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1.1 Water holding capacity of food materials 

The water holding capacity (WHC) is a widely used term in food science as this is one 

of the properties that determines quality parameters associated with foods. It is 

linked with sensorial and nutritional attributes of food products, and the economic 

and sustainability aspects of their processing.  

Generally, the mechanical properties of food products are closely linked to their WHC. 

The more water a product contains, the more flexible or deformable it becomes. 

Furthermore, the ease by which water can be squeezed out influences their sensorial 

properties. For instance, fruits and vegetables containing more water will be more 

juicy, and the juiciness of meat and meat products is attributed to the WHC [1].  

Similarly, the lower the  water content of a product, the higher will be the content of 

proteins, polysaccharides and fats or oils, and hence it becomes denser in energy. In 

case of cheese, increasing the WHC while keeping the mechanical and sensorial 

properties the same, has been identified as an opportunity to convert cheese to a 

healthier product with less calorie intake per serving [2].  

The water holding capacity of foods usually changes significantly during their 

preparation. Vegetables lose their turgor during heating, and solutes and water are 

released out from their vacuoles. Simultaneously, their cell walls  soften due to 

thermal hydrolysis of pectin. Also high-protein foods like meat loose a part of their 

water during thermal  treatment. This water loss is due to the conformational 

changes of the proteins, via which they expose their hydrophobic residues to the 

water. This makes  denatured proteins to repel water. The lost juices often contain 

important compounds that contribute to nutritional and sensorial properties. The loss 

of these compound and water during food processing also have  an impact on the 

sustainability. The products are often heated during processing – which results in the 

loss of a part of its water (and the heat it contains) by the product. The loss of juices, 

containing water and dry matter, means loss of matter, that has been drawn  into 

the produce during their growth stage. Often this product loss has higher impact on 

sustainability than the loss of heat during processing – because of the large amount 

of energy and water used during the growth stage. In addition, such product loss 
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also has an impact on the commercial value of the produce for growers and food 

manufacturers.  

Despite having its proven broad significance for food quality and food production, 

WHC is still far from understood. Moreover, in scientific literature there is still no 

consensus on the exact definition of the WHC [3]. In general, WHC is understood as 

the water held by the matrix of a food material at a defined mechanical load. For 

water holding it is required that a part of the food matrix is a biopolymer gel. 

Furthermore, there is a lack of  a well-defined experimental technique for the 

quantification of the WHC. Hence, the reported values of the WHC obtained from 

different methods or different equipment settings vary largely. For meat, one of the 

most widely studied food material regarding WHC, the employed experimental 

techniques are: 

The filter paper press technique [4, 5]: In this technique, samples are pressed 

against a filter paper, where the pressing releases juice from the sample. The WHC 

determination involves estimation of area formed by the released juices. 

The drip loss technique [6, 7]: In this technique, samples are held in a plastic net 

bag or a perforated support and samples are allowed to drip under gravity for fixed 

number of days. The change in weight of the sample is used to calculate its WHC. 

The centrifugation technique [8]: It involves application of centrifugal force to a 

known weight of sample. Known weighs of samples are given a centrifugal force 

which releases the juice from it. The weight difference relative to initial weight of 

sample is used as an indicator for WHC. Again, there is no agreement on speed or 

time of centrifugation. 

We regard WHC as a thermodynamic property of food, that can be described with 

theories from the physics of polymer gels [3]. In this study, We have successfully 

employed the Flory-Rehner theory to describe WHC of meat [9, 10] and vegetables 

[11, 12].This theory describes the swelling behaviour of polymers, crosslinked to a 

gel. Total swelling of a polymeric gel has three independent contributions: 1) the 

osmotic binding of water by the biopolymers, 2) the electrostatic interaction by salts 

and possible charged polymers (named polyelectrolytes), and 3) the elastic 

deformation of the gel, imparted by the crosslinks between the polymers. The 

swelling is characterized by two parameters: the interaction between biopolymer and 
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water, as indicated by the Flory-Huggins interaction parameter, and the cross link 

density of the biopolymer network. 

In this thesis we focus on the understanding of the water holding capacity of 

mushrooms, which lose significant amount of water during heating. We intend to 

describe these changes in WHC in terms of thermodynamics similar to the Flory-

Rehner theory. In our experimental investigations we will apply different mechanical 

loads, which render different swelling equilibria, and from these data we will estimate 

model parameters. From a scientific perspective mushrooms are interesting, because 

they have a very distinct open pore space, in contrast to vegetables – which have 

small and closed pores. While inherently important from a scientific perspective, the 

understanding of the WHC will also offer insight on how one can minimize the loss of 

water during industrial processing of mushrooms.  

1.2 White button mushroom 

White button mushroom (Agaricus 

bisporus) is the most commonly grown 

mushroom, which falls under the 

kingdom fungi. Fungi are a group of 

organisms that are non-photosynthetic, 

and have multi-nucleated cells, with 

nuclei dispersed inside a cell wall [13]. 

Structure-wise, this mushroom has a 

cap (pilus), spore-forming parts 

(sprorophore or gills), a stipe (stem, 

stalk) and mycelium (hyphae) (Figure 

1.1). The mycelium network of hyphae 

grows below the surface of compost. The fruiting body of mushroom grows above 

the compost, and can be divided into stipe, caps and gills. The fruiting body is used 

for consumption, which  is the subject of study in this thesis. 

Mushroom production is important since it uses waste materials (compost) as their 

raw material and converts part of it into fruiting bodies, which are assumed to be 

rich in high quality protein. Mushroom production and mushroom products are 

Fig 1.1: A sketch of mushroom illustrating its 

major parts. The picture is taken from Kalač 

[32] 
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traditional representatives of the current trend towards closure of the food chain; 

even though the conversion is only partial, and the spent raw materials still have to 

be discarded or distributed over the land. 

Therefore the study of the water holding behaviour of mushrooms, in relation to its 

production is important: how the yield (the amount canned product obtained from 

given amount of fresh mushroom) of high-quality product be maximised from a 

given amount of raw materials. As there is a clear link between WHC, economics and 

sustainability of the processing;  the impacts of processing on WHC and sustainability 

will also be included. Often in food production, sustainability and food quality have to 

be traded off. 

1.3 Composition and water holding capacity in mushroom compared to meat 

and vegetables 

As a first hypothesis we have assumed that the loss of WHC during heating of 

mushrooms has the same cause as in meat: the denaturation of proteins. This 

assumption is based on the facts that 1) both meat and mushrooms are rich in 

proteins, and 2) that experimental data on the loss of WHC during heating [14] 

follows a similar sigmoidal relation with temperature as found with meat [15]. 

Despite the claim of high protein content, we note here that the reported protein 

content in mushroom is not consistent and varies as widely as 7-38% on dry weight 

basis [16–19]. Many of the reports are based on the estimation of nitrogen in the 

tissue and convert it to protein content which makes the exact estimation 

complicated because of the presence of nitrogen containing compounds other than 

proteins. 

There are certain dissimilarities between mushrooms and meat which have 

significant impact on the WHC of mushrooms. Fresh, harvested mushrooms still have 

their cell membranes intact. Thereby, the solutes in the vacuole create an osmotic 

pressure, which will attract water, expand the cell and the surrounding cell wall – 

until the turgor pressure generated by the stretched cell wall balances the osmotic 

pressure. In the case of meat, the cell membrane integrity is already lost after rigor 

mortis, which occurs soon after slaughter [20]. This loss of cell membrane integrity 

allows the intracellular fluid to leach out of the cells and create extracellular pockets 
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of fluid, the so-called drip channels. The water in the drip channels is held by 

capillary and it can easily be squeezed out (by gravity for example). In freshly 

harvested mushrooms, the pores are still filled with air [11], which are intentionally 

filled with liquid during processing [21–23]. 

In fresh plants or mushrooms water is present in three compartments, which are 

separated by the membranes. Water is contained in 1) the vacuole, 2) the cytoplasm, 

and 3) the cell wall. A fourth compartment is the pore space, which can be filled with 

water after processing. The water in the vacuole, we will name as the intracellular 

water. In our thermodynamic description we will assume that in fresh products all 

solutes are in the vacuole. All these solutes contribute to the osmotic pressure. As 

both the cell wall and cytoplasm contain mostly gel-like material, we will take them 

as one single compartment in our thermodynamic description of WHC. The water 

contained in both the cell wall and cytoplasm will be denoted as gel water. As said, in 

fresh produce the pore phase outside the cells is normally filled with air. However 

during processing of mushrooms or vegetables this air may get replaced with water – 

either  of external origin via vacuum impregnation, or it is released from inside the 

cell due to loss of cell membrane integrity as during heating. The water in this 

compartment we will name capillary water. In our discussion on WHC of mushrooms 

we will distinguish thus three compartments: 1) the intracellular water in the vacuole, 

2) the gel water held in cell wall and cytoplasm, and 3) the capillary water in the 

pore phase. 

While mushroom tissue has similarities with that of vegetables, it differs in the 

composition of the cell wall. For instance, chitin is present in mushroom cell walls as 

fibrous material, while in vegetables this role is taken by cellulose. In the cell wall of 

vegetables water is largely bound to pectin, while in fungi (and mushrooms) this role 

is taken by beta-glucans. For both vegetables and fungi hold that protein are in 

minority in their cell wall material [24]. 
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Figure 1.2: Scanning electron microscope picture of mushroom demonstrating the 

cellular structure of mushroom. Left picture shows the hyphal structure and 

associated capillary space, the right picture shows the intracellular space 

 

1.4 Mushroom canning: WHC and sustainability 

Like several other fresh vegetables with high water content and low acidity, 

mushroom is a highly perishable vegetable. A freshly harvested mushroom contains 

around 92% water [25] and has a pH value near neutrality, i.e. 6.3. As the market 

for fresh produce cannot absorb all the mushrooms produced, a significant part of 

the harvested mushrooms are processed for preservation over longer times by 

several methods such as canning, drying, blanching, or freezing.  

Canning is the most widely used technique: more than half of the global mushroom 

production ends up being canned [26]. While canning of vegetables is a good means 

to preserve the vegetables for a longer period of time, the intensive heating in the 

sterilization process brings several changes in mushroom tissue such as changes in 

texture as indicated by an increase in puncture force and decreases the toughness of 

the mushrooms [27], and also a loss of water. The canning operation is intensive in 

energy and other utilities (e.g., water). The precise conditions during processing 

have great influence on the quality of the mushrooms, of which the temperature is a 

5µm 50 µm 
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major parameter. But, the water loss also determines the resource use efficiency 

(sustainability) of the preservation process. We take the current industrial processing 

conditions in this thesis as starting point, and then consider the optimization of both 

aspects: the loss of water holding capacity and the sustainability (resource use 

efficiency) of the production. 

In figure 1.3, we show a scheme depicting the current industrial processing of 

canned mushrooms. As a first step the mushrooms are hydrated via vacuum 

impregnation with cold tap water. The intent of the vacuum impregnation is to fill the 

pore space with water. After storage at cold conditions, the hydrated mushrooms are 

blanched for 15 minutes at 90°C. The used blanching water is generally a waste 

product. After blanching the mushrooms are sliced, and filled into cans or jars, while 

the space between the mushroom slices is filled with some fluid (called the brine, 

which contains some salts and has a defined pH). The cans or jars are closed and 

sterilized for 15 minutes at 126°C, and finally cooled to room temperature.  

 

Fig 1.3: The block diagram of mushroom flow in canned mushroom production 

Figure 1.4 shows the mass balance of the current mushroom canning process by 

means of a Sankey diagram. Mushrooms lose up to 40% of their original weight 

during the canning operation, because of the heat induced water loss [28]. This has 

multiple effects. First, it makes the amount of dry matter in mushrooms per kg of 



Chapter 1 

9 
 

canned mushrooms larger. Second, water soluble nutrients which are leached out of 

mushroom tissue during blanching end up in the blanching water rather than in the 

final canned product. This also holds true for the brine included in the can, which is 

drained before consuming, and thus must be considered as waste. Third, the canning 

process is a net producer of water, since more water is removed from the 

mushrooms, than is used in the process. 

 

 

 

Fig 1.4: Left: Mass balance of canned mushroom production shown with Sankey 
diagram. Right: Temperature change in mushroom at various unit operations. 

Figure 1.4 also shows the temperatures the mushrooms experience during 

processing. There are 2 subsequent heating and cooling stages, corresponding with 

the blanching and sterilization operations during processing. These heating cooling 

cycles increase the demand of energy and also the demand of cooling water in the 

production of canned mushroom. Water, apart from being used as a cooling utility, is 

also an ingredient in the production of canned mushroom. However, more water is 

removed from the mushrooms, than is used in the process. In spite of this, a 

significant amount of water is taken in into the process as well. This implies that this 

extra water also needs to be heated and cooled. This shows that there are 

possibilities for improving the sustainability of current mushroom production, while 

retaining the quality(such as their WHC) of mushrooms. 

To identify these possibilities, we follow the guidelines of conceptual process design 

[29, 30]. First the objective or multiple objectives are defined. Then, the inputs and 
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outputs of the system are defined. The specification of the raw materials and the 

products are defined as precisely as possible [31]. The subsequent steps are process 

identification and synthesizing unit operation for such conversion. 

 

 

Fig 1.5: Input-output diagram for mushroom processing    

Defining mushroom as a raw material is not trivial, as it is a highly structured food 

with natural variation in its microstructure. There are several unit operations 

involved in the conversion of mushroom to the canned product, each affecting its 

microstructure. This means that changing the process will probably change the 

quality of the product. This implies that good insight in the effects of the processing 

conditions is essential to maintain the quality of the mushrooms. Because of the 

above challenge of quality vs sustainability it is advantageous to approach this 

question at two different levels. We analyse the resource utilization efficiency in 

mesoscale at unit operation and production level. Here, we have included ideas from 

process intensifications, where unit operations have been combined. Water holding 

capacity is analyzed in microscale at molecular level as interactions and material 

properties of the mushroom. Here, interaction of water present in various cellular 

constituents in mushroom has been studied in relation to the structure of mushroom.  

1.5 Aim and general outline of thesis 

This thesis aims to obtain insight in the effects of process design decisions on 1) the 

improvement of the quality of the mushrooms, and 2) the efficiency at which 

resources are used. The first dimension is simplified by taking the WHC as a measure 

of the quality of the mushroom during processing. The second dimension includes 

Input 

Mushroom 
Water 
Salt 
Acid 
Can 

Process OuOy 

Output 

Canned 
mushroom 
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the efficient use of the raw materials, and maintenance of the full weight of the 

mushrooms during processing. In addition, it will also include the use of energy and 

water in the process.  

Rather than using empirical correlations, we aim to obtain mechanistic insight into 

the effects of processing on the  of mushroom tissue. Our hypothesis is that heating 

irreversibly changes the properties of the materials in the mushroom matrix. We 

intend to use a thermodynamic approach to describe the effects of these changes on 

WHC. From the obtained understanding, one can deduce the best ways to improve 

the process, while maintaining or even improving the water holding capacity of the 

mushrooms.  

1.6 Thesis Outline 

In this thesis we focus on the three different compartments in mushrooms that are 

holding water. In Chapter 2 we start with the proper fundamental understanding of 

water holding capacity in the gel phase of mushroom. The water holding capacity in 

heat treated mushroom is described with the Flory-Rehner theory. The composition 

of mushroom is considered in describing its WHC. A simplified approach is taken, 

assuming that mushroom acts as a homogenous (bio) polymeric mixture, 

disregarding its cellular structure. The change in water holding capacity in mushroom 

with the thermal treatment is described in terms of three independent parameters, 

the Flory-Huggins interaction, the crosslink density and the polymer volume fraction 

at the relaxed (unswollen) state. 

Chapter 2 simplifies mushroom as a homogeneous polymeric mixture, though in 

reality mushroom is a complex structure. Chapter 3 and chapter 4 study WHC in 

relation to the structure of mushrooms. In chapter 3 the role of the water in the 

capillaries in the overall hydration of mushroom has been described. Effects of 

ageing, degree of hydration, interaction with temperature are also described in this 

chapter.  

In chapter 4, we focus on the cellular structure where cell membrane integrity is of 

importance. Furthermore, cell wall is highly structured, with different components. 

Cell membrane integrity is important in retaining water and cytoplasm inside the cell. 
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Various processing conditions destroy the membrane integrity and thus release at 

least part of this water and its dissolved components. We therefore study the WHC in 

relation to the cell membrane integrity. The water bound to the structural 

components in the cell wall is studied by partial hydrolysis of those individual 

components with enzymes. 

The sustainability, interpreted here as the efficiency with which resources (raw 

materials, energy, water) are used, is investigated in Chapter 5. We visualize the 

current production system with Sankey diagrams and analyse the system with 

second law efficiency, using exergy. This gives the assessment of the sustainability 

status of unit operations involved in the current production process of canned 

mushroom. Using ideas from Process Intensification three alternative production 

routes are proposed for the production of the canned mushroom. Pinch analysis is 

used to determine the minimum heating and cooling utilities required for those 

scenarios. The alternatives are evaluated and compared based on the production 

yield, quality and exergy requirement to find the route that deliver the best 

combination of product quality and resource use efficiency for the production of 

canned mushroom. 

Chapter 6 concludes with the general discussion of all the results presented in this 

thesis. The main findings described in each chapter are summarized, and some 

general conclusions are drawn. The chapter concludes with a discussion about the 

perspectives for conceptual process design for canned mushroom production.  
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Abstract: 

The change in water holding capacity of mushroom with the temperature was 

interpreted using the Flory-Rehner theory for swelling of polymeric networks, 

extended with the Debye-Hückel theory for electrolytic interactions. The validity of 

these theories has been verified with independent sorption measurements. The 

change in water holding capacity with temperature could be quantified as changes in 

three model parameters: the Flory-Huggins interaction parameter between the 

biopolymers and the aqueous solvent phase, the crosslink density of the network, 

and the biopolymer volume fraction at the relaxed state. The elastic pressure is 

analysed using the Flory-Rehner theory, which is traditionally used to describe the 

swelling of polymers. From the explicit knowledge of the elastic pressure, we can 

determine how model parameters, such as the crosslink density, depend on 

temperature. We argue that the dependencies of model parameters can be 

understood as a consequence of protein denaturation. Having knowledge how all 

contributions to the swelling pressure depend on temperature, and composition, we 

can compute the water holding capacity of mushroom for a wide range of 

temperatures and mechanical loads.  

Keywords: water holding capacity, thermodynamics, gel compression, mushroom 

processing 
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2.1 Introduction 

Protein-rich foods are well known for the change in their capacity to hold water after 

thermal processing, and change of pH or ionic strength. Meat is a good example of a 

protein-rich food, which has been studied extensively in the past concerning its 

water holding capacity (WHC) [1–7]. The WHC has been defined and measured 

differently by various authors [7–11]. Since all those methods use different 

definitions of WHC, the comparison of the results is difficult. It is commonly agreed, 

that the WHC of foods refers to the amount of water that is held within the three-

dimensional biopolymeric network of the food. However, true understanding of the 

WHC in terms of the fundamental material property is still lacking [12]. In previous 

papers [4, 6], we described the change of the WHC of meat induced by temperature 

change, and analyzed it using the Flory-Rehner theory, which is commonly applied to 

swelling of synthetic polymer gels [13]. The theory was earlier used successfully also 

to describe skinned muscle fiber relaxation [14], and the WHC of carrots and 

mushrooms [15], and can be expected to extend further for example, to describe 

WHC of novel protein food [16]. 

The WHC of carrots was shown to be independent of temperature. The WHC of 

mushrooms have only been analyzed after short blanching at 90°C. Like meat, 

mushroom is a protein-rich food, and consequently we expect a change of the WHC 

with temperature. Hence, the objective of this paper is to investigate in detail how 

the WHC of mushroom changes with temperature, and how this can be explained by 

the Flory-Rehner theory. 

