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Abstract

:

Freeze-drying is an important processing unit operation in food powder production. It offers dehydrated products with extended shelf life and high quality. Unfortunately, food quality attributes and grinding characteristics are affected significantly during the drying process due to the glass transition temperature (during drying operation) and stress generated (during grinding operation) in the food structure. However, it has been successfully applied to several biological materials ranging from animal products to plants products owning to its specific advantages. Recently, the market demands for freeze-dried and ground food products such as spices, vegetables, and fruits are on the increase. In this study, the effect of the freeze-drying process on quality attributes, such as structural changes, the influence of glass transition during grinding, together with the effect on grinding efficiency in terms of energy requirement, grinding yield, and morphological changes in the powder as a result of temperature, drying time were discussed. An overview of models for drying kinetics for freeze-dried food sample, and grinding characteristics developed to optimize the drying processes, and a prediction of the grinding characteristics are also provided. Some limitations of the drying process during grinding are also discussed together with innovative methods to improve the drying and grinding processes.
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1. Introduction


Drying is a unit operation by which free water in the food is significantly reduced, thus promoting the concentration of dry matter without damaging the tissue, wholesomeness, and physical appearance of the food. The practice of drying differs among food processors. However, all methods are driven to achieving an extended storability by reducing the water activity from food products which can slow down the rate of deterioration and maintain its quality. Drying of food products is advantageous as it minimizes packaging, storage, and transportation costs [1]. It has been practiced as sun-drying method, which is considered as a traditional method practiced in most of the developing countries, or it can be conducted with improved technology such as spray drying, hot air drying, vacuum drying and freeze-drying [2]. Though the operational methods of conventional drying differ from modern technology, drying from these methods is all achieved either through radiation, convection, conduction, or a combination of heat transfer mechanisms. All of these drying methods consequently may affect partially or totally the quality of the product [2]. However, in recent times, vacuum freeze-drying has gained a lot of recognitions especially for the drying of high quality, nutritional delicate and expensive products. Freeze-drying is based on the sublimation mechanism by direct dehydration of frozen products. The wide acceptability of this method thus lies in its process which involve freezing of all available moisture, thereby maintaining the quality by reducing deterioration by low-temperature effect, retaining the solid structure by preventing compression and it ability to maintain soft texture of the dried food, especially those consumed in dried form e.g., dried squid fish, and dried apple fruit [3,4].



The rate of transfer of heat during freeze-drying operation is influenced by the food thermal properties, such as specific heat and thermal conductivity [5]. The thermal properties of foods are important in the design of food storage and refrigeration equipment as well as in the estimation of process times for refrigerating, freezing, heating, or drying of foods. Drying models have been used to describe freeze-drying process in agricultural produce. It shows the diffusion of moisture from the food and its relationship to variables as drying is conducted over time [6]. Consequently, the proper drying of food products before grinding has helped to achieve efficiency in grinding because less energy is required during the process and an increase in powder product yield has been reported [7]. Therefore, before the dry grinding process, the unit operation of drying must be ensured to have properties that will enhance the grinding unit operation.



Grinding as a unit operation is widely used in the food industry and designed to reduce the size of materials to yield a usable form or to separate their components. Many food processes frequently require size reduction, which is accomplished by applying diverse forces to create particles with certain sizes and shapes. The process of size reduction results from external mechanical forces acting on a material that is great enough to break the internal molecular binding force of the material through the generation of stress around the structure of the food. It makes use of a wide range of equipment, such as crushers, grinders, mills, disintegrators, cutters, shredders, mincers, and homogenizers [8]. The energy required is a direct function of the particle fineness or the generated surface area, and this is affected by the moisture content present or the material hardness [9]. Numerous research has been conducted to evaluate the energy requirement during the grinding process. Based on this, models such as the stress model, Rettingger’s law and Bond’s law were developed. These are aimed at estimating the required energy needed for size reduction and consequently features grinding parameters such as friction, adhesion to grinder, particle size, and grinder size for the stress model, while Rettinger’s and Bond’s law features the initial and final particle sizes [10,11].



The result of grinding depends on the nature of the food material, the technology applied, and the time of grinding. Grinding is important to the food industries as it helps to reduce the bulk density and improve the surface area, thereby creating a larger surface for chemical and biochemical reactions. However, the drying and grinding conditions during powder processing, greatly influence (separately) the quality attributes of the final powder product. The amount of moisture content before grinding is an important factor because it helps determine the materials’ physical properties and powder properties. Many researchers have investigated the efficiency of the grinding process as applied to grains and other food materials with various moisture contents [10,11,12]. Similarly, the resulting dried product from the drying operation can also affect the physical, textural, sensory, and functional properties of the powder resulting from the modification of the rheological and structural properties of the sample to be ground [12]. Liao and Chen [13] and Pan et al. [14] confirmed that the type and method of grinding potentially have a great impact on the physicochemical characteristics of rice flour. These changes are of great importance and need to be controlled through retro-engineering approaches. Other limiting factors include reductions in quality as a result of friction during grinding, reduction in flavor, aromatic components, and the removal of essential oils. Consequently, all these aforementioned properties affect the quality of the resulting powder product from grinding unit operation.



The market for dried food products has grown rapidly over the years and most products are in powder form. Zhang [15] reported a growth rate of 3.3% yearly for dehydrated fruits and vegetables for most countries worldwide. Powdered food has garnered interest in the food industry because it serves as either raw materials for production or the powder itself is the final product. For instance, fruits and vegetables are widely used in their powder form by the confectionery, bakery, sweets, and distilling industries in various sauces, teas, puddings, garnishments, natural colorants, additives, and food for infants and children [16]. In addition, cereals, roots, and tubers are also preserved in their powder form and have a wide range of uses, e.g., rice flour, wheat flour, and yam flour. However, to get the best-powdered products, the quality of the drying process, determines the efficiency that would be observed during the grinding process. Therefore, drying and grinding unit operations are coherent towards the production of food powder, and as such, the parameters involved should be critically considered. These lead to a number of researches being conducted with the aim of improving food powder quality by freeze-drying operations [17,18,19]. In the last few decades, a number of reviews have been conducted on the subject freeze-drying. However, most of these reviews have centered on the quality characteristics of the food product and improving the freeze-drying process with limited emphasis on the effect of the drying process on the grinding characteristics of the food [20,21,22]



Therefore, the primary objective of this review was to provide an overview of the effect of freeze-drying on the quality attributes of agricultural products and to state the influence of freeze-drying on the grinding process. A review of the mathematical models for freeze-drying will also be provided. Further discussions will be made on future trends and solution to grinding challenges.




