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Abstract
Osmotic dehydration (OD) is one of the oldest but still evolving food preservation techniques, developed to prolong the shelf life of perishable foods, while preserving the nutritional and sensory characteristics. Salt and sugar solutions have been used to preserve foods. Osmotic dehydration (OD), entails submerging the food in a hypertonic sugar or salt solution so that the osmotic pressure gradient induces both the loss of water and the uptake of solute. The main parameters affecting the process are the concentration and temperature of the solution and the physicochemical properties of the food. OD provides a range of advantages compared to traditional drying methods: How it can save energy, preserve heat-sensitive nutrients, improve taste and texture and decrease water activity, making it particularly suitable for fruits, vegetables, meats, fish and dairy. These methods include simple immersion, passive application (vacuum-assisted, pulsed vacuum osmotic dehydration) and enhancement techniques (pre-treatments (blanching, ultrasound, high-pressure processing) and post-treatments (washing, drying) are employed to maximize efficiency and product quality. Yet difficulties still exist for industrial applications, such as slow mass transfer rates, quality degradation, high prices and regulatory bottlenecks. Emerging technologies (e.g., ultrasound-assisted OD, pulsed electric fields, and vacuum technologies) hold potential to overcome these issues. It adds the most value to products, reducing shipping and storage costs and generating jobs, mostly in developing countries. Future studies include enhancing sustainability, the use of novel osmotic agents, further enhancing mathematical modelling and the integration of OD with other preservation techniques. Moreover, further investigations are necessary to explore food fortification and the effects of OD on nutritional and sensory properties to enable more industrial applications.
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1. Introduction
Food has been essential to human civilization since ancient times as have preparation and preservation methods. As production of food that is convenient and wholesome and safe increases, so does need of effective preservation techniques of food (Kaur, 2016). Minimizing food waste is a key best practice for both economy and ecology. Therefore, methods to keep food usable longer and ensure its quality need to be applied.” Processes for the preservation of food, such as drying, canning and freezing, may yield inferior products than from the raw state (Ramya and jain, 2017). Most common method in food industry for this is the removal of moisture from food during drying and dehydration process (Mari et al., 2024). The advantages of food dehydration include: a substantial decrease in food weight and volume; lower costs for transport, distribution and storage; an ease of use as consumer products; the preservation of taste, smell and nutritional value; fast hydration and good organoleptic characteristics (Reyes et al., 2024). Dehydration is an important unit operation in the food industries. It works by removing the water from the food to prolong shelf space or for its transported in an easier way (Ramya and jain, 2017). Drying is defined as the removal of water from an object, which can be achieved through several different methods, each with slight convenience advantages depending on the context (Sanchez et al., 2020).
There are many methods of dehydration but osmotic dehydration is being used since ancient times. Osmotic dehydration is often used as a preservation method for fruits and vegetables. It is a simple process which enables the preservation of tropical fruits and vegetables like banana, sapota, pineapple, mango and leafy greens in the original qualities they possessed in raw forms (Gonzalez-Perez et al., 2021). Water molecules make their way from low concentration inside the food to a high one, and through this process, moisture is removed from the food matrix. Salting is a process where items are immersed in a salt or sugar solution at ambient or modified ambient conditions to reduce water content before any further processing is performed (Giannakourou et al., 2020). It uses less energy than the air or vacuum drying methods and can be performed at low or ambient temperatures. It can serve as an asset to the food processing industry by upholding the quality and safety of the food supply (Corrêa et al., 2021).
This review article provides a comprehensive investigation on osmotic dehydration in food processing, including its background, principles, applications, impact on food quality, comparison of various drying path, technical challenges and recent advances. Additionally, it performs an overview of osmotic dehydration from an economic and an environmental perspective and discusses future research opportunities for enhanced osmotic dehydration efficacy in the food industry. This knowledge of osmotic dehydration impacts enables researchers and food processors to establish better-preserved processes, which focus on the characteristics required by consumers and industry (Sanchez et al., 2020).
2. History of Osmotic dehydration
This concept of osmotic dehydration emerged from ancient civilizations that practiced primitive food preservation techniques. There is historical evidence that many societies employed salt and sugar solutions in order to extend the shelf life of perishable goods. The ancient Egyptians used salt to preserve fish and meats but used sugar to preserve fruits. Those first procedures served as foundations of the current osmotic dehydration techniques. (Bashir et al., 2020).
Osmosis was not understood in ancient days, although its effects were recognized. Hypertonic solutions prevent the growth of microbes and enzymes that spoil food (Giannoglou et al., 2016). As well, a number of cultures preserved fruits using ancient methods, like drying and the like. Naturally osmotic processes in which water passed out from the fruit to the less humid air, effectively concentrating sugars and flavors, were, for example, the basis of the sun-drying of fruits like figs and apricots (Sanchez et al., 2020).