As in our previous paper [15], we regard mushroom as a mixture of biopolymers, 

carbohydrates, salts and water. In mushrooms the biopolymer network is composed 

of polysaccharides and proteins, and the liquid phase is composed of water, with 

mannitol and potassium phosphate as main solutes. Fresh mushrooms have a 

cellular structure which forms a random web of hyphae. The pore space in between 

the hyphae is filled with air. During industrial processing the pore space of 

mushrooms is filled with water via vacuum impregnation. We take this into account 

in this paper. In order to reduce the complexity of the system, we have chosen for 

filling the pore space with an isotonic fluid instead of pure water, with the same 

composition as the liquid phase of fresh mushrooms. Furthermore, to reduce the 



 Change in WHC in mushroom with temperature analyzed by Flory Rehner theory 

20 
 

complexity in our analysis, we assume the mushroom to be a homogeneous 

biopolymer gel, and disregard its cellular structure. This is especially permissible at 

temperature above 40°C, at which the hyphae lose the integrity of their cell 

membranes – and thus the liquid phase mixes with the biopolymer network itself 

[17].  

We describe the thermodynamic state of the mixture of the biopolymer network and 

the liquid phase with the swelling pressure, which can be decomposed in three 

independent contributions. The first contribution is the osmotic pressure due to 

mixing of biopolymer, water, and carbohydrates, described by the Flory-Huggins 

theory [6, 17–21]. When the system incorporated electrolytes, a second contribution 

is the osmotic pressure due to the mixing of water and ions, described by the Debye-

Hückel theory. The last contribution is the elastic pressure, that counter-acts the 

action of osmotic pressure, and is due to stretching of the biopolymer chains in the 

gel network. The elastic pressure is described as in Flory-Rehner theory, taking the 

crosslink density and the biopolymer density in the relaxed state as model 

parameters.  

The experimental methodology follows that of our previous paper [15]. Via 

centrifugation, we apply a range of mechanical loads, which induces an extra 

pressure that counteracts the swelling pressure. Cylindrical samples are taken from 

pre-heated mushrooms and put in centrifugation tubes having a permeable bottom, 

which allows the liquid phase to be expelled to another tube. Since we use an 

isotonic fluid in the pores of the mushroom, the expelled liquid always has the same 

composition. Knowing the initial composition of the fresh mushrooms and the 

amount of expelled liquid, we can estimate the osmotic pressures following the Flory-

Huggins and Debye- Hückel theory. Earlier we have shown that these theories can be 

applied to several food materials to describe moisture sorption (water activity) from 

their composition [15, 17, 20, 22]. Via separate sorption experiments we verify the 

validity of these theories for the impregnated mushrooms. In our analysis, we 

assume a homogeneous mixture, i.e. that the pore space is absent. Above a certain 

threshold of the centrifugation speed, we assume that all pores have collapsed. This 

assumption is verified experimentally via electron-microscopy.  
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From the water activity we find the total osmotic pressure [6, 22]; by subtracting 

this pressure from the swelling pressure, the elastic pressure is obtained as a 

function of the mechanical load and the temperature. Analysis of this relation with 

the Flory-Rehner theory shows how the crosslink density and the relaxed state of the 

biopolymer network changes with temperature. We will interpret the changes in 

these model parameters with protein denaturation. The work described in this paper 

shows that our earlier assumption of temperature independency of model 

parameters in the elastic pressure [6] needs a reconsideration. The study captures 

the most interesting temperature range of 40-60°C where sudden change in WHC of 

mushroom takes place. The study supports the idea of universality of Flory- Rehners’ 

theory on describing change in WHC of various vegetables depending on their 

composition. 

2.2 Theory 

2.2.1 Flory-Rehner theory  

The thermodynamic state of a polymer gel is characterized by the swelling pressure 

(Π
𝑠𝑤𝑒𝑙𝑙

) on the fluid in the polymeric network. At equilibrium, this pressure is equal 

to the external pressure applied (𝑝𝑒𝑥𝑡). 

 Π𝑠𝑤𝑒𝑙𝑙 = 𝑝𝑒𝑥𝑡                                                                        [2.1] 

 

The Flory-Rehner theory assumes that the swelling pressure is a linear superposition 

of independent contributions due to mixing of polymer and solvent (Π
𝑚𝑖𝑥

), the ionic 

interactions (Π
𝑖𝑜𝑛

) and the elastic deformation (Π
𝑒𝑙𝑎𝑠

) of the network: 

 Π𝑠𝑤𝑒𝑙𝑙 = Π𝑚𝑖𝑥 + Π𝑖𝑜𝑛 + Π𝑒𝑙𝑎𝑠 [2.2] 

 

Mixing pressure  

We describe the mixing pressure, Π
𝑚𝑖𝑥, with the Free-Volume-Flory Huggins (FVFH) 

theory, which we used previously to describe the sorption behavior of several food 

materials [6, 17].  
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The mixing pressure is given by:  

𝑣𝑤Π𝑚𝑖𝑥

𝑅𝑇
= 𝑙𝑛(𝜙𝑤) + (1 − 1

𝑁𝑒𝑓𝑓
⁄ ) (1 − 𝜙𝑤) + 𝜒𝑒𝑓𝑓(1 − 𝜙𝑤)2 + 𝐹𝐹𝑉               

[2.3] 

Here R (J K−1 mol−1) is the universal gas constant and T (K) is the temperature at 

which the external pressure was applied to the samples, 𝑣𝑤 is the molar volume of 

water,  𝜙𝑤 is the volume fraction of water, 𝑁𝑒𝑓𝑓 is the effective ratio of molar volume 

of water versus solutes (sugars and polymers), 𝜒𝑒𝑓𝑓 Is the volume averaged Flory-

Huggins interaction parameter between water and solutes. 𝐹𝐹𝑉  is the free volume 

contribution due to the absence of relaxation in the glassy state. The water activity is 

related with the mixing pressure  Π𝑚𝑖𝑥 by the relation: 𝑣𝑤Π𝑚𝑖𝑥 = 𝑅𝑇𝑙𝑛(𝑎𝑤 ) [20]. 

The experiments are carried out at or above room temperature. The glass transition 

temperature (Tg) of freeze dried mushroom is known to be lower than room 

temperature [23]; hence, the contribution of  𝐹𝐹𝑉  on the mixing pressure can be 

considered to be zero. The values of the effective parameters are computed as 

follows [15, 24]: 

1

𝑁𝑒𝑓𝑓

=
∑ 𝜙𝑖 𝑁𝑖⁄𝑖≠𝑤

∑ 𝜙𝑖𝑖≠𝑤

         
[2.4] 

𝜒𝑒𝑓𝑓 =
∑ 𝜙𝑖𝜒𝑖𝑤𝑖≠𝑤

∑ 𝜙𝑖𝑖≠𝑤

 
[2.5] 

in this, 𝜙𝑖  is the volume fraction occupied by solute 𝑖 ,  𝑁𝑖  is the ratio of molar 

volumes of water and solute;  𝜒𝑖𝑤 is the Flory-Huggin interaction parameter of the 

pure solute with water (the contributions of the mutual interaction between solutes is 

neglected since they are all present at low concentrations). For high molecular 

weight polymers like polysaccharides and proteins we can safely assume, 
1

𝑁𝑖
= 0. The 

values of 𝑁𝑖 and 𝜒𝑖𝑤 for the mushroom components are given in Table 2.1. 
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Table 2.1: The 𝑁𝑖 and 𝜒𝑖𝑤 for mushroom components 

Components 𝜒𝑖𝑤 1

𝑁𝑖
 

References 

Mannitol 0.27    0.160 [15]  

Trehalose 0.53     0.084 [15]  

Polysaccharides 0.8  0 [6, 15, 25]  

Proteins 0.8 - 1.4  0 [6, 17]  

 

The interaction parameter between the biopolymer (𝑖 = 𝑃) and water is composition 

dependent which is described by the following relation [6, 17]: 

𝜒𝑃𝑤 = 𝜒𝑃𝑤,𝑜 + (𝜒𝑃𝑤,1 − 𝜒𝑃𝑤,𝑜)(1 − �̃�𝑤,𝑒𝑓𝑓)2  [2.6] 

Where, 𝜒𝑃𝑤,1 is the interaction parameter of the dry polymer with a vanishing amount 

of water, and 𝜒𝑃𝑤,𝑜=0.5 (the interaction parameter at very low polymer concentration 

that remains independent of temperature). The composition dependency of the 

biopolymer Flory-Huggins interaction parameters accounts for the effects of 

hydrogen bonding.  

The FVFH theory is an approximation of the more fundamental Pincus-deGennes-

Tanaka cluster theory, as discussed previously [19]. The composition dependency of 

the interaction parameter is an empirical relation, for which there is no fundamental 

justification; often, a quadratic relation is taken. The precise values of parameters is 

difficult to obtain for food materials, as literature data often deals with moisture 

sorption at water activities below 0.95, while for WHC the range of aw > 0.95 is of 

interest. The precise form of this relation needs further investigation, but the current 

form serves our purpose well. 

Recently, we found that sugars and carbohydrates act together with water as a 

single effective plasticizer. Their plasticizing (solvent) effect can be characterized by 

the number of hydroxyl (OH) groups per molecule, which accounts for the number of 

possible hydrogen bonds per molecule. Consequently, we account for this effect in 
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�̃�𝑤,𝑒𝑓𝑓 , which is a measure of the density of hydrogen bonds of the plasticizers 

present in the system, which bind to the biopolymer:  

�̃�𝑤,𝑒𝑓𝑓 = 𝜙𝑤 (1 +
𝑁𝑂𝐻

𝑤 /𝑀𝑤 + 𝑁𝑂𝐻
𝑠 /𝑀𝑠

𝑦𝑠/𝑀𝑤 + 𝑦𝑠/𝑀𝑠

) 
[2.7] 

Here, 𝑁𝑂𝐻
𝑖 , is the effective number of OH groups per molecule, with 𝑖 = 𝑠, 𝑤 for solutes 

and water respectively, while 𝑀𝑖 is the molecular weight. The values of 𝑁𝑂𝐻
𝑖  for water, 

mannitol and trehalose are 2, 3.56 and 7.72 respectively [24]. 

The 𝜒𝑃𝑤,1 value for the proteins are temperature dependent because their thermal 

denaturation results in different interaction with the solvent mixture [6]. We assume 

that the 𝜒𝑃𝑤,1 parameter for protein follows the same temperature dependency as is 

followed by the WHC of mushroom at zero external mechanical load. The 𝜒𝑃𝑤,1 

parameter for proteins is estimated with following logistic (sigmoid) function: 

𝜒𝑝𝑤,1(𝑇) = 𝜒𝑝1,0 +
𝜒𝑝1,∞ − 𝜒𝑝1,0

1 + 𝑎 ∙ exp(𝑏(𝑇 − 𝑇𝑒)) 
 

[2.8] 

In which 𝜒𝑝1,0  and 𝜒𝑝1,∞  are the values attained by 𝜒𝑝𝑤,1 when the proteins are their 

native state, and fully denatured states respectively. 𝑇 is the temperature at which 

protein is subjected to the heat treatment and 𝑇𝑒  is the mid-point of the sigmoid 

curve. This temperature dependency of the protein interaction parameter with 

temperature was used previously to describe the change of WHC of meat with 

temperature [6]. The values of  𝜒𝑝1,0  and  𝜒𝑝1,∞  are known to be 0.8 and 1.4 

respectively for meat [6], broccoli [17], mushrooms and carrots [15]. The values of 

𝑇𝑒 and the constants a and b are obtained via curve fitting of the WHC to the above 

expression. It should be borne in mind that the change is irreversible: a lowering of 

the temperature does not result in a return to the original 𝜒𝑝1,0 and 𝜒𝑝1,∞ values. 

Ionic pressure 

The osmotic pressure due to the presence of ions is computed with the extended 

Debye-Hückel equation [26], which applies for dilute solution having molar ionic 

concentration less than 0.1 [27], as is given in equation 2.9.  



Chapter 2 

 

25 
 

𝑣𝑤Π𝑖𝑜𝑛

𝑅𝑇
= 1 − 𝑀. exp (−

1.17|𝑧+𝑧−|√𝐼

1 + √𝐼
+ 0.2𝐼) 

[2.9] 

Where, M is the molality of the electrolyte solution, 𝐼 is the ionic strength, and 𝑧+, 𝑧− 

are the positive and negative charges, with values of 1 and -3 respectively for 

potasium (K+) and phosphate (PO4
3-),. The ionic strength can be computed as: 

𝑐+ and 𝑐− are the molarity of the ions in the solution. 

Elastic pressure 

The elastic pressure follows from the Flory-Rehner theory, which is based on the 

assumption that the polymers form a Gaussian polymer network: 

𝑣𝑤Π𝑒𝑙

𝑅𝑇
= −𝑁𝑐𝜙𝑜 [

1

2

𝜙

𝜙𝑜

− (
𝜙

𝜙𝑜

)

1
3⁄

]            
[2.11] 

in which 𝜙 is the volume fraction of polymer in the solution, 𝜙𝑜 is the volume fraction 

of the polymer at their relaxed state [14], and  𝑁𝑐 is the cross link density [28].  

2.3 Methods and materials 

2.3.1 Experimental 

 Mushrooms 

We used white button mushroom (Agaricus bisporus) with a cap diameter of 4-5 cm 

for the experiment. The mushrooms were received within 2 hours of their harvest.  

We assumed the following dry matter composition of fresh mushroom: 63% 

carbohydrate, 27% protein, and 10% ash (all in dry weight). The carbohydrates 

consist of mannitol (43%), trehalose (3.2%) and polysaccharides such as beta-

glucans (55%), as follows from literature [29–32] (once more in dry weight). The 

moisture content in the fresh mushroom cap was measured by drying approximately 

𝐼 =
(𝑧+

2𝑐+ + 𝑧−
2𝑐−)

2
 

[2.10] 
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5 g of finely chopped mushrooms in a hot air oven maintained at 105 °C for 24 h. 

The loss of weight of the sample relative to the weight after drying was used as the 

moisture content of the fresh mushroom, and was determined to be 92.1%.  

An isotonic mushroom solution was formulated with the same ratio (𝑅𝑖) of solutes to 

water as is present in fresh mushroom. Preliminary experiments showed that the 

mushroom samples swelled in water and shrunk in a hypertonic solution (𝑅𝑖,ℎ𝑦𝑝𝑜 =

2𝑅𝑖,𝑖𝑠𝑜), but did not swell or shrink in the isotonic solution. The composition of the 

fresh mushrooms and the isotonic solution is shown in Table 2.2. 

Table 2.2: Composition of the fresh mushroom and the isotonic solution (% are in 

wet weight): 

components Fresh mushroom 

(%) 

Isotonic 

solution(%) 

Ratio with water 

(𝑅𝑖) 

Water  92.1 97.0 1 

Mannitol 2.13 2.25 0.023 

Trehalose 0.16 0. 16 0.001 

Protein 2.13 Na 0 

Polysachharides 2.61 Na 0 

Minerals (K3PO4) 0. 79 0.83 0.008 

pH 6.3* 6.3 Na 

*pH of the mushroom liquid as obtained by centrifuging the fresh mushroom in 

centrifugal filtration tubes. 

Mushroom hydration  

The vacuum impregnation of the pore space of mushroom hydration was carried out 

with the isotonic solution, with its composition shown in Table 2.2 The isotonic 

solution was adjusted to a pH value of 6.3 by adding a 2M HCl solution. This pH 

value is the natural pH of mushroom, as measured from the fluid expelled from 

centrifuged mushrooms. With the use of isotonic solution, the solute composition of 

the expelled fluid and in the mushroom remains constant throughout the experiment, 

in contrast to our previous investigation [15].  
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Fresh mushroom caps (with weight 𝑊0) were submerged in the isotonic solution and 

then subjected to a vacuum of 20 mbar at room temperature for 10 min. The 

vacuum was then released and the caps were kept in the isotonic solution for 

another 5 min to allow a full impregnation of the solution into the pores. The vacuum 

treatment time and the soaking time were determined from previous experiments in 

the laboratory as the time at which the mushroom reach their maximum swelling in 

terms of the weight gain. The caps were then removed from the solution and then, 

were stored at 4 °C for 24h before the heat treatment. 

Heat treatment 

The hydrated mushrooms were immersed in a temperature controlled bath of the 

isotonic solution (1:5 weight ratio of hydrated mushroom to the isotonic solution). 

The mushrooms remained in the bath until equilibrium had been reached. The time 

required to reach equilibrium was determined via preliminary experiments. This 

equilibration time is temperature dependent, and varies from 15 minutes (at 90 °C), 

to 60 minutes (at 30 °C). After the heat treatment, the mushroom caps were taken 

out of the bath and cooled to room temperature in isotonic solution at room 

temperature, which is required for obtaining a rigid sample that allows centrifugation. 

Mushroom centrifugation 

A cylindrical sample was taken from the heat treated mushroom cap with a biopsy 

punch, having a height of 5 mm and a diameter of 7 mm. The cylinder was placed 

with the cylindrical bottom down, in a centrifugal filtration tube that consisted of two 

compartments separated by a perforated filter that allows the passage of a fluid (Pall 

Centrifugal devices, 0.2 microns). The water expelled from the sample permeated 

through the filter and was collected in the lower compartment of the tubes so that 

the expelled fluid did not come in contact anymore with the sample. The cylindrical 

sample was subjected to centrifugation force of 200, 1000, 4000, 8000 and 15000 g 

applied for 80 minutes till equilibrium which was found from preliminary experiments. 

The experiment was carried out with eight replicates. 
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Sorption analysis 

Water vapour sorption measurements were performed on (1) fresh mushroom caps 

without any prior vacuum impregnation or heat treatment, on (2) mushroom caps 

that were vacuum impregnated and on (3) mushroom caps that heated at 60 °C and 

90 °C. The temperatures were selected to observe changes in the sorption behavior 

due to protein denaturation. The heat treated samples were vacuum hydrated in the 

isotonic solution. The samples were, then heated till equilibrium in the isotonic 

solution as was described above. All three samples were freeze dried and 

subsequently inserted into a differential water vapor sorption analyzer (DVS, 

Elevated Temperature). The sample pan was cleaned carefully, and dried completely. 

Approximately 10 mg finely ground sample was placed on it. The pan along with the 

sample was hung on the wire connected to the microbalance. The nitrogen with a 

known relative humidity was passed over the sample at 200 sscm (standard cubic 

centimeter per minute) at 25 °C. At the beginning of the experiment the sample is 

kept in the DVS at 0% RH for 24 h; after this, the RH was increased stepwise, and 

then again reduced stepwise. Following this, equilibrium was considered to be 

established at each step when the mass change over 30 minutes was less than 

0.0005%/min.  

Scanning electron microscopy 

All the microscopic observations shown in this paper were carried out with a thin 

slice of mushroom in a table top scanning electron microscope (Phenom). The 

observations with the microscope were made to examine the collapse of the pore 

space of mushroom samples, subject to the heat treatment and the centrifugation. 

2.3.2 Calculations and data analysis 

Mushroom composition calculations after various treatments 

The composition of the mushroom dry matter components (𝑦𝑖 ) after each of the 

treatments (hydration, heat treatment and centrifugation were calculated with the 

following equation: 
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𝑦𝑖 =
𝑊𝑜

𝑊1

𝑦𝑖,𝑜 +
(𝑊1 − 𝑊𝑜)

𝑊1

𝑅𝑖

(1 + ∑ 𝑅𝑖)
 

 

[2.12] 

Where, 𝑊𝑜  is the weight of sample before the treatment,  𝑊1 is the weight of the 

sample after the treatment, 𝑦𝑖,𝑜 represent the composition of the components before 

the treatment. For the first treatment, the vacuum impregnation, the dry matter 

composition of fresh mushrooms are used, as listed in table 2.2. It is important to 

notice that the expelled fluid, and liquid phase inside the mushroom always have the 

same composition due to the use of isotonic fluid in our experiment. 

Volume fraction of the polymer network 

The mass fractions of the components ( 𝑦𝑖,𝑐𝑡 ) were converted into their volume 

fractions (𝜙𝑖 )by using the density (𝜌𝑖) of the components with Equation 2.13. 

