitting phases and dropping surface and interfacial tension etc. [6]. It has a unique tendency to adsorb at interfaces, that aggregate as micelles of surfactant monomers in aqueous media. The critical micelle concentration (CMC), at which this phenomenon occurs, is caused by the dual nature of the surfactant, which results in a variety of extended characteristics in the solution, such as "self-assembly," also known as micelles [7-8]. Surfactants are used in many different industries, such as anticorrosion, cosmetics, surface sciences, nanoscience, pharmaceuticals, medication delivery, agrochemicals etc. [9-10] . 
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Fig. 1 Structure of surfactant monomer















	The antiquity of surfactants likely started in 1929 by German physiologist Kurt von Neergaard, (Fig. 2) who filled a swine lung with saliva solution to "reduce interfacial tension at the air-tissue part". It is amazing that independent research conducted in the 1950s by three persons involved in chemical warfare initiatives in three different nations led to identical results on the effect of nerve gases in the lungs [11].
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Fig. 2 K. V. Neergaard 1929


2. History
3. Defination 
“In chemistry, surfactants are compounds that lower the surface tension or interfacial tension between the liquids-liquids, liquids-gases, and liquids-solids phases. An emulsifier, wetting agent, detergent, foaming agent, dispersant, or foaming agent are all examples of surfactants' uses. A surfactant is a component of surface-active agents.”
4. Classification
A hydrophilic head is electrically charged on each surfactant. There can be a neutral charge, a negative charge, a positive charge and sometime both the charge (positive and negative) [12-13]. It is possible to identify a cationic, non-ionic, zwitterionic, and anionic surfactant based on the charge on its hydrophilic head illustrated in Fig. 3. In order to Gemini surfactants are made by joining two hydrophilic heads and two hydrophobic tails together with a spacer either in the centre of them or right next to them. One can use spacers that are either hydrophobic or hydrophilic flexible and stiff kinds exist [14]. All types of surfactants and its application shown in Fig. 10.
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	Fig. 3 A systematic representation of surfactant molecules (monomer).



4.1. Cationic surfactants
Surfactants with a positively charged head group are known as cationic surfactants. Commonly used in cosmetics, detergents, and industrial applications, these surfactants having high surface activity and ability to form micelles [15]. They are most effective at low pH values, making them ideal for use in cleaning products. These surfactants are also utilise in fabric processing and to reduce water’s surface tension. Additionally, cationic surfactants can be used to control the corrosion of metals and prevent the growth of bacteria [16]. They are excellent wetting agents and can be used to reduce foaming and stabilize emulsions. Some cationic surfactant’s structure have shown in Fig. 4.
Examples: Cetyltrimethylammonium chloride (CTAC), cetylpyridinium chloride (CPC), didecyldimethylammonium chloride (DDAC), cetyltrimethylammonium bromide (CTAB), benzalkonium chloride (BAC), tetramethylammonium hydroxide (TMAOH), etc.
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	Fig. 4 Some structure of cationic surfactants.



4.2. Anionic surfactants
An negatively charged head group is present in anionic surfactants. These surfactants are utilised in a wide range of goods, including detergents and personal care items [17]. They are known for their excellent ability to remove dirt and oil from skin and surfaces. Anionic surfactants are effective, economical, and biodegradable, making them an ideal choice for many different applications. They are also known for their low foam generation and excellent solubility in water. Anionic surfactants can be used alone or in combination with other surfactants to create the desired result [18-19]. Some anionic surfactant’s structure have shown in Fig. 5.
Examples: Sodium dodecyl sulfate (SDS), ammonium dodecyl sulfate (ADS), sodium lauryl sarcosinate (SLS), sodium pareth sulfate (SPS), sodium myreth sulfate (SMS), etc.
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	Fig. 5 Some structure of anionic surfactants.



4.3. Non-ionic surfactants
Surfactants that don't have a charge when dissolved in water are known as non-ionic surfactants. They are generally derived from fatty acids, alcohols, and amines [20]. They are often used in industrial cleaners, detergents, shampoos, and fabric softeners, as they have properties that make them effective wetting agents and emulsifiers. Non-ionic surfactants are more resistant to hard water than ionic surfactants and are often more effective [21-22]. They are also less irritating to the skin and more environmentally friendly than other surfactants. Some non-ionic surfactant’s structure have shown in Fig. 6.
Examples: Decyl polyglucose, isoceteth-20, nonoxynol-9, octyl glucoside, polysorbate-20, polysorbate-80, Triton X-100 (TX-100) etc.
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	Fig. 6 Some structure of non-ionic surfactants.