Osmotic dehydration officially got its way to the food industry in the mid-twentieth century. Hypertonic solution treatments can be an effective process to improve fruit shelf life without substantial reductions in taste or nutrition (Tortoe, 2010). Much has been learned since then concerning the mechanisms of osmotic dehydration. Different parameters, including solution concentration, temperature and immersion time have been optimized to improve efficiency through research (Giannakourou et al., 2020).
Osmotic dehydration is increasingly being regarded as a potential pre-treatment technique before other drying methods, which can suggest air drying or freeze-drying (Rajanya et al., 2021). Recent developments have also explored alternative osmotic agents to classic sugar and salt solutions. Natural extracts and other active components are being researched regarding their potential benefits in terms of flavor and nutritional features during food preservation (Sanchez et al., 2020).
3. Overview of osmotic dehydration
Osmotic dehydration is a common food preservation process that entails removing water from food products by soaking them in a hypertonic solution, typically consisting of sugar or salt. Water passes from the place of lower concentration of solute (inside the food) to an area of greater concentration of solute (the osmotic solution), which lowers the moisture content of the food while preserving taste and value nutritional (Chandra et al., 2015;  Ciurzyńska et al., 2016). It is evident from multiple researches that osmotic dehydration is advantageous because it minimizes damage to the food product due to heat, preserves nutrient content, and uses less energy than traditional drying techniques (Rastogi et al., 2016).
Two phenomena govern osmotic dehydration: water loss and solute uptake, as shown in the fig.1 . Water loss (water moves from the food material into the osmotic solution) and solute gain (osmotic agents are absorbed from the osmotic solution into the food (Nowacka et al., 2021). The frequency and severity of these events are dependent on different parameters, such as the type and concentration of the osmotic solution, temperature, duration of processing and the physical and chemical characteristics of the food (Kowalska et al., 2021). Overall, for instance, higher concentrations of osmotic agents and higher temperatures lead to increased water loss, but they also tend to increase solute uptake, which can affect the sensory and nutritional attributes of the final product (Ramya and jain, 2017).
The cellular architecture of the plant tissues can thus provide an insight into how the osmotic dehydration occurs. Plant cells also have semi-permeable membranes that allow water and solutes to pass through. Osmotic dehydration involves generation of a water potential gradient by the hypertonic solution, leading to an exodiffusion of water from the cells, which causing plasmolysis of the cell to cell shrinkage and turgor pressure decrease . The osmotic solution passes to cell walls and membranes bringing the content opens, and changing the dietary texture of the material (Nowacka et al., 2021). The combined effects of water loss and solute gains determine the efficiency and quality of osmotic dehydration.
Optimization of osmotic dehydration parameters to achieve desired responses has been the subject of various research. A challenge that has been partially overcome, for example, the use of osmotic solutions either binary or ternary (which contain sugars, salts and other additions) can retain more water and result in an undesired intake of solutes (Gonzalez-Perez et al., 2021). To further enhance the efficiency of osmotic dehydration, pretreatments (blanching, freezing, pulsed electric fields) have been investigated to alter the food material structure and promote higher mass transfer rates. These advances have widened the application of osmotic dehydration to many fruits and vegetables and even meat products (Ramya and jain, 2017).
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Fig.1 : Pictorial representation of osmotic dehydration.
4. Osmotic Dehydration in Food processing
Osmotic dehydration is one of food processing treatments, which consists in the removal of food ingredient water by placing them in a hypertonic solution. Such a technique is indeed useful for the preservation of fruits, vegetables and perishables foods, while keeping the nutritional and sensory attributes (Datta, 2015). This technique capitalizes on the natural osmotic pressure gradient existing between the food and adjacent solution, which promotes the movement of water away from the food while solutes contained within the solution are incorporated into the food (Akbarian et al., 2014).
4.1 Processing Technique
There are various methods through which osmotic dehydration can be performed, each with its own benefits and drawbacks. The most common procedure is to soak the food in hypertonic solutions sugars (sucrose, glucose) or salts (including sodium chloride) to reduce the potential water availability. The osmotic agent type utilized is based on the specific food that is processed and the properties desired in the final product. Sugar solutions are commonly employed for fruits whereas salt solutions are preferred for vegetables. Vacuum osmotic dehydration is another method where the food item is placed in a vacuum before or during immersion in the osmotic solution. In this method, pressure within the food tissue is reduced, increasing the rate at which water is removed and solute is absorbed (Correa et al., 2016). An also investigated type is the pulsed vacuum osmotic dehydration, where the vacuum is applied intermittently to enhance the process efficiency (Zhao etal., 2004).
4.2 Steps Involved in Osmotic Dehydration
Osmotic dehydration is based on important steps such as the preparation of the food material, osmotic solution production, food material osmosis (immersion step) and post-dehydration therapy. The first stage: food prep, so washing, peeling, chopping, blanching − you know, just depending on the dish. Blanching, for instance, is often employed to prior inactivate enzymes that may cause undesirable changes in the color, taste or texture of the food during storage (Michailidis et al., 2014).
The next step is to prepare the osmotic solution, which is usually a concentrated sugar or salt solution. Efficiency of water removal and solute absorption relies considerably on the solution concentration, temperature and immersion period. Dehydration usually accelerates as the concentration and temperature increase. At the same time, there must be a caution against over-accumulation of solutes, as it can affect the sensory characteristics of the end product (Gonzalez-Perez et al., 2021).