𝜙𝑖,𝑐𝑡 =

𝑦𝑖,𝑐𝑡
𝜌𝑖

⁄

∑ (
𝑦𝑖,𝑐𝑡

𝜌𝑖
⁄ )

 

[2.13] 

in which  𝜌𝑖  represents the density of the individual components, with values are 

taken from Van der Sman [33]. 

 

 

Fig 2.1: An illustration of application of centrifugal force in the mushroom sample. 
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Centrifugation force 

Since the mushroom samples are not at the bottom of the outer centrifugation tube 

(as shown in figure 2.1), the actual g-force experienced by the bottom of the 

mushroom tissue (gactual) is less than the set value (gset); thus a correction is needed: 

𝑔𝑎𝑐𝑡𝑢𝑎𝑙 = 𝑔𝑠𝑒𝑡 ∗
𝑅𝑠𝑎𝑚𝑝𝑙𝑒

𝑅𝑏𝑜𝑡𝑡𝑜𝑚

 

 

[2.14] 

 Where, 𝑅𝑠𝑎𝑚𝑝𝑙𝑒 and 𝑅𝑏𝑜𝑡𝑡𝑜𝑚 represents the distance of the sample and the bottom of 

the centrifugal filtration tube from the axis of rotation. 

Estimation of the swelling pressure  

When the external centrifugal force is applied, water and solutes leach out of the 

mushroom tissue, leaving the cross linked polymer and associated bound liquid in 

the sample behind. The loss of water and associated solutes has two consequences: 

the size (height) of the sample is reduced and there is a change in osmotic pressure. 

This effect has to be taken into account for the calculation of external pressure 𝑝𝑒𝑥𝑡 

and the osmotic pressure Π𝑚𝑖𝑥. 

The centrifugal force depends on the mass of material that creates a gradient in the 

applied external pressure over the height of the sample. Following Buscall and White 

[34], we adopted the mean approximation method to reduce the complexity of the 

model:  

𝑝𝑒𝑥𝑡(𝐻) ≈
1

2
Ω2𝑅 ∑ 𝜌𝑖�̅�𝑖𝐻 =

1

2
�̅�𝑔𝑎𝑐𝑡𝑢𝑎𝑙𝐻  

𝑖

 
[2.15] 

With 𝑔𝑎𝑐𝑡𝑢𝑎𝑙 the effective gravity imposed by the centrifugation force. 

During centrifugation, the height of sample decreases. Therefore and material (solids) 

centered co-ordinates are more convenient to use [35]. Initially, the height of the 

sample is 𝐻𝑜  and the polymer volume fraction is 𝜙𝑝,𝑜 . Because the amount of 

polymers remains constant during centrifugation, the product of sample height and 

average polymer volume fraction remains constant: 
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𝜙𝑝,𝑜𝐻𝑜 = �̅�𝑝𝐻                                                 [2.16] 

Prediction of sorption isotherm 

For a range of water volume fraction 𝜙𝑤  values, composition of mushroom was 

calculated as volume fractions of sugars, protein, polymers and mineral; and 

corresponding values of χeff and 𝑁eff were computed according to equation 2.4 and 

2.5. The values were substituted to equation 2.3 to calculate the value of 
vwΠmix

RT
,  and 

subsequently water activity (𝑎𝑤) of sample. The latter was then plotted against mass 

fraction of water. 

Curve fitting 

The Flory-Rehner expression for the elastic pressure was fitted to our experimental 

data using non-linear regressing with Matlab using the lsqcurvefit function. This was 

carried out for each temperature independently. Hence, we obtained the temperature 

dependency of the model parameters, i.e. 𝑁𝑐 and 𝜙𝑜.  

2.4 Results and discussion 

2.4.1 Change in WHC in mushroom as a function of temperature at zero load 

First, we present the results on the WHC of mushroom at zero mechanical load, 

which is used to estimate the change of the Flory-Huggins interaction parameter of 

the proteins. We assume that the interaction parameter for proteins follow the same 

temperature dependency as WHC at zero mechanical load. This assumption was used 

previously to successfully describe the water holding capacity loss upon heating of 

meat [5, 6]. The results are shown in figure 2.2, where the WHC is expressed as the 

water content of the heat treated mushrooms. 
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Fig 2.2: WHC, expressed as the moisture content in the heat treated mushroom cap 

(WHC=y), as a function of the temperature. The moisture content was computed 

from the weight loss data of thirty individual mushrooms after the heat treatment. 

The open circles show the experimental measurements, the bars show the standard 

error and the line show the fitted relation.  

 

A logistic function is fitted to the WHC data.   

𝑦 = 𝑦2 −
𝑦2 − 𝑦1

1 + 𝑎 ∙ exp(𝑏(𝑇 − 𝑇𝑒))
      [2.17] 

which yields the following values: 𝑦2 =93.92%, 𝑦1 =84.48%, 𝑇𝑒 =54.3°C, a = 

(1.72 0.5) and b = -0.28 0.06 °C  .  

The WHC of meat shows similar behavior: in a previous paper [4] the value of b and 

𝑇𝑒 in meat were found to be -0.25 and 52°C respectively. Thus, mushroom and meat 

behave similarly in their WHC around the mid-point of the sigmoid curve. The value 
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of 𝑎 was 30 for meat, which is much higher than the value in mushroom. The lower 

value of 𝑎  in mushroom indicates a lower onset temperature for the collapse; 

however, the shape of the curve is relatively insensitive to the value of 𝑎. 

We attribute the loss of WHC with temperature to the denaturation of the protein. 

This hypothesis is based on two reasoning. First, the water loss in mushroom is quite 

similar to meat when heated, as described in the previous paragraphs. Second, the 

value of Te is in the range where most of the proteins of vegetable origin denature. 

Our dynamic scanning calorimetric analysis (DSC) of mushroom showed that the 

protein denaturation temperature is 50-60 °C (result not shown in this paper).  

The values of 𝑎, 𝑏 and 𝑇𝑒 are used in equation 2.8 for the Flory-Huggins interaction 

parameter. The resulting dependency of 𝜒𝑝𝑤,1 with temperature is shown in the left 

pane of figure 2.3, while the right pane shows the change of 𝜒𝑝𝑤 with composition, 

for two temperatures (30 and 90 °C) 

  

Fig 2.3: The pw  parameter for mushroom proteins. The left diagram shows the 

temperature dependency of  parameter and the right diagram shows the 

composition dependency at T=30 and 90 oC which follows equation 2.6. 

 2.4.2 Water vapour sorption  

To check the validity of the temperature dependency of pw, we performed water 

vapour adsorption measurements for fresh mushroom samples that did not receive 

vacuum impregnation or heat treatment, and heat treated samples which were 

vacuum impregnated and then heat treated T=60 and T=90 °C. Subsequently, the 
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samples were freeze dried. Results are shown in figure 2.4. In our previous paper 

[15], we showed the prediction of the sorption isotherm of fresh and blanched (for 1 

minute) mushrooms with the FVFH theory. Figure 2.4 reconfirms the validity of this 

theory. In the same figure we also show the sorption data for fresh mushroom as 

obtained by Shi [23]. We recall that figure 2.4 is a prediction of the FVFH theory, Eq. 

2.3, and that we have not applied any fitting to the sorption data.  

 

Fig 2.4: Prediction of the sorption curve of fresh (blue-solid) mushroom and heat 

treated mushrooms at T=60°C (dashed-green) and T=90°C (dotted-red). The open 

circle show the average of duplicate measurement and the lines show the prediction 

of the sorption curve by FVFH theory. The blue steric represent the data from Shi et 

al, 2012 [23] for fresh mushroom. Water content is expressed in the dry basis. 

The predictions shown in in figure 2.4 compare favorably with the experimental data. 

The RMSE values of our measurement with the prediction were determined to be 

0.0144, 0.0212 and 0.0293 for fresh mushroom sample and samples heat treated at 

60 and 90 °C.  

For heat treated samples, the experimental data point shows a deviation at higher 

water activities. This is probably due to the elastic contribution to the water activity, 
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which is not accounted for in the FVFH theory. The Flory-Rehner theory does take 

this into account, but at the moment the model parameters are not known, which in 

fact is the objective of the work presented below. In our previous paper we showed 

that the elastic contribution is indeed significant in this range of aw, and that with it, 

the prediction is improved over that of the FVFH theory. At low water activity, aw < 

0.8, the elastic contribution is negligible, and the sorption data allows for a good 

comparison of the osmotic pressure, Equation 2.3. 

2.4.3 WHC at various mechanical loads imposed by centrifugation 

Via centrifugation we applied a range of mechanical loads to the heat treated 

mushrooms. The applied centrifugation force sets the swelling pressure, as follows 

from Eq. 2.15. For comparison with the Flory-Rehner theory, the WHC is now 

expressed in terms of the polymer volume fraction. The change in polymer volume 

fraction with swelling pressure (i.e. external pressure) is shown in figure 2.5 for all 

temperatures used in the heat treatment. The figure clearly shows that there is a 

transition of the WHC of mushroom with temperature.  

 

Fig 2.5: The WHC of heat treated mushroom samples as predicted by Flory-Rehner’s 

theory. The solid symbols show the average of eight measurements and the bar 

along with the symbols show the standard deviation of measurements. 
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For equal swelling pressure, the polymer volume fraction of the sample is 

significantly increased for temperatures above 60°C. However, beyond that 

temperature the WHC does not change anymore. This is an indication that the 

interaction between biopolymers and water levels off beyond 60 °C.   

Electron microscopy shows that the mushroom capillaries had collapsed both during 

the heat treatment and during the application of the centrifugal force, as evident 

from figure 2.6. The capillary collapse is particularly evident for samples that were 

heated above 60°C.   

Figure 2.5 shows a rapid increase in the polymer fraction with swelling pressure at 

temperatures of 60 °C and above. We assume this rapid increase is due to pore 

collapse. The fact that above 60 °C there is no large change in polymer volume 

fraction anymore, is in line with this – all pores have already collapsed. Electron 

microscopy shows that at low swelling pressure values, the pores in mushroom are 

indeed still intact, and hold some (capillary) water. At swelling pressures larger than 

10 kPa, the pores have indeed collapsed. We note that our theoretical description 

does not yet account for the contribution of capillary water to the WHC. 

Consequently, the data points at low swelling pressure are excluded from the fitting 

procedure.  
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Fig 2.6. Top: Fresh hydrated mushroom(Left), heat treated at 40°C (middle) and 

heat treated at 90°C (right). Bottom: Corresponding samples centrifuged at 8000g. 

The horizontal line represents length scale of 50 µm. 
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4.4 Temperature dependency of model parameters in elastic pressure 

Via non-linear regression we fitted Eq. 2.2 to the WHC data in figure 2.5, shown as 

solid lines in the figure. The Flory-Rehner theory fits quite well to the WHC data at 

higher swelling pressure values. Via the fitting procedure performed for each 

temperature separately, we obtain the relation of the model parameters in the elastic 

pressure, Nc and 𝜙𝑜, with temperature. The results are shown in figure 2.7.  

 

  
 

Fig 2.7: The temperature dependency of the fit parameters Nc and 𝜙𝑜 in the elastic 

pressure. The bars along with the fit parameters represent the error values in their 

estimation. The smoothened lines serve to guide the eyes.  

Figure 2.7 clearly shows a decrease in the value of 𝜙𝑜 with increasing temperature 

whereas a reverse trend is seen in Nc. At temperatures above 60°C the values do 

not change anymore. Previously, we assumed that the model parameters 𝜙𝑜 and Nc 

are independent of the temperature [36]; the current data shows that we have to 

recall that hypothesis. 
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A B 

Fig 2.8: A conceptual diagram of the mushroom polymers before (A) and after (B) 

the heat treatment.  

The parameter 𝜙0 is the volume fraction of the polymer in the relaxed state (i.e., 

without any elastic force). The fact that the value is reduced with higher 

temperatures, indicates that the chains between the crosslinks have become longer 

(i.e., are more swollen), possibly due to the loss of the original conformation of the 

proteins. The larger values of Nc, the crosslink density, indicates that in fact more 

crosslinks have been forms, by aggregation of the proteins. The fact that the model 

parameters do not change any more above 60 °C indicate that the changes are likely 

due to protein denaturation. Denaturation brings with it a lot of changes in physical 

and chemical properties of the material that includes uncoiling of the proteins, and 

aggregation, i.e. the formation of new bonds. The changes in the biopolymer 

network due to protein denaturation are sketched schematically in figure 2.8. 

We here applied extensive heating to ensure equilibrium, since the WHC is a 

thermodynamic quantity. Recent research showed that protein denaturation has 

some dynamics in the order of minutes, [37, 38], which is in the range of industrial 

processing times – as used during blanching. If the Flory-Rehner theory can be 

linked to a kinetic model of protein denaturation, one can design the mushroom 

processing for optimal WHC after treatment. 
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2.5 Conclusion 

In this work we described the changes in water holding capacity in mushroom as a 

function of temperature. The changes of the WHC with temperature could be 

quantified as changes in three model parameters: the Flory-Huggins interaction 

parameter between the proteins and the aqueous solvent phase, the crosslink 

density of the network, and the biopolymer density at the relaxed state. The change 

of all three parameters can be explained by protein denaturation. 

While most of the parameter values are similar to those for meat, the onset of the 

collapse was much quicker. Indeed one can see that at lower temperatures (< 50 °C) 

already some collapse takes place.  

Part of the collapse of the structure seen at higher temperatures can be ascribed to 

the collapse of the pores between the hyphae. The current theory cannot yet 

describe this; however it is an important effect which explains the large reduction in 

water content when going from 50 and 60 °C. 

Even though there are differences between various types of food matrices such as 

meat, carrot and mushrooms, the Flory-Rehner theory is shown to apply to all of 

them. Given the diversity of the materials, we expect that it can be applied to other 

foods as well. The control in WHC in foods becomes increasingly important to predict 

and control sensory attributes such as juiciness and digestive properties in new food 

products. 
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Abstract: 

Many porous food materials compose of a solid, gelling phase and a gas-filled pore 

phase. However, the biphasic character of these materials is hardly acknowledged 

with respect to the hydration of the matter. In this study we consider mushrooms as 

such a porous food material. Its solid phase consists of intertwined hyphae, having 

cell walls with a swellable polymeric matrix, and a pore phase made up by the space 

in between the hyphae. We have investigated the hydration of mushrooms as 

function of initial porosity and thermal treatment. Variation in porosity is induced by 

the natural variation in the growth of mushroom. Porosity is measured by the weight 

gain during vacuum infiltration of mushroom caps with the mushroom isotonic 

solution. The hydration of the heat treated mushroom shows a linear increase with 

the porosity of mushroom. The hydration after the thermal treatment is also linearly 

related with the fraction of pores that is filled during the vacuum infiltration process. 

Storage of mushroom increases the porosity with the number of storage days, which 

has also been confirmed with XRT measurements. Finally, we show that the 

hydration of thermal treated mushroom has two independent contributions, from 

porosity and temperature of the heat treatment. Current theories deal only with the 

latter contribution to the hydration of foods, and need to be extended for accounting 

porosity of the food. 

Keywords: Mushroom processing, Porosity, Degree of hydration, Water holding 

capacity 
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3.1 Introduction 

In the last recent years we have been researching a mechanistic explanation for the 

water holding capacity (WHC) of food materials using the Flory-Rehner (FR) theory. 

We have applied that theory to meat [1], freeze-dried vegetables [2] and 

mushrooms [3]. Theoretically, the FR theory only applies to gel-like materials. Some 

foods like freeze-dried vegetables clearly have both a gel-phase and a pore phase. 

The gel phase consists mainly of cell wall material which swells upon hydration. In 

the pore phase, the water is held by capillary forces. In our previous research [2], 

we have not been able to separate these two different contributions to WHC, because 

of the leaching of solutes from the gel phase to the pore phase.  

In this paper, we present the first experimental results on the effect of these two 

contributions to the WHC of mushrooms. Fresh mushrooms have clearly a distinct 

pore space, filled with air. The gel phase consists of intertwined hyphae. Its dry 

matter consists mainly of cell wall material and carbohydrates in the vacuole. In our 

previous paper [3], we have investigated the WHC of vacuum infiltrated mushrooms 

via centrifugation. Via vacuum infiltration we have filled the pore space with an 

isotonic liquid, having the same composition as the intracellular fluid. At sufficient 

high centrifugation speeds, the pore phase has collapsed. Furthermore, the swelling 

of the gel phase due to difference in osmotic pressure between gel and pore phase is 

prevented via vacuum impregnation of the pore phase with an isotonic fluid. By 

these two measures we have been able to determine the WHC of only the gel phase.  

Other systems having both a gel phase and a pore phase are freeze-dried fruits and 

vegetables and coarse gels. Properties of the freeze-dried systems are already 

discussed [2]. Coarse, particulate gels can be viewed as a network of aggregated 

microgel particles with a liquid filled pore phase [4, 5]. This is in contrast to fine 

stranded gels, where the biopolymers form a space filling network. The water holding 

of these fine stranded gels can be fully explained by Flory-Rehner theory, and is 

linear with their gel strength [6]. Water holding of coarse gels is little explained by 

gel strength, but rather by the size of the pore [7]. Theoretical investigation of the 

contribution of the pore space to the water holding of particulate gels is hampered by 

the fact that pore size is often in the submicron range, where both the van der Waals 
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forces and the capillary forces contribute to the water binding in the pore space [8, 

9]. 

In mushrooms the pore size measures several micrometers, and the van der Waals 

forces can safely be assumed negligible compared to the capillary forces. Hence, we 

view mushroom as a good model system for a detailed investigation of the 

contributions of the gel phase and the pore phase to the water holding capacity. The 

pore space is well open to the environment and can easily be filled with liquid via 

vacuum impregnation. The natural variability in porosity of mushrooms and its 

maturation render a large variation in porosity, namely in the range of 0.25 to 0.50, 

which gives us a means to vary the contribution of the pore phase. On the other 

hand, temperature treatment gives us a means to alter the contribution of gel phase 

on the water holding capacity. At high temperatures, proteins present in the cell wall 

materials denature, which lowers the water binding of the gel phase. During storage 

mushrooms are still physiological active, and mature. Prolonged maturation has 

shown an increase in their hydration after a thermal treatment [10–12]. While the 

reason for such an increase is attributed to the proteolytic changes in protein [10, 

13], this paper gives the insight that maturation influences the hydration properties 

via porosity changes.  

3.2 Methods and materials 

3.2.1 General methodology 

An important measure for the contribution of the pore space to the WHC is its 

volume fraction, i.e. the porosity. The global value of porosity has been measured 

via weight gain following vacuum impregnation with an isotonic fluid. As reported in 

our previous paper [3], fluid with the composition equal to cellular fluid does not lead 

to swelling of the gel phase. Hence the isotonic fluid just fills the pore while 

displacing air during the vacuum impregnation. Next to the global volume fraction of 

the pore phase, we have investigated on its local variation via x-ray tomography 

(XRT). Mushrooms with different global porosity values were obtained from their 

biological variation and after their maturation. To enhance their porosity via 

maturation the mushrooms are stored at temperature of 4°C and 95% RH prior to 

the vacuum impregnation. The contribution of gel phase in WHC changes with the 
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thermal treatment as a result of protein denaturation. This change in the contribution 

with the temperature is studied by giving a thermal treatment to the mushrooms. 

Porosity is determined via vacuum infiltration for every mushroom. Water loss is 

measured at different temperatures of thermal treatment. Collapse phenomenon of 

the pore phase as a result of thermal treatment is studied by giving the thermal 

treatment to mushrooms in which pores were previously partially filled with the 

isotonic solution. We have used white button mushroom (Agaricus bisporus) with a 

cap diameter of 4–5 cm for all our experiment. The mushrooms were received within 

2 h of their harvest.  

3.2.2 Formulation of isotonic solution 

The mushroom isotonic solution contained 2.2% mannitol, 0.2% trehalose and 0.8% 

potassium phosphate, dissolved in deionized water, and was adjusted to a native pH 

value 6.3 of fresh mushrooms, as suggested in our previous paper [3]. The solution 

was used both for measuring porosity of fresh mushroom, and as a heat transfer 

medium providing the thermal treatment to the mushroom samples. 