4.4. Zwitterionic surfactants
Zwitterionic surfactants are a type of surface-active agent composed of both charged and uncharged molecules, also known as amphiphilic molecules [23]. They are typically composed of a hydrophilic head group, such as an amine, sulfonate, or carboxylate, and a hydrophobic tail group, such as an alkyl group. Zwitterionic surfactants are highly stable, non-toxic, and biodegradable, making them desirable industrial and consumer applications [24]. They are frequently employed in detergents, personal care items, food processing, and oil recovery. Zwitterionic surfactants have special features that make it possible for them to successfully lower surface tension, stabilise emulsions, and alter the rheology of aqueous solutions [25]. Some zwitterionic surfactant’s structure have shown in Fig. 7.
Examples: Cocamidopropyl hydroxysultaine, dipalmitoylphosphatidylcholine, lecithin, peptitergents, sodium lauroamphoacetate etc.
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	Fig. 7 Some structure of zwitterionic surfactants.



4.5. Gemini surfactants
Gemini surfactants are amphiphilic compounds made of two surfactant molecules joined by a spacer group [26]. They are employed in cleaning, detergents, emulsions, cosmetics, and personal care products as a result of their capacity to form micelles, which can aid in lowering surface tension. Gemini surfactants are more effective than traditional surfactants at low concentrations, so they can be used in eco-friendly formulations [27]. They are also more stable and less prone to oxidation and hydrolysis. Gemini surfactants are versatile and useful tools for formulators. Some gemini surfactant’s structure have shown in Fig. 8.
Examples: Pyridinium, amino acid-based Gemini surfactant etc.
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	Fig. 8 Some structure of gemini surfactants.



4.6. Bio-surfactants
Bio-surfactants are special molecules that are produced naturally by bacteria, fungi, and plants. They are amphiphilic molecules, meaning they contain both hydrophilic and hydrophobic moieties [28]. This allows them to reduce surface tension and to form stable emulsions with oil and water. Bio-surfactants are biodegradable and non-toxic, making them attractive for an extensive range of industrial applications [29]. As an example, the sugar-based bio-surfactant glycolipid rhamnolipid is used to produce stable emulsions, making it useful in detergents and cosmetics. Bio-surfactants are also being explored for use in bioremediation, as they can be used to break down and remove pollutants from water and soil [30]. Some bio-surfactant’s structure have shown in Fig. 9.
Examples: Sodium deoxycholate, surfactin, rhamnolipid, and sodium cholate etc.
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	Fig. 9 Some structure of bio-surfactants.
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	Fig. 10 A systematic representation of all types of surfactants with applications.





5. Properties of surfactants
There is a component of surfactant that is insoluble in water (or oil-soluble) and a component that is soluble in water [31]. Surfactants diffuse and adsorb in water when mixed with oil, and they adsorb at the air-water interfaces or at the oil-water interface. cleaners, moisturising agents, emulsification, foaming agents, and dispersion agents [32]. All properties of surfactants have shown in Fig. 11.

Fig. 11 Systematic representation properties of surfactant.

6. Application of surfactants
The excellent qualities of surfactants have led to their use in the development of a significant number of medicinal additives in recent years. They are widely used in a variety of industries as emulsifiers and wetting agents [33]. Also made from them are a number of lotions and ointments. Surfactants may improve subcutaneous absorption as well. In order to ensure protein stability during storage and purification, surfactants interact with proteins in a variety of ways, including hydrophobic and electrostatic interactions. Only hydrophobic interactions between proteins and non-ionic surfactants occur, whereas electrostatic and hydrophobic interactions between proteins and ionic surfactants occur [34-35]. Non-ionic surfactants are employed to stabilise proteins more frequently than ionic surfactants, albeit the reason for this is currently unknown [36-37]. In biopharmaceutical goods, polysorbates are the non-ionic surfactants that are most often utilised and publications year by year illustrated in Fig. 12 and Fig. 13 respectively. 
	
.

	      Fig. 12 Systematic representation application of surfactants.
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	Fig. 13 Number of publications on surfactants in year between 1960 to 2020.


