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Abstract 

A better insight in heat and mass transport across interfaces of biomaterials with their environment, particularly at the 

microscale, is a key element in improving dehydration processes. Recent advances in interfacial drying are targeted, 

including evaporation from microscopic pores, droplets or micro-perforated membranes, and drying of soft cellular 

tissue, such as fruit. Manufacturing of thin biopolymer layers, such as (edible) films and coatings, is discussed as well as 

their performance as barriers at product-environment interfaces. The physical processes at play are illustrated, recent 

insights are highlighted and a future outlook is given. These interfacial processes are critical for controlling the 

processing conditions during drying and for tailoring the structure and quality of biomaterials. 
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1. Introduction 

Dehydration implies the removal of water from natural and manufactured materials including food, textile, wood, 

ceramics and pharmaceuticals [1]. Various established and novel methods are used to drive the drying process, such as 

hot-air convection, freeze drying, superheated steam drying, microwave-assisted drying or hybrid drying techniques [2, 

3, 4, 5, 6, 7]. Many of these techniques supply heat for evaporating water. This heat is transferred to the product via the 

interface with its environment by convection, radiation or conduction. Heat can also be supplied directly into the 

material matrix, for example with microwaves (Figure 1). Moisture, however, has to be removed via the interface, 

regardless of the dehydration method being used. Often, the heat and moisture transport processes in the vicinity of 

this interface play a key role in the drying kinetics [8, 9], in addition to the bulk transport inside the porous product and 

the surrounding environment. 

Several complex phenomena occur at product-environment interfaces during drying [10, 11], of which some are 

illustrated in the paragraphs below. Large temperature and moisture gradients are found in the air boundary layer [12] 

(Figure 1). Also, the occurrence of micro-roughness can highly enhance or restrict the convective transfer rates [13, 14]. 

In the absence of a liquid film on the exterior surface of a porous material, only a part of this interface area contains 

liquid water (Figure 2a), namely the water-filled pores [15]. Thereby, these exposed surfaces cannot be considered fully 

wetted, even during the constant drying rate period, when the drying front is located at the surface (Figure 2b). Later 

on, the drying front recedes into the material, indicating the start of the decreasing drying rate period. At this point, the 

complex interplay between boundary-layer transfer and moisture/heat diffusion inside the material determines the 

drying rate. The large moisture gradients that appear inside the material near the interface (Figure 1) induce also an 

altered moisture permeability, as the latter is often highly dependent on moisture content [16]. 

The partial surface coverage by moisture sources is found to influence the drying kinetics significantly [17, 18]. This 

phenomenon is of high relevance as practically all porous materials experience such a reduced wetted surface. A similar 

situation is found for perforated membranes (Figure 2a), which are used as moisture barriers between wet materials 

and their environment. Typical examples are membranes for evaporation suppression of free water surfaces [19], micro-

cracks or lenticels in the fruit cuticle [20] or stomatal openings in plant leaves [13], which regulate leaf transpiration. 

Such partial coverage is also encountered with impermeable surfaces of biomaterials, covered with small droplets 
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(Figure 2a). Typical examples are droplets of rain or pesticide spray on fruits or plant leaves. Their evaporation kinetics, 

thus the droplet lifetime, determine the pesticide efficacy and the risk of contamination by pathogens [21, 22]. As such, 

there is a wide range of applications where accurate predictions of moisture transfer of partially wetted or partially 

exposed surfaces is needed. 

On another note, drying is a key processing and preservation technology for cellular fruit tissues, processed food and 

food gels (Figure 3), which are soft materials. Often, the primary aim is to increase shelf life by reducing the water 

activity below an acceptable level. Other targets are ensuring prime product quality, such as rehydration capacity and 

sensory properties (e.g. structure, texture, mouthfeel), while at the same time maintaining a high throughput and 

minimal operational costs. For these soft materials, shrinkage near the interface can lead to a thin dry layer of material, 

which acts as a clear barrier against dehydration [23, 24, 25]. The mechanical properties near the interface are also 

altered due to their dependency on the moisture content, which can lead to case hardening or cracking damage [26]. 

These interface phenomena thus play a key role in the drying process. 

Furthermore, permeable biopolymer layers are applied as manufactured interfaces between the product and its 

surroundings. These bio-barriers are often (hydro)gel-based [27] and serve as functional food components [28, 29, 30], 

stimuli-responsive membranes [31], scaffolds in tissue engineering, drug delivery vehicles or optical biosensors [32, 33, 

34, 35]. Edible coatings, for example, control the transport of moisture, metabolic gasses and volatile compounds from 

intact and fresh-cut fruit and vegetables, as well as from processed food [30, 36]. Edible coatings enhance quality and 

shelf life, but can also facilitate further processing, and edible films serve as biodegradable packaging materials [37]. 

These biopolymer layers can be manufactured separately on a substrate (Figure 4a) and then applied onto the product 

of interest, or can be directly applied onto the product (Figure 4b). Apart from their composition and film forming 

characteristics, the drying conditions highly affect the structure of the biopolymer layer, which in turn determines the 

barrier performance [38, 39, 40]. The transport processes within and through these thin interface layers and their 

microstructure are key determinants to take into account for their design, manufacturing and successful use of the end 

product.  

Despite their significant impact on drying kinetics, most of the aforementioned interface phenomena have received 

little attention, far less than bulk product dehydration, equipment design and performance, or process control and 
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optimisation. A better understanding and quantification of these interfacial exchange processes of biomaterials with 

their environment during drying can help to improve drying processes, for example by optimising process conditions. 

Such insight can also aid in controlling the final (micro)structure of the dried biomaterial in order to achieve desired 

functional properties, such as moisture barrier performance of edible films. 

This review targets recent specific advances in a selection of drying phenomena occurring at biomaterial-environment 

interfaces, namely the three topics depicted in Figures 2 to 4, which are of particular relevance to drying technologists: 

(1) evaporation from microscopic pores, droplets or micro-perforated membranes; (2) drying of soft cellular tissue and 

gels; (3) manufacturing of thin biopolymer layers, such as (edible) films and coatings, and their performance as barriers 

at product-environment interfaces. Particularly edible biological materials are targeted - thus food - including fresh fruit 

and vegetables, processed foods and edible films and coatings. This class of materials has promising industrial 

applications towards more sustainable process engineering [10]. We illustrate the physical processes at play and discuss 

state-of-the-art numerical and experimental methods, as these are two, often complementary, ways to get more 

insight. Afterwards, the latest insights and the possible impacts in each field are highlighted. Finally, future challenges in 

interfacial drying are discussed and we hint to solutions to accommodate for them.   
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2. Advances in interface exchange processes 

2.1 Discrete microscopic moisture sources  

Unless porous materials are covered with a water film, they only have a part of their external surface via which water 

vapour exchange can occur, namely via the exposed pores at the surface. The same holds for impermeable surfaces, 

which are only partially covered with small droplets, or for perforated moisture barriers between a wet material and its 

environment (Figure 5a, Figure 2a).  