3.2.3 Estimation of porosity of mushroom with isotonic solution 

Porosity of mushroom is computed by the weight gain of mushroom after its vacuum 

impregnation with the isotonic solution. Caps of mushrooms are submerged in the 

isotonic solution and then subjected to a set vacuum of 20 mbar at room 

temperature for 10 minutes. The vacuum is then released and the caps were kept in 

the isotonic solution for another 5 min to allow full impregnation of the solution into 

the pores. The porosity was calculated following equation 3.1: 

𝜖 =

(𝑤𝐻 − 𝑤𝐹)
𝜌𝑖𝑠

⁄

(𝑤𝐻 − 𝑤𝐹)
𝜌𝑖𝑠

⁄ −
𝑤𝐹

𝜌𝑡ℎ
⁄

 

[3.1] 

Here, 𝑤𝐹  and wH  are the weight of mushroom before and after the vacuum 

impregnation, 𝜌𝑖𝑠 is the density of isotonic solution, and 𝜌𝑡ℎ is the theoretical density 

of the gel phase of mushroom calculated from its composition [3]: 92.1% water 

(𝜌𝑤 = 1000), 2.3% sugar (𝜌𝑠=1550), 2.6% polysaccharides (𝜌𝑐=1550), 2.1% protein 
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( 𝜌𝑝 =1330), and 0.8% minerals ( 𝜌𝑚 =2440). The theoretical density was then 

calculated from the individual densities following the relation [14]: 

1

𝜌𝑡ℎ
= ∑

𝑦𝑖

𝜌𝑖
𝑖

 
[3.2] 

3.2.4 WHC measurements 

The vacuum impregnated mushrooms are stored at 4°C for 24h and are subjected to 

a thermal treatment with a temperature controlled bath holding the isotonic solution 

(1:5 weight ratio of hydrated mushroom to the isotonic solution). After the thermal 

treatment, mushrooms are taken out of the bath and cooled in a bath of the isotonic 

solution held at the room temperature. The cooled mushrooms are allowed to drain 

surface attached water, and their surface are dried with a tissue. Subsequently, their 

weight was measured. Water holding capacity is expressed in terms of relative 

degree of hydration (𝑌𝐻) as the ratio of the weight of the heat treated sample (𝑤𝑇) 

compared to their fresh weight (𝑤𝐹) before vacuum impregnation.  

𝑌𝐻 =
𝑤𝑇

𝑤𝐹
 [3.3] 

For storage study, mushrooms were stored without vacuum impregnation for three 

consecutive days. The stored mushrooms were given the vacuum impregnation and 

the thermal treatment without any storage in between. 

3.2.5 Different degrees of air trapping 

The pore phase in mushroom is filled with the isotonic solution to various degrees 

and the effect on the hydration behaviour after thermal treatment is studied. Partial 

infiltration of mushrooms was achieved via setting the suction pressures to 1000, 

500, 300, 100 and 20 mbar. The fraction of the pores filled is obtained from the 

weight gain during the infiltration. Afterwards, mushrooms are provided a thermal 

treatment at 90°C for 15 minutes and WHC was measured as described above. 
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3.2.6 XRT imaging 

XRT is used as a measure for the local porosity change during storage. Two 

mushrooms are analysed with XRT for three consecutive days. During storage the 

mushrooms are kept in a refrigerator at 4°C. For imaging, the mushroom are taken 

out of the refrigerator, and are put back after imaging for half an hour. The samples 

are imaged using the General Electrics Phoenix X-ray microfocus CT system. A power 

setting of 70 KV voltage and 350 μA currents are used. The transmission of the 

conical X-ray beam through the sample is recorded by a CCD camera. The sample is 

rotated with a step size of 0.18 degrees and the beam of x-ray is recorded by the 

camera for an acquisition time of 250 ms. The process is repeated 2000 times to get 

a full 360 degree rotation of the sample. The total readout time is 33 minutes. The 

3D density map is obtained after tomographical reconstruction of images. 

Reconstructed images are analyzed for their (local) porosity values.  

The reconstructed XRT image is analyzed in Avizo 8.1 image analysis software 

package. Among the series of reconstructed images, an image at the center of the 

mushroom is taken for the measurement of their greyscale value. A line probe is 

selected for calculating the greyscale value along the axis of the probe. The 

greyscale value in the probe is analyzed in a sequence of cylindrical discs with 2mm 

in radius and 50 𝜇𝑚 in height along with the probe from the top of the mushroom to 

its bottom as shown in diagram. A greyscale value of 320 is assigned to the solid 

phase of the mushroom and 0 for the pore phase. The value of the solid phase is 

determined via preparing a paste, where all air is removed via vacuum treatment.  

 

 

Fig 3.1: The schematic diagram of sampling of mushroom in Avizo-software.  
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3.3 Results and discussion 

3.3.1 Porosity of fresh mushroom and the degree of hydration after thermal 

treatment 

A large number of batches of mushrooms are examined to find a relation between 

the porosity and the water holding capacity after the thermal treatment. A higher 

degree of hydration after the thermal treatment is found for mushrooms with higher 

porosity, as indicated in figure 3.2. It shows the measurements for individual 

mushrooms in three different batches. Via linear regression, we obtain correlation 

coefficients R2 value in the range of 0.5-0.7 for mushroom of various batches. Figure 

3.3 shows the variation of porosity between various batches. The coefficient of linear 

regression values between the batches were not significantly different to each other. 

Ignoring the differences between batches and assuming the differences are due only 

to variation in the initial porosity, improved the correlation coefficient value to 0.90. 

 

Fig 3.2: The relationship between porosity of mushrooms and degree of hydration 

after thermal treatment (The thermal treatment was provided at 90°C for 15 min). 
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Fig 3.3: The variation of porosities between various batches examined 

While porosities of individual mushroom seem to play an important role in 

determining their degree of hydration after the thermal treatment, there is a 

considerable variation in porosities of mushrooms within a batch as shown in figure 

3.2 and between the batches as shown in figure 3.3. Though mushrooms among 

various batches used in the current study were on the same stage of physiological 

growth, the porosity value of mushroom ranged from 0.25 to 0.5.  

3.3.2 Change in mushroom hydration with temperature  

The change in the degree of hydration of mushroom as function of porosity for 

various temperatures is shown in figure 3.4. We observe that the degree of 

hydration of heat treated mushroom increases with porosity for all temperatures. At 

equal porosity, the degree of hydration decreases with the treatment temperature, 

as reported in several previous studies [2, 3, 15–17].  
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Fig 3.4: Yield of mushroom after the thermal treatment as a function of temperature.  

 

We have performed linear regression to the data in figure 3.4, and have determined 

the slope and intercept of the fitted lines, including the error in their estimates. Their 

values are shown in figure 3.5. There are no significant differences in the slopes of 

the regression lines for different temperatures. However, the intercept of the line 

does decrease with temperature.  
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Fig 3.5: Slope (A) and intercept (B) of the straight lines that were obtained by linear 

regression model of first order between the yield against porosity at various 

temperatures. Lines are drawn to guide the eyes. 

The data from figure 3.4 and 3.5 suggest that the degree of hydration of mushroom 

has two major, independent contributions: the temperature of the thermal treatment 

and the initial porosity of the mushrooms. The temperature dependency we attribute 

to the gel phase of the mushroom, which is shown to depend on temperature 

following a sigmoid relation [3]. The largest change in the degree of hydration 

happens in the temperature range of 50-60 °C. Figure 3.4 also shows the largest 

change in hydration in this temperature range. We assume that the hydration of 

whole mushroom follows the same sigmoid relation as the gel phase, and that it 

depends linearly on the porosity. This can be expressed as follows: 

𝑌(𝑇, ∈) =
𝜌𝑖𝑠

𝜌𝑡ℎ
(

𝜖

1 − 𝜖
) + (𝑌30

0 −
𝑌30

0 − 𝑌90
0

1 + 𝑒𝑥𝑝(b(𝑇0 − 𝑇))
) 

[3.4] 

Where, 𝑌30
0  and 𝑌90

0  are the degree of hydrations of gel phase of mushroom at 

temperature 30 °C and 90 °C respectively. 𝑇0 is the midpoint temperature of the 

sigmoid curve and b is the constant whose values are obtained from the curve fitting 

of the degree of hydration against the temperature for various mushroom porosities. 

The first and second term in equation 3.4 represents the weight ratio of fluid present 

in the capillaries and the gel phase compared to the weight before vacuum 
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impregnation respectively. The first term is obtained from the rearrangement of 

equation 3.1, the second term is adopted following our previous study [3]. 

  

Fig 3.6: Left: Prediction of the yield of heat treated mushroom at various 

temperatures. The lower and upper boundaries of the sigmoid curves show the 

prediction at 0.25 and 0.5 respectively. The open circles show the experimental data 

point used for the curve. Right: A plot of real yield value against the predicted 

values 

We have fitted Eq.(3.4) to the complete dataset as shown in figure 3.4 via non-linear 

regression, which is shown in fig 3.6. We have obtained the following values for the 

model parameters: 𝑌30
0 =1.01±0.01; 𝑌90

0 =0.17±0.01; 𝑏= 0.30±0.02; 𝑇0=54.1±0.37 °C. 

The values of the constants 𝑏 and T0 agree with the values obtained in our previous 

paper [3]. The goodness of fit is computed via the RMSE, having a value of 0.0392. 

Hence, the data analysis confirms that the gel phase and the pore phase contribute 

independently to the hydration of mushrooms, with only the contribution of the gel 

phase being temperature dependent. 

3.3.3 Change in mushroom porosity and degree of hydration upon storage  

Figure 3.7 (left) shows the change in porosity in mushroom and the degree of 

hydration as function of storage days for two batches of mushroom.  

file://///SCOMP0850/ekara001$/Mushroom%20Project/Mushroom%20Project/Draft%20papers/Porosity%20and%20blanching%20yield/Draft/150416%20Porosity%20%20on%20hydration%20behaviour%20of%20mushrooms.docx%23fig7
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Fig 3.7: Left: The degree of hydration of heat treated mushroom (90 °C/15 min) 

plotted against their porosity for day zero (red square), one (green triangle), two 

(purple circle) and three (blue diamond). Right: Top, The slope (A) and, Bottom,  

the intercept (B) of the linear regression line of the degree of hydration of heat 

treated mushroom against porosity for various days. The open and closed symbol 

represent two different batches. 

Despite the large natural variation in porosity of individual mushrooms, the values 

for both the porosity and degree of hydration increased with the storage days. An 

analysis of covariance (ANCOVA) test showed that the values of the degree of 

hydration for those lots increased significantly (p<0.05) till the second day of 

storage. For longer storage there are no significant changes. We have also 

performed linear regression on the data (hydration versus porosity). The top right of 

figure 3.7 shows the slope (A) for the different storage days. Due to the natural 

variation there are no significant differences in the slope of the regression lines. As 

expressed by Equation 3.4, we have not expected any difference in the slope. We 
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assume that storage only influences the intercept of the relation of hydration vs. 

porosity. With the assumption of a constant slope, we have performed the linear 

regression again, to obtain more accurate estimations of the intercepts. The data on 

the intercept is shown in the right bottom of figure 3.7. 

The intercept (B) in two batches increased significantly (p<0.05) till day 1 and day 2 

of storage respectively. The change in the intercept with storage indicates that 

storage not only induces change in porosity, but also induces other physiological 

changes in the gel phase of mushroom altering the hydration of stored mushroom. It 

is known in literature that the storage of mushroom brings about several biochemical 

changes in gel phase of mushroom, including a decreased level of mannitol, total and 

soluble protein content, glucan level and an increase in structural components chitin 

and cell wall proteins [12, 18–21]. In the fungal cell wall, chitin provides mechanical 

strength to the cell wall [12, 22]. With the storage, both the space within the hyphae 

and their mechanical strength increases because of increased chitin level. This 

increased space between the hyphae leads to an increased capacity of mushroom to 

hold more water. The higher mechanical strength keeps mushroom relatively firmer 

when it is subjected under the thermal treatment. The hydration of the gel phase 

might have increased due to increase in chitin and cell wall protein level with storage. 

3.4 Change in porosity during storage as measured by XRT 

The change in the local porosity of mushrooms as measured by X-ray tomograpy is 

shown in fig 3.8. We observe that, both of the scanned mushrooms show a decrease 

in the greyscale value with prolonged storage, indicating an increase of porosity in 

the stored mushroom. 
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Fig 3.8: The change in mushroom with the storage days as shown by XRT imaging.  

Lowering white intensity with the storage days indicate a lower density of mushroom 

as a result of increased pore spaces in the tissue 

The change in the solid fraction expressed as the greyscale value is shown in figure 

3.9. The greyscale value of mushroom tissue is lower than the value measured 

independently for evacuated mushroom paste, which shows a greyscale value of 320. 

There are various regions with localized density in mushroom [16], as is also 

indicated in figure 3.8. This variation we have quantified for the central axis of the 

mushroom. Results are shown in figure 3.9. The result shows a drop in greyscale 

value in both the mushrooms with storage days indicating an increased porosity in 

mushroom with storage days. The figure shows a higher density (lower porosity) at 

the top of the mushroom cap with storage. The cap surface is reported to be more 

porous having larger openings [21] with a lower density than the rest of the tissue 

[16]. The increased desity at the surface in the stored mushroom might be due to 

surface drying of mushroom with storage days. 

Day 0 Day 1 Day 2 
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Fig 3.9: The greyscale values of two stored mushrooms after zero (blue), one (red) 

and two ( green) days of storage. 

3.3.5 Degree of hydration after thermal treatment in relation to the filling of 

mushroom pores  

A plot of the fraction of pores filled against the degree of hydration after the thermal 

treatment of the vacuum infiltrated mushrooms is shown in figure 3.10. The degree 

of hydration increases linearly with the fractions of the pores filled as shown in the 

figure. Similar observation is reported in several previous studies [10, 23–25] which 

report a beneficial effect of infiltration of mushroom to the hydration after the 

thermal treatment. 
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Fig 3.10: The relation between the fraction of pores filled with the degree of 

hydration of heat treated mushroom. 

We argue that the decreased hydration in mushrooms with partially filled capillaries 

is because of pore collapse. Pore collapse occurs if the capillary forces in the partially 

filled capillaries exceeds the critical buckling stress of the wall matrix [26]. A 

schematic diagram of the phenomenon is shown in figure 3.11. Due to the limited 

amount of water, the capillary forces will be larger than in fully filled capillaries. The 

thermal treatment makes the wall less stiff because of protein aggregation which is 

evident by an increase in the cross link density of gel phase after the treatment [3]. 

The loss of stiffness makes the wall prone to collapse (Figure 3.11, middle) because 

of the capillary force. The thermal treatment also causes the gel phase to release 

water. After thermal treatment of the partially filled mushrooms, no porosity is 

present in the system which is checked with XRT. The capillaries will be fully filled 

(Figure 3.11, right), but the limited amount of water induces a higher curvature of 
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the water meniscus at the mushroom/air interface. This higher curvature induces 

higher capillary forces, which makes the mushroom shrink more, until it balances the 

elastic forces (due to entanglements of the hyphae). 

   

 

Fig 3.11: The conceptual diagram to describe water loss in mushroom with partially 

filled capillaries. The small arrow show the direction of collapse of hyphae, the big 

arrow show the pressure exerted by water against collapse. Left: before thermal 

treatment. Middle: Partial collapse of hyphae during the thermal treatment Right: 

after the thermal treatment 

Meat is a food material, whose WHC is investigated quite extensively. Water 

population in meat is grossly divided into the intramyofibrillar water which is water 

present in the muscle fibre by hydrogen bonding and physical entrapment, and 

capillary water or free water which is water present in cylindrical extracellular 

cylindrical capillaries in sarcoplasmic area [1, 27]. In meat, the thermal processing 

causes a decrease in intra-myofibrillar water population and an increase in water 

population in the capillary phase [28]. The thermal treatment contracts collagen 

making this extracellular water to expel. Capillary phase water population in 

mushroom seems to play even a bigger role in mushroom hydration because of its 

higher porosity; pore phase holds around 40% of water in a vacuum infiltrated fresh 
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mushroom. Unlike meat, the capillary in mushroom is not an anisotropic narrow 

cylindrical passage; but it is a larger space between the hyphae which are randomly 

intertwined to each other. Upon thermal treatment, hyphae having reduced 

mechanical strength reach closer to each other that subsequently results in water 

removal. This phenomenon is in contrast to water loss behaviour shown by other 

vegetables having lower capillary space such as carrot which can still retain relatively 

more water than mushroom after its thermal treatment [2]. Next to the contribution 

of capillary phase, chemical makeup of gel phase might also determine hydration 

behaviour as every constituent contribute differently on it.  

3.4 Conclusion 

Description of the hydration behaviour of a gel matrix in many food material is 

possible with Flory-Rehner theory as is shown by several previous studies. Many food 

materials such as mushrooms are more complex than just a system consisting of 

only a gel matrix. Mushroom serves as a good model system to understand the 

hydration behaviour of a system that consists of a gel phase and a pore phase. The 

current study shows that porosity and temperature contribute independently to the 

hydration of heat treated mushroom. 

The contribution of capillary water in food material might be different among many 

foods because of various porosity characteristics and wetting properties of capillary 

wall. Similarly, WHC of the gel phase of various food material might change 

differently with temperature because of variation in the constituents that make them. 

Knowledge of the composition of the cellular constituents and capillary phase 

contribution, is needed to understand the WHC character of many food materials, 

including meat and coarse protein gels.  
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Abstract: 

Little attention has been paid to the effects of different physical contributions to the 

water holding capacity of foods. In a sequel of papers we have investigated this by 

considering the common white button mushroom (Agaricus bisporus). The 

mushroom is especially suited for this research question, because it has two distinct 

phases: 1) the pore space in between the hyphen, and 2) the cellular phase. In the 

current paper of our sequel, we consider individual contributions of the cellular phase 

to water holding. The water holding capacity of hydrated mushroom is studied in 

relation to cell membrane integrity loss and change of state structural polymers the 

cell wall. We show that the loss in water holding capacity after heat treatment is 

closely correlated with cell membrane integrity loss. The intrinsic water holding 

capacity of the cell wall components, mostly chitin and proteins also play a role. The 

contribution of protein manifests largely via a significant response of WHC towards 

change in pH.  

Keywords: Cell membrane integrity, cell wall components, water holding capacity, 

mushroom  
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4.1 Introduction 

In a sequel of papers we have been investigating the physical contributions to water 

holding capacity of the common white button mushroom (Agaricus bisporus). Like in 

cellular plant foods, water is held in mushrooms in more than one compartment. 

Distinctive of mushrooms is that they have a clear pore phase, which is a continuous 

air space in between the hyphae of the fruiting body. During industrial processing, 

the pore phase in mushroom is filled with tap water via vacuum impregnation [1–3]. 

We have covered the contribution of capillary water in our previous paper [4]. The 

other compartments in the mushroom, holding water, are present in the cellular 

phase. The structure of the cellular phase is similar to plant foods, with 1) the 

vacuole holding small soluble solutes like salts and sugars, 2) the cytoplasm, and 3) 

the cell wall. These compartments are separated from each other by a cell 

membrane that is permeable to water, but impermeable to solutes. The 

impermeability of the membrane to solutes creates an osmotic pressure inside the 

vacuole, which will attract water. The cell wall is made up of several crosslinked 

biopolymers, which will deform elastically due to the influx of water into the vacuole 

[5]. The elastic deformation of the cell wall will generate the turgor pressure, which 

will balance the osmotic pressure in the vacuole under homeostasis. The cytoplasm 

is largely build up by biopolymers such as actin proteins. From the viewpoint of 

water holding capacity both the cytoplasm and cell wall can be viewed as a 

crosslinked polymeric gel, whose water retention can be described by the classical 

Flory-Rehner theory [5–8]. In the following we will consider the cytoplasm and cell 

wall as a single phase – which we will denote as the gel phase. The vacuole will be 

denoted as the intracellular phase, which is responsible for the osmotic pressure 

inside the cell. Note that the cell wall material and pore phase are not separated by a 

cell membrane, and can freely exchange water until thermodynamic equilibrium is 

reached. 
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Fig 4.1: Left: Schematic diagram of cross section of mushroom cellular (hyphal) 

structure. Right: The cell wall of mushroom zoomed in (pictures adopted from Ikafu 

et al.(2011) and  Michalenko GO, Hohl, and Rast (1976) . 