2. Freeze-Drying of Food Produce


Freeze-drying as an industrial process involves the dehydration by sublimation of frozen ice present within the food molecules. It is a preferred method for drying foods containing compounds that are thermally sensitive and prone to oxidation since it operates at low temperatures and under a high vacuum. It has been applied to various food products such as strawberry, apple, tomato, potatoes, asparagus, and pumpkins. However, its limitations lie in the resulting shrinkage and collapse that is sometimes experienced during the drying process when not properly conducted. This led to much research conducted on freeze-drying in the last 3 decades. Recently, freeze-drying has become a welcomed idea especially in the pharmaceutical and other bioproduct industries and gradually becoming a well-utilized processing method in the food industries owing to the assumptions of product quality good perform at low temperature, a reduction in injuries caused to liable bioproducts that drying at high temperature or ambient temperature would have caused and subsequently due to its approval by the food standard bodies. However, when deciding on the type of processing methods to be used for a particular product, it is required that we look beyond the surface, as freeze-drying is reported to be accompanied by several complex interactions which may prove to be a problem at varying processing stages [23,24,25]. Consequently, chemical and physical changes may also be accompanied by freezing, heating and mass transfer within the equipment.



In lieu of this, the authors would like to state that our intention is not to rule out the importance and advantages derived from freeze-drying, but to emphasize the possible situations or occurrences that could be observed during freeze-drying as a preprocess for grinding unit operation.



2.1. Basis of Freeze-Drying


The process of freeze-drying can be visualized in terms of three steps: initial freezing, primary drying, and secondary drying. The combination of the process thus involves the dehydration of more than 99% water from the initial dilute solution, which is a direct function of the temperature rather than a function of the initial solution concentration. The steps during freeze-drying have been previously discussed, therefore, it is presented briefly in this review [26]. The initial freezing process involves the formation of ice nuclei which are dependent on factors such as the cooling rate, interfacial energy, and the interfacial morphology or the nanostructure of foreign bodies [27]. Thus, ice formation may take place at a temperature below 0 °C. A faster freezing rate results in the formation of small ice crystals within the food structure. The consequence of this is that sublimation is faster during the primary drying and slower in the secondary drying stage due to the size and formation of the ice at this level. Hence, viscosity at this level is increased as moisture is dehydrated and at some point, the saturation level is attained and there is no further increase in concentration or viscosity. Thereby at this level, the glass transition temperature   (  T g  ) ,   which is associated with the maximum freeze concentration is said to take place. In food components such as carbohydrates, the initial freezing level may be of importance, this is because, carbohydrates can be easily verified during the freezing, based on the    T g   . The    T g    values of disaccharides and higher oligomeric sugars lie above −30 °C [28,29]. However, the    T g    is not a true thermodynamic change in state, but rather a kinetic limit at high viscosity (Detail on freeze-drying of carbohydrate will be discussed later), thus it can only be used in critical cases when the sample is difficult to freeze-dry.



The stage of primary drying is the period at which the ice crystals separate from the solute phase via sublimation. At this point, the water vapor is continuously removed from the food by keeping the pressure in the freeze drier cabinet below the vapor pressure at the surface of the ice, and subsequent removal of vapor with a vacuum pump and condensing it on refrigeration coils. This creates a partly dried food sample. The sublimation rate can, however, be affected by the sample thickness and the material cellular structure creating a constraint in the mass transfer coefficient, thereby reducing the rate of dehydration. This is because the freezing process of food materials occur either in natural convection conditions or a forced convection environment (especially for the materials at the upper surface), and because the material is made-up of cellular structures that are separated by air space and can influence the medium through which heat and mass transfer occur [30]. Nowak et al. [30] established in their study of celery the influence of plant material structure (tissue) during freeze-drying. They reported the disruption of the cell walls resulting from a mechanically damaged sample to influence the water vapor transportation to the surface of the sample for sublimation. Thus, thermal changes occurring in the sample material caused the thermal field during freezing to be uneven with a different temperature recorded for the upper layers and the lower layers. This consequently influenced the material heat transfer capability during freeze-drying. At this point, the sample temperature, therefore, becomes a critical parameter to continue the drying process. To maintain sublimation, heat energy is applied to the product to compensate for sublimation cooling. Craig et al. [31], reported that an increase of temperature by 1 °C gave rise to a faster drying process by 13%. However, the heat extracted from the drying sample as water vapor must carefully balance the amount of energy added to the sample, as an increase above the    T g   , results in melting of the ice into a solute phase. Consequently, conducting primary drying of food sample at temperature above the    T g      will lead to the production of inferior qualities. This temperature point during drying is known as “critical temperature” [32]. At the critical temperature point, the concentrated solutes in the food are sufficiently mobile to flow under the forces operating within the food structure. When this occurs, there is an instantaneous irreversible collapse of the food structure, which restricts the rate of vapor transfer and effectively ends the drying operation. Table 1, shows the collapse temperature for selected foods during freeze-drying. Therefore, in practice, there is a maximum ice temperature, a minimum condenser temperature, and a minimum chamber pressure, and these control the rate of mass transfer.



The secondary drying level is a dynamic process associated with high vapor flow rates, this level of drying is much less efficient, as it involves a usage time representing 30–40% of the total process time but only a total of about 5–10% of sample moisture is dehydrated [42]. This stage begins after all the frozen water has sublimed and thus can be facilitated by increasing the product temperature. However, attention must be focused on certain delicate properties of food, such as protein. Proteins have low thermal stability and can collapse at a temperature higher than its stability, therefore it is necessary to consider the thermal stability of food products based on its component to prevent collapse. The collapse is because of the ‘bound water’ (to protein molecules) or the water molecules ‘trapped’ in the glass phase which are removed during this stage. Although sample collapse during secondary drying is generally less likely than collapse during primary drying. It is possible to induce collapse in the dried matrix by exposing the sample to a temperature above its    T g    [42]. The increased mobility of this rubbery zone after collapse can accelerate protein degradation [28]. This is observed at the ice concentration interface of the freeze-drying system. Growing evidence has shown that the loss of protein activity is due to accumulation and unfolding of the molecules at this interface which upon drying becomes solid or air. The main source for protein stress during freeze-drying, apart from the drying itself, is associated with the freezing process. The destabilizing effects of freezing are significant but yet to be fully explained, however, it is known to be highly protein-dependent. Cold denaturation of proteins is caused by a decrease in hydrophobic effects and the hydration of non-polar residues and may explain the denaturation of some proteins even though cold denaturation kinetics might be too slow to unfold the protein during the freeze-drying process [43]. In general, the capability of providing a very high quality dehydrated product by freeze-drying is an expensive method and the high costs of process limit its application to industrial scale. Therefore, the quality of dehydrated products, complex biochemical criteria, e.g., units of biological activity per milligram of product, as well as cost and time for processing, should all be taken into consideration to carry out the operation under optimal conditions.