7. [bookmark: _Toc128635350]Critical micelle concentration (CMC)
The term critical micellar concentration (CMC) is used to describe the level of micelle formation in a surfactant molecule solution. Colloidal particles known as micelles are composed of a core of hydrophobic molecules and a shell of hydrophilic molecules [38]. The surfactant molecules exist as distinct molecules at and below the CMC. The molecules start to group together and form micelles above the CMC. The CMC is a crucial metric in the study of surfactants and has several uses. Micelles are a component of detergents that facilitate cleaning and lower the surface tension of water [39-40]. Hydrophobic compounds can be solubilized in micelles at and above the CMC to aid in their passage across membranes. Surface tension measurements, conductivity tests, DLS, TEM, SEM, fluorescence spectroscopy, and other methods may all be used to estimate the CMC. It depends on the chemical composition of the surfactant and the properties of the solution, such as its ionic strength, pH, and temperature. Typically, the CMC rises as the surfactant's hydrophobicity increases and falls as it becomes less hydrophobic [41-42].
7.1. [bookmark: _Toc128635349]Formation of micelle
Micelles are chemical structures in which the hydrophilic core surrounded by a hydrophobic shell of amphiphilic molecules contained in a liquid form an aggregate of spherical or cylindrical shape, such as surfactants [43-44]. This structure is important for the solubilization and stabilization of hydrophobic molecules part in aqueous solutions. The development of micelles is a complex process, driven by both hydrophobic and electrostatic interactions between amphiphilic molecules [45]. When amphiphilic molecules are added to aqueous solutions, they form aggregates known as micelles that shows in Fig. 14. These aggregates are composed of a hydrophobic core surrounded by a hydrophilic part. This hydrophobic core is composed of the hydrophobic tails part of the amphiphiles, while the hydrophilic part is composed of the hydrophilic headgroups of the amphiphiles, which interact with the aqueous environment [46-47]. The core of the micelles are formed when the amphiphiles arrange themselves in a manner that minimizes the contact between the hydrophobic tails and the aqueous environment [48-49]. 
	


	Fig. 14 Micellization structure of amphiphilic molecule.



The kind and quantity of amphiphiles in the solution have an impact on the size of micelles. At low concentrations of amphiphiles, individual molecules of the amphiphiles interact with each other and form small aggregates known as primary micelles. At higher concentrations, the primary micelles can interact and form larger aggregates known as secondary micelles. The size of these micelles can range from a few nanometres to several hundred nanometres [50]. 
8. Characterization techniques
There are several techniques for measuring the size of micelles and the CMC in aqueous solutions, comprising surface tension, fluorescence, conductometry, viscosity, light scattering, sound velocity, calorimetry, spectrophotometry, SANS, and dye solubilization etc. [51]. The most common technique is dynamic light scattering (DLS), which uses laser light to measure the Brownian motion of the micelle particles in solution. This technique allows for the measurement of the average size of the micelles and their polydispersity. Another technique that can be used is transmission electron microscopy (TEM), which allows for the direct visualization of the micelles [52-53]. This technique allows for the determination of the size, shape, and surface charge of the micelles illustrated in Fig. 15 and Table 1.

	



Fig. 15 Micelle formations using the surface tension, conductivity, colorimetry, florescence, and    osmotic pressure methods.
Table 1 List of different technique for the characterization of surfactants CMC.
	S.N.
	Techniques
	Characterization