The cell wall of mushroom consists of three major biopolymers, which are crosslinked 

to each other: 1) chitin which is a polymer of  β-(1 → 4) branched N-

acetylglucosamine unit [11], 2) beta-glucans and 3) proteins. The biopolymers 

display a compositional and structural gradient across the cell membrane [9, 10]. 

The outermost mucilaginous layer is rich in beta-glucans and the lower layers are 

more rich in chitin and beta-glucans, forming an intertwined network [10]. Proteins 

are distributed in the cell wall largely as glycoproteins, which are often crosslinked 

with polysaccharides [9, 12]. 

In our previous research, we have reported that the amount of capillary water in the 

fresh mushroom correlates linearly with the degree of hydration after thermal 

treatment [4]. This finding indicates that pores still hold a significant amount of 

water, even after thermal treatment. In our first paper of the sequel [6], the 

contribution of the gel phase on the WHC of heat treated mushroom is described 

with Flory-Rehner theory. There we have assumed that mushroom can be viewed as 

a gel, i.e. a homogeneous mixture of crosslink biopolymers in an aqueous phase. 

Similar to previous literature [13–15], we have considered there that protein 

denaturation is the main cause of the loss of WHC after thermal treatment, and we 
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have disregarded the structural complexity of the mushroom cells. While the theory 

has been quite successful in describing the overall WHC of mushroom tissue under a 

certain mechanical load, it could not fully describe the WHC of mushroom when low 

external loads are applied [6]. Now, we question whether protein denaturation is the 

sole cause of the loss of WHC during thermal treatments. We recognize that the loss 

of cell membrane integrity can also lead to a significant loss of water holding [5, 16]. 

Hence, in this paper we investigate the contributions of the loss of cell membrane 

integrity, and physical changes in biopolymers constituting the cell wall material, on 

water holding capacity of mushroom.  

4.2 Methods and materials  

In our experiments we will change the cell membrane integrity via heating, freezing 

and milling of the mushroom. The integrity of the cell membrane is measured via 

conductivity measurement. The change in electrical conductivity (after cooling or 

thawing) is used as a measure for the degree of loss of cell membrane integrity.  

Mushroom samples are scanned with dynamic scanning calorimetry (DSC) to test 

whether protein denaturation can be measured and correlated to the WHC loss. The 

influence of specific structural biopolymers of the gel phase on WHC is investigated 

by applying enzymes to hydrolyse proteins, chitin and beta-glucans, present in the 

cell wall of the mushroom. We note here that while protein is known to behave as a 

polyelectrolyte, chitin does not contain any charged residues [17, 18], and beta-

glucans are neutral polysaccharides. Hence, the contribution of proteins as 

polyelectrolyte to WHC can also be investigated via pH treatment of mushroom.  

4.2.1 Cell membrane integrity measurement  

The cell membrane integrity can be measured via various techniques. Few examples 

include examination of the cell after treatment with colorimetric and fluorescent dyes 

[19], NMR measurement [20], using microfabricated devices [21]. Because of its 

convenience, we have measured the cell membrane integrity via electrical 

conductivity, cf. [22]. The conductivity is measured of the fluid that is released from 

the tissue after thermal or milling treatment. For the conductivity measurement of 

fresh mushrooms, we have cut them into pieces with kitchen mushroom cutter that 
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has blades spaced at 4mm. Three grams of mushroom pieces are mixed with 6 ml of 

sugar solution, and held in tubes. The sugar solution is osmotically balanced with 

mushroom, which contains 2.25% mannitol and 0.16% trehalose [6]. The mushroom 

pieces are provided a thermal treatment for 30 min at various temperature from 30 

to 90 ºC. After the thermal treatment, the tubes are cooled down to room 

temperature and the conductivity of the fluid is measured. The relative conductivity 

change is expressed as : 

κ𝑅 =
κ90 − κT

κ90 − κ30
 [4.1] 

Where κ90, κ30, κT represent the electrical conductivity of the fluid that is previously 

heat treated at 90 °C, 30 °C and the temperature of interest. At 30 °C, the relative 

conductivity value is at zero and at 90 °C, its value is 1. We correlate the relative 

conductivity value with relative cell membrane integrity 𝐼𝑅 as:  

𝐼𝑅 = 1 − κ𝑅 [4.2] 

For the conductivity measurement of frozen samples, mushroom pieces are frozen at 

-18 °C for 24h. After the freezing, they are thawed at room temperature for one 

hour and then, the samples are well mixed with the sugar solution in the tubes, and 

the conductivity of fluid is measured. A similar procedure is applied to the milled 

sample. Here, fresh mushrooms are milled, and the sugar solution is added to the 

milled mushroom, while mixing, and the conductivity of the fluid is measured. 

4.2.2 Water holding capacity measurement 

Two types of measurements for the water holding capacity (WHC) are used.  

1. The WHC under zero external mechanical load is measured via simple weight 

measurements using scales. This value is expressed as degree of hydration (YH) 

which is the weight ratio after a certain treatment (vacuum hydration or the thermal 

treatment) WT relative to its fresh weight WF before vacuum impregnation. 

YH =
WT

WF
  [4.3] 

The relative change in degree of hydration of mushroom with temperature is 

normalized to: 
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YR =
YH,30 − YH,T

YH,90 − YH,30
 

[4.4] 

Where YH,30 , YH,90  and YH,T  represent the WHC of mushroom at 30 °C, 90 °C and 

temperature of interest. Values of YH,30, YH,90 and YH,T are adapted from our previous 

work [6]. 

2. The water holding capacity of mushroom tissue under mechanical force are 

measured with the centrifugation technique [6, 23]. Mushroom samples are given 

vacuum impregnation with mushroom isotonic solution [6]. After vacuum 

impregnation, mushrooms are stored for 24 h before the thermal treatment to allow 

relaxation of polymers. Sample of size 7 mm in diameter and 5 mm in height are 

punched out of mushroom caps for WHC determination. Before the freezing 

treatment, the samples are punched out of the tissue, and subsequently they are 

vacuum impregnated. Finally, they are frozen at -18 °C for 24h. The following day, 

samples are allowed to thaw for one hour at room temperature before their 

centrifugation. 

Mechanical pressure is applied to mushroom samples via centrifugation [6] in a 

centrifugal filtration tube. The WHC loss of the sample due to centrifugation is 

measured via weight of the samples before and after the treatment. From these 

measurements, water fraction of the samples are calculated and expressed as WHC 

under mechanical weight (YW). 

Y𝑤 = y𝑤,1 − (1 −
𝑊2

𝑊1
)y𝑤,𝑖𝑠𝑜  [4.5] 

Where, 𝑊1 and 𝑊2 are the weight of sample before and after the centrifugation; y𝑤,𝑖𝑠𝑜  

is the water content in isotonic solution (97%); and  y𝑤,1  is the water content in the 

sample before hydration which is calculated from moisture content of mushroom 

tissue (92.1%) [6, 24] and weight gain by the tissue during its hydration with 

isotonic solution. 
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4.2.3 Mushroom milling: 

The cut pieces are milled with a laboratory scale rotary mill. The mill first crushed 

the samples with its rotating blades, and the crushed particles passed 0.5 mm sieve 

in the form of paste. The resulting paste is collected in plastic tubes. The air in the 

head-space of the tube is replaced by flushing nitrogen gas to prevent any surface 

oxidation. The tubes are closed and stored at 4°C. Milled samples are subjected to 

further analysis always on the same day of milling.  

4.2.4 DSC measurement 

Ten milligrams of mushroom samples is enclosed in the DSC steel sample pan. The 

sample is scanned from 25 °C to 100 °C at a rate of 10 °C/min and back to 25 °C. 

The heating and cooling scanning is continued for 3 cycles. The resulting 

thermograms are analysed further to determine the peak temperatures and peak 

areas. 

4.2.5 Enzyme treatment: 

Commonly, fungal cell wall are degraded with a cocktail of enzymes originating from 

other fungi [25, 26] which hydolyse several biopolymer at the same time. In our 

work, biopolymer groups (protein, glucan and chitin) that are present in the cell wall 

of mushroom are specifically targeted by using their corresponding hydrolyzing 

enzymes. Instead of using mixture of enzymes, proteases, chitinase and glucanase 

are used one at a time to hydrolyze one biopolymer type at one time. An aqueous 

solution of endo-proteases derived from Bacillus Licheniformis is obtained from 

Sigma Aldrich B.V. The protease used in the current work has a broad substrate 

specificity and is used in applications such as hydrolysis of chicken leg bone protein 

or egg yolk protein modification [27, 28]. Chitinase from Streptomyces griseus is 

lyophilized powder from the same source. The chitinase used in current work was 

used previously to inhibit growth of fungi [29] by its action against the chitin and 

therefore can be expected to work for hydrolysis of chitin in mushroom as well. 

Endo-1,3 β-D glucanase derived from barley is obtained from Megazyme as a 

solution containing 50% glycerol, which is removed by dialysing it against milliQ 

water for 24 hours at 4°C. The enzyme was selected based on its action against the 
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endo-1,3 β-D linkage which is said to be the most common type of linkage in fungal 

glucan [30]. The antifugal activity of this enzyme from barley source is reported 

previously [31]. The selection criteria of the enzymes was based on their optimal 

temperature. The temperature (range) for optimal activities for the protease [32], 

chitinase [33], glucanase [34] are reported to be 50 °C, 30-40 °C and 40-50 °C 

respectively. Enzyme treatment is provided at incubation temperature of 37°C (for 

24h) for all the enzymes, to get sufficiently high enzyme activity near their optimal 

pH but below the temperature where native state of biopolymers in mushroom are 

altered because of the temperature. All the enzymes are suitably diluted in the 

isotonic solution to get a final concentration of 200U per litre of isotonic solution. 

Enzyme treatment is provided to both intact and milled mushroom samples. The 

WHC values of those samples can provide insight on contribution of the biopolymer 

on question to a) the mechanical strength of the cell wall and b) osmotic binding of 

water. For the intact samples, the centrifugation technique, as described above, is 

used. Fresh mushroom tissues are vacuum impregnated with the isotonic solution 

with the enzyme added. After the incubation, the samples are centrifuged using 

filtration tubes at 4800g for 60 minutes to find their water holding capacity. The 

filtration tubes have a (0.2 micron) membrane allowing liquid to be expelled from the 

sample, and collected at the bottom. 

For the milled samples, the centrifugal filtration tube is not suitable as the milled 

tissue is shown to block the membrane filter in the tube, Hence, regular centrifugal 

tubes with closed bottom are used. Now the expelled liquid is at the top of the pellet, 

and is collected by carefully decanting it. The milled samples are added with the 

enzyme solution and mixed properly in a vortex mixer. After incubation, the 

centrifugation is carried out at 4800g for 60 minutes in a 10 ml plastic tube. The 

weight difference before and after centrifugation is used to express WHC in terms of 

water fraction. 

It is important to note that the centrifugation method applied to intact and milled 

samples are different, inhibiting a direct comparison of results. However, in both 

treatments we include a control sample that is not treated with enzymes. From 

comparing relative changes with respect to each control sample, we can have an 

indirect comparison between intact and milled samples. From this comparison we 

hope to obtain insights in the contribution of the specific biopolymers in osmotic 
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binding of water, and the mechanical strength of the cell wall both of which influence 

the water holding of the cell wall. 

4.2.6 pH treatment 

The isotonic solution is adjusted to various pH values by addition of 2M HCl. 

Mushroom are impregnated, then subjected to a thermal treatment and finally cooled 

in the same pH adjusted isotonic solutions. The degree of hydration of mushroom 

after such treatment is then measured. 

4.3 Results and discussion 

4.3.1 Cell membrane integrity loss and WHC of mushroom tissue 

Three different techniques are used to compromise the cell membrane integrity: 

heating, milling and freezing. As an additional check, milled and subsequently heated 

samples are used as a reference, that are known to have completely destroyed cell 

membrane. The results are shown in figure 4.2. 

  

Fig 4.2: Electrical conductivity of fluid released from mushroom samples that are 

given various types of treatment.  
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All the treatments have resulted in similar values of the electrical conductivity of the 

resulting solution as shown in figure 4.2, confirming that in all cases complete cell 

membrane destruction is achieved. Both the thermal treatment and freezing are 

known to disrupt the cell membrane integrity of plant cell [20]. The samples that are 

milled either before or after the thermal treatment show similar values of electrical 

conductivity. As for all the treatments the conductivity values are similar, we assume 

that thermal treatment above 90 °C and freezing disrupts the membrane integrity as 

completely as the reference, which experienced both milling and thermal treatment 

at 90 degrees. 

The effects of all the treatments on water holding capacity are investigated via the 

centrifugation method by using centrifugal filtration tubes. The WHC of milled 

mushrooms cannot be compared with the intact sample as the solids in the 

suspension will block the membrane in centrifugal filtration tube. The results of 

thermally treated and frozen mushroom samples compared to the hydrated fresh 

tissue is shown in Fig 4.3.  

 

Fig 4.3: Comparison of WHC of heat treated and frozen mushroom sample with the 

control expressed as fraction of water in sample after centrifugation at various 

centrifugation speed.  
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For all the speeds used in our experiment, heat treatment and freezing have shown a 

lower WHC than that of the fresh samples indicating that the samples can retain less 

water after such treatments. 

Both thermal treatment at 90 °C and freezing destroy the cell membrane integrity as 

is demonstrated with figure 4.2. However, the loss of the WHC of the frozen sample 

is larger than that of the heat treated sample which is shown in figure 4.3. A partial 

denaturation of proteins as a result of freezing [35] and formation of crosslinks in 

the mushroom polymers in the frozen sample can be the reason for this difference. 

Many freeze dried vegetables including mushroom [23] and carrot [36] do not 

rehydrate completely after freeze drying. Berghout et al. [37] also report lower 

solubility and formation of aggregates in concentrated lupine protein isolate after 

their freeze drying. This suggests that the formation of crosslinks in the tissue after 

they are compressed by ice crystals that have grown in the extracellular spaces 

during freezing. Figure 4.2 and 4.3 show that it is reasonable to consider that loss of 

membrane integrity contributes significantly to the loss of WHC from mushroom. 

Both the frozen sample and heat treated sample have lost their cell membrane 

integrity and exhibit lower water holding capacity, even when the protein in the 

frozen sample may not have been fully denatured.  

The loss of cell membrane integrity is due to a phase transition of the lipid bilayer of 

the membrane. This occurs in a specific temperature range, which can be different 

from the temperature range of protein denaturation, as in the case of meat [38]. 

Hence, we investigate the conductivity as a function of temperature, as an indication 

of how the cell membrane integrity changes with temperature. The electrical 

conductivity values of mushroom are plotted against the temperature in figure 4.4 

(left). The electrical conductivity value increases from 30 °C to 60 °C and aterwards 

the value levels off. The electrical conductivity values are calculated in terms of 

relative membrane integrity value with equation 4.1 and 4.2. Relative hydration and 

relative membrane integrity values are plotted as a function of temperature in figure 

4.4. Both are fitted with the sigmoid function as in our previous paper [4, 6], which 

is given below: 
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ζ(T) = ζ30 −
ζ30 − ζ90

1 + exp (𝑏(𝑇𝑜 − 𝑇)
 

 

[4.6] 

The symbol ζ represents the relative yield (YR) or relative conductivity (𝐼𝑅) values. 

The symbols ζ30  and ζ90  represent those values at 30 and 90°C respectively. The 

symbol 𝑇𝑜 Indicates the midpoint of the graph.  

 
 

 

Figure 4.4: Left: The electrical conductivity values of mushroom sample treated at 

various temperatures. Right: relative blanching yield (blue) and relative integrity 

(red) change with temperature. The data point shows the measurements and the line 

shows the fitted relation.  
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values for the slope b for the relative hydration and relative cell wall integrity, viz. 

0.29 ( 0.07), and 0.3139 ( 0.10) respectively. That indicates that the losses in 𝑌𝑅 

(from water holding measurements) is likely to be explained by the loss in cell 

membrane integrity 𝐼𝑅  (from conductivity measurements). The value of 𝑇𝑜  for the 

relative yield (𝑌𝑅) and relative conductivity (𝐼𝑅) are found to be 54.5 ( 1.2)°C and 

51.5 ( 1.1)°C. In principle the values are statistically significantly different to each 

other. However, integrity is measured only for one single batch, and there might be 

significant batch-to-batch variations in mushrooms as has been observed for their 

porosity [4]. Hence, we conclude that the temperature range of membrane integrity 

loss is very similar to that of WHC loss with temperature. But, there might still be a 
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contribution due to protein denaturation as integrity loss occurs at a slightly lower 

temperature than the hydration loss.  

A common method to investigate protein denaturation is differential scanning 

calorimetry (DSC). In our previous paper [6], and in similar measurements by Min et. 

al. [39], the peak appearing in the thermogram in DSC scan have been interpreted 

as protein denaturation. Here, we have done a further DSC study on the mushroom 

tissue, by comparing fresh mushroom tissue, milled mushroom sample and frozen 

tissue. The typical thermograms of the analysis are shown in figure 4.5. 

 

 

Fig 4.5: DSC curve of fresh (Top), milled (middle) and frozen (bottom) samples. 

Among the three types of samples analysed, only the fresh tissue showed a strong 

peak with a peak temperature of 76°C. Both freezing and milling destroy the cell 

membrane integrity as discussed earlier. If this peak is indeed due to protein 

denaturation, all samples should have shown this peak, as we do not expect the 

milling and freezing to completely denature proteins. Moreover, the value of the 

enthalpy, obtained after integration the heat flow under the peak, is unusually large 
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compared to commonly reported values of the heat of denaturation for proteins. The 

enthalpy of the peak is 1.73 kJ/kg of fresh sample which translates to a denaturation 

enthalpy of 72 kJ/kg of protein assuming 2.1% protein content on its dry matter [6]. 

The value is very high for a conformational transition, also compared to other protein 

sources such as myofibrils from chicken meat protein with 11.7 kJ/kg [40], protein 

from pork meat with 10.7 kJ/kg [41]. Therefore we think it is more realistic to assign 

the appearance of the peak to another event that is related to cell membrane 

integrity destruction, such as stress relaxation of the polymers in the cell walls.  

Their small relative amount in the dry matter of mushrooms show that proteins are 

not a major component contributing of osmotic binding of water in the gel phase. 

Still, they might be involved as structural components – working effectively as 

crosslinkers.  

4.3.2 Cell wall structural components: 

Effects of minor components, such as proteins in the cell wall, on WHC can still be 

specifically targeted via enzymes. The action of the hydrolysing enzymes on the 

biopolymer network might be of two types, as is shown in figure 4.6.  

  

 

 

Fig 4.6 Two types of hydrolysis of polymers by enzymes. The red arrow shows the 

site of enzyme attack. 

A 

B 
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First, enzymes hydrolyse biopolymers randomly that creates dangling ends. The 

newly formed sites have newly formed hydroxyl groups, which can bind more water 

via hydrogen bonding. This will make the WHC to increase WHC after enzymatic 

hydrolysis. The second type of action can be that enzymes hydrolyse the polymer 

network more severely that causes a fraction of polymers detach to from polymer 

network. The hydrolysed fraction of the biopolymer network end up largely in the 

supernatant. Consequently, the amount of matter in the pellet decreases, leading to 

a decrease of WHC after enzyme treatment. 

For the enzyme treatment, both the intact and the milled samples are used. In a 

milled sample, all the water fractions are mixed up because the cell membrane 

integrity is lost. The WHC will represent only the water osmotically bound to the cell 

wall components and solutes. Enzyme hydrolysis of the biopolymers in the intact 

sample can influence both osmotic binding and the mechanical strength, as it can 

also impact the crosslink density. It is quite probable that the effects of enzymatic 

hydrolysis on the osmotic binding is similar for the intact sample, and for the milled 

sample. Hence, via comparing the difference responses of samples with respect to 

the controls, one can have an indication of the effect of the specific biopolymer on 

the mechanical strength, i.e. crosslinking of the biopolymer network.  