Step 3: Afterward, the food must be plunged into the osmotic solution. As this process proceeds, water moves from the foodstuff and solutes from the solution into the meal, at leading to a perfectly steep water potential gradient. The rate of diffusion is affected by the size and form of the food particles, concentration and temperature of the solution along with the agitation of the solution (Nowacka et al., 2021).
Finally, treatment of the dehydrated product may be done before packing such as washing, drying, or further processing in order to achieve desired product characteristics. Osmotic dehydration is often used in combination with air or freeze drying to achieve lower moisture content and greater shelf life of the final product (Landim et al., 2016).
5. Equipment used in Osmotic Dehydration.
The equipment used in osmotic dehydration varies according to the scale of operation and process requirements. At the laboratory scale, basic immersion tanks or beakers may be utilized, but larger-scale operations may require more complicated equipment such as vacuum chambers, continuous osmotic dehydration systems, or combination osmotic and drying systems  (Gonzalez-Perez et al., 2021).
Systems for continuous osmotic dehydration are made for extensive industrial use. In order to provide continuous processing and increased throughput, these systems usually use a conveyor belt to shuttle the food item through a succession of osmotic solution baths. To achieve consistent product quality, the design of these systems must guarantee that the food material is exposed uniformly to the osmotic solution (Nowacka et al., 2021). 
To get the required moisture content and product properties, combined osmotic and drying systems combine osmotic dehydration with additional drying techniques like air drying or freeze drying. These systems frequently consist of a pre-treatment phase in which the food is osmotically dehydrated first and then a drying phase to further lower the moisture content (Landim et al., 2016).
6. Pre treatnment method	Comment by Anil R Chaudhari: treatment
Pretreatment methods are commonly used to enhance osmotic dehydration efficiency and improve product quality. One of the most common pre-treatment methods is blanching, which is immersing a food item in steam or boiling water for a short period of time to inactivate enzymes that cause undesirable changes during storage. Blanching also causes softening of the food tissue thus enhances the permeability of the osmotic solution throughout the tissues  (Al Maiman et al., 2021).
Another pre-treatment method, ultrasound, has been shown to enhance the rate of water removal and solute absorption of osmotic dehydration (Dermesonlouoglouet al., 2018). Ultrasound creates small bubbles in food tissue that violently collapse, forming channels that facilitate the diffusion of water and other solutes (Cárcel et al., 2012).
The possibility of improving osmotic dehydration has also been investigated for high-pressure processing (HPP), another pre-treatment technique. By exposing the food material to high pressures, HPP can cause cell structure disruption and enhance the food tissue's permeability to the osmotic solution (Kowalska et al., 2021).
7. Post treatment methods
Post-treatment methods are often employed to further process the osmotically dehydrated food material and to achieve the desired product characteristics. Rinsing is an often-used post-treatment method that involves washing the food with water to remove residual osmotic agent from the surface. This process reduces the sweetness or saltiness of the final product and is particularly important for products with a short shelf-life (Gonzalez-Perez et al., 2021).
Drying is another common post-treatment method that is often used to reduce the moisture level in the osmotically dehydrated food product even further. Depending on the properties needed in the finished product, vacuum drying, freeze drying and air drying are just a few of the techniques that can be used. High-value goods such as fruits are often freeze-dried because it does not lose the color, taste and nutritional properties of the food (Landim et al., 2016).
Sometimes, osmotically dehydrated food materials can also be further processed into value-added products such as snacks, food ingredients, or ready-to-eat meals. Osmotically dehydrated vegetables can find application in soups, sauces, or ready-to-eat meals; and osmotically dehydrated fruits can be used as ingredients in baked foods, breakfast cereals, or sweets (Cárcel et al., 2012).
8. Food Products Processed Using Osmotic Dehydration
In addition, Osmotic dehydration (OD) is one of the well-established food preservation process which involves the partial removal of water from food products by placing them in hypertonic solutions (e.g. sugar or salt) (Arvanitoyannis et al., 2012 ). This technique not just extends the shelf life of the food products but also enhances their nutritional and sensory properties. OD has a broad application in the food industry and is particularly effective for fruits, vegetables, meat, fish and dairy products, as this technique preserves the original color, flavour and texture of a product, while also reducing the water activity (Akbarian et al., 2014) , as mentioned in the table-1. Since fruits are highly perishable at the postharvest stage owing to their water content, they are very prone to microbiological spoilage and enzymatic browning. Osmotic dehydration has been widely investigated as a promising method for fruit preservation with high quality retention. The process is soaking fruits in a hypertonic solution resulting in diffusion of the water from the fruit into solution and solutes being taken up from the solution into the fruit (Gribova et al., 2021).
The osmotic dehydration has been shown beneficial for fruit preservation in multiple research studies. Osmotic dehydration of apples in sucrose solution decreased the moisture content of apples considerably without sacrificing their texture and flavor (Kowalska et al., 2021). By showing that shelf life and sensory attributes of strawberries could be enhanced by dehydration in sugar solution. It has also been studied the possibility of combining osmotic dehydration with other preservation (e.g. vacuum impregnation). Illustratively, demonstrated that vacuum impregnation and subsequent osmotic dehydration enhanced the retention of bioactive compounds in fruits (Correa et al., 2016).