	1.
	Scanning electron microscopy (SEM) 
	Morphology 

	2.
	Transmission electron microscopy (TEM)
	Morphology 

	3.
	Nuclear magnetic resonance (NMR) 
	CMC/ Intramolecular interaction 

	4.
	Fourier transform infrared spectroscopy (FTIR) 
	Characterization of micelle 

	5.
	Dynamic light scattering (DLS)
	Size distribution and zeta potential

	6.
	UV-Visible spectroscopy 
	Confirmed micelle formation

	7.
	X-ray photoelectron spectroscopy (XPS)
	The elemental composition of micelle 

	8.
	X-ray diffractometry (XRD)
	Crystallinity 

	9.
	Small angle neutron scattering
	CMC

	10.
	Surface tension
	CMC

	11.
	Colorimetry
	CMC/CAC

	12.
	Conductometry
	CMC

	13.
	Fluorescence
	CMC

	14.
	Energy dispersive X-ray spectroscopy
	Emission 

	15.
	Loresta-GP MCT-T610 resistivity meter 
	Volume resistivity 


8.1.1. Physicochemical properties of surfactants
A lot of research has been done on the physicochemical aspects of surfactant molecules because of their distinctive traits. Surfactant molecules are capable of forming self-assembling known as micelles. Additionally, they have the ability to adsorb and create a monolayer at the air-water interface, which is helpful in the creation of surfactants. Overall surfactant molecules are distinctive physicochemical features make them useful tools in a variety of disciplines. [54-55].
8.1.1.1. [bookmark: _Toc128635351]Interfacial Properties
Interfacial properties are characteristics of the interface between two different materials, such as an aqueous solution and an organic phase. These properties include surface tension, wettability, surface energy, wetting and spreading, adsorption, and adhesion [56-57]. The force required to move a line of water over a surface is known as surface tension, and the wettability of a liquid is how readily it spreads across a surface. Wetting and spreading define how a liquid will spread out on a surface, whereas surface energy is the amount of energy necessary to form a unit area of surface [58]. Adsorption is the process of an adsorbate being attracted to a surface, while adhesion is the force between two surfaces. Understanding interfacial properties are important for many industries, as they determine the effectiveness of interactions between materials [59].
a) Surface tension (γ)
According to surface tension, surface free energy is defined as the area per unit of surface tension. The intermolecular distance increases sharply at the liquid-gas interface (liquid surface) leading to anisotropic forces between molecules [60]. Surface tension is a fundamental physical property that is used in surface, interface, and colloid research and is shown by amphiphilic molecules such as ionic liquids and surfactants. An investigation of the impact of surface tension on the aggregation of amphiphilic molecules in different solvents, such as water, sugar, its derivatives, and other organic solvents. Surface tension has consistently decreased in several investigated solvents when the molar ratio of amphiphilic compounds has grown [61]. The surface tension (γ) of amphiphilic systems have calculated by using Eq. (1).
	