Partial surface coverage with such so-called discretely-distributed moisture sources alters the convective moisture 

transport in the boundary layer, compared to a fully wet surface, and will affect the drying rate. This phenomenon is 

investigated for microscale droplets on impermeable surfaces [18, 41, 42, 43, 44], capillary porous materials [15, 17, 45, 

46, 47, 48, 49, 50], perforated barriers on free water surfaces [19, 51], lenticels in the fruit cuticle [52] and leaf stomata 

[41, 53]. A typical example is illustrated in Figure 5b, where evaporation from discrete stomata from a leaf via the 

boundary layer is shown.  

2.1.1 Modelling and experiments 

Analytical studies are performed on quite simple air flow configurations [42, 53]. Experimental research often considers 

rather large moisture sources (> 1 mm) and evaluates only the total convective transfer rate from the surface [17, 43, 

44, 53]. The most recent advances are made on the numerical side (e.g. [17, 18, 41, 46, 47, 49]). Some of these studies 

use computational fluid dynamics (CFD) to solve the air-side transport. With this approach, the local convective 

exchange processes in the boundary layer can be determined, which affect the vapour concentration profiles in the 

vicinity of the microscopic moisture sources. Often vapour transport is modelled as a passive scalar, which implies that it 

does not affect the airflow field. As vapour transport is not directly coupled to the airflow calculation, the computational 

complexity is reduced. Attaining such high resolution at these small scales is very challenging experimentally. Some 

techniques have been evaluated recently [54, 55], but only look at single droplets. 

2.1.2 Advances 

The aforementioned research shows that the vapour flow rate for surfaces that are only partially covered with moisture 

sources (Gc,w) is indeed lower than for a fully wetted surface. There is a strong nonlinear dependency on the coverage 
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ratio (Aeff/A), the size of the sources (d) and the air speed (U), thus the boundary layer thickness (δVSL = thickness of the 

viscous sublayer, Figure 5c). A relatively high vapour flow rate is obtained when the surface coverage is high, the source 

size is small and the boundary layer thickness large (i.e. low speeds). In this case the surface behaves very similarly as a 

fully wetted surface. This behaviour is found to be valid for both microscopic as well as macroscopic sources [51]. As a 

result, porous materials with an inherent partial surface exposure, namely only the pores at the surface, can still have a 

quite high drying rate, particularly during the constant drying rate period (CDRP). Obviously, this CDRP drying rate is 

found to be material dependent [50], as the size and the amount of pores at the surface differs. 

2.1.3 Impact 

These findings are relevant for quantifying the convective mass transfer coefficients (CMTCs) that are used to predict 

the vapour flow rate from products or water surfaces in dehydration modelling. CMTCs can be determined from mass 

transfer experiments, CFD simulations or the heat and mass transfer analogy. Often uniform boundary conditions are 

imposed, namely a fully-wet surface or a constant-temperature surface [8, 13]. For the latter, only heat transfer is 

considered, so without moisture transport, where the CMTC is estimated using the heat and mass transfer analogy. The 

use of CMTCs resulting from such uniform conditions will thereby lead to an overestimation of the convective transfer 

rates for surfaces with only partial exposure, compared to a uniformly-wetted surface. This overestimation is most 

pronounced for large source sizes, high air speeds and low surface coverage (Figure 5c). In addition, the discrepancies 

can change during the drying process, namely if the surface coverage (A/Aeff) decreases as pores dry out (from point 1 to 

2 in Figure 5c). For droplets that are not pinned, the situation is even more complex. In addition to the decreasing 

coverage ratio, the droplet size (d) also decreases, as they gradually dry out (from point 1 to 3 in Figure 5c). A similar 

phenomenon occurs when gels dry as shrinkage makes that the pore size decreases (Figure 3b). Gels however often 

behave close to fully wet surfaces due to their very small pore size (~ 101 nm [56]). A detailed understanding of this 

partial-surface-coverage effect is also critical for designing permeable membranes or porous biopolymer layers with 

specific moisture transport properties, which are tailored to actively control, reduce or enhance evaporation.  

2.1.4 Future work 

Despite the recent experimental progress, new insights are particularly expected to come from the modelling side, 

where several model advances are in reach. So far, the simulated airflow fields are often very simple, such as laminar 
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fully-developed flat-plate flow, and only a few studies targeted turbulent flow [18, 41, 48]. Furthermore, the non-

isothermal nature of the evaporation process [49] and the interaction with the transport inside the porous material [17] 

have scarcely been considered. The latter becomes particularly important at high heating rates, for example with 

microwave heating, since then vapour is transported convectively out of the pores, driven by high gas pressures [11]. 

Finally, the complex dependency of the vapour flow rate on the microscopic surface sources (in terms of size, air speed, 

surface coverage, Figure 5c) could be incorporated in models at the macroscale level. This has only been pursued by 

[57], to the best knowledge of the authors. 
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2.2 Dehydration of soft cellular materials 

Soft cellular tissues such as fruit and vegetables typically are composed out of cells (e.g. ~ 100 μm for apple), which are 

predominantly composed of water, and intercellular air-filled spaces (~ 10-20% in volume, Figure 6). The cell membrane 

(~ 10 nm, a phospholipid bilayer with embedded proteins) contains the water-based cytoplasm and organelles, which 

act as a viscoelastic filling of the cell. The membrane is pressed against the elastic cell walls (thickness ~ 1 μm) by turgor 

pressure. Water transport in cellular tissue occurs via three pathways: apoplastic, symplastic and transcellular (Figure 6). 

Symplastic water transport occurs through the cells via plasmodesmata (diameter ~ 50 nm), which connect cells, and is 

considered as the most relevant transport pathway. Apoplastic water transport takes place via the cell walls and 

intercellular spaces, so bypassing the cells. Transcellular transport occurs directly from one cell to another, through the 

cell walls and membranes. A representation of the cellular structure is shown in Figure 7, namely for fresh fruit tissue 

(Figure 7b) and for dried tissue (Figure 7a). 

Dehydration of such soft cellular structures involves significant changes in volume (shrinkage) and pore structure. 

Different stages can be discerned, which are illustrated in Figure 8. When cells are still turgid, so under turgor pressure, 

they shrink. Mostly symplastic water is lost, since the apoplastic water content only decreases at the last stages of 

drying [58, 59]. As such, the change in water content of the tissue is almost linearly dependent on its overall decrease in 

volume, which is called free shrinkage [60]. In a later stage of drying, the cellular matrix provides sufficient mechanical 

resistance to render the macroscopic volume reduction smaller than the amount of water removed, leading to a non-

linear relationship between volumetric shrinkage and water content.  