Table-1: Application of Osmotic Dehydration in preservation of different commodities

	Sr. No.
	Food commodity
	Osmotic Dehydrating Agent
	Effect on physicochemical properties
	Reference

	1. 
	White Mushroom
	50% Sucrose Solution
	Reduced water activity, maintained texture and color, improved quality of frozen end-products
	(Stavropoulou et al., 2022)

	2. 
	Amla (Indian Gooseberry)
	Honey
	Preserved physicochemical properties, microbiological stability and sensory qualities
	(Yadav et al., 2014)

	3. 
	Banana
	50% Sucrose Solution
	Maintained probiotic viability, reduced water activity, improved storage stability
	(Rascon et al., 2018)

	4. 
	Pear Cubes
	Edible Coatings with Osmotic Agents
	Improved texture, reduced enzymatic browning, better retention of nutrients
	(Rodriguez et al., 2021)

	5. 
	Sweet Corn Kernels
	Concentrated Apple Juice
	Improved texture and sensory characteristics, enhanced taste
	(Castillo et al., 2021)

	6. 
	Beetroot Slices
	10% Sodium Chloride Solution
	Reduced moisture content, improved texture, enhanced color
	(Hassan et al., 2024)

	7. 
	Tomato Slices
	10% Sodium Chloride Solution
	Reduced moisture content, improved texture, enhanced colo
	(Hassan et al., 2024)

	8. 
	Kumquat Slices
	Osmotic Dehydration Pretreatment
	Improved drying characteristics, better quality properties
	(Karabacak et al., 2022)

	9. 
	Paneer (Indian cottage cheese)
	Sucrose solution (12%)
	Improved color retention, reduced drying time, enhanced nutritional profile, better rehydration ratio, higher concentrations (>12%) led to unacceptable salty flavor.
	(Giannoglou et al., 2020)

	10. 
	White cheese
	Sucrose and NaCl solution
	Maintained texture and flavor, reduced microbial load and improved sensory attributes.
	(Giannoglou et al., 2020)

	11. 
	Pork (Longissimus dorsi)
	Sugar beet molasses
	Thermal stabilization through protein–protein interactions, partial unfolding of proteins
	(Giannakourou et al., 2019)

	12. 
	Fish fillets
	40% oligofructose
	Reduced microbial growth; improved sensory attributes
	(Giannakourou et al., 2019)

	13. 
	Beef
	Maltodextrin, NaCl, Liquid smoke
	Altered mass transfer kinetics, improved storage stability
	(Papazoglou et al., 2017)