	1



b) Maximum surface excess concentration (Гmax) 
Maximum surface excess concentration is the highest concentration of a certain chemical species found at the surface of a liquid or solid. It is an important parameter in determining the stability, solubility, and reactivity of a material. It can also be used to measure the adsorption and desorption of molecules. Maximum surface excess concentration in the material, surface area, and temperature are used to calculate the maximum surface excess concentration. It may be determined using the temperature, the kind of material, and the amount of surface area available for adsorption [62]. The maximum surface excess (Γmax) of amphiphilic systems have calculated from the slope (dγ/ dlog10C) by using Eq. (2).
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Where, pre-factor (n) values for non-ionic surfactant (1), cationic surfactant (2), anionic surfactant (2), molar gas constant (R = 8.314 Jmol-1K-1), absolute temperature (T) in Kalvin, and surfactant concentration (C) have been taken.
c) Minimum surface area per molecule (Amin)
Minimum surface area per molecule is an important concept in chemistry and materials science. It refers to the smallest possible area occupied by a molecule on a surface. The smaller the surface area, the higher the potential of the molecule to interact with other molecules. This is because smaller molecules have a greater ability to form strong chemical bonds with other molecules. Therefore, minimizing the surface area per molecule have a greater potential to interact with other molecules, resulting in faster reaction times [63]. The minimum areas per molecule (Amin) of amphiphilic systems have calculated by using Eq. (3).
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Where, NA is Avogadro’s number (6.022×1023 mol−1), Amin is the minimum area per molecule (m2mol-1), and Гmax is the maximum surface excess concentration (mol.m-2).
d) Surface pressure at CMC (πCMC)
Surface pressure at CMC is a measure of the force exerted by a surface per unit area on a body. In addition, it can help determine the air density and airflow around an object. Surface pressure can also be affected by temperature and humidity [64]. The surface pressure at CMC (πCMC) have calculated by using Eq. (4)
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Where, γCMC and γ0 is the surface tension at CMC and the surface tension of pure water respectively.
e) The efficiency of adsorption pC20
The efficiency of adsorption pC20 is a measure of how well a substance is adsorbed onto a surface. It is measured by the amount of material adsorbed per unit area of the surface. The higher the pC20 value, the more efficient the adsorption process. Generally, adsorption is more efficient when the surface has a large surface area or when the material being adsorbed has a higher affinity for the surface. Adsorption is used in many different industries such as water treatment, food processing and the manufacture of pharmaceuticals, cosmetics, and other products [65]. The efficiency of the adsorption (pC20) have calculated by Eq. (5).
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[bookmark: _Toc128635352]
8.1.1.2. Thermodynamic Properties
The most important thermodynamic property of amphiphilic molecules is their tendency to self-assemble into ordered structures. The hydrophobic effect, which is caused by the alluring contact between hydrophobic groups in the molecules, is what propels this self-assembly. The organization of amphiphilic molecules into ordered structures can be further stabilized by hydrogen bonding and other interactions between the molecules [66]. 
I. [bookmark: _Toc128635353]Degree of micellization (α)
Micellization is a process where amphiphilic molecules aggregate to form micelles. The ratio of hydrophilic to hydrophobic groups in the amphiphilic molecule determines how much of the molecule micellizes. When it comes to increasing a substance's solubility and stability, micellization level is a crucial consideration. The greater the degree of micellization, the higher the solubility and stability. When the degree of micellization is low, the amphiphilic molecules remain separate and the solubility and stability is lower. Overall, the degree of micellization of an amphiphilic molecule is an important factor to consider when optimizing the solubility and stability of a substance [67]. The amount of micellar ionisation (α) has been calculated using the slopes of the pre- and post-micellar conductivity curves by Eq. (6).
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Where, S1 is the pre-micellar and S2 is post-micellar slopes of the different surfactants.
II. [bookmark: _Toc128635355][bookmark: _Toc128635354]The standard Gibbs free energy of micellization (ΔG°M)
The balance between the amphiphilic molecules' hydrophobic and hydrophilic contacts, with the hydrophobic interactions pushing micelle formation and the hydrophilic interactions opposing it, determines the standard Gibbs free energy of micellization. The standard Gibbs free energy of micellization increases with the hydrophobic and hydrophilic sections of the molecule's solubility differential. Understanding the behaviour of amphiphilic compounds depends on being able to anticipate the size and stability of micelles using the standard Gibbs free energy of micellization [68]. The standard Gibbs energy of micellization (ΔGoM) of amphiphilic system have computed by Eq. (7).
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Where, T is the absolute temperature (299 K), R is the molar gas constant (8.314 Jmol-1K-1), is the degree of micellar ionisation (2-α) for monomeric surfactants, and 55.4 comes from 1 litre of water.
III. [bookmark: _Toc128635358][bookmark: _Toc128635356]The standard Gibbs free energy of adsorption (ΔG°ads)
The standard Gibbs free energy of adsorption of amphiphilic molecules is an important thermodynamic parameter used to measure the affinity of the molecule to the surface of a solid. In general, the standard Gibbs free energy of adsorption is lower for molecules with greater surface area or longer chain length, as this increases the number of molecules that can adsorb onto the surface [69]. The standard Gibbs free energy of adsorption (ΔG°ads) of amphiphilic have been calculated by using Eq. (8)
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[bookmark: _Toc128635357]Where ∆GoM is the standard Gibbs free energy of micellization, Гmax is the maximum surface excess concentration, and πCMC is the surface pressure at CMC.
IV. The standard Gibbs energy of transfer (ΔG°trans)
The Gibbs energy of transfer (ΔG°trans) is the energy released or absorbed when an amphiphilic molecule transfers from one medium to another. ΔG°trans is a valuable tool for understanding the behaviour of amphiphilic molecules in different environments and how they interact with their surroundings. By studying ΔG°trans, researchers can gain insights into how amphiphilic molecules interact with their environment and how this interaction affects their stability and solubility [70]. The standard Gibbs free energy of transfer (ΔG°trans) have calculated by using Eq. (9).
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Where, ΔG°M (pure water) and ΔG°M (solvents mixed media) are pure water and amphiphilic system mixed media respectively.

V. The standard Gibbs free energy of the given air/water interface (∆G(s)min)
An essential factor in determining an amphiphilic molecule's capacity to form micelles and other structures is the standard Gibbs free energy of the air/water interface (ΔG(s)min). The interaction of the amphiphile molecule's hydrophilic and hydrophobic properties determines this free energy. The molecule's hydrophilic groups connect with water, whereas its hydrophobic groups engage with air. A measurement of the potential energy produced by the interaction of these two forces is the free energy of the interface. [71]. The standard Gibbs free energy of the given air-water interface (ΔG(s)min) have calculated by Eq. (10).
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Where, Amin is the minimum surface area per molecule, γCMC is the surface tension of amphiphilc system at equilibrium, and NA is Avogadro number (6.022×1023 mol−1).