Experiments have shown that for both the intact tissue and milled tissue, β-

glucanase has not given any difference in WHC compared to the control and hence 

the results are not presented in a graph. This finding is in contrast to previous 

reports that the glucan content is related to the hydration of filaments in fungi [42]. 

β-glucanase used in our study could only target β-(1,3)-glucans which is reported to 

be the main structural constituent [30]. The structural diversity and complexity of 

fungal polysaccharides is high and it also contains other polysaccharides having 

other types of bond system such as 𝛼-(1,3), 𝛼-(1,4), β-(1,6) as well [26, 30, 43]. 

Those bonds are not hydrolyzed by the glucanase used in this work. We therefore, 

do not disregard the contribution of the whole glucan system on WHC, but view our 

result as possible incomplete hydrolysis of glucans. The WHC of the samples that are 

treated with enzyme solutions to hydrolyse one specific constituent of the mushroom 

tissue, is shown in figure 4.7. 
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Fig 4.7: WHC expressed as water fraction of enzyme treated intact mushroom 

samples. The samples were centrifuged at 4800g for 60 minutes Left: Intact sample 

Right: Milled sample 

For the intact sample which was subsequently given enzyme treatment (Fig 4.7, 

Left), a loss of WHC is evident when the sample is treated with protease or chitinase. 

The hydrolysis and subsequent solubilisation of cell wall biopolymers in the intact 

sample may have two effects. First, the mechanical strength of the cell wall may be 

reduced, which might make the cell membrane more vulnerable to rupture when a 

centrifugal force is imposed. Second, when the polymers are hydrolyzed to smaller 

units (figure 4.6 B), the fraction and water bound to it will be expelled in the 

supernatant. On the other hand, on the milled sample (figure 4.7, Right) the WHC 

values represent only osmotically bound water with the gel phase. Here, only 

chitinase treated sample shows lower WHC.  

As for the protease only the intact sample has shown a decrease in WHC, while the 

milled sample has similar WHC as its control sample, we think that the proteases 

impact is more on the mechanical strength of the cell wall than on the osmotic 

binding. From these results, together with the above results from DSC, we conclude 

that proteins in cell walls are a minority compound little involved in osmotic binding 

of water in the cell wall, but is more involved in the crosslinking of the biopolymer 

network.  
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Because the action of the chitinase has led to a decrease in both the intact and 

milled samples, we conclude that chitin is involved in both osmotic binding of water, 

as well as in the mechanical strength of the cell wall. Chitin is a semi-crystalline 

biopolymer. Similar to cellulose in plant cell walls the crystalline part act as a 

microfibril enhancing the strength of the cell wall, and the amorphous part of chitin 

can be expected to have good binding of water, as being a polysaccharide likewise 

beta-glucan and pectin.  

A last method for investigating the protein contribution is via change of pH. Being a 

polyelectrolye, proteins affect the water holding capacity upon change of pH. This 

effect we have investigated via vacuum impregnation of mushrooms with the isotonic 

fluid, but with adjusted pH. Figure 4.8 shows the change in the degree of hydration 

of mushroom at different pH values for hydrated mushroom and the heat treated 

mushroom. We note that the given pH value holds for the the impregnation liquid. 

The resulting pH in the mushroom tissue after vaccum hydration might be different 

because of the mixing with the fluid held in the mushroom (having a pH of 6.3) and 

buffering effects of the phosphate salts. 

 
 

Fig 4.8: The change in degree of hydration of (Left) vacuum impregnated 

mushroom and (Right) vacuum impregnated and heat treated mushroom with pH 

For both the non-heat treated and heat treated samples, hydration increases with an 

increase in pH of the bath. A local maximum is apparent for vacuum impregnated 

samples at pH 5. The overall trend is that WHC increases with pH. This trend 
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has also been reported by Zivanovic et. al [43]. The increased WHC of mushroom is 

attributed to increased electrostatic repulsion between proteins. The other 

biopolymers in mushrooms (chitin and glucans) are neutral, and they can not be 

charged via pH change. Similar to polyelectrolyte gels (Marcombe) the increase of 

electrostatic repulsion creates a wider mesh in the polymer network, which can 

accomodate for more water – thus leading to an increase of WHC. From the 

perspective of the behaviour of polyelectrolyte gels the local maximum appearing at 

pH 5 is difficult to explain. Hence, currently we view that as an experimental 

anomaly, which requires further investigation.  

From the change in WHC due to pH treatment, as shown in figure 4.8, we conclude 

that for at least 15% of the retained water proteins are involved in the WHC. As both 

DSC and enzyme treatments have shown that proteins are a minority compound, we 

are inclined to conclude that the major contribution in the irreversible loss of WHC 

after heating is due to the loss of cell membrane integrity. The loss of cell membrane 

integrity is complete at temperatures of 70°C, which is the temperature normally 

used for blanching or pasteurization in mushrooms and vegetables. Thus, via 

processing one has little influence on the loss of cell membrane integrity, and its 

associated loss of WHC must be considered as inevitable.  

4.4 Conclusion 

In the current work, we have investigated the water holding capacity of mushroom in 

relation to change in cell membrane integrity and the state of biopolymers present in 

the cell wall. We show that the loss in water holding capacity after heat treatment is 

largely correlated with cell membrane integrity loss. The remaining WHC after heat 

treatment is due to osmotic binding of water to solutes and biopolymers present in 

the cell wall. From the DSC results follow that the effect of protein denaturation on 

the osmotic binding of water is minor effect. Hence, the osmotically bound water can 

be assumed to be quite insensitive to temperature. Via enzymatic hydrolysis we have 

shown that both chitin and protein are involved in WHC, but only chitin is shown to 

have a significant contribution to the osmotic binding of water. Proteins might be 

more involved in the mechanical strength of the cell wall. The contribution of protein 
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also manifests via their behaviour as polyelectrolyte, as shown in the significant 

change of WHC towards a shift in pH.  
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Abstract 

Conventional production of canned mushrooms involves multiple processing steps as 

vacuum hydration, blanching, sterilization, etc. that are intensive in energy and 

water usage. We analyzed the current mushroom processing technique via pinch and 

exergy analysis, plus three alternative scenarios. The product yield, utility use, 

exergy loss, and water use are used as sustainability indicators. Whilst re-

arrangement of the production process could maximally save up to 28% of the heat 

input and up to 25% of the water usage, the most important improvement is 

obtained by re-using blanch water, which improves the overall yield of the 

preservation and canning process by 9%, also saving water and exergy use in the 

production.  

Keywords: Pinch analysis, exergy, canned mushroom production, sustainability
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5.1 Introduction 

The production of canned food products is energy intensive, since these foods need 

to be blanched, sterilized and cooled. Canning mushroom involves vacuum hydration 

of the highly porous mushrooms, blanching and sterilization that are energy and 

water intensive. It is therefore useful to investigate alternative process schemes that 

may reduce the use of energy and water. In the current study, we use pinch and 

exergy analysis to assess the efficiency of the existing canned mushroom production 

process, and that of some possible alternatives. 

Pinch technology summarizes the distributed use of a resource such as heat in a 

complex process in one simple diagram. The insights resulting from this can be used 

for designing a new process system, or for modification of an existing process [1]. 

The analysis determines a pinch point based on the minimum driving force (with heat, 

the minimum temperature difference ∆𝑇𝑚𝑖𝑛) that is needed to achieve a certain rate 

of transfer between streams. The minimum amounts of the external utilities in a 

production system, are estimated with the help of a quality-quantity diagram (in 

case of heat, temperature–enthalpy) known as the composite curve.  

While the simplicity is the greatest strength of pinch technology, it deals with one 

process resource at a time, such as heat, mass, water etc., and cannot deal with 

several resources at the same time [2, 3]. For example, heat pinch only uses 

temperature as quality parameter neglecting other parameters such as changes in 

pressure and composition of the streams, which often are quite important in food 

production.  

Exergy analysis can do this. The monitoring of the use of resources through heat and 

mass balances, based on the first law of thermodynamics, has been used for several 

years to reduce both the use of energy and resulting environmental emissions. Feng 

& Zhu [1] called this approach “at the best incomplete and at the worst wholly 

incorrect” as this does not consider that resources have different qualities at different 

stages.  

The quality of a resource can be expressed in terms of its ability to be used, or in 

terms of its capacity to do work, by exchange with the environment. As an example, 
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the quality of heat depends on its temperature: the higher the temperature it has, 

the more can be done with it. If a high-quality heat source is used to heat another 

stream, the temperature is reduced, and its quality is decreased. Energy sources 

such as electricity, and chemical energy have a higher ability to do work than the 

energy contained in other sources such as the exhaust heat that is emitted through a 

chimney [4]. Likewise, also material streams and other resources can be assigned an 

exergetic content, which also give a quality to these streams. Unlike pinch 

technology, exergy analysis does not identify solutions but can be used to compare 

the exergetic efficiency of alternative scenarios [5].  

The evaluation of the process efficiency by using pinch or exergy analysis is 

relatively novel in the domain of food processing, but well established in other fields, 

such as the chemical industry, and mechanical and energy engineering. In this work, 

both techniques are used to evaluate the efficiency of the use of resources. We 

typically see that the techniques complement each other well. 

First, we analyze the current canned mushroom production system, via a detailed 

analysis of the mass flows, plus the exergy flows during the production of canned 

mushrooms. Each unit operation is evaluated both in terms of their energy and 

exergy efficiencies. We then propose three different alternative routes for canned 

mushroom production. The production yield and quality of each scenario is estimated 

under pilot scale process simulation experiments. The yield value of each alternatives 

is used to calculate the amount of raw mushroom that has to be processed to get the 

same amount of final product. The minimum heating and cooling requirements to 

process raw mushroom for each of the alternatives are evaluated using pinch 

technology. Similarly, water and exergy need of the alternatives are also calculated. 

The production scenarios are compared based on their yield, water consumption and 

exergy losses. 

5.2 Methods and materials 

The data of the current production of canned mushroom used in this study was 

obtained from Lutèce, located in Horst, The Netherlands. For process simulation 

experiment, white button mushrooms (Agaricus bisporus) with a cap diameter of 4-5 
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cm were used for all the production simulation experiments. The mushrooms were 

received within 2 hours of their harvest. The blanch water was obtained from Lutèce. 

The brine solution contained 2% sodium chloride and 0.5% citirc acid (pH 3) [6]. 

5.2.1 Process simulation experiments 

Mushrooms were vacuum impregnated with water at room temperature after their 

receipt. The mushrooms were first evacuated in a vacuum chamber below 100 mbar. 

The mushrooms were then hydrated by supplying tap water into the chamber and 

releasing the pressure. The mushrooms stayed immersed for 5 minutes for sufficient 

hydration. The vacuum hydrated mushrooms were then blanched at 90°C for 15 

minutes by submerging them in a temperature controlled water bath. After blanching, 

the mushrooms were cooled to room temperature in cold tap water. The mushrooms 

were sliced and filled in a 300 ml cylindrical glass jars with 2.8 cm diameter and 12 

cm height. A brine solution was added to achieve a 1:1 volume ratio of sliced 

mushroom and brine water. Finally, sterilization was carried out at 126°C for 15 

minutes. The canned mushrooms were allowed to stand for one day before their 

drained weight was measured. The contents of the cans were drained in a sieve for 2 

min. After draining, the remaining weight was measured, and expressed in the yield 

of canned mushrooms as 

%𝑦𝑖𝑒𝑙𝑑 = 𝑌𝑏 × 𝑌𝑐 [5.1] 

In which 𝑌𝑏   is the weight ratio of blanched mushroom to the fresh mushroom and 𝑌𝑐 

is weight ratio of canned to the blanched mushroom.  

5.2.2 Pinch analysis 

Pinch analysis on heat was carried out following the procedure described in literature 

[7-9]. All streams were divided into two types: hot streams that should be cooled 

down, and cold streams that should be heated to a certain temperature, based on 

the change of enthalpy required in these streams. The minimum temperature 

difference for heat transfer (∆𝑇𝑚𝑖𝑛) was selected to be 10 °C to ensure an adequate 

driving force for heat transfer. A Grand Composite Curve (GCC) was constructed in a 

temperature–enthalpy (T-H) diagram, which was used to estimate the minimum 
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heating and cooling utilities needed to produce the canned mushroom in the current 

situation and under the various proposed methods. 

5.2.3 Exergy analysis 

The total exergy of a stream is the sum of its chemical and physical exergy. The 

chemical exergy is the exergy that is involved in creating the chemical components 

from a standardized environment, while the physical exergy includes the exergy that 

is needed to bring those substances to their temperature, pressure and mechanical 

conditions, starting with those in the standardized environment. In our standardized 

environment, we adhered to the definitions by Szargut [10], choosing a temperature 

and pressure of 25°C and 1 bar, respectively.  

The chemical exergies were calculated as: 

𝐵𝐶ℎ𝑒𝑚 = 𝛷 ∑(𝑏𝑜,𝑖𝑥𝑖) 
[5.2] 

 

in which 𝑏𝑜,𝑖 is the specific chemical exergy (MJ/kg) of components, 𝑥𝑖 is the mass 

fraction of the components and 𝛷 is the size (flow rate) of the stream. The values of 

𝑏𝑜,𝑖 are adopted following Szargut [10]. 

The thermal exergy is calculated following [11] with 

𝐵𝑇 = 𝛷 𝐶𝑝 [(𝑇 − 𝑇0) − 𝑇0 ln (
𝑇

𝑇0

)] 
[5.3] 

 

in which 𝐵𝑇 is defined as the exergy due to a different temperature than that of the 

standardized environment, 𝐶𝑝 is the specific heat capacity, 𝑇 is the temperature of 

the stream, and 𝑇0 is the temperature of the standardized environment (25 oC). The 

pressure exergy (of for example steam) was calculated as: 

 

𝐵𝑃 = 𝛷 
𝑅𝑇0

𝑀𝑊

 𝑙𝑛 (
𝑃

𝑃0

) 
[5.4] 
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in which R is the universal gas constant, P is the pressure of a stream, P0  is the 

pressure of standardized environment (1 atmospheric pressure) and MW is the 

molecular weight of substance. 

 

In principle, the exergy change involved in mixing the chemical compounds needs to 

be incorporated, however, in systems consisting of mostly biopolymers, its value is 

very low compared to that of other contributions, and we may safely neglect it in our 

calculations. Only in the brine solution the exergy of mixing is significant, and there 

was calculated as: 

 

𝐵𝑀 = 𝑁𝑡𝑜𝑡𝑅𝑇0 ∑(𝑥𝑖𝑙𝑛(𝑎𝑖)) [5.5] 

 

with 𝑁𝑡𝑜𝑡  the total number of moles in the stream calculated from the molecular 

weight and 𝑎𝑖 the activity of component 𝑖, which is calculated by finding the activity 

coefficient using the extended Debye-Hückel relation [12] as described earlier [13]. 

5.2.4 Sustainability indicators 

The unit operations involved in the current production of canned mushroom were 

evaluated with thermodynamic law efficiencies; the so called first law efficiency (FLE) 

and the second law efficiency (SLE) as follows. 

𝐹𝐿𝐸 =
theoretical energy need

actual energy input
 

[5.6] 

The FLE values of unit operations calculated in the current production system are 

used to calculate the utility requirement in all the scenario evaluated, assuming a 

constant FLE for the unit operation. 

𝑆𝐿𝐸 =
Useful physical exergy output

Physical exergy input
 

[5.7] 

In our analysis, we only used the physical exergy in calculation of SLE [1] as the 

chemical exergies did not change in any way during any of the processes 
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investigated, since no molecular bonds are destroyed. The chemical exergy is not 

involved in any exchange of heat or mass with other streams and it remained 

constant in all the scenarios that are investigated in current work. In equation 5.7, 

the term useful exergy refers to an exergy output in a stream that is used in 

subsequent operations. The SLE is used to assess the thermodynamic compatibility 

between the streams, which is discussed further in the results section. 

In addition to finding the FLE and SLE of each unit operation in the current 

production system, the sustainability in different production scenarios was measured 

in terms of product yield, water use and exergy use. The values are expressed as 

relative values compared to current mushroom processing. The exergy indicators 

used are the total exergy loss (𝐵𝐿𝑜𝑠𝑠 ) and the irreversible exergy loss or exergy 

destruction (𝐵𝐷𝑒𝑠𝑡), as used in previous studies [4, 5]. The total exergy loss includes 

the exergy destruction and the exergy lost with the discarded streams such as 

cooling water or steam which emitted to the environment without further use.  

𝐵𝐷𝑒𝑠𝑡 = 𝐵𝐼𝑛 − 𝐵𝑂𝑢𝑡   [5.8] 

with 𝐵𝐼𝑛 the total exergy input in a unit operation and 𝐵𝑂𝑢𝑡 the total exergy output. 

The total exergy loss is expressed as: 

𝐵𝐿𝑜𝑠𝑠 = 𝐵𝐷𝑒𝑠𝑡 + 𝐵𝑊𝑎𝑠𝑡𝑒   [5.9] 

in which 𝐵𝑊𝑎𝑠𝑡𝑒 represents the exergy loss in the waste stream. 

5.2.5 Assumptions 

The following assumptions have been made in this study 

1. The efficiency of the refrigeration system used to cool mushroom after their 

vacuum hydration to the storage temperature is assumed to be 30%. 

2. For the calculation of energy, exergy and water requirements, the same FLE 

values of the unit operations in the current production system are used in the other 

scenarios. 

3. The heat capacities of the different streams are constant over the temperature 

ranges considered. 
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 4. Waste streams (condensate, vapour, hot cooling water, blanch water) are emitted 

to the environment without additional processing. 

5.3 Results and Discussion 

5.3.1 The current production system 

The canning of mushrooms starts with their vacuum hydration. The mushrooms are 

hydrated using the technique described elsewhere [14–16]: mushrooms are 

evacuated below 100 mbar, and immersed in water during the release of the vacuum. 

The hydrated mushrooms are then stored for 24h at 4 °C, which is known to 

increase the yield of the final product [17, 18]. As explained elsewhere in literature 

[15, 19–24], mushrooms are blanched in a bath of nearly boiling water for 15 min. 

Though the temperature of this bath in practice changes from the entrance towards 

the completion of the blanching, we assume that the temperature remains at 90°C 

during the whole blanching process. The blanched mushrooms are then cooled to 

room temperature in a cooling tank, which is also used as buffer storage for the 

remaining steps. The cooled mushrooms are sliced and filled into cans or jars. A 

brine is added to the mushroom in the cans, keeping a small headspace. The cans or 

jars are closed and sterilized at 135 °C for 15 minutes. Finally, the jars or cans are 

cooled down to 90°C with pressurized cold water and further cooled to room 

temperature by environmental air. 

 

Fig 5.1: Schematic flow diagram of the current production of canned mushrooms 
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The flows of mass and exergy in the production of the canned mushroom are shown 

in figure 5.2. The mass flow diagram shows the relative changes in mushroom mass 

throughout the system, due to the addition and removal of moisture, mostly in the 

vacuum hydration and during blanching processes. Even though sterilization also 

removes water from the mushrooms, this water remains contained within the can or 

bottle, and it stays therefore in the product and is not lost. We choose to show the 

whole can or bottle of mushrooms as the product and hence, the width of the arrow 

remains the same after the filling. The exergy losses in processes where steam is 

used are considerable. 

 

 

Fig 5.2: The Sankey diagram of mass (top) and physical exergy (bottom) flow of the 

current canned mushroom production system. The widths of the arrows show the 

size of the mass or exergy of the streams. In the exergy Sankey, also called 

Grassmann diagram, the difference between the ingoing and outgoing arrows for any 
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unit operation shows the loss of exergy during that operation. 