2.2. Glass Transition during Freeze-Drying


   T g   , was earlier defined as the temperature at which an amorphous system changes from the glassy to the rubbery state, and it specifically denotes the property of the amorphous material [44].    T g    is a second-order thermodynamic phase transition altering the intrinsic properties of foods including heat capacity, free volume, and viscosity. An amorphous food is formed at non-equilibrium conditions either by removing the dispersing medium (such as water), or from the melt by cooling, or by rapid supercooling. This material is not at thermodynamic equilibrium and therefore is unstable relative to the crystalline form [45]. Since the last decade, the quality of food has become the main focus of food research. The application of the knowledge learned in the area of glass transition of polymers to food systems had contributed a lot of success to understanding and predicting the behavior of foodstuffs [46]. Dried products obtained from most of the common drying processes especially freeze-drying are predominantly in a glassy amorphous form. The mobility of the solid matrix in this state is highly limited. For the product to be stable for long periods of storage, this physical state should not be altered. When the temperature is above    T g  ,   an amorphous solid exists in a “rubbery” state. In this state, the molecular mobility of the matrix and the reactants are accelerated, which results in an increased rate of Physico-chemical changes in dried products, such as sticking, caking, collapse, crystallization, agglomeration, loss of volatiles, browning, and oxidation [47,48,49]. In freeze-drying, collapse is a frequent problem if certain operation variables are not well set [50]. This phenomenon occurs when the solid matrix of the foodstuff can no longer support its weight, leading to drastic structural changes shown as a marked decrease in volume, increase in the stickiness of dry powders, and loss of porosity. The collapse temperature is related to the    T g     of the maximally frozen concentrated solute [51], and it represents the temperature above which the solute matrix loses its shape and quality is decreased. Therefore the relationship between rehydration and    T g     should be interpreted from porosity and collapse during freeze-drying. In most recent studies,    T g    was measured using differential scanning calorimetry (DSC), by analyzing the changes in heat capacity due to    T g    altering the heat flow over a range of temperature. Therefore, several authors prefer to report the temperature at which the    T g    begins, stating that changes in water mobility causing a quality loss in dried products beginning at this temperature [52]. In an earlier report by Anglea et al. [53], the value obtained for    T g    for several plant tissues including potato, apple, and sweet potato as well as the osmotically dehydrated potato was −45 °C. The similarity in the glass transition temperature for these fruits as well as for some osmotically treated potato samples was the foundation some research followed in determining the    T g     of plant products and thereby assumptions that    T g    of plant products are close to −45 °C is made [54]. However, in recent research by Caballero-Ceron et al. [55], the    T g     should rather be treated as a factor of the critical moisture content    X c   , and water activity    a  w c     in the sample, this is because the    X c    and    a  w c     increases with the molecular weight of the components in the glassy structure. Therefore,    T g    is certain to change with critical moisture content      X c   , and water activity    a  w c     in the food product. This phenomenon was reported for the carbohydrate-protein system using encapsulated trehalose-whey protein isolate as shown in Figure 1. The finding supported the phenomena that plasticizing effect by water resulted to a decrease of the    T g    [56]. Therefore, a similar plant product can show different    T g    based on the critical moisture content.



Furthermore, the glass transition temperature of food products has been pointed out to be responsible for the deterioration mechanisms during processing, and an indicator of food stability [57]. It has been also reported that when the temperature of some processes exceeds      T g   , the quality of foodstuffs is seriously altered [58]. However, most available literature discussed quality in terms of structure, collapse, and shrinkage effect. This is because, shrinkage and    T g    are interrelated in that significant change in volume can be noticed only if the temperature of the process is higher than the    T g    of the material at that particular moisture content [59]. Therefore, there’s a need to intensify and establish the influence of glass transition temperature on the biochemical component of food, as these parameters may also serve as a useful tool for the choice of the appropriate materials to be freeze-dried.




2.3. Selected Changes Associated with Freeze-Drying


Freeze-drying is an important step to other processing units such as grinding unit operation. It is one of the basis that prepares the food sample towards grinding and as well determines to a large extent the expected quality of the product at the grinding stage. For the food technologist, properties such as shrinkage and rehydration capacity are the determinant for the quality of a dried product. During freeze-drying, the pure water present is converted to ice crystals within the solid matrix of the food. This usually modifies the structure, as the volume increases because of the lower density of ice compared to the liquid water. The interaction between kinetic constraints on the formation of crystal and thermodynamic driving forces is generally responsible for the pattern of microstructure in freeze-dried foods. Unlike in properly freeze-dried food material, shrinkage is usually observed in the morphological structures of foods that are dried at high temperatures. This occurs due to the dehydration effect resulting from the contraction of the viscoelastic matrix that was previously occupied by water. Izli and Polat [60], verified the influence of freeze-drying and convective drying method on the microstructure of the quince fruits. In the report (as presented in Figure 2), it was obvious from the photograph that the freeze-dried quince possesses a homogeneous honeycomb structure. This indicates that freeze-drying has a minimal effect on the cell structure due to dehydration via sublimation. Consequently, shrinkage was higher in the convective dried sample as a result of excess microstructural stress induced due to high moisture gradients within the product. The effect was dependent on the drying temperature, as increasing cell wall and microcavity breakage is observed in the sample as temperature increases. In essence, the porosity of the food sample increases with less shrinkage, which in turn, favors the rehydration ratio of the dried samples [60]. However, higher porosity in food also means an increase in the surface area, which implies a shorter shelf-life due to surface exposure and a higher rehydration ratio owing to the development of many open pores serving as capillaries for water uptake [61]. Consequently, higher pores also create pathways for oxygen permeability which can result in rancidity especially in food containing lipids. Therefore, it is essential to control the drying method to suit the intended purposes and achieve the desired porosity.



Furthermore, it should be noted that freeze-drying could be critical as it can cause cell damage to food samples e.g., fruits and vegetables. This is because, during freeze-drying, ice crystals within the food cells increase as the temperature decreases, which causes a compression force, pushing and rupturing the cell walls of the food material [61]. Thus, to minimize the damage, other methods, such as microwave-drying is used alongside freeze-drying [62].



Carbohydrates are favored as excipients because they are chemically safe and can be easily vitrified during freezing by the    T g   . However, drying conditions have been reported to damage the surface and alter the interior structure of starch granules, eventually affecting their properties, such as chemical reactivity, gelatinization, retrogradation, and pasting properties. In a study conducted by Apinan et al. [63] on potato starch, it was found that freeze-dried potato starch granules displayed higher enzymatic susceptibility than native potato starch granules (dried by convective method), this occurred due to the alteration of the surface structure during the drying process (Figure 3), as hydrolysis of the starch granule are increased by  ∝ -amylase. A change in the structure of mannitol and lactose has also been reported during freeze-drying [64], which occurred as a result of the separation of a frozen solution in the form of crystalline phase. This process is dependent on processing conditions. Mannitol is crystallized during freezing, whereas sucrose remains in the amorphous state right through the drying process [64]. The presence of porous particles is expected after the sublimation of ice crystals during the freeze-drying process. However, this mostly influences the sample bulk density and compressibility. Samples having greater porosity were reported to usually show smaller compressibility. In the report of Mirhosseini et al. [65], the compressibility and compatibility of powder affected its flow properties in the micro-scale through the adhesion forces between the particles. The angle of repose is also one of the critical features indicating the degree of flow characteristics of powder granules. Thus, the increase in the angle of repose is associated with decreasing the flowability characteristics, which measures the powder resistance to flow under gravity due to frictional forces resulting from the surface properties of the granules.