8.1 Osmotic Dehydration of Vegetables
Fruits aren’t the only food that spoils, veggies have the same problem! Osmotic dehydration has been applied to a wide range of crops for prolonging their shelf life and minimizing post-harvest loss. It consists of the osmosis of the vegetables in a hypertonic medium, in which the water is extracted from the vegetable and the solutes are introduced (Fabani et al., 2020).
Apples were osmotically dehydrated in osmotic sucrose sucrose concentrate solution, achieving a measurable decrease in moisture content while retaining texture and flavor. Osmotic dehydration of strawberries in sugar solution improved their shelf life and sensory qualities. Osmotic dehydration combined with another preservative procedure, such as vacuum impregnation, has also been studied. Food and agricultural processes to maintain nutrition and quality or restore critical components or chemicals, such as during vacuum impregnation followed by osmotic dehydration, have helped to retain or preserve bioactive chemicals (Kowalska et al., 2021).	Comment by Anil R Chaudhari: Delete extra word
8.2 Osmotic Dehydration of fruits
Fruits are vulnerable to spoiling, due to their high-moisture content, and vegetables are no exception. The osmotic dehydration is being applied on different crops to minimize the wastage and prolong the shelf life post harvest. This involves adding vegetables into hypertonic solution, which withdraws water and hence dissolved solutes into the tissue of the vegetable. Studies have shown that osmotic dehydration can effectively extend the shelf-life of vegetables without significantly affecting their nutritional quality (Fabani et al., 2020). For instance, the moisture content of carrots dehydrated by osmotic degradation was significantly reduced, while color and texture were preserved. Likewise, osmotic dehydration of potatoes in salt solution extended their shelf-life with reduced risk of microbial infection. Research also examines the application of osmotic dehydration as part of a combination of preservation techniques, including blanching. VI-2 Energy use for the retention of vitamins and minerals in vegetables For example, energy use in blanching and osmotic dehydration contributed to a slightly higher retention of vitamins and minerals in vegetables (Carcel et al., 2012; Al Maiman et al., 2021).
8.3 Osmotic Dehydration of Meat
Because of its rich protein and wetness content, meat is very perishable food, is vulnerable to microbial development and spoiling. The osmotic drying process is correlated to preservation of meat through moisture removal and microorganism development isolation. Numerous studies have addressed how osmotic dehydrate used in meat preservation. Osmotic dehydration of beef in salt solution caused significant moisture loss and prolonged meat shelf life, for instance. Osmotic dehydration of pork in a sugar solution resulted in enhanced texture and flavor. Osmotic dehydration has also been studied in combination with other preservation processes, including smoking. An example is the enhancement of sensory characteristics and shelf life of beef products by smoking followed by osmotic dehydration (Arvanitoyannis et al., 2012).
8.4 Osmotic Dehydration of Seafood
With its high moisture content and enzymes that can promote rot, seafood is highly perishable. Osmotic dehydration of seafood has been conducted to reduce the moisture content and enhance the shelf-life. Some researchers reported that osmotic dehydration can also preserve seafood with quality. For example, osmotic dehydration of cod was found to have a significant impact on decreasing the moisture content but maintaining the fish structure and quality. Likewise, when shrimp are osmotically dehydrated in salt solution, their shelf-life was increased alongside a decrease in intracellular substrates to be used for microbial infection. The application of osmotic dehydration combined with other preservation methods like freezing has also been evaluated. Other methods such as freezing and osmotic dehydration can enhance nutrient retention in shellfish  (Corzo et al., 2007; Gallart-Jornet et al., 2007; Tsironi, 2017).
8.5 Osmotic Dehydration of Dairy Products
Cheese and yogurt, two examples of dairy products, are susceptible to spoilage by virtue of their moisture level and the microbes they harbor. Osmotic dehydration, which has been thoroughly explored as a method for preserving dairy products through solid-factor removal and restricting microbial growth, Various studies have focused on osmotic dehydration of dairy products. Osmotic dehydration of cheese in salt solution, for example, drastically reduced moisture content and increased shelf life. Likewise, osmotic dehydration of yogurt in a sugar solution improved both taste and texture. Osmotic dehydration has also been studied in combination with other methods of preservation, e.g. vacuum packing. Such as vacuum packing, followed by osmotic dehydration, therefore, enhanced the sensory characteristics and the shelf life (Giannoglou et al., 2016; Tsironi, 2017).
9. Advantages of Osmotic Dehydration in Agriculture and Food Processing
Fruits and vegetables can be gently dehydrated by submerging them in a hypertonic solution, a process known as osmotic dehydration. It improves the stability and shelf life of the product while maintaining its original color, flavor, and nutrients. This technique is useful in food processing to provide healthier, less processed snacks and in agriculture to lower post-harvest losses. It boosts the effectiveness of mass transfer and enhances sensory quality when used in conjunction with methods like vacuum, ohmic heating, or high hydrostatic pressure. Additionally, it permits the addition of vitamins or antioxidants to food, providing customers with useful advantages. Osmotic dehydration promotes sustainable food production with lower energy input and waste output, making it both economically and environmentally advantageous (Lech et al, 2017).