 

Table 5.1: The first law efficiency (FLE), second law efficiency (SLE) and relative 

exergy loss of unit operations in the current process. The relative exergy loss is the 

percentage of exergy loss compared to the total exergy loss in the production 

 

Table 5.1 shows the first and second law efficiencies of the current mushroom 

production. We describe the differences between FLE and SLE with blanching and 

sterilization, which both use steam as a source of heat. Both are the unit operations 

that consume a significant amount of heating utility as shown in figure 5.2. The FLE 

of blanching is quite high, since it works by steam injection: steam of high 

temperature (170 °C) and pressure (9 bar) is injected to heat the system to 90 °C at 

atmospheric pressure. The quality of the steam is however mostly lost in this, as the 

steam has a specific exergy of 876 kJ/kg steam, while the specific exergy of water at 

90 °C is 80 kJ/kg water, or less than 11% of its original content. Using high-pressure 

steam to directly heat water at this low temperature, therefore wastes most of its 

potential. Despite a high FLE, the SLE of this unit operation is thus quite low.  

During sterilization, again high quality steam is used to heat mushroom in a 

pressurized chamber, but now to a temperature of 130 °C and pressure of 1.5 bar. 

This improves the SLE by nearly a factor 4 compared to the blanching step. The heat 

transfer taking in this case is an indirect transfer via the use of a heat exchanger; 

this mode of heat transfer reduced the FLE by a factor 3. The table also shows the 

relative exergy loss of unit operations compared to total exergy loss in the system. 

  Unit operations FLE (%) SLE (%) Relative exergy loss(%) 

Vacuum hydration 94.5 15.1 
2.3 

Storage 30.0 11.1 
2.5 

Blanching 97.1 7.2 
19.6 

Cooling 84.1 5.5 
5.1 

Slicing 93.7 49.0 
0.3 

Filling 82.8 42.3 
2.9 

Sterilization 29.2 28.4 
28.1 

Final cooling 51.1 6.8 
38.9 
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With the biggest exergy loss and lowest SLE value, the final cooling of the jars is the 

least sustainable processing step, followed by blanching and sterilization. Since 

cooling step is present in each scenario as long as sterilization by heating is required, 

we do not consider improving efficiency of this step in this work, even though 

additional savings could be made with it. 

5.3.2 Alternative scenarios 

In the following section we assess three alternative scenarios that may lead to more 

efficient canning of mushrooms. 

Scenario 1: Slicing before vacuum hydration 

In this scenario (figure 5.3) the sequence of steps is changed, enhancing heat 

transfer rates, and eliminating intermediate cooling and heating. The mushrooms are 

now sliced immediately upon their arrival. The sliced mushrooms are then vacuum 

hydrated in cold water and stored, blanched as before, and hot-filled without 

intermediate cooling, as is done in the current production system. The hot-filled cans 

are sterilized and subsequently cooled. An important change is that this scenario 

assumes no cooling in between the blanching and sterilization.  

 

Fig 5.3: Canned mushroom production by scenario 1 
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Scenario 2: Vacuum hydration with hot water 

In this scenario (figure 5.4), vacuum impregnation and blanching are combined in 

one step. The fresh mushrooms are evacuated at pressure below 100mbar and hot 

water is supplied to the chamber serving both as hydration and blanching fluid. The 

water supply to the chamber is first pre-heated by exchanging heat with blanch 

water, and is further heated to 95°C in a chamber with steam injection. The 

blanched mushrooms are then cooled in a water bath, sliced, filled in cans, sterilized 

and subsequently cooled as usual.  

 

Fig 5.4: Canned mushroom production by scenario 2 

This scenario requires hot water at a temperature of 95 °C and 2 times the volume 

of the mushrooms, serving both as hydration and as blanching fluid. This implies a 

maximum blanching temperature of 75 °C without external heating. The water used 

for hydration is first heated to a temperature of 65 °C by exchanging heat with the 

blanch water; which then was heated further to 95 °C in a chamber with steam 

injection. In fact, one of the prime aims of the blanching process is to pre-shrink the 

mushrooms, such that this will not take place after capping of the jars during the 

sterilisation process, and a lower blanching temperature of 75 °C was found to shrink 

mushroom sufficiently [15, 22, 23], and therefore one might consider to exclude the 

additional heating.  
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Scenario 3: Blanch water as a hydration fluid 

In this scenario (figure 5.5), the re-use of the blanching fluid is considered, which 

could reduce the use of water, but might also increase the yield of the mushrooms, 

as it would re-introduce the components that were solubilised during blanching, into 

the mushrooms. The mushrooms are vacuum impregnated with cool blanch water 

keeping the rest of unit operations the same. The water produced in the blanching 

step is first cooled in a counter-current heat exchanger, augmented with external 

cooling by the water that is then used for making the brine (Cooling I). Thus, it also 

reduces the heat load needed to heat the brine. The blanch water is further cooled 

by mechanical refrigeration (Cooling II) to 10°C, which is the regular temperature of 

vacuum hydration fluid. The cooled blanch water is then used for hydration. 

 

Fig 5.5: Canned mushroom production scheme by scenario 3 

The cold water used for making the brine is used to cool the blanch water to a 

temperature of 22°C ; while at the same time heating the brine to 73°C . 
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5.3.3 Impact on the yield of product 

The impact of the different scenarios was investigated on pilot scale. The yield of the 

processed mushroom produced under the various scenarios is shown in figure 5.6.  

 

 

Fig 5.6: The relative canning yield in different scenarios in comparison to the yield in 

the current process.  

An analysis of the yield of the final product with a paired t-test (p<0.05) showed a 

significantly lower yield for scenario 2 and no significant difference in the yield for 

scenario 1, relative to the current production scheme. In contrast, scenario 3 leads 

to a significantly higher yield. The reason for this is mostly the re-introduction of the 

solids into the mushrooms, that are lost during blanching. This may be compared to 

the increase in canning yield in mushrooms that were infiltrated with solids such as 

xanthane gum, rice starch, egg protein [25], casein, milk albumin, egg white and 

carageenan [26]. This therefore represents a true gain in productivity. Therefore 

scenario 2 requires 14% more mushrooms than the current process, while scenario 3 

requires 8% less mushrooms than the current process to obtain the same amount of 

final product; while there is no difference for scenario 1. 
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No sensory tests were carried out in this work, so any sensorial differences in canned 

mushrooms were not noted, except for scenario 3 where the mushrooms became 

darker in colour because the blanch water had a coffee-brown colour, due to 

components resulting from enzymatic browning, which leached out of the 

mushrooms during blanching.   

5.3.4 Pinch analysis: 

The current heating load of all cold streams together is 8717 kW and the total 

cooling load of hot streams is 7178 kW. In the current production system, steam is 

used as a heating utility while cooling water and refrigeration is used for cooling.  

Figure 5.7 shows a grand composite curve (GCC), and temperature –enthalpy (T-H) 

plot of current mushroom production. The pinch analysis of the current mushroom 

processing shows the potential of saving in the heating and cooling utilities.  

 

Fig 5.7: The GCC obtained from pinch analysis of current mushroom processing (red), 

Scenario 1 (Slicing before vacuum hydration, green) Scenario 2 (vacuum hydration 

with hot water, blue) and Scenario 3 (vacuum hydration with blanch water, purple).  
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Under the pinch, heating requirement are more than the cooling requirement in the 

current process. Remarkably, the alternative scenarios, mainly could reduce the use 

of heating duty under the pinch condition while cooling duty are not much affected. 

This shows that in terms of heating utility need, the resources are better aligned in 

the scenarios compared to current process. Total heating and cooling load, and the 

utility need under pinch as the fraction of total loads, are shown in figure 5.8. Figure 

5.8 shows that under the pinch, heating and cooling requirements in the plant 

decreased up to 52% and 80% respectively in current process. Similarly, the 

resource need are decreased substantially in the other scenario as well. 

 
 

Fig 5.8: The heating and cooling requirement of different scenarios as the fraction of 

those requirements in the current process. The patterned lower part of the graph 

shows external utility requirements under the pinch (i.e., the lowest possible heating 

or cooling load necessary). 

 
As shown in figure 5.8, pre-slicing the mushrooms before their vacuum hydration 

(scenario 1) decreases the requirement of external cooling by 28%, since the 

mushrooms do not need to be cooled down after blanching. This also saves 28% on 

the heating requirements as well. Using blanch water for hydration (scenario 3) 

decreases the heating load by 3% and decrease the cooling load by 1%. Use of hot 

water for vacuum hydration (scenario 2) actually increases the requirement of 

heating load by 23% mainly because large volume of water needs to be supplied for 

vacuum hydration as supplied water also has to work as heat transfer media. This 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Current S1 S2 S3

R
e

la
ti

ve
 h

e
at

in
g 

lo
ad

 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

Current S1 S2 S3

R
e

la
ti

ve
 c

o
o

lin
g 

lo
ad

 



More efficient mushroom canning through pinch and exergy analysis 

 

108 
 

approach reduces the need of cooling as there is no refrigeration requirement after 

vacuum hydration.   

Of course, a pinch analysis does not take any constraints into account that may arise 

from safety or regulatory considerations, nor does it take into account that more 

complex equipment comes at a price. It does however indicate the potential that is 

present in re-using heat, and therefore may be used a starting point for a further, 

more comprehensive analysis.  

Water use 

 

Fig 5.9: Relative water requirement for various unit operations compared to the total 

water requirement of the current process. 

The water use in various scenarios is shown in figure 5.9. It is lowest for scenario 1 

followed by scenario 3. In scenario 1, the mushrooms are canned immediately after 

blanching, which saves cooling water, while in scenario 3, no fresh water is needed 

for vacuum hydration as the mushrooms were vacuum hydrated with cooled blanch 

water. In scenario 2, however, more water is used. This is not only because more 

hot water is needed for vacuum hydration and blanching than in the current process, 

but also because more mushrooms have to be processed to obtain same amount of 

final product as in current process. The hot water supplied for the combined vacuum 
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hydration and blanching is around 3 times more than the normal supply of water 

used in the impregnation, which increases the overall demand of water for scenario 2. 

The decrease in water demand in scenario 3 is both because there is no need for 

external water supply for hydration and also because less mushrooms have to be 

processed compared to the current process. 

5.3.5 Exergy 

The relative exergy losses of various mushroom processing scenarios are shown in 

figure 10. Vacuum hydration, cooling, slicing and brine filling, in total consume less 

than 5% of the total exergy loss and therefore are shown as ‘others’ in figure 5.10. 

As shown in figure 5.10, blanching, sterilization and final cooling consume relatively 

large amount of exergy. The inefficient use of the exergy in the steam and in the 

cooling water is evident in the exergy losses in those steps: blanching, sterilization 

and cooling share 20, 28 and 39% of the total exergy loss in the production. Table 

5.1 shows that the SLE of those unit operations are 7, 28 and 7 % respectively, 

which indicates that significant improvements could be made by using heat sources 

that are better aligned with the requirements.  

 

Figure 5.10: Relative exergy losses of various unit operations compared to a total 

exergy loss in current processing for various scenarios 
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Scenario 1 (slicing before vacuum hydration) showed the lowest exergy use followed 

by scenario 3 (using blanch water for vacuum hydration). Scenario 2 showed 22% 

more exergy loss than the current process. In scenario 1, the mushrooms are not 

cooled after blanching, and this lowers the total exergy loss by 14% compared to the 

current process as the heating in the sterilization step is reduced. A comparison of 

the exergy requirements for scenarios 2 and 3 from figure 5.10 and their product 

yields from figure 5.6 shows that the difference in the yield of the final product is an 

important aspect in the sustainability analysis. In scenario 2, though mushrooms do 

not need to be stored after the blanching treatment, the exergy loss in blanching for 

this scenario was larger as more raw mushroom has to be blanched because of the 

low final yield of canned mushrooms. This scenario therefore, shows a total exergy 

loss of 22% above the current process. On the other hand, despite an additional 

cooling step needed to cool the blanch water to the vacuum hydration temperature 

of 10°C, the overall exergy loss in scenario 3 is reduced by 5%, because 9% less 

mushroom has to be processed. 

Fig 5.11 shows the total and the irreversible losses in the scenarios compared to the 

total losses in current process. In the current process, 73% of total exergy loss is 

irreversible loss or exergy destruction. The irreversible loss in exergy is the result of 

incompatible exergy transfer [4] between the streams, which can be reduced if 

exergy sources that are better aligned to each other are used as this would reduce 

the driving force for energy transfer. All the scenarios evaluated showed lower 

irreversible exergy loss compared to current process as is shown in the figure. This 

indicates that the streams in the scenarios are thermodynamically better aligned 

than the current process. In contrast, the total loss in scenario 2 increased compared 

to current process that shows that the exergy loss in the waste stream actually 

increased. This is because more raw mushrooms are processed in this scenario. In 

addition, a large volume of hydration water is used in this scenario as the water is 

also used as heat transfer medium. This made volume of blanch water 2.3 times 

bigger than the current process, and a large quantity of exergy is lost with this 

blanch water.  
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Fig 11: Irreversible exergy loss (stripped lower ) shown as a fraction to total exergy 

loss in current production 

5.4 Conclusion 

Pinch and exergy analyses were applied on the current process for mushroom 

canning, and three alternative process schemes that may reduce the use of water 

and energy. The pinch analysis indicated that via more elaborated heat exchange 

under pinch, the required heating and cooling utility need can be minimized up to 52% 

less heating and 81% less cooling compared to current use of those resources. 

Elimination of cooling after blanching by slicing the mushrooms before impregnation 

could reduce the water usage by 25%. This also reduces the exergy loss up to 18%. 

Hydration of the mushrooms with hot water results in the least efficient process 

among the considered scenarios. Though, this scenario can eliminate the 

refrigeration need in the plant, it not only reduces the yield of the final product but 

also increases exergy loss by 22%, and increases the water demand by 37%. In 

contrast, re-using cooled blanching water for vacuum impregnation of the 

mushrooms, decreases its overall exergy use by about 4%, but at the same time 

improves the yield by about 9% and saves water use by 15%.  
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6.1 Outline 

In this chapter the findings of this thesis are summarized and the future scope of the 

work is discussed. First, the main findings of the current thesis are summarized. 

Following that, a full thermodynamic description of hydrated mushroom is provided 

and the effect of thermal treatment on the hydrated mushroom is discussed. After 

that, the objectives of this thesis, understanding and improving the water retention 

in processed mushroom while assessing and improving the sustainability of canned 

mushroom production, are combined in the view of the conceptual process design 

(CPD) practices. The chapter is concluded with a discussion on the future 

perspectives of the findings in this thesis. 

6.2 Main findings 

The phenomenon of water holding capacity (WHC) loss in heat treated mushroom is 

interpreted with the Flory-Rehner theory in chapter 2. Here, we have assumed that 

the WHC loss in mushroom can be attributed to the protein denaturation as is done 

with meat. This assumption is based on the experimental observation that, like meat, 

the WHC of mushroom follows a typical sigmoid curve if plotted against temperature. 

In this chapter, mushroom is regarded as a lightly crosslinked, homogeneous 

biopolymer gel in an aqueous solvent that has salts and sugars dissolved in it. The 

thermodynamic interaction between the biopolymeric network and the solvent is 

characterized by the so-called swelling pressure, which is decomposed into three 

independent contributions; the osmotic pressure, the ionic pressure and the elastic 

pressure. Heating causes denaturation of the mushroom protein which weakens the 

interaction between water and protein. This is considered by assuming that the 

change of the Flory-Huggins interaction parameter for protein with temperature is 

similar to the change with temperature of the water holding capacity of mushroom at 

zero mechanical load. The temperature dependency of this parameter is tested with 

independent sorption measurements, which support this assumption. Comparison of 

the Flory-Rehner model with the WHC under various mechanical loads on the 

mushroom tissue shows that the other model parameters (the crosslink density 𝑁𝑐, 

and the polymer fraction in the relaxed state, 𝜙𝑜) are temperature dependent as well: 

while 𝜙𝑜  increased, 𝑁𝐶  decreased with the temperature, up to 70 °C. This implies 

that heating increases the polymer chain length between two crosslinks because the 
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original conformation of polymers is lost with the denaturation. At the same time, 

more cross links are formed because of the aggregation of polymers due to the 

denaturation. In the comparison of experiments with theory we have excluded data 

points at low external pressure values, where the capillaries are not yet collapsed, 

and are still filled with liquid. The cellular structure of a mushroom is more complex 

than just a homogeneous mixture of biopolymer in an aqueous solution as is 

considered in chapter 2. The fruiting body of the mushroom is composed of 

intertwined fibrous cells (hyphae), with a distinct pore phase in between the hyphae. 

The cells consist of cell wall, cytoplasm and vacuole, with each compartment 

separated by a membrane, impermeable to solute but permeable to water. The 

contribution of the cellular structure is considered in chapter 3 and chapter 4. The 

contributions of the capillary water in the pore phase on the WHC of mushroom 

tissue is studied in chapter 3. There, we have shown that the porosity of the 

mushroom also contributes significantly to the WHC: the hydration of heated 

mushroom increases linearly with the initial porosity of the mushroom tissue. If 

mushroom is stored under cold condition prior to heating, the hydration of heat 

treated mushroom increases with the storage time. This effect can largely be 

explained by the increase in porosity during storage. Therefore, we conclude that the 

initial porosity of mushroom (prior to heating) is an important parameter for the final 

hydration of the heated mushroom. A complete thermodynamic approach to describe 

WHC should not only include a theory for the water holding in the gel phase of cell 

wall and cytoplasm, but should also take into account the capillary liquid present in 

the pore phase. 

The influence of the cellular structural complexity of mushroom on the WHC is 

considered in chapter 4, and specifically the effects of cell membrane integrity, and 

the composite character of the cell wall, which is composed of several biopolymers. 

The loss of cell membrane integrity can largely explain the loss of water from the 

heated mushroom. The separate enzymatic hydrolysis of specific cell wall 

components shows that chitin and protein contribute to the water retention by the 

osmotic binding and/or by their role to provide mechanical strength to the cell. In 

addition, proteins, being polyelectrolytes, contribute to the water retention by the 

mushroom tissue also via electrostatic interaction – as evident by the response of 

WHC on the pH. 
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Chapter 5 examines the efficiency of the use of raw materials, energy and water 

(one aspect of sustainability) of the mushroom processing system with pinch and 

exergy analysis. In the current mushroom canning process, blanching, cooling and 

sterilization are identified as the unit operations that are the least sustainable in 

terms of their relative exergy efficiency. Based on concepts from Process 

Intensification, three alternative production system layouts are proposed and 

compared with the current system regarding the product yield, water use and exergy 

use: 1. slicing before vacuum hydration; 2. using hot water for vacuum hydration; 

and 3. using blanch water for hydration. Slicing mushroom before vacuum hydration 

lowers the water and exergy demand for the production because the cooling step 

after the blanching is eliminated. In this scenario, the final product yield remains 

unaffected. Using hot water for vacuum hydration of the mushrooms eliminates the 

need for refrigeration after hydration by combining the hydration and blanching 

operation at one, but it consumes more water and exergy for the production of 

certain amount of product. It also gives the lowest product yield. Using blanching 

water for the hydration of mushroom lowers the water and exergy demand for 

production of certain amount of final product, and it increases the product yield. 

However, it requires decolouring of the blanch water, or may have consequences for 

the quality (colour) of the product.  

6.3 Describing water loss from mushroom 

6.3.1 Mechanisms involved in water holding capacity loss in mushroom 

processing 

In a structured food, the molecular interaction of the constituents with water and the 

structural make-up of the material are essential in the overall water retention of the 

material. In the current section the findings from previous chapters are combined. 

We will formulate the framework of a complete thermodynamic description for the 

WHC in mushroom, accounting for all compartments in mushroom containing water. 

The cell membrane integrity loss is the largest factor associated with the reduction of 

WHC as a result of thermal processing. Upon the loss of cell membrane integrity the 

stretched cell wall will relax and squeeze out the water and solutes present in the 

vacuole. The water and solute will distribute over cell wall, cytoplasm and pore phase. 
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Equally important, other contributions to the WHC are 1) the stiffness of the hyphae 

and 2) the porosity of the overall tissue. The loss of the stiffness of the cell wall upon 

heating causes a collapse of the pore phase under mechanical load [1]. As vacuum 

impregnated mushroom hold liquid in the pore phase, the collapse will result in more 

water loss from the mushroom. This assumption is supported by the behaviour of 

other vegetable foods upon heating: carrot is less porous and does not lose as much 

water upon heating [2], while more porous onions [3] and apples [4] lose up to 10% 

and 20% of their original weight on thermal processing. 