From the textural viewpoint, freeze-drying plays a major role in determining the textural characteristics of food during chewing of ready-to-eat food e.g., dried squid, potato, apple, and mushroom. It also influences post-processing unit operations of drying such as grinding. In most food scenario, food hardness is usually evaluated based on the grinding and breakage energy requirement. Therefore it is important to maintain a good texture property for optimum efficiency during grinding to achieve high food powder quality and yield. Arumuganathan et al. [66], established the influence of freeze-drying conditions on the structural properties which influence the mushroom texture. In their report, they described maintaining the structure of mushroom resulting from freeze-drying process to be of great influence to achieving soft texture property. This is because, during cellular structure deformation during dehydration, tissues are fused together leading to an increase in firmness that causes sample hardness. However, when the original dimensions are maintained during drying, the effect of concentration of water-soluble components due to the mobility of aqueous phase is prevented and hence the resulting product is of a tender texture and consequently requires minimal breakage or grinding energy.




2.4. Drying Kinetic


The study of drying kinetics is very important to engineering and process optimization as it helps to select the best and most appropriate drying methods and control the drying process. It shows the diffusion of moisture from food and its relationship with drying variables over time [5]. It has often been used in describing the microscopic and macroscopic mechanisms of mass, heat, and momentum transfer in the drying processes, which are majorly influenced by thermodynamic conditions, the drying system, and the material properties of the agricultural product. Drying kinetics also describes the influence of moisture removal and other variables involved and thus, could be used for making appropriate choices of dryers and operating conditions for food product processing. Fick’s law type models are commonly used to represent the air-drying kinetics in the falling rate period. However, this simple model is not always adequate to represent the complex process of drying. On the other hand, some complex theories that represent the drying process from the microscopic standpoint of mass and heat transfer between each phase inside the food particle [67]. This approach thus makes use of volume averaging method to solve the governing transport equations, however, it is sometimes too complex for practical use since the required parameters are difficult or impossible to determine experimentally. For practical purposes, it is often useful to use a lumped-parameter model supported by carefully designed experimentation at a laboratory scale. Ratti and Crapiste [68] developed a lumped parameter model for hygroscopic shrinking food systems. This model is represented in Equation (1);


   n w  =  k g   (   a w   P  w s   −  P  w ∞    )  1 +  (   ϕ   X 0     )  B  i  m d            



(1)




where    n w    water flux,    k g    is mass transfer coefficient,    a w    is water activity,    P  w s     is water vapor saturation,    P  w ∞     is the water vapor at equilibrium,   ϕ   is characteristic drying parameter,    X 0    is water content in dry base and   B  i  m d     is the Biot number for mass transfer defined as;


  B  i  m d   =    (   K g   L 0   )     (   P 1   D r   ρ s   )       



(2)




and    P 1    is the equilibrium relationship at the solid gas interface, that is obtained from


   P 1  =    (    δ X   δ  P w     )   T     



(3)







 L  is the sample thickness (m).    D   is effective mass diffusivity inside the sample (   m 2   s  − 1   ) ,   and   ρ   is mass density. The parameter  ϕ  in Equation (1) was shown theoretically and experimentally to be independent of drying conditions and particle geometry, and only a function of moisture content [68] and it is represented as


  ϕ = 5.32 ×   10   − 3      (   X   X 0     )    − 1.079      



(4)







Recently simulation has been used as a preliminary evaluation of freeze-drying, and several models concerning the heat and mass transfer phenomena during freeze-drying were reported [69]. However, in most cases, adjustable parameters are needed to match the model predictions with experimental data. A new model developed by George and Datta [70], for validation of heat and mass transfer in frozen dried vegetables base on sample thickness as shown in Figure 4 was developed. This model considers the heat and mass flux which are responsible for moisture transfer from a frozen sample in the freeze-dryer due to the higher temperature of the plate on which the sample is rested during drying. Therefore, heat flux occurs through the frozen layer. Thus the model was analyzed as a function of the drying time or the effective mass diffusivity inside the sample, and it is represented as;


  t =    (  1 − x  )   2  R T  L 2   X 0   ρ s  2 D  M w   (   P  f w   −  P  e w    )     



(5)




or


  D =    (  1 − x  )   2  R T  L 2   X 0   ρ s  2 t  M w   (   P  f w   −  P  e w    )   



(6)




where  D  is the effective mass diffusivity inside the sample (   m 2   s  − 1   )  ,  t  is the drying time,    X 0    is the initial water content (  K g  H 2  0 k g d r  y  − 1   )  , and    x   is the fraction of initial moisture remaining (dimensionless).  R  is the universal gas constant,  T  temperature (°C),  L  thickness of sample (m),  ρ  is mass density,  s  is solid,  P  is the vapor pressure,  f  is the freezing point and   e w   of water at the environment. Both sublimation and desorption are taken into account in the set of coupled non-linear partial differential equations. These equations were solved numerically by using a finite element scheme, and the simulation results agreed closely to experimental data as shown in Figure 4 for fresh carrot, capsicum and mushroom for all sample thickness.





3. Relationship between Drying and Grinding


During the drying process, most foods experience volumetric changes accompanied by internal stress formation across the food structure due to their viscoelastic properties [71]. These changes, which are mostly influenced by the drying temperature, drying speed, mobility of the solid matrix, and the volume of moisture removed per time, has a substantial effect on the food mechanical strength, which is noticeable in the sensitivity to breakage, stress cracking, and dry-grinding quality [72,73]. When water is removed from the material, an unbalanced pressure is created between the inner components of the material and the external pressure, generating contracting stresses that lead to material shrinkage and changes in shape and, occasionally, hardening effects [74]. This is the reason why drying under vacuum in a freeze-dryer is suitable for foods intended to be made into powdered products as less shrinkage and high porosity as a result of the mode of mass transfer through sublimation is obtained with freeze-drying, resulting in a less hard dried product [75]. However, just as mentioned in the previous subsection, the tendency of freeze-drying modifying the structure of food product is possible especially food with starch component due to hydrolysis. For example, rice flour with high damaged starch content was reported due to rapid hydration and hydrolysis by α- and β-amylase. This damage to the food starch component during drying and subsequent grinding is a big concern to the flour production, as it is separate from the intact granules impacting both the solubility and the susceptibility to enzymatic digestion. Thus, flour with a fine particle size has more swelling power and it’s more prone to form rigid gel structures than coarse particles [76]. Despite the importance of drying to grinding, it appears that most reports studied the effect of drying on the nutritional and physicochemical properties of food and there are very limited reports focusing on the effect of drying on the grinding process. Nevertheless, since drying directly influences the process of grinding and the final powdered product, it is necessary to present useful facts from the limited information available. Therefore, the influence of the freeze-drying process on the grinding energy requirement, grindability, and the grinding yield will be discussed in the next subsections.