9.1 Preservation of Nutritional Quality
Osmotic dehydration aids in better preservation of vitamin and antioxidant nutrients by minimizing the degradation of these heat-sensitive compounds. Their yields have little in common with thermal drying, the latter can also degrade microbiologically important nutrients due to the temperatures at which they work, osmosis acts at lower temperatures. For example, using osmotic dehydration retained more vitamin C content in strawberries than traditional drying processes. This feature is particularly advantageous for micronutrient-rich and perishable agricultural products (Gonzalez-Perez et al., 2021)
9.2 Enhanced Sensory Properties
Osmotic dehydration enhances the texture, color and taste of agricultural goods. By lowering water activity, it minimizes microbe development while preserving the food's original taste and look. Osmotic dehydration improves the sensory appeal of fruits such as apples and pineapples by retaining their firmness and natural sweetness (Nowacka et al., 2021). 
9.3 Reduction in Energy Consumption
Osmotic dehydration is a more energy-efficient way than typical drying procedures. It requires less thermal energy because the process takes place at ambient or slightly higher temperatures. Osmotic dehydration uses up to half the energy of hot air drying, making it a more environmentally friendly food processing method (Kowalska et al., 2021)
9.4 Extended Shelf Life
Osmotic dehydration lowers the moisture level of farm produce, which hampers the development of spoilage-inducing microorganisms. One of the consequences of this is to increase the shelf life of perishable things, leading to less waste of food and economic losses. Osmotic dehydration significantly prolongs the shelf life of fruits like mangoes and peaches (Ramya and jain, 2017)
9.5 Retention of Bioactive Compounds
Osmotic dehydration aids in the preservation of bioactive chemicals such as polyphenols and flavonoids, both of which have antioxidant effects. These chemicals are frequently destroyed during traditional drying procedures due to high heat. Osmotic dehydration conserved more polyphenol content in guava than sun drying (Kushwaha et al., 2018).
9.6  Improved Rehydration Capacity
Osmotic dehydration improves the rehydration capacity of dried agricultural products to better suits them for application in ready-to-eat products or snacks. The water absorption during the rehydration process is better for products that have been treated by osmotic dehydration and they are able to restore their original appearance and structure. Compared to conventionally dried carrots, osmotically dehydrated carrots showed better rehydration properties (Ramya and jain, 2017).
9.7 Reduction in Chemical Additives
Osmotic dehydration eliminates the need for chemical preservatives because the process itself suppresses microbial development. This makes it an appealing choice for manufacturing natural, less processed meals.Osmotic dehydration might replace synthetic preservatives in dried fruits while maintaining safety (Kushwaha et al., 2018)
9.8 Versatility in Application
Osmotic dehydration can be used on a variety of agricultural goods, including fruits, vegetables, fish and meat. Its adaptability makes it an effective tool for diversifying processed food items. Osmotic dehydration occurs across several dietary matrices (Falade et al., 2007).
10. Limitation and Challenges in Industrial Application of Osmotic Dehydration	
Despite its potential, industrial osmotic dehydration has a number of limits and obstacles, including process inefficiencies, quality deterioration and financial restraints (Corrêa et al., 2021).
10.1 Inefficient Mass Transfer Rates
One of the limitations of osmotic dehydration is the low mass transfer rates that limit its scale. This also depends on some parameters such as the concentration of the solution, matrix composition and temperature, which influence the diffusion of water and solutes (Dermesonlouoglouet al., 2018). The approach is based on the practice of immersing food in hypertonic solution (this causes water outflow and solute inflow). Despite the fact that OD has been successfully practiced at a laboratory scale, its commercial application is still relatively rare due to numerous technological, economic and regulatory restrictions exist (Ramya and jain, 2017). Another point against salt application is the presence of multiple components in foods that make kinetics of mass transfer difficult to predict even more difficult to control, and thus a challenging process to optimise for large scale applications (Corrêa et al., 2021).
10.2 Quality Degradation
Osmotic dehydration generally results in the preservation or even the improvement of quality parameters during storage, but other food commodities can experience dates of quality deterioration. It leaches out nutrients and bioactive chemicals in fruits and vegetables (Kroehnke et al., 2021). In addition, this absorption of osmotic ingredients, e.g. sugar or salt might alter the sensory characteristics of final product, limiting consumer acceptability. These quality challenges pose significant barriers to the industrial implementation of OD, particularly for high-value functional food manufacturing (Kroehnke et al., 2021).
10.3 High Operational Costs
The industrial application of osmotic dehydration is sometimes limited by high operating expenses. The demand for huge quantities of osmotic agents, energy-intensive drying procedures and specialized equipment raises the overall manufacturing costs (Onsekizoglu, 2012).
10.4 Regulatory Constraints
The use of osmotic agents in food processing is limited by stringent regulations and is unique in different geographical areas. For instance, the European Union applies tight regulations to the use of particular sugars and salts in processed dishes (Nowacka et al., 2021). These laws require extensive testing and documentation making industrial OD applications relatively complex and expensive (Rastogi et al., 2016).
11. Innovation and Recent Advances in Osmotic Dehydration
Maintaining the freshness of fruits and vegetables by the immersion of cellular elements containing water in an osmotic solution has received a lot of interest in recent years.  Recent advances in osmotic dehyrration includes various methods such as using high electric field, gamma irradiations, ultrasounds, centrifugal forces etc to reduce moisture content in food products.  As a result of solute gain and water loss, intermediate moisture products with reduced water activity are produced. The technique significantly reduces the chemical, physical, and biological processes that break down food, extending the shelf life of food items (Ahmed et al., 2016).	Comment by Anil R Chaudhari: dehydration
11.1 Ultrasound-Assisted Osmotic Dehydration
Ultrasound technique is a novel innovation of osmotic dehydration. The utilization of ultrasonic waves enhances mass transfer through developing microchannels in the food matrix, resulting in accelerated water loss and solute absorption. It has been reported that application of ultrasound-assisted osmotic dehydration cut processing time without reducing the nutrients of the product up to 50% (Nowacka et al., 2021).
11.2 Pulsed Electric Field (PEF) Technology
Osmotic dehydration has also been explored with novel techniques like pulsed electric field technology. PEF induces electroporation on cell membranes, leading to the translocation degree of water and solute. This method is effective for reducing the water content of fruits and vegetables rich in moisture, such as apples and carrots (Wiktor et al., 2015).
11.3 Vacuum-Assisted Osmotic Dehydration
Vacuum-assisted osmotic dehydration involves adding a vacuum to an osmotic solution, which increases the osmotic agent's penetration into the food item. This technique has been proven to enhance the texture and color retention of dehydrated items (Corrêa et al., 2021). 
12. Applications of Osmotic Dehydration in the Food Industry
Osmotic dehydration (OD) is a frequently used technique in the food industry to extend the shelf life and quality of fruits and vegetables. This method includes soaking food in a hypertonic solution, enabling water to diffuse out while solids are absorbed, reducing drying time and energy consumption in future steps. OD is particularly useful when paired with developing technologies like as microwave drying, as observed in strawberries, which helps to keep nutritional and sensory qualities. Furthermore, edible coatings such as alginate-lactate can be employed to regulate solute uptake, improve texture, and reduce sugar absorption during osmotic dehydration treatments (Gamboa-Santos et al., 2019).