When the turgor pressure in a cell drops to zero at low water contents, the cell protoplasm detaches from the cell wall, 

a process called plasmolysis [61]. The cell membrane can also break, which is called lysis. As the cell membrane provides 

the largest resistance to water loss, the breakage of the cell membrane will speed up drying significantly since then 

symplastic liquid water fills the intercellular spaces and is also absorbed into cell walls [62]. In addition to shrinkage, 

plasmolysis or lysis of individual cells, cells walls have been observed to break, collapse or detach from adjacent cells 

[59, 63, 64]. Furthermore, the mechanical properties of the tissue can change from the rubbery to the glassy state, 

inducing case hardening [65, 66]. The sensory properties and palatability are also affected by the textural changes at the 

interface [67]. 
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2.2.1 Modelling and experiments 

The bulk of the research on cellular tissue dehydration at the microscale relies on experiments. The focus is mainly on 

determining changes in microstructure and moisture permeability, but also in color and rehydration capacity. 

Microscopic techniques are prevalent here, including scanning electron microscopy (SEM) [68, 69, 70, 71, 72]. More 

advanced 3D imaging is used as well to investigate the microstructure of fresh and dehydrated cellular foods at steady 

state conditions, including X-ray computed tomography [73, 74, 75] (Figure 7b). 

As an alternative for studying dehydration of soft cellular materials at microscale level, two numerical approaches are 

recently developed. In a first approach (Figure 9a, [58]), a 2D finite-element model (FEM) for microscale water and gas 

transport [76] is coupled to a cell micromechanics model [77] to capture dehydration-driven mechanical deformation of 

the cellular matrix. Such deformation is illustrated in Figure 9a. A second approach involves a mesh-free particle-based 

model (Figure 9b, [78, 79]), based on previous particle-based models [80]. The cell protoplasm is modelled using 

smoothed particle hydrodynamics (SPH) and the cell wall is modelled using the discrete element method (DEM). This 

particle-based model has the advantage that large deformations can be captured, including cell warping and wrinkling, 

as illustrated in Figure 9b. However, in contrast to the first approach [58], the 2D cellular structure is idealised with 

almost no intercellular air spaces, thus low porosity, and cell membranes are not accounted for explicitly. 

2.2.2 Advances 

The microstructural changes that are induced during dehydration of a soft cellular material start at the cells near the air-

product interface. These structure transformations are found to exhibit a large dependency on the process temperature 

and drying method [81, 82]. Such microstructural changes highly affect the effective (macroscopic) moisture transport 

properties. As an example, the moisture transport pathways can be altered from intracellular to extracellular pathways 

if cell membranes break [62]. In this context, the dehydration of a soft cellular material has been observed to lead to the 

development of a thin layer of dried-out cellular tissue at the interface for forced convective drying [23]. This collapsed 

cellular matrix seems to act as a natural moisture barrier due to its lower permeability, protecting the fruit from further 

dehydration. Such a diffusion barrier could also explain why many fruit and vegetable tissues have a very short CDRP 

[83, 84, 85]. The resistance to moisture transport of the partially dried cellular material, in addition to the boundary-

layer resistance, significantly prolongs the total drying time. At low convective drying rates however, the product 
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surface can remain moist for a longer time, i.e. the product is in the CDRP, since such a dry tissue layer does not 

develop. In this case, the transfer of moisture inside the material to the surface is faster that the convective removal 

through the boundary layer. Next to the strong dependency of the drying behaviour on the drying conditions, also the 

speed and level of tissue dehydration as well as rehydration history are important. Hysteresis effects have been 

observed, which are attributed to changes in the amount of sorption sites caused by microstructural deformations but 

also by changes in crystallinity of sugars [86, 87, 88]. Transport in cellular food tissue is also of interest in the context of 

enriching foods with functional agents, for example by vacuum impregnation [89, 90]. 

2.2.3 Impact 

A detailed understanding of the transformations occurring within this cellular structure, especially at the interface, is 

critical to tune drying conditions in a more goal-oriented way. Such insight should also allow to better control the final 

product microstructure in order to achieve enhanced functional properties, such as rehydration behaviour, sensorial 

profile or palatability [39]. Such insight could also aid in optimising pre-treatments, like osmotic drying [87, 91], or 

hybrid techniques such as convective-ultrasound drying [92, 93, 94, 95, 96, 97, 98], given that these techniques rely on 

disturbing or destroying the cellular structure at the interface or inside the bulk tissue to intensify moisture removal [2]. 

2.2.4 Future work 

Next steps in experimental imaging work should use the high spatial and temporal resolution available at synchrotron 

facilities to probe into the three-dimensional changes in the cellular structure and water transport during dehydration. 

Compared to steady-state imaging of the fresh and dry states, such dynamic tests could monitor cell wall collapse and 

membrane breakage within the tissue. 

Novel modelling approaches [58, 78, 79], based on SPH-DEM or micro-FEM, successfully capture cell dehydration and 

deformation in a dynamic way, but should be improved. They now assume that cells are turgid, so at relatively high 

moisture content, by which detachment (plasmolysis) and breaking of the cell membrane (lysis) cannot be captured. In 

addition, they assume isothermal conditions, by which they do not capture the lower product temperature, compared 

to the air temperature, often observed during drying, caused by the latent heat of evaporation [99]. 
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Another interesting idea that can be explored further is the use of surfactants to enhance drying rates and quality of 

biomaterials [64]. Surfactants reduce the surface tension between the liquid and gas phase (vapour), so the interfacial 

energy. Surface water molecules are brought to a lower energy state by which the surfactant actually stabilises the 

molecules. For free water surfaces, surfactants are often used to suppress evaporation [100]. For porous materials, 

surfactants reduce the maximal attainable capillary stresses inside the pores (see Figure 2b) and thereby also the 

product shrinkage during drying. Surfactants can also influence the contact angle [101]. They have been successfully 

used to reduce cracking for ceramic materials when added to water during preparation [102]. With cellular biomaterials, 

surfactants had an additional effect as they induced cell tissue damage after vacuum infiltration [103]. The most likely 

reason is that the surfactants dissolve the lipid-based cell membranes, leading to faster drying. The effects of 

surfactants on dehydration, by external application onto the product surface or by impregnation into the matrix, could 

be a way to obtain more porous structures and faster drying.   
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2.3 Biopolymer layers 

Permeable biopolymer layers include coatings and films. Films have a thickness in the micron range (< 250 µm [104]) 

whereas coatings are much thinner, typically between a few 100 nm thick up to a few microns [105]. We particularly 

focus here on hydrogel-based biopolymer films and coatings, which are often used for food applications. 