3.1. Energy Consumption


During grinding, mechanical energy is required to breakdown the particle size and also to overcome the frictional force between the moving parts of the machine and the food material [77]. However, this energy is a direct function of how well the drying process was carried out. Drying as a pre-process before grinding has been reported to alter the physical and chemical characteristics of the food in terms of moisture content, hardness, and size, causing a reduction in the required time and energy needed for grinding and particle size distribution [78]. The initial moisture content of several foods before grinding is one of the most important factors determining particle size distribution, grinding energy, product yield, and ground loss. Thus, it is important to control the drying process. Several reports have confirmed that food materials with high moisture prior to grinding gave rise to larger particle sizes, low product yield, and consumed higher amounts of energy than food material of low moisture content because the food with high moisture content became tough since water act as a plasticizer between the food materials, making it difficult to grind [79,80]. A few other researchers who reported a slight deviation from the general belief that moisture content increases the energy requirement during grinding stated that, although the difference in moisture content of the food samples tested was insignificant, the energy requirement for grinding was linked to some other parameters, such as the size, hardness, and fracturability of the food material as larger food sizes and hardness used more energy, irrespective of the moisture present [81]. Several factors influence the rate of dehydration during freeze-drying, such as the sample thickness, material properties, and the quality of air velocity. Therefore, it is important to pay attention to the preliminary freezing process of food products, as the possibility of sample stiffening could occur to the sample structure at the initial stage of freeze-drying, thereby preventing solute and liquid motion during freeze-drying. The implication of this is observed in the sample hardness which results in greater energy requirement at the grinding stage. Furthermore, rehydration can occur in freeze-dried sample owning to the poor quality and/or alterations of freeze-dried products. This occurrence that is sometimes encountered is generally linked to the quality of the raw material (i.e., nature of the material) and to processing conditions (operating pressure, heating temperature, freezing rate, freeze-drying process control) This is why freeze-dried products are sometimes adulterated to prevent stiffness and enhance moisture dehydration [82].



Another important feature that influences the energy requirement is drying duration. The drying duration has characteristic effects on the physical and chemical nature of food by altering its natural state, which in turn, determines the grinding characteristics of the food. However, in the freeze-drying operation, the duration of drying has more implications on the energy consumption at the drying period than at grinding operation. Generally, freeze-drying requires a long drying period to achieve a complete dehydration process. This is due to poor internal heat transfer inside the product and low working pressures. The principal heat transfer phenomenon is radiation and since there is poor ambient convection and poor conduction between surfaces making contact under vacuum. To solve this, the freezing rate is adjusted, thus affecting primarily the size of ice crystals that are formed within the matrix of food sample, and thereafter the final porosity of the freeze-dried product [83]. From the standard law of mass transfer through porous media, it can be deduced that the larger the pore size, the easier it will be to remove water vapor from the product [84]. Thus, larger pore sizes result, in a quicker dried product and a less hard food sample, which will have a fragile structure that requires minimal crushing energy. Similarly, the shrinkage effect occurring mostly due to collapse during freeze-drying especially when the sample is drying at a temperature greater than the    T g    result in increased hardness and thus influences the grinding ability [85].



The energy size reduction principles which were formulated by Kick, Bond, and Rittinger for designing grinding operations and envisioning the grinding performance has been used to determine the grinding energy requirement of various types of food materials [78,86]. In the principles, the constants, i.e., Bond’s (work index), Kick’s, and Rittinger’s constants, are determined based on the initial and final particle sizes of the material. The Equations (7)–(10) are used for the evaluation of energy and grinding constants:


  B o n  d ′  s l a w :                                   E =  k b   [   1     L 2      −  1     L 1       ]   



(7)






  B o n  d ′  s   w o r k   i n d e x :                          w  i n d   =    k b    0.3162    



(8)






  K i c  k ′  s   l a w :                                                   E =  k k  l n  [     L 1     L 2     ]   



(9)






      R i t t i n g e  r ′  s   l a w :                             E =  k r   [   1   L 2    −  1   L 1     ]   



(10)




where  E  is the energy requirement for grinding,    L 1    and    L 2    are the mean diameters of the initial and final ground particle size of samples, respectively, and    k b   ,    k  k ,     and    k r    are the Bond, Kick, and Rittinger constants, respectively. The work index (   w  i n d    ) is referred to as the energy required to grind the material with large particle size well enough for it to pass through a sieve with a diameter size of 100 μm [86].



Another method of analyzing energy requirements during the grinding process involves the use of a stress model [87]. The model was initially developed for estimating the energy requirement during wet grinding and has been recently modified for dry grinding processes [10,88]. In this model, the stresses acting upon each particle are estimated since the specific surface area or the particle sizes were found to be influenced by the overall operational parameters. The basic principle of the stress model is that, for every given food, the product fineness is dependent on the crushing process, which is determined by two conditions (i) how often each of the food particles and its resulting fragments are stressed, and thus, denoted as the ‘number of stress event’ of each sample particle   ( S  N F  )  , and (ii) how large the specific energy at each stress event is, which is denoted as stress intensity    (  S I  )   . Since the values obtained for   S  N F    and   S I   are dependent on the overall operation process parameters, when evaluating the actual energy used for grinding any feed, it is important to consider the parameters of the grinder (which is independent of the size of the food or the particle sizes obtained). Therefore, instead of focusing on the product-related model only, the grinder-related model is also considered and involves (i) the crushing behavior of the grinder, which is determined by the number of stress events supplied by the grinder per unit time, (ii) the frequency stress event (SFM), and (iii) the energy supplied to the food particle by the grinder at each stress event, known as the stress energy (SE).



In a report by Mucsi and Racz [88] on red grape seed, the dispersibility of the sample was analyzed using the product-related stress model and in this report, the stress intensity (SI) on the grinding media (GM) was used to describe the effect of the operational parameters and thus, the stress number was estimated by Equation (11):


  S  N F  = n   t    (  1 −  ε  G M    )   x 3     ε  G M    (  1 −  ε α   )   d  G M  φ m   2           



(11)




where  n  is the revolution number,  t  is the resistance time,    ε  G M     is the porosity of the grinding media,    ε α    is the porosity of bulk grinding media,  x  is the particle size,  d  is the diameter of the grinding media, and    φ m    is the material filling ratio, estimated by Equation (12):


             φ m  =    V m     V P  G M          



(12)




where    V m     is the material volume and    V P  G M   is the pore volume between the grinding media. The number of stress events   S  N F     and the stress intensities    (  S I  )    acting on each feed particles determine the crushing result. Since the stress intensity   ( S I  ) can be considered to be the specific energy consumed at each stress event (i.e., by each particle), the overall specific energy consumption of the grinder is a good measure of the product stress number and stress intensity. Therefore, at a constant stress intensity, the product fineness can be correlated either with the stress number or the specific energy input.