12.1 Preservation of Fruits and Vegetables
A widely used method for preserving fruits and vegetables is osmotic dehydration (OD), which prolongs the storage period of the osmotic dehydrated product while maintaining its sensory and nutritional properties. Recent studies have focused on the application of natural osmotic agents like fruit juices and honey to enhance the health benefits of dehydrated products (Corrêa et al., 2021).
12.2 Development of Functional Foods
Incorporation of bioactive molecules such as antioxidants and probiotics in osmotic solutions has enabled the development of functional foods. Osmotic dehydration, for instance, has been used for the preparation of dried fruits enriched with probiotics and enriched with some health-promoting characteristics (Pandiselvam et al., 2022).
12.3 Environmental and economic aspects of osmotic dehydration
The osmotic dehydration method not only increases the shelf life of perishable goods, but it also improves their nutritional and sensory characteristics. Because of its environmental and economic benefits, osmotic dehydration is gaining popularity as the global need for sustainable food processing technologies grows (Gamboa-Santos et al., 2019).
13. Environmental Aspects of Osmotic Dehydration
Osmotic dehydration (OD) provides several environmental advantages for sustainable food processing. OD saves energy and time by partly eliminating water before standard drying or freezing. Advanced methods like as pulsed vacuum and ultrasonic-assisted OD improve mass transfer, allowing for quicker water removal with less thermal input, lowering the carbon footprint. Furthermore, OD reduces product waste by enhancing structural integrity and retaining nutrients, resulting in lower losses during storage and transportation. Its capacity to reduce water activity without using excessive heat also aids in maintaining quality while conserving resources, making OD a green choice in food preservation measures (Pandiselvam et al., 2022). 
Unlike the conventional drying techniques such as hot air drying or freeze drying, osmotic dehydration is energy-efficient. This reaction occurs under ambient or slightly elevated condition which reduces the energy consumption and greenhouse gas emissions tremendously. This renders osmotic dehydration as an environmentally friendly technique of food preservation (Yadav et al., 2014). The osmotic solution used in OD may be reused numerous times, lowering water use during food preparation. This is especially useful in countries with water constraint (Pandiselvam et al., 2022). Using natural osmotic agents like sugar, salt and honey lowers the need for synthetic chemicals, making the process more ecologically friendly (Kaur et al., 2024). Compared to other techniques of food preservation, OD has a smaller carbon footprint because to its lower energy consumption and usage of synthetic chemicals (Fabani et al., 2020)

14. Economic Aspects of Osmotic Dehydration
Osmotic dehydration (OD), when paired with convective drying, provides a cost-effective method for fruit processing, particularly in small-scale agricultural settings. The technique lowers energy costs and improves product quality, resulting in increased market value. Fresh fruit is the most expensive component, accounting for 67% of overall expenses, while energy costs are comparatively low at 2.74%, owing to effective drying procedures. Investments in OD-based dryers have yielded swift returns, with payback times as low as 2.74 years and economic efficiency coefficients of roughly 1.21. This enables osmotic dehydration an economically viable and lucrative method of sustainable fruit processing on family farms and small companies (Gamboa-Santos et al., 2021). 
Osmotic dehydration is a cost-effective approach because of its low energy needs and the possibility to utilize inexpensive osmotic agents. This makes it accessible to small-scale food processors in impoverished nations (Shi et al., 2002). OD improves the nutritional and sensory characteristics of food goods, therefore enhancing their commercial value. For example, osmotically dehydrated fruits can be offered as healthy snacks or utilized as a component in value-added goods (Yadav et al., 2014). The decrease in weight and volume of osmotically dehydrated meals reduces storage and transportation expenses, making it economically viable for large-scale manufacturing and export (Bradford et al., 2020).