Hydrogels are made by gelation of a hydrocolloid, namely dispersed particles (biopolymers) suspended in water. As a 

result, a hydrophilic biopolymer network with a chemical or physical cross-linked structure is obtained. This network can 

contain large amounts of water but it does not (easily) disintegrate in water (Figure 10). A well-known example of 

hydrogel-based layers are edible films and coatings [28, 29, 30, 106, 107, 108]. These layers are often based on 

biopolymers such as polysaccharides (e.g. agar, alginate, cellulose derivate, chitosan, pectin, gums, starch) or proteins 

(e.g. gelatine, whey, soy, gluten, zein). Composites with hydrophobic biopolymers (e.g. lipids) also exist. In general, 

polysaccharides are applied to control transmission of oxygen and other gasses, proteins enhance mechanical stability 

and lipids reduce water transport through the layer [109]. Next to applying a biopolymer coating explicitly on the 

product surface, one could also use the biopolymers that are already available at the material surface as ingredients to 

form the biobarrier. For fresh-cut fruits, for example, only calcium salts are applied onto the fruit. The salt ions interact 

with the pectin polymers at the wounded surface to form a cross-linked network, thereby reducing softening of the 

tissue [110]. 

Thin, permeable biopolymer layers are used as functional interfaces between products and their environment, to limit 

or control transport between them. Edible coatings, for example, are applied onto fresh fruit and vegetables, dried fruit, 

bakery products, French fries, meat and chocolate products [36, 109]. Films are used as biodegradable packaging 

materials. These thin layers help to control the release of moisture, metabolic gasses or volatile compounds (aromas) 

from natural and processed foods, in order to preserve the sensory and nutritional quality of the product and to extend 

its shelf life [89, 111]. As such, biopolymer layers can be used to enhance natural barriers, such as the fruit cuticle, or act 

as substitutes of these barriers. A typical application is fresh-cut or peeled fruit, where the natural barrier is removed 

[105, 106]. Biopolymer layers are also applied to reduce solute uptake into fruits during osmotic dehydration [29, 112]. 

In composite foods, coatings are used to form barriers between components, for example to prevent pizza dough from 

losing its crispiness due to moisture migration from the tomato paste [113].  



14 
 

Next to protecting the product from its surroundings or regulating transport between them, biopolymer layers are also 

convenient media for embedding/carrying functional compounds. These compounds help in retaining product quality by 

controlled release of these compounds (antimicrobials, antioxidants) or by enhancing nutritional or sensorial properties 

for the consumer (nutraceuticals, probiotics, flavour or colour, texture enhancers) [89, 110, 114, 115, 116, 117]. From 

the above, it is clear that biopolymer layers are ubiquitous in the food industry and of high practical relevance. 

The focus of this study is mainly on edible biopolymer layers due to the rapidly growing interest in these materials. 

Reasons of such interest are that: (1) biopolymer layers can be consumed with the food or rapidly degrade compared to 

plastics, hence reducing packaging waste and forming an alternative to synthetic polymer-based packaging; (2) they 

reuse industrial biomass by-products, hence reducing biomass waste; (3) they form a perfect medium to enhance the 

quality and shelf life of fresh and processed food, as antimicrobials, antioxidants and texture enhancers are applied 

directly where they are needed, i.e. at the surface; (4) such layers can serve as biocompatible vehicles to carry 

functional compounds for customers, to protect the compounds from degradation and to control compound release; (5) 

there is a large potential for further improvement as industrial implementation is still on the rise. 

Two interesting aspects of biopolymer layers will be targeted below. First, dehydration during manufacturing of the film 

or coating is looked at. Apart from the layer composition and film forming characteristics, the dehydration step plays a 

key role in the resulting (micro)structure and barrier properties. Second, the efficacy of biopolymer layers as functional 

interfaces to influence transport between the product and its environment is discussed.  
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2.3.1 Manufacturing of biopolymer layers 

Films are produced “stand-alone”, i.e. by a separate process, mostly by solvent casting but also by extrusion. Coatings 

are directly applied onto the product by dipping or spraying [118]. Most of these processes use a colloidal solution (sol) 

of biopolymers in a liquid solvent, for example water in hydrogels. This solution is turned into a gel by cross-linking the 

biopolymers into a solid polymer network (gelation, Figure 10) and by removing the solvent through drying (Figure 4). 

Convective air-drying is often used [105], which induces significant shrinkage of the porous microstructure due to 

surface tension effects in the small pores (Figure 3), leading to so-called xerogels. Other methods that better preserve 

the gel microstructure are supercritical drying or freeze drying (lyophilisation, [119]), leading to so-called aerogels. Next 

to gel composition and the cross-linking process, the drying method, conditions (e.g. temperature, humidity, pH) and 

resulting kinetics are key determinants of the resulting properties of the dried biopolymer layer [38, 40, 120, 121]. 

The basic physics of gel drying are known for a long time and have been clearly documented [101, 56]. The different 

stages of drying of a deformable gel are illustrated in Figure 3b. The constant drying rate period (CDRP) is usually very 

pronounced with hydrophilic gels, and the decreasing drying rate period (DDRP) can actually be quite short [38, 120]. 

During the CDRP, the volume shrinkage equals the amount of water lost and capillary forces are very limited, but the 

porous gel matrix gets denser. Once this matrix is rigid enough to withstand further contraction, the DDRP sets in [119], 

which is composed of two periods (Figure 3b). The small pores in gels (~ 101 nm [56]) make that capillary forces can 

become very large (see Figure 2b). As such, these forces can even induce mechanical damage such as cracking, 

especially at the end of the CDRP. As a gel typically shrinks with a factor 5 to 10 by volume, the pore size decreases 

significantly by which the capillary forces increase during drying [56]. At the end of the drying process, when capillary 

forces disappear, a volume increase can occur, the so-called springback effect [122]. With thick films or just bulk gels, a 

thin dry layer can form at the interface [24]. This dry skin or shell acts as a diffusion barrier, slowing down dehydration. 

During drying, the biopolymer layer can also become brittle since the glass transition temperature is a function of 

moisture content.  

Different additives are applied to improve the manufacturing of films and enhance their final quality. Surfactants are 

used to promote spreading of the substrate by the film, but also act as antifoaming agent [40]. Surfactants can also alter 

the capillary stresses inside the film, since such stresses are dependent on the magnitude of the surface tension and the 
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contact angle. Plasticisers are applied to enhance the flexibility of the film, by making the film less brittle, and also 

reduce the amount of micro cracks in the film [40, 109, 123]. Fibres can be added, for example to enhance mechanical 

strength and dimensional stability. 

2.3.1.1 Modelling and experiments 

Gels are often used as model systems of soft deformable materials. Thereby a vast amount of experiments and 

modelling work is done on their dehydration process, which is not covered here in detail. Typically, for modelling gel 

drying, moisture and energy balance equations are combined with empirical shrinkage models or with models solving 

explicitly the mechanical balance equations. Modelling efforts on (thin) gel drying can be found in [24, 122, 124, 125, 

126], including reaction engineering approaches to capture the drying kinetics. On the experimental side, techniques for 

determining the final structure and properties of biopolymer layers after drying (discussed below) are also used for 

monitoring the changes during drying, for example by sampling at different times [127]. For dynamic, online monitoring 

of the dehydration process, gravimetric measurements are commonplace [38, 120]. In addition, nuclear magnetic 

resonance [128, 129] and X-ray imaging [124] have been applied to visualise the moisture profiles within gels. Also small 

angle X-ray scattering has been used to study the dynamics of film drying [130]. Recently, ATR-FTIR spectroscopy is used 

to gain more insight into the film forming mechanism during drying of solutions of pullulan and alginate [131]. Inverse 

microscope Raman spectroscopy has been applied to measure water content in films [132]. 