In a different opinion, Bunge [89] proposed that the stress intensity   ( S I  ) is not constant, and therefore, suggested that the stress intensity is a function of the energy density in the grinder. In physical considerations, grinding mechanisms take place in two different ways. The first is due to high-velocity gradients near the blade (crusher) and near the chamber wall (grinder wall) so that the grinding media moves with different velocities. Therefore, grinding media (particles) with high velocities bump on grinding media with lower velocities and lose a part of their kinetic energy, which can be used for crushing. The second view is that, at the area close to the grinder wall, the crushing of particles is based on centrifugal acceleration. Therefore, in this zone, the particles are stressed by pressure between the grinding media and the wall. However, the stress intensity by centrifugal force is relatively small compared to that of kinetic energy. Based on this finding, a characteristic parameter for stress intensity was derived. For the derivation, a number of assumptions were made: (i) it was assumed that only single particles are stressed intensively between the grinding media, (ii) that the tangential velocity of the grinding media is proportional to the circumferential speed of the blade, (iii) that the diameter of the blade is kept constant, and (iv) that the elasticity of the food material is small compared to that of the particles. Therefore, the stressed particle volume does not depend on the grinding media size and the stress intensity   ( S I  ) is expressed by Equation (13):


  S I ∝ S  I  G M   =  d 3  G M ρ G M  V 2  t    



(13)




where   S  I  G M     is the stress intensity of the grinding media,  d  is the diameter of the blade,  ρ  is the elasticity of the food material, and    V   is the tangential velocity. In recent work reported by Racz and Csoke [10], the authors stated that Equation (12) proposed by Bunge [89] is only possible assuming one single particle is involved and no particles are sticking to the wall of the grinder. This, however, not practicable, because during ultrafine and nano-grinding the drastically increasing specific surface is accompanied by very high free surface energy, which leads to an agglomeration phenomenon. Therefore, the effect of the adhered particles to the grinding media should be accounted for during the evaluation of stress intensity (Equation (14)):


  S I ∝ S  I  G M , e f f   = f  (   d  G M   ,  ρ  G M   ,  V  t ,    ε α   )   



(14)




where    ε α    is the thickness of the adhered particle layer onto the grinding media surface. The advantage of the stress model for analysis energy requirement for freeze-dried sample thus lies in its ability to estimate the quality of energy required based on the porosity. Therefore, samples with varying pore value or quality can easily be shown to require different energy values for grinding. However, at the moment of making this review, no report was found for the analysis of grinding energy on sample freeze-dried. Therefore, to establish the effect of porosity in food during grinding, more work is needed to be conducted.




3.2. Grinding Yield and Morphological Characteristics


For many food materials, the grinding yield is dependent on several factors, such as the initial moisture content, shape, hardness, and the nature of the food sample, which are directly related to the drying process as the drying process usually influence the factors listed. For example, products with high moisture content resulting from insufficient drying give rise to less grinding yield, just as it requires greater energy for grinding as explained in the previous subsection, whereas a product with less moisture becomes more brittle and is easily broken and converted to more powder. During the freeze-drying process, the freezing step is one of the most important steps because it fixes the structure and the physical properties of the frozen material and, consequently, it determines the final characteristics of the freeze-dried material stability and morphology [19]. When conducting freezing at a low rate, larger pores are obtained. This consequently gives rise to a more brittle and easily broken material. This is because the sublimation of ice crystals grown within the food cellular structure leaves a dried matrix representing a fingerprint of the ice crystal sizes and shapes. However, when conducting freeze-drying at a high freezing rate, it results in a lesser growth of the ice crystal [19]. In a poorly conducted freeze-drying process, the growth of ice crystals can result in ruptures, pushes, and compression of the cells, which cause damage to the frozen tissue. This damage is more pronounced during slow freezing rate and will be discussed in the next subsection. Caparino et al. [90] reported the influence of freeze-drying on the microstructure of mango powder produced from the puree. They established that freeze-drying mango at a low temperature of −25 °C gave rise to a more porous structure due to less shrinkage and collapse and generated a fine homogenous powder. However, the report of Larder et al. [91] showed evidence that the freeze-drying treatment altered starch morphology and disrupted double helices and crystalline structures. The mechanism behind these changes was attributed to the disordering effects of the freezing of water and the sublimation of ice crystals on native starch granules. Thus, the starch hydrogels experienced volume reduction which, in turn, caused a reduction in the mesh size due to a loss of ordered structure of starch gels. However, the influence of the morphological changes experienced during freeze-drying can be dependent on the nature of the material. The crystalline structure formed during the freeze-drying of starch is packed by ordered double helices [92]. If the orderly-arranged double helices are disordered or disassociated, starch crystallinity is reduced. In the report of Larder et al. [91] on normal maize starch and high amylose maize starch during freeze-drying, the variation of the amylopectin to amylose determined the behavior of the cellular structure during freeze-drying. Normal maize starch gel contained more amylopectin but less amylose compared to the high amylose maize starch. Therefore, native maize starch showed more crystals from amylopectin, but structures were less ordered compared to the high amylose maize starch. Zhang et al. [93] stated that Amylose-derived crystals always required more energy to disassociate, indicating amylose-based reassembled aggregates may be less damaged during freeze-drying treatment. This gives food with more amylose along with an amylose-based component to keep their ordered structure with greater gel strength and resistance to destruction during freeze-drying. In regards to the ordered structure, reassembled aggregates compactness and network features of starch gels determined their changes in microstructures during freeze-drying treatment [94]. Thus, the combined effect from the freeze-drying process and the resulting influence of how the freezing process was conducted could possibly influence the grinding yield. This is because a collapsed structure during freeze-drying will result in an increase in firmness of the sample, thereby increasing hardness and requiring a high energy for an increased grinding yield.





4. Limitations in Grinding as a Result of the Drying Process


Grinding is a very important unit operation to achieve powdered food products during dry grinding because it determines, to a great extent, the quality of food materials and what the food powder will be used for, as judged by its characteristics. During grinding operations, most food is faced with limitations that result in poor grinding ability. Several research studies have reported factors that limited the grinding ability in relation to the drying processes prior to grinding [95,96]. Baudelaire [7] in the handbook of food powder, grouped the limitations observed during grinding as intrinsic (water content) and extrinsic (glass transition and caking) factors. Awareness of these factors is of great importance in optimizing the grinding process.