VI. The standard Gibbs free energy of micellization per alkyl tail (ΔG°m,tail)
The energy needed to create micelles from amphiphilic compounds is measured by the standard Gibbs free energy of micellization per alkyl tail (ΔGom, tail). It has to do with the harmony between the molecule's hydrophilic and hydrophobic components. This energy depends on the size, stiffness, shape, and solvent properties of the amphiphilic molecule. It is also impacted by the solution's ionic strength and temperature. [72]. The standard Gibbs free energy of micellization per alkyl tail (ΔGom, tail) of amphiphilc systems have calculated from Eq. (11).
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[bookmark: _Toc128635359]
8.1.2. Critical packing parameter (P)
Using the following Eq. (12), the critical packing parameter (P) of amphiphilic molecules, which predicts the form of the aggregates, has been computed and is systematically shown in Fig. 16 and Table 2. Israelachvili et al. [73] revelled the relationship for determining the packing parameter (P) by using the minimum surface area of amphiphilc molecule.
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	 per hydrocarbon chain
   per hydrocarbon chain
	13
14


Where Vo, lc and Amin shows the volume long alkyl chain groups of hydrophobic part of amphiphilic molecule, the length of the long alkyl chain (hydrophobic tail) and minimum area per of amphiphilic molecule to aggregate the systems were determined by using Tanford’s formulae [74] the following Eq. (13) and (14).
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	Fig. 16 Systematic representation of CPP.

	Table 2 Different shape of surfactant monomers and corresponding shape of micelle.

	Packing parameter
	Critical packing shape
	Name of Shape
	General surfactant type
	Self-assembly entities
	Ref.
No.

	

P = < 0.33

	[image: ]
	Spherical Micelle
	Surfactants with a single-chain and substantial head groups. 
	

	[75]

	
P = 0.33 - 0.5 

	[image: ]
	Cylindrical Micelle
	Surfactants with a single chain and tiny head groups. 
	

	[75]

	
P = 0.5 - 1.0 

	[image: ]
	Bilayer Vesicle
	
Surfactants having two chains, each with a big head group and flexible chains 

	

	[76]

	P = 1.0
	[image: ]
	Lamellar Phase
	Small head groups on double-chain surfactants or inflexible, immovable chains
	

	[76]

	
P = > 1.0 
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	Inverted / Revers Micelle
	Surfactants having a double chain, big hydrophobic groups, and a tiny head group 
	

	[76]



8.1.3. Phase behaviours
Surfactants have exposed to different temperatures, pressures, and concentrations it can be used to modify the surface properties of materials. The phase behaviour of surfactants is an important factor in determining their effectiveness and applications. Surfactants are amphiphilic molecules that can form micelles, which are spherical aggregates of molecules that are held together by hydrophobic interactions. The phase behaviour of surfactants is largely determined by the degree of hydrophobicity and the molecular structure of the surfactants. At low temperatures, surfactants can form an isotropic liquid, an isotropic gel, or a lamellar phase. As the temperature increases, the surfactants can form a reverse micellar phase, a micellar cubic phase, and then a micellar hexagonal phase. At even higher temperatures, the surfactants can form a lamellar gel or an isotropic liquid [77-78]. 
8.1.4. Viscosity properties
[bookmark: _Toc128635360]An essential characteristic of amphiphilic compounds is viscosity. These molecules' hydrophilic and hydrophobic groups interact with one another and the medium around them. A layer of molecules is produced as a result of this contact, which might alter the medium's flow. The flow is slower the more viscous the medium is. The degree of the hydrophobicity-hydrophilicity balance of the molecule, the kind of media, the temperature, and the concentration of the molecule all have an impact on the viscosity of amphiphilic molecules. Additionally, the viscosity of amphiphilic molecules can be impacted by the presence of other molecules in the medium. varied amphiphilic systems have varied viscosity parameters, including relative, specific, decreased, and intrinsic viscosity [79].
1) Relative viscosity (ηr)
Amphiphilic molecules' relative viscosity plays a crucial role in the creation of these formations. The affinity between the hydrophilic and hydrophobic components of the molecule controls it. Higher relative viscosity is exhibited by molecules whose hydrophilic and hydrophobic components are more affixed to one another. The size and shape of the molecules, as well as the size and shape of their hydrophobic and hydrophilic components, also have an impact on this relative viscosity. The relative viscosity (ηr) of all systems have computed from Eq. (15) is expressed as:
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Where ηr, ηs and ηο are relative viscosity of the system, viscosity of the solution, and viscosity of the pure solvent respectively.
2) [bookmark: _Toc128635361]Specific viscosity (ηsp)
Specific viscosity is a measure of how much a material's viscosity increases when it is exposed to a certain concentration of an amphiphilic molecule. This increase in viscosity is due to the amphiphilic molecule's ability to interact with and increase the viscosity of the material it is exposed to [80]. The specific viscosity (ηsp) of all systems have computed from Eq. (16) is expressed as:
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3) [bookmark: _Toc128635362]Reduced viscosity (ηred)
The reduced viscosity of amphiphilic molecules is a phenomenon that occurs when the molecules form micelles, or clusters, in an aqueous solution. These micelles are formed when one end of the molecule is attracted to water, while it repels the other end. This creates a structure in which the molecules arrange themselves in a way that reduces the overall viscosity of the solution. This is because the molecules are not interacting with each other as much, thus decreasing the amount of energy needed for the molecules to move around. Reduced viscosity can also be used to improve the performance of industrial processes [81]. The reduced viscosity (ηRed) of all system have calculated from Eq. (17) and (18) is expressed as:
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	18