2.3.1.2 Advances 

Using these numerical but, especially, experimental tools, many research groups are currently engineering gel-based, 

biocompatible and/or biodegradable layers with unique properties, such as altered moisture diffusivity. Their main 

focus is on synthesising the porous microstructure [34, 126, 133] with a specific porosity, pore size distribution, pore 

interconnectivity and tortuosity. Recent efforts are going into fabricating multi-porosity layers with microscale to 

nanoscale porosity, so-called hierarchical porous materials [134, 135]. An example is shown in Figure 11, where a 

hierarchical porous structure is depicted. Drying is shown to play a main role in the production of some of these 

hierarchical structures [136, 137, 138]. Drying affects, for instance, the assembly process of dispersed droplets or 

bubbles. On another note, structuring of self-healing hydrogel layers is also explored recently [139]. 
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Other interesting developments include composite and multilayer films, which serve, for example, as alternatives for 

conventional edible coatings [28, 105, 140, 141]. Composite blends aim at combining the best characteristics of the 

ingredients, such as the use of lipids to reduce the water permeability of hydrophilic polysaccharide films [29]. 

Multilayer films are ideal to incorporate functional agents. A promising technique to produce very thin multilayer 

coatings, so called nanolaminates [117], is layer-by-layer electrodeposition using polyelectrolytes [28, 29, 110, 117, 

142], as illustrated in Figure 12. Here electrostatic interactions make that the different ingredients adhere to one 

another and form a thin coating. The design of more robust nanolaminates is of key interest, as their small thickness 

often makes them quite fragile.  

A very recent development related to dehydration of biopolymer hydrogels is the fabrication of polysaccharide aerogels 

[137, 143]. In contrast to xerogels, which shrink significantly, aerogels are dried in such a way that they maintain about 

the same porosity as the initial wet gel. This minimal shrinkage leads to a light, highly porous product with a large 

surface area [144, 145]. These structural aspects lead to good thermal insulation and a high adsorption capacity. The use 

of biomaterials for producing aerogels, such as polysaccharides, is a highly active area of research. The main reasons are 

that such aerogels (re)use biomass, such as seaweed [146], and that they are food-grade materials. These 

polysaccharide aerogels can be applied for ecological packaging [143] or for catalysts and catalyst supports [145]. 

Despite their potential, the commercial application of polysaccharide aerogels is only incipient [137].  

2.3.1.3 Impact 

A better understanding of the impact of drying process conditions and drying kinetics on the porous microstructure of 

biopolymer layers and their resulting properties is critical to enhance their performance. As such, particular properties 

can be tailored to a specific application, for example for moisture transport, nutritional/sensorial quality or mechanical 

stability. Such insight also helps in exploring more energy-smart drying methods. A typical example is the use of 

methods that require less liquid to be evaporated, so less latent heat, for instance by using an extrusion process or 

plasticisers [105]. On a more fundamental level, one could also look at designing polymer networks that bind the bound 

water more loosely. In contrast to the free (liquid) water, this bound water is removed at the later stages of drying, 

where a lower binding energy could lead to a lower heat of desorption for the bound water.  
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2.3.1.4 Future work 

Several advances are required to further accelerate R&D in biopolymer layer manufacturing and structuring. Drying 

processes of biopolymer layers should be monitored in a more dynamic way and in 3D, for example with non-

destructive imaging. With these techniques, one can probe in real time the moisture migration within the material and 

the microstructure development during drying. In addition, future experiments should combine multiple experimental 

techniques, as well as techniques at different scales. On the modelling side, it would be of interest to perform molecular 

dynamics simulations [147] to better understand the interactions between the various components of hydrogels and 

their effect on shrinkage during drying. To fully analyse all impacts of the drying process on a biopolymer layer, further 

steps should be taken towards a multi-parameter multiscale evaluation, combining experiments and modelling.  

Linking the process parameters to film/coating microstructure and functionality is essential for the development of 

advanced biopolymer-based barriers. Optimisation of the drying process should become more systematic, by following 

an iterative procedure [148]: first the recipe for the biopolymer layer is formulated, then the layer is dried and 

afterwards the relevant quality characteristics are determined. Multiple feedback steps are then used to change the 

initial product formulation or process conditions until a satisfactory quality is obtained.  
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2.3.2 Biopolymer layers as interfaces 

The use of biopolymer layers as functional interfaces between products and the environment, for example to limit or 

control moisture transport, is discussed here. Their efficacy is determined by their thickness, barrier properties (gas, 

moisture, aromas), mechanical properties and optical properties, but also by their water sorption behaviour and 

biocompatibility. These properties are strongly determined by the obtained microstructure. The efficacy of these thin 

interface layers is also dependent on their interaction with both product and environment, as illustrated below.  

Hydrophilic biopolymer-based layers, such as many edible films, show a clear water sorption behaviour, which can 

include hysteresis (Figure 13). The hydrophilic nature is induced by the biopolymers but also by other components, such 

as plasticisers [149, 150]. Thereby, dry biopolymer layers often easily rehydrate upon contact with water (vapour) from 

the surrounding air or from the product on which they are applied. At first, the hydrophilic groups absorb water but at 

higher relative humidities, the swelling exposes the hydrophobic groups as well, by which they can also exert forces on 

the water molecules [105, 151]. Apart from this bound water, free water will invade the pore space later on. Water 

adsorption in hydrogels is accompanied by swelling. Swelling stops when the expansive forces are equilibrated by the 

resistance of the cross-linked network.  

Their hydrophilic nature makes some films not very effective as water (vapour) barriers, by which they are not 

successful in limiting moisture loss from fresh-cut fruit for example. Their moisture permeability (Km, also called water 

vapour permeability WVP) is typically determined using standard methods [152, 153]. In such measurements, often a 

rather large relative humidity differential (ΔRH) is imposed over the sample, e.g. 0%-90%, as can be seen from Figure 

14a for different experiments. The permeability is shown to vary as a function of ΔRH (thus the gradient) in Figure 14b, 

where a RH of 0% is imposed at one side of the film for all cases.  