4.1. Impact of Freezing Rate On Crystallization and Microstructure


The phase transition part of the freezing process involves the conversion of water to ice through the crystallization process, and is the key step determining the efficiency of the process and the quality of the frozen product [97]. As mentioned in the early part of this review, the formation of large ice crystals within the tissue of foods results in a significant structural deformation in the tissue. On the other hand, the formation of fine crystals results in evenly distributed ice crystals within and outside the cells which prevent cell damage and an improved texture property requiring less energy during grinding. This process of crystallization consists of two main successive stages; nucleation and crystal growth [50]. For large-sized foods, the nucleation will start predominantly at the exterior surface of the food, which is exposed to the coolant [19]. The interaction between these two steps determines the crystal characteristics, i.e., size, distribution and morphology of the crystals. In fresh foods that have retained a cellular structure at the start of freezing, the nucleation can be extracellular and/or intracellular. At slow freezing rates, the nucleation is extracellular, while at fast freezing rates during cryogenic freezing the nucleation is mainly intracellular. The turgor pressure inside the cell makes it thermodynamically favorable that nucleation starts extracellular [98]. Additionally, the changes of intercellular ice nucleation depend on the ratio of freezing rate and the time scale of water permeation through the cell membrane and it is mainly determined by the temperature gradient. The freezing rate is, however, a critical parameter contributing to the distribution and morphological variation observed in the microstructure of freeze-dried food materials. Silva-Espinoza et al. [99] reported the influence of the freeze-drying rate on orange puree with added gum arabic and bamboo fiber. In the research, it was established that a slow rate of freezing resulted in the formation of bigger ice crystals and an expansion of the cells in the structure, resulting in larger pore formation. Similarly, Voda et al. [19] reported the impact of freezing conditions, such as drying at a very low temperature (−196 °C) as compared to a slightly low temperature (−28 °C) to also have an effect on the microstructure of carrot apart from the freezing rate. In their report as shown in Figure 5, the sample frozen at a lower temperature shows smaller pores as ice crystals formed at slow rate, especially during fast cooling conditions. On the other hand, slow freezing allows ice crystals to grow outside cells, causing damage by cell collapse and rupture. The implication of the resulting product from such slow freeze-drying usually would result in difficulty during the grinding of food as a consequence of increased firmness and hardness. Similarly, due to food material collapse, moisture can be trapped inside the food material, thereby causing a caking effect during grinding.




4.2. Caking during Grinding


Cake formation is a major issue that occurs during drying and grinding to form food powder due to the high cohesive force existing between the powder particles [100]. Caking has been an issue for further powder utilization in the food industry and the major contributing factors are the extent of drying, the temperature during grinding, the moisture content of the food material, and the ambient humidity [101]. Many available publications stated only whether caking was observed and under what conditions it was noted. However, quantitative methods have been utilized for the characterization of caking phenomena. Among these methods for accessing powder caking are the technique of powder flowability, angle of repose, inter-particle cohesion, size reduction and particle morphology [100] Collapse, stickiness and caking are a common occurrence with improper freeze-drying process. This is due to the interparticle bridging manifesting from the loss of structure and a decrease in the sample volume when the solid matrix collapse beyond the    T g   . The    T g    occurs over a temperature range and this is often a relatively narrow range of about 10 to 20 °C for amorphous sugars. However, a much larger range of about 50 °C may be expected for the glass transition of polymers in foods. Within this temperature range, the    T g    can be referred to as the temperature initiating the onset of glass transition or the mid-point temperature of the change in specific heat capacity [101,102]. Many food samples contain amorphous glassy components, e.g., amorphous sugars, and these components are thermodynamically unstable and can crystallize. However, this requires that the molecules can move. When an amorphous component is given sufficient conditions of temperature and water content, they can mobilize as a highly viscous flow, which can make them sticky and lead to caking [103]. The    T g    of powder increases the molecules interacting at the surface of powders in contact [45]. However, some cautions should be exercised when interpreting the response of caking with    T g   . This is because many other factor associated with powder such as storage temperature, exposure time, and atmospheric humidity may alter the handling behavior and appearance of the powder therefore causing caking effect, and also because glass transition only occurs over a range of temperature (10–20 °C for amorphous sugar, and  ≤  50 °C for food polymers). Such case as found in the report of Fitzpatrick et al. [100] who stated that the resulting cake formation found in lactose was dependent on the relationship between, cohesiveness and exposure time as lactose power water content was found to increase with the exposure period leading to cake formation. However, the temperature had less significant effect except for condition at 40 °C (100% RH) which lead to greater water uptake and a resulting cake formation (Figure 6).



Furthermore, the caking of dried mango during the grinding process is a usual occurrence that limits the process due to stickiness and this sticky nature of the powder has been described as the ‘‘amorphous viscosity’’ theory [101]. Based on this theory, the critical factor causing stickiness is viscosity and an increase in viscosity usually observed as increased grinding time results in the formation of more cakes in food powder [101]. However, from the literature reviewed, we can also deduce that not only the grinding time causes caking in the powder. For instance, caking may be due to the strengthening of the liquid junction that occurs in products during processing and storage [104]. Fortunately, to correct caking errors, as should have been evident at this point, the strict control of moisture content and storage at low temperatures, when possible, are key factors in minimizing the effects of caking of powders. Furthermore, the addition of food additives in food, such as glucose syrups in a range of about 40–60%, has also been reported to reduce the stickiness and improve the powder recovery by reducing the cohesive forces between the particles [105].





5. Effect of Grinding Technology on Food Powder Component


The content and bioavailability of the nutrients depends on food nature but also on their processing methods. Reducing material size during grinding or shearing to fine particles with 10 to 25 μm particle diameters or less increases the food products’ interfacial activities [106]. Powder with particle size below 25 μm is usually called superfine powder. At this level, the food shows an improve dissolution rate of the effective component present in the food products, by increasing effective release of the bioactive component. However, the particle size obtainable from the grinding process is a function of the type of the mill or grinding technology used. For instance, the report of Dewettinck et al. [107] indicated that the type of mill and the flow diagram used during grinding process influenced how the bran and germ are separated by the starchy endosperm. When high amounts of bran and germ are separated, the flour obtained from the starchy endosperm have lower amounts of micronutrient, because they are concentrated in bran and germ. Additionally, the type of force (e.g., shear, compression, or impact) used to break the grain for reaching the starchy endosperm and to further grind the starchy endosperm into flour can also influence the availability of nutrients [108]. This was similar to the report of Violeta et al. [109] who investigated the influence of milling method on the bioactive components of multigrain flour (base on wheat, rye, and triticle). In their report, they discovered that the multigrain flours obtained from Buhler laboratory mill had bioactive compounds values of about 1.75–2 times higher compared to the corresponding multigrain flours obtained with laboratory disc mill. These results indicate that the intensity of the grinding process varies with the milling equipment. When compared to the laboratory disc mill, the Buhler mill ensured a more intense grinding process, which resulted in higher amounts of particles originating mainly from pericarp and testa with lower size.



However, when discussing the size generated from grinding operation, precaution and proper check must be ensured. This is because the majority of bioactive compounds such as lipids, proteins, carbohydrates, and vitamins present in food are readily exposed with smaller size and they are sensitive to high acidic environment, enzyme activity, and may react with oxygen in the environment. For instance, Polyunsaturated fatty acids of the n-3 family such as docosahexaenoic acid and eicosapentaenoic acid which can be found in nuts and seed are known to have various health benefits, such as ameliorative effects on hypertension, inflammation, immune problems, and other diseases [110]. However, n-3 fatty acids are susceptible to oxidative deterioration, limiting their use in foods because of flavor degradation by oxidation. In addition, hydroperoxide and their secondary products originating due to lipid oxidation are thought to be toxic [111]. Furthermore, issues relating to health safety could also be a factor to consider, as the larger surface area increases the risk for bioaccumulation of microorganisms.