 Where ηsp, ηr, and C are the specific viscosity, relative viscosity, and concentration of amphiphilic system respectively.
4) [bookmark: _Toc128635363]Intrinsic viscosity [η]
The intrinsic viscosity of an amphiphilic molecule is an important parameter that is used to describe the behaviour of a molecule in solution. It is a measure of the degree to which a molecule resists movement through the solution. This resistance is caused by the combination of the molecule’s hydrophobic and hydrophilic regions, which interact with the solvent [82]. It is the most important factor in determining the solubility of a molecule in a solution. The intrinsic viscosity values [η], amphiphilic system have calculated from Eq. (19) is expressed as:
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8.1.5. Mixed micelle
A combination of surfactants can offer better chemical and surface-active qualities, lowering the required quantity. To improve the performance of surfactant mixtures, it is useful to comprehend the interactions between the surfactants. A mixture of two surfactants can have a CMC that is in between (or below) the CMC of its individual components in some cases. The interaction of binary surfactant systems has been predicted by several theories [83]. 
Mixed micelles of two amphiphilic molecule represent a unique type of self-assembled structure in which the hydrophilic and hydrophobic moieties are arranged in a distinct manner. The equilibrium of electrostatic and hydrophobic interactions between two amphiphilic molecules governs the structure of such mixed micelles. Furthermore, the size, hydrophobicity, and charge of the different components, as well as their interactions, have a significant impact on the solubilization ability of mixed micelles. A variety of applications, such as medication administration, catalysis, and separations, benefit greatly from mixed micelles [84]. 
a. Clint model 
The Clint's model is employed to assess the ideal micellar mole fraction of combined surfactant systems, both of which clarify departures from ideality for researchers researching mixed systems [85]. Clint model the predicted ideal mixing CMC values are obtained from Eq. (20).
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Where CMC1 and CMC2 are the critical micelle concentration of both amphiphilc components. CMCideal is mixture CMC, α1 and α2 are molar fraction of amphiphilic molecule. 

b. Rubingh model
The Rubingh model is the phase separation model of mixed micelles. This theoretical model developed by Dutch physicist Peter Rubingh in the early 2000s. It is used to explain the properties of mixed micelles, which are aggregates of amphiphilic molecules such as lipids and surfactants. The model considers the interaction of hydrophobic and hydrophilic contacts as well as the impact of electrostatic charge interactions between the amphiphilic molecule in order to describe the behaviour of a specific system of mixed micelles. The model also considers how these interactions alter the size and structure of the mixed micelles. The Rubingh model may be used to measure these interactions and forecast the stability and solubility of mixed micelles in a given solution [86]. The Rubingh theory may be used to determine a mixture's CMC for non-ideal mixed micellization of amphiphilic components from Eq. (21).
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Where f1 and f2 are the activity coefficients of amphiphilic components the following Eq. (22) and (23) can calculate it.
	