Larger RH differentials imposed over the film (ΔRH) imply a larger average water activity inside the material (aw ~ RH) 

when  starting from RH = 0%, thus also higher capillary pressures pc (Figure 14c, [153, 154, 155]). Here, pc is similar to 

the water potential and equals ρlRvT.ln(aw), with ρl the liquid water density, Rv the specific gas constant of water vapour 

and T the temperature. The permeability typically increases with the water activity inside the barrier (Figure 14b). As 

such, the performance of the barrier becomes highly dependent on the humidity conditions of the product and its 
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environment [156], so the resulting humidity differential over the barrier. Furthermore, it is found that the physical 

state of the water in contact with the film - liquid or vapour - also can affect the mass transfer rate through a film [113]. 

This moisture-dependent barrier efficacy is illustrated with an example in Figure 15. Here, an identical moisture barrier 

is evaluated as applied on fresh-cut fruit (left) and on the peel of intact fruit (right). Due to the larger overall water 

activity inside the barrier when applied onto fresh-cut fruit, its permeability will be higher than it would be when 

applied on the peel of an intact fruit. This moisture dependency of the barrier permeability can also affect the product 

dehydration process: a fully rehydrated barrier can quickly shut off water loss when switching from first to second 

drying phase, as water activity decreases. Although this leads to slower dehydration, it can positively influence product 

quality by inducing more homogeneous dehydration [37, 157]. 

Currently, the dependency of the permeability on the water activity is rarely taken into account and the permeability is 

often only measured at a single RH differential (ΔRH). One of the reasons is that permeabilities are mostly determined in 

the context of comparing barrier compositions for a certain application, so where the different films are exposed to 

similar environmental conditions (ΔRH). When desired, the vapour permeability could be reduced by treatments 

inducing chemical cross-linking [140] or by the use of surfactants [150]. 

Another performance characteristic of biopolymer layers is their gas barrier function. Edible films, for example, help 

controlling the internal atmosphere of fresh and minimally-processed (fresh-cut) fruit, by which such films are an 

alternative to modified atmosphere storage [28, 110]. As biopolymer layers reduce the oxygen uptake and carbon 

dioxide release, the respiratory and ripening processes inside the fruit are slowed down. Too thick or too impermeable 

films in combination with unfavourable environmental conditions could however induce a shift to anaerobic respiration 

inside the fruit as oxygen is depleted, which leads to fermentation and off-flavours [109, 118, 156]. 

2.3.2.1 Modelling and experiments 

The aforementioned research on biopolymer layer characterisation is predominantly experimental, where the 

macroscopic film properties are determined [38, 70, 114, 118, 120, 123, 158, 159, 160, 161]. Such typical properties are 

microstructure, thickness, mechanical properties (elastic modulus, tensile strength, glass transition temperature), 

barrier properties (effective diffusivity for moisture, gasses and volatile compounds), water sorption behaviour (sorption 
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isotherm and hysteresis, optical properties (e.g. colour, transparency) and other functional aspects (antimicrobial 

activity, release of antioxidants). A non-exhaustive overview of the used techniques is given in Table 1. For each 

property of interest of the biopolymer layer, one or more commonly used characterisation techniques are presented. In 

addition to such characterisation, the layer efficacy is evaluated by measuring its various impacts on the product, such 

as for example product weight loss. A few of these quality aspects are presented in Table 1, together with their 

corresponding measurement technique. For edible films for food [162], this includes the physical and chemical effects 

(moisture loss, soluble solids content, titratable acids), retention of nutritional quality (vitamins, antioxidants), sensory 

quality (texture, taste, juiciness). Modelling work clearly lags behind, mainly due to the multitude of processes that need 

to be captured. Simple diffusion models based on Fick’s law are commonplace, for example to determine the effective 

film diffusivity [38, 163].  

2.3.2.2 Advances 

An interesting recent development is the use of hydrogel-based films to alter and control the actual drying process of 

fresh-cut fruit [37, 157]. By packaging the fruit in a so-called “dehydrating film” prior to drying, the loss of volatile 

compounds can be strongly reduced, however at the cost of a lower fruit dehydration rate. For low-temperature drying, 

which is applied to preserve better the heat-sensitive compounds (e.g. vitamin C [164]), such packaging or coating 

techniques can be helpful in maintaining better product quality, even at low drying rates. 

On another note, micro and nano-encapsulation are being explored to embed functional agents into films or coatings 

(Figure 12) [28, 29, 89, 110, 165, 166]. Encapsulation increases the stability of the functional compounds for consumers 

(nutraceuticals, probiotics) and helps in controlling their release in a better way. This technique can also provide more 

effective ways to release antimicrobials, antioxidants (browning agents) or texture enhancers at the product surface. 

Edible films and coatings currently serve as carriers of functional compounds for both intact and fresh-cut fruit. 

However, the practical use of these encapsulation techniques is still rather scarce [110], most likely due to the 

associated cost and complexity during manufacturing. Note that such encapsulation techniques are also used to 

incorporate self-healing agents into coatings [167], as done recently to reduce crack formation on packaging boards. 
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2.3.2.3 Impact 

From the above, these biopolymer layers clearly have a large potential to enhance product quality of fresh and 

processed food in many ways. Currently, a lot of effort is directed towards micro-structuring these permeable layers as a 

way to obtain unique properties. A key aspect determining the performance of such tailored barriers is however rarely 

dealt with, namely how the barrier performance is affected by the specific conditions of the product and environment. 

Typical examples were highlighted above, namely a different moisture barrier performance for intact or fresh-cut fruit, 

or how thick barriers can induce anaerobic respiration in fresh fruit depending on the internal and exterior gas 

composition. Changes in external process conditions, such as airflow or humidity, can thus be used to actively control 

and alter the barrier performance. The dehydration rate can, for example, be affected by triggering different states in 

which the barrier is in, namely the CDRP or the DDRP. 

Several trade-offs are however present by which the same tailored layer can perform very well for some sub-surface 

and environmental conditions, but less adequately for others. The complex interplay in the product-barrier-

environment system will dictate the performance of the barrier for a specific application. A better insight in the 

interaction and transport between these domains is essential to engineer better biopolymer layers, to enhance product 

quality and to optimise processes towards large-scale industrial implementation. 

 

2.3.2.4 Future work 

Until now, biopolymer layers are investigated mostly using empirical approaches, where new recipes or ingredients are 

devised and combined with specific processing (drying) conditions. The success is evaluated based on the achieved 

material properties or functionalities of the layer, where an iterative procedure can be used to optimise the recipe and 

drying conditions. A deeper understanding of the nature of the obtained improvements and of their repercussions at 

the lower spatial scales is less often pursued, but is essential for removing some arbitrariness in designing better 

biobarriers. For some materials, including many foods, the complexity of the problem makes unveiling what happens 

extremely challenging. As an example, figuring out how coatings for fresh-cut fruit should work to provide optimal 

protection, by mimicking the behaviour of a fruit cuticle, is far from evident. First, the cuticle is already a semi-
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permeable membrane optimised by nature. Second, biobarriers are applied on wounded fruit tissue, which is not the 

case for a fruit cuticle [156]. 