15. Future Prospects and Research Gaps in Osmotic Dehydration
The future of osmotic dehydration (OD) depends on overcoming its limits and increasing efficiency for industrial applications. Current study emphasizes the need to enhance mass transfer rates, which are hampered by thick fruit skins and irregular cellular architecture. Emerging approaches like as ultrasonic, microwave, pulsed electric fields, and ohmic heating offer promise for speeding up the OD process while maintaining quality. Another research need is the development of better osmotic solutions to prevent excessive sugar consumption, with the goal of retaining nutrients and maximizing food functionality. Exploring OD-treated fruits as carriers for bioactive chemicals and tailored medication delivery is another interesting path for future innovation (Akharume et al., 2019). ​

15.1 Sustainability and Energy Efficiency
Osmotic dehidratarion is an alternative dehydrating method for sustainability, as it is less energy consuming when compared with conventional drying. Because it operates at room temperature, no high-energy phase transitions associated with thermal drying protocols are required. That’s especially appealing in the face of rising energy bills and climate change. Further research should explore approaches to improving osmotic dehydration operating conditions for enhanced energy efficiency and environmental and ecological sustainability (Dermesonlouoglouet al., 2018).	Comment by Anil R Chaudhari: dehydration
15.2 Food Fortification
By adding nutrients to the osmotic solution, osmotic dehydration can be utilized as a fortification technique. This makes it possible to add vitamins, minerals and dietary fiber to meals, increasing their nutritional content. For example, incorporating calcium salts into the osmotic solution can raise the calcium content of fruits and vegetables while enhancing their structural integrity (Lim et al., 2015; Saleena et al., 2021). 
15.3 Industrial Applications
Osmotic dehydration is an appealing pretreatment in the dried fruit business as this method can significantly reduce the duration of the drying time. For example, osmotic dehydration helps significantly minimize the drying period required through pre-processing the fruits until they lose moisture but maintain the nutrients and sensory properties of the fruits. To normalize the cost effectiveness and product quality this procedure should be scaled up for commercial settings, which should be the focus of forthcoming studies (Saleena et al., 2021).
15.4 Technological Innovations
New osmotic agents and creative methods to improve mass transfer are examples of recent developments in osmotic dehydration. To increase the effectiveness of the osmotic dehydration process, technologies including coating, skin treatments and freeze-thawing have been investigated. To maximize the effects of osmotic dehydration, future research should keep developing and improving these technologies (Lim et al., 2015).
16. Research Gaps
Despite osmotic dehydration (OD)'s demonstrated potential in food preservation, various research gaps hinder its practical application. Understanding the intricate mass transfer mechanisms including water loss and solute gain, particularly in products with varying tissue architectures, is one of the major problems. More research is needed to understand the synergistic impacts of integrated technologies such as ultrasound, high pressure, and pulsed electric fields on efficiency and quality. There is also a need for more research on eco-friendly osmotic agents and osmotic solution recyclability. Addressing these gaps might result in enhanced product quality, lower processing costs, and long-term large-scale OD applications (Saleena et al., 2021). ​

16.1 Mathematical Modeling
Osmotic dehydration has been described by a number of mathematical models, but more accurate and broadly applicable models are required. Although they have practical benefits, current models like Azuara's and Peleg's might not adequately represent the intricate diffusion mechanisms at play. Future studies should concentrate on creating more thorough models that combine theoretical depth with empirical simplicity to improve osmotic dehydration process prediction and optimization (Assis et al., 2017).
16.2 Osmotic Agent Selection
The choice of osmotic agents has a significant impact on osmotic dehydration effectiveness and nutritional impact. While salt and sucrose are commonly used, various other compounds like sorbitol have showed promising results in specific applications. More investigation is needed into a wider variety of osmotic agents and their effects on different food items, considering cost, availability and environmental consequences (Dermesonlouoglouet al., 2018).
16.3 Nutritional and Sensory Impact
Osmotic dehydration is known to maintain nutritional value, but further research is needed to determine how it affects sensory qualities like flavor and texture. In order to improve sensory aspects while preserving nutritional advantages, research should concentrate on improving osmotic dehydration conditions (Karabacak et al., 2021).
16.4 Integration with Other Preservation Methods
Prior to other drying techniques like air dehydration or freeze-drying, osmotic dehydration is frequently employed as a pretreatment. Future studies ought to examine the ways in which osmotic dehydration and cutting-edge preservation technologies might be used to produce hybrid techniques that provide better preservation results (Saleena et al., 2021).
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