In functional foods where bioactive component often gets degraded and eventually led to inactivation due to the hostile environment, encapsulation of these bioactive components is a readily available solution that has been used for extending the shelf-life of food products by slowing down the degradation processes or prevents degradation until the product is used. Moreover, the edible coatings on various food materials could provide a barrier to moisture and gas exchange and deliver colors, flavors, antioxidants, enzymes, and anti-browning agents and could also increase the shelf-life of manufactured foods, even after the packaging is opened [112].




6. Innovations in Freeze-Drying Technology towards Achieving Grinding Efficiency


Food structure porosity is an important and distinct attribute of a freeze-dried product. Though directly related to some physical and chemical changes observed in a freeze-dried product such as rancidity and oxidation [113]. It remained a desirable attribute during food processing as well as the grinding operation of the freeze-dried products as it aids the production of a highly crispy texture. The desirability of porosity during drying is mainly due to its tendency to create a pathway through which heat and mass are transferred during the drying operation. This, in turn, affects the drying characteristics of a material and, hence, its time/temperature history, which has a direct relationship with the chemical and/or biochemical change [114]. Therefore, controlling the development of pores in food during freeze-drying is crucial. The process of pore formation during freeze-drying is affected by either the intrinsic (chemical composition and the initial structure before drying operation) and extrinsic factors (temperature, pressure, gas atmosphere) [115]. During freeze-drying, the ice sublimation creates pores - the walls of which may shrink or collapse due to surface forces, capillary suction pressure or gravity. This, however, can be controlled or reduced by lowering the surface tension through the use of a surfactant, organic solvent or the introduction of pretreatment such as blanching can be applied prior to drying operation. A review of the pretreatment methods has been recently published [116].



During the initial stage of freeze-drying, the composition of the freeze-concentrated phase surrounding the ice dictates the    T g   . The    T g    theory is one of the concepts that has been proposed to explain the process of shrinkage and collapse during the drying processes. According to this concept, there is negligible collapse (more pores) in material if it is processed below glass transition, and the higher the difference between the process temperature and the    T g   , the higher the collapse. Fan et al. [117] found that shrinkage or collapse stopped when the processing temperature was below the    T g   . In primary drying,    T g     is very relevant and the vacuum must be sufficient to ensure that sublimation is occurring. At the end of primary drying, the pore size and the porosity are dictated by ice crystal size, if the collapse of the wall of the matrix that surrounded the ice crystal does not occur [54]. Consequently, the degree of liquid saturation also affects the pore pressure of the matrix; thus, a higher saturated matrix has a greater possibility of collapse (i.e., fewer pores). Flashing off the moisture instantaneously causes increased pressure inside the matrix, which can be a counterbalancing force to the capillary forces of collapse [118]. The high viscosity (i.e., mechanical strength) of the concentrated amorphous solution around the ice may as well prevent or retard shrinkage. In the report of Bhandari et al. [45], the collapse rate increases as the viscosity of the drying matrix decrease below 107 Pa s, above its    T g   . For various food liquids during freeze-drying, the collapse temperature can vary between −5 and −60 °C depending on their composition. The collapse temperatures can be raised by the addition of high-molecular-weight materials. However, it should be noted that the increase in collapse temperature is directly related to the increase in glass transition temperature. Ratti [119] also reported that at a low drying rate, the moisture profiles prevail in the sample, stresses inside the food are minimal, and shrinkage is pronounced but uniform. At a high drying rate, the surface moisture decreased very fast so that the surface became stiff (case hardening phenomenon), limiting subsequent shrinkage. Thus, the moisture transport mechanisms and the drying rate plays an important role in the formation of pores. Consequently, this consequently will improve the grinding efficiency, provided that an adequate drying process, porosity, and moisture content are ensured.




7. Conclusions


Drying and grinding processes are the predominant unit operation that determines the quality of powdered food products. Among the several drying operation methods, freeze-drying is widely used for dehydrating agricultural products such as fruits, vegetables. Despite the long processing time and being an expensive method, it is mostly preferred due to its high final product quality. Although during freeze-drying, the glass transition temperature is a critical point that requires high consideration and monitoring to achieve a high-quality product. Energy models are used for quantifying the required energy for grinding. The stress model showed a tendency to be the most appropriate model for analyzing energy during grinding of freeze-dried samples, as it incorporates the quality of porosity, volume, the dimension of sample and as well considers the effect of adhesion and grinder properties. In addition, limitations of grinding such as the impact of freeze-drying rate on crystallization and caking occurring during freeze-drying can be solved by monitoring the glass transition temperature, ensuring adequate porosity during drying and maintaining a suitable moisture content of sample during drying and grinding.
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Figure 1. Effects of water activity (a) and water content (g/100 g of SNF) (b) on the onset    T g    in anhydrous and humidified trehalose-WPI-SO systems 1, 2, 3 (stages of emulsion) stored for 360 h at 25 ± 2 °C. Source: Maidannyk et al. [56]. 
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Figure 2. Micrographs of quince fruits during freeze and convective drying. Source; Izli and Polat [60]. 
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Figure 3. Scanning electron micrograph of potato starch granules (a) and, Freeze-dried potato starch granules (b), Source: Apinan et al. [63]. 
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Figure 4. Fraction of initial moisture left vs time relationship from equation   F =   Ae   − Bt    . Source: George and Datta [70]. 
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Figure 5. SEM image of carrot freeze-dried at −28 °C and −196 °C. Source: Voda et al. [100]. 
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Figure 6. Effect of temperature, relative humidity (RH) and exposure time on the cake strength of skim milk powder. Source: Fitzpatrick et al. [101]. 
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Table 1. Collapse temperature for selected foods during freeze-drying.
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	Food
	Collapse Temperature (°C)
	Reference





	Coffee extract (25%)
	   − 20   
	[33]



	Apple juice (22%)
	   − 41.5   
	[33]



	Grape juice (23%)
	   − 46   
	[33]



	Sweetcorn
	   − 8        to − 15   
	[33]



	Potato
	   − 12   
	[33]



	Tomato
	   − 41   
	[34]



	Glucose
	   − 57   
	[35]



	Blackberry powder
	41
	[36]



	Strawberry
	45
	[37]



	Orange juice (14.2% w/v)
	51.6
	[38]



	Lactose
	   − 32   
	[39]



	Glucose
	   − 40   
	[39]



	Gelatin
	   − 8   
	[39]



	Dextran
	   − 9   
	[40]



	Pineapple Juice (10%)
	   − 41.5   
	[40]



	Billberry
	   − 38   
	[41]



	Carrot
	   − 37   
	[41]



	Radish
	   − 36   
	[41]
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