Furthermore, barriers should not be manufactured to achieve certain properties but should rather be tailored to a 

certain application in order for them to achieve an optimal performance. Biopolymer layers could be used to enhance 

product quality during drying, for example by designing an edible film that keeps the fruit longer in the CDRP, which is 

typically very short. Even though the film will reduce the drying rate, the total drying process could be shortened as the 

CDRP is maintained for a longer time. Such films can also improve drying homogeneity within single fruits and between 

different fruits, and the resulting product quality. Enhancing drying processes by better balancing the transport in the 

product and in the boundary layer through the use of biobarriers is definitely an interesting future focus. Addressing the 

interactions between the product-barrier-environment system is currently hindered, amongst others, by incomplete 

material characterisation, for example over the entire water activity range.  

Next to nano-encapsulation, direct incorporation of nanoparticles into films will also become more prevalent. 

Nanoparticles of different morphologies (platelets, tubes, fibres or particles) are already used in the packaging industry 

to design active and intelligent packaging, in which the biopolymers act as filler material [168, 169]. These nanoparticles 

improve for example the barrier properties by affecting sorption sites or by altering the tortuosity of the transport 

pathways for water molecules. They also provide new ways to incorporate functional compounds in the film. A critical 

point related to the use of such nanomaterials is food safety. Safety issues involve the interaction of the particles with 

the filler matrix and their migration out of the packaging film, so leaching might be an issue [168]. 

Next to relying on experimental material synthesis, engineering such barriers should also rely more on computational 

modelling at lower scales [10, 170], for example atomistic simulations using molecular dynamics. With such simulations, 

material properties can be determined in-silico, for example the desorption and rehydration behaviour, since these 

properties are directly linked to the molecular structure, such as hydrocarbon length, cross-linking degree and the 

functional groups [171, 172]. Thereby, material characterisation over a wide range of moisture contents is possible. 

These lower scale methods are particularly useful to investigate migration of nanomaterials out of their filler matrix 

[168]. Such computational engineering of biopolymer layers is still in its infancy and is complicated by the large variety 

of compositions and processing conditions.  
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3. Conclusion 

Understanding drying-related transport phenomena at interfaces between biomaterials and their environment often 

starts at the microscale level. The recent advances dealt with in this review include: (1) the impact of microscopic 

moisture sources, such as capillary pores or small droplets, but also micro-perforations in membranes such as stomata 

in leaves, or micro-cracks and lenticels in the fruit cuticle; (2) microstructural changes in cellular tissue during drying, 

including cell membrane breakage and cell collapse; (3) manufacturing of thin, permeable biopolymer layers, such as 

coatings or films, where drying is a critical step that determines the layer performance; (4) the use of such biopolymer 

layers as interfaces between product and environment, which fulfill a barrier function or are carriers for active 

compounds, such as nutraceuticals or self-healing components. A proper insight in the interactions at these product(-

barrier)-environment interfaces yields abundant unexplored ways for improving dehydration processes. 

In this context, computational engineering will be challenged to keep up with the vast amount of advanced material 

science that is currently being performed. At the lower scales, multiscale approaches are required to upscale the 

findings and material properties at nano- and microscale levels to the macroscale (product level) by computational 

homogenisation [173, 174, 175, 176]. At the continuum scale, intensified coupled modelling is critical. Apart from the 

hygro-thermo-mechanical behaviour of the product, also biochemical and biological processes in these complex 

biomaterials should be incorporated, as well as the conjugate exchange processes across the interface [10]. 

A better insight in drying at interfaces between biomaterials and their environment can be turned into a direct added 

value for industry. Commercial benefits are manifested by an increased product quality and shelf life, better product 

uniformity, reduced material waste or losses, and reduced energy consumption so a lower ecological footprint. Bio-

based films and coatings are an attractive medium to functionalise foods [89]. They also provide means to reuse 

industrial by-products as packaging, thereby reducing the use of synthetic petroleum-based materials. Currently, the 

industrial implementation of functional biopolymer layers is still hindered by upscaling difficulties from laboratory to full 

scale, practical implementation challenges and additional production and energy costs [28, 40, 118]. 
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Tables 

Table 1. Several experimental techniques used to characterise biopolymer layers and their effects on product quality. 

Property of biopolymer layer Method 

Glass transition and melting temperature Differential scanning calorimetry 

Thickness Contact methods (micrometer) 

Non-contact methods (e.g. optical microscopy, scanning electron microscope, confocal Raman 

microspectrometry) 

Sorption isotherm Dynamic vapour sorption (DVS) 

Antimicrobial effect Activity of cell cultures/colonies 

Sensory analysis Sensory tests on panel of tasters 

Microstructure Scanning electron microscopy 

Atomic force microscopy 

Rheological measurements 

X-ray computer tomography 

Molecular morphology (including degree of 

crystallinity) 

Wide angle X-ray diffraction (WAXS) 

Small angle X-ray diffraction (SAXS) 

Moisture diffusivity From drying curve, based on Fick’s law 

Wet cup/dry cup tests in environmental chambers or in DVS 

Gas diffusivity From mass transport, based on Fick’s law 

Gas transmission rate testing in environmental chambers or in DVS 

Tensile strength & elongation/strain at 

break, elastic modulus 

Tensile test 

Swelling behaviour Swelling test 

X-ray computer tomography 

Effect on product (e.g. fruit) Method 

Total soluble solids content Digital refractometer 

Colour Colorimeter 

Weight loss Gravimetrically 
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Figure captions 

 

Figure 1. Transport processes inside porous material (product) and exchange processes at product-environment 

interfaces (adapted from [10]), with a close-up of the air-material interface for a developing boundary layer (U = air 

speed, pv = vapour pressure, ∞ = free-stream value). The environment includes the surrounding air (depicted on the 

right) as well as contact with solid or porous materials, for example process equipment or other products.  

 

Figure 2. (a) Surfaces that are only partially covered with moisture sources at the product-environment interface; (b) 

Dehydration stages of a single (non-deformable) pore (pc: capillary pressure, γLV: surface tension between liquid and 

vapour, R: radius of curvature of the meniscus, r: pore radius, θ: contact angle). 

 

Figure 3. Dehydration of (a) cellular tissue, such as fruit, (b) a hydrogel (adapted from [101], R : radius of curvature of 

the meniscus, which is equal for all pores exposed to the same capillary pressure). 

 

Figure 4. Dehydration of biopolymer layers (a) during a-priori manufacturing by applying it on a substrate and drying 

it and (b) applied (coated) directly onto the product. 