	22

	
	23


Examining regular solution theory can help you better understand how two amphiphilic components interact in a mixed micelle. By using the Rubingh model, it is possible to calculate the micellar mole fraction of amphiphile 1:
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where X1 represents the mole percentage of the mixed micelle's amphiphilic component 1. Eq. (24 and 25) can be used to solve the X1 equation.
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The attractive or repulsive contact between two amphiphilic components is confirmed by the Rubingh model using the regular solution theory by an interaction parameter computed by Eq. (26).
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β is a sign of how much the two surfactants interact [87].
c. Rosen model
The Rosen model, which was computed with the aid of Eq. (27), may be used to iteratively determine the micellar fraction of moles of the surfactant 1 (Xα) at the mixed adsorption layer. 
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Where Cmix is the concentrations of the mixture, CMC1 and CMC2 are pure surfactant 1 and 2 respectively. The stoichiometric mole fraction of pure surfactant 1 in solution at a fixed γ value and α1 [88]. The evaluate interaction parameter (β σ) at the air/solution interface was used (Xα) value from Eq. (28).
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The interaction parameter (β σ) is related to activity coefficients (f1 and f2) of the two surfactants in the mixed micelle system. The computing the activity coefficient with the help of the Eq. (29) and (30).
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d. Motomura model
Motomura's approach has been used to calculate the micellar mole fraction in the ideal state using Eq. (31).
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Utilising the relationship between the activity coefficients and excess free energy of mixing using Eq. (32) [89].
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9. Future aspects
In the personal care industry, surfactant components are rapidly growing due to the growing demand for shampoos, soaps, and body washes. Surfactants are also called surface-active agents [90]. They play an essential role in products such as detergents and cleaning agents, as well as agricultural and industrial chemicals due to their unique properties. Sustainable and eco-friendly products are one of the major drivers of the surfactant market [91]. Consumption of products that contain renewable resources and are eco-friendly is increasing due to the increased awareness of environmental issues and the need to reduce the carbon footprint. Natural surfactants, such as those obtained from vegetable oil and sugar, have become more popular due to their biodegradability, non-toxicity, and ability not to pollute water [92]. In order to meet the needs of the market, manufacturers are investing in research and development to ensure that their surfactants are sustainable and effective. The future aspect of surfactant have illustrated in Fig. 17.

10. Conclusions 
The development of new surfactant and bio-surfactant molecules has been relatively rapid over the past two decades. In addition to scientific curiosity, surfactant science research has focused on fabricated molecules that have interesting shapes and structures. In spite of the fact that surfactant science has become a very established discipline, new molecules are still needed for a wide range of applications. Surfactants have been viewed as a critical indication of the country's chemical technology and play a significant influence on its economy. There is no question that using too many surfactants has a negative impact on the environment. Given the substantial hazards that surfactants cause now, individuals should act fast to cut back on their usage as soon as a rapid, easy, and reliable surfactant detection technology is created. This will contribute to environmental protection and improved water quality. A number of alternatives to surfactants have taken their place, emerging as competitors of surfactants, such as ionic liquids and deep eutectic solvents. Nevertheless, eco-friendly, biodegradable, sustainable, and innovative surfactants are gaining ground today, which is creating new research opportunities.

	[image: ]

	Fig. 17 Future aspect of surfactant.



11. Challenges of surfactants
It is more possible that goods will be incompatible or negatively impact the value of the components if more surfactant is needed in manufacturing [93]. They are having great success substituting enzymes for chemicals in their formulations, as can be observed in the sector of household detergents. The systematically challenges of surfactants have shown in Fig. 18. Many makers of surfactants have started researching and creating systems that combine surfactants with enzymes [94]. There is also a need to find manufacturing methods and formulations that use less energy and resources overall. An example of this is crop protection in agriculture, which uses fewer active substances to get the same outcomes. Be accountable for conserving natural resources and energy at the same time. These challenges allow for an improvement in the way other substances interact with the surfactant, which subsequently creates new possibilities [95]. Solutions to reduce materials or energy consumption are also important. Examples include low-temperature cleaning, water-efficient laundry technology, and energy-efficient manufacturing. The ability to innovate closely with customers and technology providers will be essential for surfactant suppliers to take advantage of these trends [96]. 
	

	Fig. 18 Systematic representation challenges of surfactants.


As a method of creating and producing our products where there is a lot of activity on both the products and the biochemical production pathways, bio-surfactants may be seen as the next step in innovation rather than as a new class of surfactants or even chemicals. The production of surfactants has mostly been driven by environmental considerations. We produce more biodegradable products, employ renewable raw resources, and so on. But it's also important to consider the other two pillars of sustainability, since it's becoming more and clearer that we need all three to meet our difficulties [97]. 
[bookmark: _Hlk129765593]
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