 

Figure 5. (a) Schematic of water vapour concentration contours, in blue dash lines, in the boundary layer over a 

surface with discretely-distributed moisture sources (indicated in blue) with indication of d, δVSL and laminar and 

turbulent regions in the boundary layer (d = size of the sources, δVSL = thickness of the viscous sublayer). (b) Illustration 

of evaporation from discrete stomata from a leaf via the boundary layer (from [41]). A single water vapour 

concentration isocontour is shown, coloured according to air speed, where the air speeds in a horizontal and vertical 

centreplane are also shown. (c) Mass flow rate as a function of the surface coverage ratio (CR = Aeff/A) for different 
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d/δVSL ratios (from [18]), based on the analytical equation of Schlünder [42], which is also given. The mass flow rate 

form a partially covered surface (Gc,w) is scaled with that of a surface with a coverage ratio of 100% (Gc,w,100%). Points 

1, 2 and 3 indicate different stages in the drying process of droplets.  

 

Figure 6. Cellular water transport pathways (adjusted from [177]). 

 

Figure 7. (a) Dried apples slice imaged from scanning electronic microscopy [81]. (b) Apple parenchyma cells of fresh 

tissue imaged with X-ray tomography and segmented for visualisation [73]. 

 

Figure 8. (a) Different stages of dehydration of a single cell. (b) Osmotic dehydration of an isolated apple cell (from 

[61]). 

 

Figure 9. Examples of hygro-micromechanical models of cellular tissue. (a) Fresh and partially dehydrated tissue [58]. 

(b) Deformed cellular structure using SPH-DEM [78] (smoothed particle hydrodynamics-discrete element method, 

published by The Royal Society of Chemistry). 

 

Figure 10. Typical sol-gel process for a hydrogel. 

 

Figure 11. Field emission scanning electron microscopy (FESEM) images of a hierarchical porous structure (reprinted 

(adapted) with permission from [136]. Copyright (2011) American Chemical Society). In the sequence from left (a) to 

right (d), the red rectangles indicate the areas magnified in the right image. 
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Figure 12. Illustration of multilayer coating of intact or minimally-processed fruit by layer-by-layer deposition 

(adapted from [117]). 

 

Figure 13. Sorption and desorption isotherm for a gelatine film (data from [121]).  

 

Figure 14. Moisture permeability (or water vapour permeability WVP): (a) for many different films (each point 

represents a specific case), as a function of the relative humidity difference that is imposed over the film (data from 

[113, 178]); (b,c) for three films (data from [155]) as a function of (b) several relative humidity differences that are 

imposed over each of the films, with the RH at one side of the film being 0% for all cases, (c) the corresponding 

average capillary pressure within the film (from (b), log-log scale), calculated from the average RH in the film. 

 

Figure 15. Illustration of possible impact of humidity of the product on the moisture permeability of permeable 

biopolymer layers, for the example of fresh-cut (left) and intact fruit (right): (a) schematic of cross section; (b) 

permeability as a function of capillary pressure (log-log scale) for a typical porous material [179], with illustration of 

the water activity range in the biopolymer layer in blue.  
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Figure 1. Transport processes inside porous material (product) and exchange processes at product-environment 

interfaces (adapted from [10]), with a close-up of the air-material interface for a developing boundary layer (U = air 

speed, pv = vapour pressure, ∞ = free-stream value). The environment includes the surrounding air (depicted on the 

right) as well as contact with solid or porous materials, for example process equipment or other products.  
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Figure 2. (a) Surfaces that are only partially covered with moisture sources at the product-environment interface; (b) 

Dehydration stages of a single (non-deformable) pore (pc: capillary pressure, γLV: surface tension between liquid and 

vapour, R: radius of curvature of the meniscus, r: pore radius, θ: contact angle). 
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Figure 3. Dehydration of (a) cellular tissue, such as fruit, (b) a hydrogel (adapted from [27], R : radius of curvature of 

the meniscus, which is equal for all pores exposed to the same capillary pressure). 
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Figure 4. Dehydration of biopolymer layers (a) during a-priori manufacturing by applying it on a substrate and drying 

it and (b) applied (coated) directly onto the product. 
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Figure 5. (a) Schematic of water vapour concentration contours, in blue dash lines, in the boundary layer over a 

surface with discretely-distributed moisture sources (indicated in blue) with indication of d, δVSL and laminar and 

turbulent regions in the boundary layer (d = size of the sources, δVSL = thickness of the viscous sublayer). (b) Illustration 

of evaporation from discrete stomata from a leaf via the boundary layer (from [41]). A single water vapour 

concentration isocontour is shown, coloured according to air speed, where the air speeds in a horizontal and vertical 

centreplane are also shown. (c) Mass flow rate as a function of the surface coverage ratio (CR = Aeff/A) for different 

d/δVSL ratios (from [18]), based on the analytical equation of Schlünder [42], which is also given. The mass flow rate 

form a partially covered surface (Gc,w) is scaled with that of a surface with a coverage ratio of 100% (Gc,w,100%). Points 

1, 2 and 3 indicate different stages in the drying process of droplets.  
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Figure 6. Cellular water transport pathways (adjusted from [59]). 
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Figure 7. (a) Dried apples slice imaged from scanning electronic microscopy [60]. (b) Apple parenchyma cells of fresh 

tissue imaged with X-ray tomography and segmented for visualisation [61]. 

  

a b

Microwave-air dried

Air dried

500 µm

500 µm



54 
 

 

Figure 8. (a) Different stages of dehydration of a single cell. (b) Osmotic dehydration of an isolated apple cell (from 

[65]). 
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Figure 9. Examples of hygro-micromechanical models of cellular tissue. (a) Fresh and partially dehydrated tissue [58]. 

(b) Deformed cellular structure using SPH-DEM [78] (smoothed particle hydrodynamics-discrete element method, 

published by The Royal Society of Chemistry). 
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Figure 10. Typical sol-gel process for a hydrogel. 
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Figure 11. Field emission scanning electron microscopy (FESEM) images of a hierarchical porous structure (reprinted 

(adapted) with permission from [136]. Copyright (2011) American Chemical Society). In the sequence from left (a) to 

right (d), the red rectangles indicate the areas magnified in the right image. 
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Figure 12. Illustration of multilayer coating of intact or minimally-processed fruit by layer-by-layer deposition 

(adapted from [118]). 
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Figure 13. Sorption and desorption isotherm for a gelatine film (data from [122]).  
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Figure 14. Moisture permeability (or water vapour permeability WVP): (a) for many different films (each point 

represents a specific case), as a function of the relative humidity difference that is imposed over the film (data from 

[113, 178]); (b,c) for three films (data from [155]) as a function of (b) several relative humidity differences that are 

imposed over each of the films, with the RH at one side of the film being 0% for all cases, (c) the corresponding 

average capillary pressure within the film (from (b), log-log scale), calculated from the average RH in the film. 
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Figure 15. Illustration of possible impact of humidity of the product on the moisture permeability of permeable 

biopolymer layers, for the example of fresh-cut (left) and intact fruit (right): (a) schematic of cross section; (b) 

permeability as a function of capillary pressure (log-log scale) for a typical porous material [179], with illustration of 

the water activity range in the biopolymer layer in blue.  
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