Cell wall components have a double contribution to the water retention by mushroom 

tissue. First, they bind water (mainly by hydrogen bonding) and second, they provide 

stiffness to the hyphae which acts against structural collapse, and thus allows water 

retention in the intercellular pores. Heating may affect the stiffness of the cell walls 

because of various reasons: a change in the configuration of the biopolymers by 

denaturation (proteins), melting of crystalline structure (in proteins and 

polysaccharides), and thermal hydrolysis of beta-glucans [5]. However, apart from 

changing the stiffness of cell wall, the heating also changes the osmotic binding of 

the gel phase due to protein denaturation. 

Though the effect of thermal treatment on the gel phase is discussed in chapter 2, 

the capillary water and the intracellular water could not be completely removed from 

the samples. In Figure 6.1, the effect of the thermal treatment on a milled sample is 

shown. Milling destroys the cell wall, and also destroys the capillary (intercellular) 

pore space, so the water retention in this sample is primarily due to the retention by 

the cell wall constituents due to osmotic binding. The WHC of milled and heated 

samples is lower than that of the samples which were milled but not heated, for all 

external stresses (centrifugal forces) employed in this experiment. The results show 

that thermal treatment, indeed, lowers the water retention capacity of the gel phase 

as was assumed in chapter 2. 

 



 General discussion 

122 
 

 

  

Fig 6.1: Water holding capacity of the milled sample before (circles) and after the 

thermal treatment (square). The lines are shown to guide the eyes. 

 

6.3.2 Thermodynamic description of the hydration of mushroom tissue 

In this section, we explore how a complete thermodynamic description of the water 

holding in mushroom can be synthesized, using the given fact that water is 

distributed in three different compartments: the vacuole, the gel phase, and the 

capillary phase as shown in figure 6.2. For the thermodynamic description we take 

three simplifying assumptions: 1) all biopolymers from cell wall and cytoplasm are 

thought to be part of the gel phase, 2) all solutes like sugars, salts and amino acids 

are thought to be dissolved in the vacuole, and 3) in fresh mushrooms the gel phase 

and vacuole are seperated by a single cell membrane, which is impermeable to 

solutes, but allows transport of water. The gel phase is assumed to be 

homogeneously crosslinked biopolymer network. If the cell membrane is intact, the 

solutes in the vacuole create an osmotic pressure, which will attract water, and make 

the vacuole and the cell wall swell until the osmotic pressure is balanced by the 

turgor pressure, excerted by the stretched biopolymer network of the gel phase. The 

capillaries are assumed to be filled with water, as happens during industrial 

mushroom processing via vacuum impregnation.  
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Below, we will give the conditions for thermodynamic equilibrium for both fresh 

mushrooms and heat treated mushrooms. From these thermodynamic conditions 

follows how water is distributed over the different compartments. We assume that in 

the heat treated mushroom the cell wall has lost its integrity, and proteins are fully 

denatured. Now the cell membrane is permeable, the solutes can diffuse and 

distribute over all compartments, which will also be determined by a separate 

thermodynamic condition. Furthermore, we will not distinguish between water in the 

remnants of the vacuole, and the capillary water. From a thermodynamic point of 

view, it is a single phase, being a mixture of water and solutes. The gel phase is now 

a ternary mixture of biopolymer, solutes and water. 

 

Fig 6.2: A simplified diagram of mushroom tissue. 

 

The condition for thermodynamic equilibrium in the fresh mushroom is that the liquid 

pressure is equal in all compartments, meaning that: 

Π𝑐𝑎𝑝 = Π𝑔𝑒𝑙 = Π𝑣𝑎𝑐 [6.1] 
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Where,  Π𝑐𝑎𝑝 , Π𝑔𝑒𝑙  , Π𝑣𝑎𝑐  represent capillary pressure, gel pressure and vacuole 

pressures, respectively. 

The water distribution in three compartments at equilibrium determines: 

1) The radius of capillary, which determines the capillary pressure 

2) The volume fractions of components in the gel phase, that determine the gel 

pressure 

3) The volume fractions of salt and sugars in the vacuole, that determine the 

vacuole pressure 

 

Below, we briefly describe how the above set of equations for the fresh mushroom 

can be solved in principle. As a given we have a certain amount of water Vw, and 

mushrooms characterized by the amount of solutes and biopolymers (having a given 

crosslink density). The calculation starts with an assumed distribution of water over 

the three phases. From the given amounts of solutes and biopolymers we can 

compute the volume fractions of solutes and biopolymers, which are required to 

compute the liquid pressures of the gel phase and the vacuole. If the liquid pressures 

are unequal, the water distribution has to be refined, until the condition of 

thermodynamic equilibrium is satisfied. Via this iterative procedure water distribution 

can be computed.  

𝑉𝑤 = 𝑉𝑣𝑎𝑐 + 𝑉𝑔𝑒𝑙 + 𝑉𝑐𝑎𝑝 [6.2] 

Vacuole pressure calculation 

Sugars (mannitol, trehalose) and salt (potassium phostphate) are contained in the 

vacoule. The total osmotic pressure generated in the vacuole is given by: 

Πvac = ΠMix + Πion  [6.3] 

Mixing pressure is calculated using the Flory Huggins equation as was described in 

chapter 2. For the calculation of the ionic pressure Debye Hückel relation is used 

which was also described in chapter 2. 
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Gel pressure calculation 

We assume that the gel phase is a homogeneous mixture of polymers and water. We 

use the Flory Rehner theory for swelling of crosslinked polymer gels to calculate the 

gel pressure as: 

Πgel = Πmix − Πelas [6.4] 

The mixing pressure is described by the Flory Huggins theory. The Flory Huggins 

interaction parameter for polymers is composition dependent and they are specified 

in chapter 2. The elastic pressure can be described by the Flory Rehner theory, as 

was also described in chapter 2. The values of the model parameters 𝜙𝑜 (the polymer 

fraction at the relaxed state) and Nc (the crosslink density) vary from material to 

material. In the case of mushrooms, their values are temperature dependent and are 

provided in chapter 2. Values of 𝜙𝑜 and 𝑁𝑐  can be determined from comparing 

experimental observations of the polymer fractions against the external pressure 

values as was described in chapter 2. A recent paper has shown that both model 

parameters can be related to each other via the c*-theorem of deGennes [6].More 

advanced approaches can also be used for the elastic pressure, which can be derived 

from advanced strain energy functions that incorporate effects of micrifibrils in the 

cell wall [7]. The theory also reduces the model parameters in elastic pressure from 

two to one. However, for our current purposes, we consider Flory Rehner theory for 

the calculation of the elastic pressure because of its simplicity. 

The capillary pressure calculation: 

The capillary pressure can be calculated with the Young-Laplace [1] relation as: 

Π𝐶𝑎𝑝𝑖𝑙 =
2𝜎 cos 𝜃

𝑟
 

 

[6.5] 

in which 𝜎 is the surface tension of water (7.2×10-2 N/m), 𝜃 is the contact angle. We 

simplify the relation by assuming that the contact angle 𝜃 is known. The presence of 

hydrophobins in mushroom [8] makes mushroom hyphae at least partially 

hydrophobic; the exact value of 𝜃  may be obtaind from the experiments. The 
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estimation of the pore radius 𝑟 is not straightforward as mushrooms do not have 

uniform, cylindrical capillaries; the capillary system is a continuos, highly irregular 

phase. When hyphae are assumed solid cylinders, the actual value of 𝑟  can be 

calculated from the distance between the mushroom hyphae and the diameter of the 

hyphae [9]. We analyzed scanning elecron microscopy pitcures of fresh mushrooms, 

which yielded an average distance between two hyphae of around 16 µm. Even 

though this value is only tentative and should receive further investigation, we may 

use it here as a first estimate of the capillary pressure. 

We can now describe the situation in the mushroom tissue during and after heating: 

a) During thermal treatment:  

The cell membrane integrity is lost, which is temperature dependent and follows 

a typical sigmoid curve (chapter 5). The integrity loss is complete at 60 °C and 

above. The water and solutes are then free to move across the cell membrane 

and cell wall to be mixed with the water present in the capillaries. The protein in 

the gel phase denatures, which increases the Flory-Huggins interaction 

parameter for protein-water. This increase also follows a typical, though 

somewhat different sigmoid curve. Its value stabilizes at 60 °C. The change in 

enthalpic interaction induces a change in the gel pressure. The values of model 

parameters ∅0 and 𝑁𝑐   also change with temperature (described in chapter 2) 

which also affect the elastic pressure.  

 

b) After the heat treatment: 

The combined aquous phase is a solution of salts and sugars, and their 

concentrations depend on the exchange of water. After permeabilisation of the 

vacuole and cell membranes, the solutes are mixed with the water present in the 

capillaries, while this solution is expelled out of the tissue. We assume that the 

concentrations in the tissue solution and the expelled solution are the same, and 

that the vacuole phase is completely lost (or merged with the capillary phase). 

The gel pressure at this condition is equal to the total pressure in the capillaries: 

 Πcap,H=Πgel,H [6.6] 
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The aquous phase in the capillaries is now a solution of salts and sugars. The 

capillary phase therefore imparts the capillary pressure as a function of radius of 

capillary for pure water (Πcapil,o) which is descibed with equation 6.5, and the 

osmotic pressure because of solutes (salts and sugars, Πcap,S ) which are 

calculated as done for Πvac. We note here that effects of solutes on in interfactial 

tension is neglected. 

Πcap,H = Πcapil,o + Πcap,S 

 

[6.7] 

The gel phase after the heat treatment is a mixture of biopolymers in a solution 

that now also contains salts and sugars. The mixing pressure of this ternary 

solution of biopolymer, sugars and water can also be described by Flory-Huggins 

theory [10]. 

The distribution of solutes over the capillary and gel phase is governed by the 

equality of the activities of the solutes (salts and sugars) in both phases: :  

𝑎𝑠,𝑔𝑒𝑙 = 𝑎𝑠,𝑐𝑎𝑝 

 

[6.8] 

The Flory-Huggins interaction parameter for denatured protein and all other 

compounds are known (chapter 2). The constants in elastic pressure ∅0and 𝑁𝑐 for 

heat treted mushroom are known as well (Chapter 2). The water volume fraction 

(∅𝑤 ) that is necessary in the relation for the mixing pressure and polymer 

volume fraction (𝜙) appearing in the elastic pressrue are composition dependant. 

The values can be found by equating the gel pressure to the capillary pressure. 

This again requires knowledge of radius of the pores – of course a first 

approximation could be to assume that the effective pore radius does not change 

because of heat treatment, however we do know that the overall structure 

collapses, so one would expect the effective pore radius to be reduced. 

6.4 Towards conceptual process design (CPD) of mushroom processing 

The main objective of this thesis has been to understand and improve the processing 

of fresh mushrooms into preserved, canned or jarred mushrooms, while balancing 
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product quality and optimal use of resources (raw materials, water, energy). The 

previous section focussed on understanding the quality (simplified into the retention 

of water) as a result of processing; here we will consider the efficiency in the use of  

resources, as function of the choices made in the process configuration. 

This analysis is on the unit operations level, while the understanding of the product 

quality (water retention) focusses more on the molecular level, as they are governed 

by the interaction of biopolymer interactions with water, and mechanical properties 

of cell wall. Such a decomposed analysis is part of the conceptual process design 

methodology, and in particular the microscale/mesoscale analysis of Li and 

Kraslawski (2004).  

6.4.1 Mesoscale analysis 

We consider product yield, water saving and exergy use for production as is 

discussed in chapter 5. Three scenarios are tested: scenario 1 (slicing before 

vacuum hydration), scenario 2 (hydration with the hot water), and scenario 3 

(vacuum hydration with blanch water). Scenario 2, which uses hot water for 

hydration, can combine the hydration and blanching at one unit operation eliminating 

the intermediate refrigeration need; however it requires more water for production 

and yielded less product after processing and costs more exergy to produce a certain 

mass of final product. This scenario is therefore excluded from further analysis. The 

variant scenario 1, in which the mushrooms are sliced immediately upon the arrival 

followed by the vacuum impregnation, does not increase the product yield, but it 

required the lowest volume of water and consumed the least exergy among all the 

process scenarios considered. Scenario 3, which uses blanch water for vacuum 

hydration purpose after cooling, significantly increases the product yield, lowers the 

water demand and decreases the exergy loss in the production. However the product 

quality is affected: if the blanching water is used without decolourization step, the 

product becomes dark in colour due to the browning reactions during and before 

blanching, which dissolve in the blanch water. 

The lower exergy loss and water use in scenario 1 (slicing before vacuum hydration) 

is achieved by avoiding the cooling of the mushrooms after blanching which saves 

cooling water and the exergy associated with cooling. This also decreases the heat 
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load in the subsequent sterilization step as the sterilizer would receive filled bottles 

at a higher temperature of 79°C instead of the current temperature of 55°C. In 

scenario 3, some of the solids that are suspended or dissolved in the blanching water 

during blanching, are re-introduced into the mushrooms during vacuum 

impregnation, and therefore, the product actually retains more solids. Water is saved 

as well, since the blanch water replaces the hydration water, and no additional water 

is required for this.  

From the insights learned, we can now say that a combination of scenarios 1 and 3, 

as proposed in figure 5.3, would be even more sustainable. In this scenario, the 

mushrooms are sliced before vacuum hydration, with decolorized blanch water after 

cooling it. Decolourization of the blanch water, either by reaction (e.g., further 

oxidation) or separation (adsorption or membrane separation) solves the problem of 

mushroom browning. Our current data shows that only about 70% of blanch water 

that is produced would be required for the hydration; the other 30% of blanch water 

can still be used as brine solution as a filler in the jars or cans, which can further 

reduce the demand of water by 37%, which is needed to make the brine solution. 

Thus, we combine the redundancy of cooling water, with a significant increase of the 

final product yield. 

 

Fig 5.3: A conceptual sustainable mushroom production scheme 

In preliminary experiments, we have not seen any difference in the yield of the 

product whether mushroom were sliced before the hydration step, or after the 

blanching step. Slicing before vacuum hydration may have the additional advantage 

that the mechanical stresses on the mushrooms, e.g., during conveying, are 
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minimised. Mushrooms loose most of their elasticity after their thermal treatment, 

and are thus susceptible to plastic deformation if subjected to any external force for 

slicing. Cooling and slicing after blanching may deform and damage the mushrooms 

due to the mechanical stresses needed. This may result in a lower final product yield. 

When slicing is done before hydration, the mushroom tissue is still elastic, and less 

damage due to mechanical deformation is expected. 

The use of this new production scenario does impose a few challenges. A proper 

measure for removing the colour from the blanch water is needed. In the current 

work we did not investigate on the colour removal techniques of the blanch water. A 

detailed investigation on the compounds responsible for the colour is needed. 

Techniques such as filtration [11] or colour absorbent activated carbon [12, 13] 

column may be suitable. The shifting of slicing before vacuum hydration will need a 

different type of mushroom cutter than what is used for the blanched mushroom 

because of the differences in the mechanical properties between the fresh 

mushrooms and the blanched mushrooms. Though fresh mushrooms are more 

elastic than the heat treated mushroom, the puncture force for fresh mushrooms is 

lower than the blanched mushrooms [14]. This indicates that fresh mushroom are 

more fragile than the heat treated mushroom and more care will be needed to avoid 

breakage. 

6.4.2 Microscale analysis 

The temperature of the thermal treatment (chapter 2, chapter 3), the pH of the 

brine (chapter 4) and the porosity (chapter 4) of the fresh mushrooms influence 

the water holding capacity of the heated mushroom. The minimum requirements for 

thermal treatment on the canned mushroom are set by food safety requirements, 

legal constraints and market demands. We therefore only discuss the use of the 

porosity of fresh mushroom and the pH of the brine as design parameters in the 

conceptual design of mushroom processing. 

In conceptual process design, the properties of the product have to be defined as 

concisely as possible. Typical of fresh produce is that the product properties change 

over different individual products, and over time. This includes variations in average 

size, moisture level, and composition, and there is a substantial natural variation in 
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the porosity of mushrooms within the same batch and between batches. On 

production scale, those variations in porosity result in many overfilled cans as the 

filling is configured to ensure volumetric filling of the can based on the lowest 

expected yield of the mushroom.  

The pH of the brine can be used as a parameter as well. Chapter 4 shows that a 

higher pH of the brine solution is associated with a higher water retention of the 

mushrooms. Similar results were shown previously [15]. Canned products with a 

higher pH, however, have a higher risk of survival of spores of bacillus or clostridium 

species which can later grow into vegetative cells in such products [16, 17], while 

they cannot grow below a pH value of 4.6 [16]. The pH of brine solution in most of 

the canned mushroom is reported to be much lower than 4.6. In general, 

components such as citric acid and ascorbic acid are added. Vivar-Quintana et al [18] 

report that the addition of 0.5% citric acid and 1000 ppm of ascorbic acid yielded a 

pH value of 3.7. Chapter 4 shows that the increase in the degree of hydration for 

heat treated mushroom in the pH range of 3.7 to 4.6 is substantial, which is also 

reported by Zivanovic et al. [5]. Thus, carefully controlling the pH of the brine 

solution may provide opportunities to produce mushrooms with better water 

retention. 

6.5. Future perspectives  

In this section, future perspectives of the work based on current findings are 

discussed briefly. Porosity is important as it is one of the key parameters in our 

model for water retention. Having accurate estimations of its value, and of the pore 

size and shape distribution will enhance our understanding of the pore (capillary) 

water.  

In addition, the blanch water from mushroom processing contains compounds that 

are important for water retention, for its sensory properties and for the nutritional 

quality. Reuse of blanch water can make processing more sustainable as well. 

However, the direct use of blanch water in mushroom hydration produces a visually 

unappealing brown product. Therefore, the options for decolourization of the 

blanching water must be investigated.  



 General discussion 

132 
 

The damage to mushroom tissue by thermal treatment cannot be avoided as cell 

membrane integrity and protein denaturation already take place at lower 

temperatures. Non-thermal preservation techniques may offer the benefit of 

retaining better quality of the mushrooms while still giving a sufficient shelf life; 

however, these techniques are generally much more costly than heat based 

preservation processes.  

We may also make use of the loss of water holding, in using mushroom tissue for 

other products. Meat like sensorial attributes of mushroom have been acknowledged. 

Mushroom has a high water holding fibrous structure similar to meat fibre and has a 

chewy-meat like texture and other sensorial attributes [19]. This property can be 

explored more to look at the possibility of using mushroom to partly replace meat 

from meat products. The loss of water holding capacity is good, since a typical meat 

analogue would have around 25 weight% protein. One may combine the use of 

mushroom with other vegetable protein sources for example with lupine protein 

concentrate which cannot form a solid fibrous structure [20] to produce meat 

analogue.  

Finally an accurate description of WHC of mushroom is important to know effects of 

processing variables in the water retention behaviour. Though both the cell wall 

material and cytoplasm are mainly made of polymeric materials, the physical 

characters are different: the cell wall is an elastic solid with a high crosslink density, 

whereas cytoplasm is a fluid and the crosslink density is probably low. The further 

development of model can have a look at this aspect. 

Overall, this thesis demonstrated that there is substantial scope in improving the 

efficiency in the use of resources in producing preserved mushroom, and in retention 

of water in the mushroom tissue, thus showing that both aspects, product and 

process efficiency, can be improved at the same time.  
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Summary 

This thesis deals with the understanding of the water holding capacity of mushroom, 

in the context of a redesign of their industrial processing. For designing food process 

the retention of food quality is of the utmost importance. Water holding capacity is 

an important quality aspect of mushrooms. A convenient process design 

methodology which accounts also for product quality is Conceptual Process Design 

(CPD). An approach to follow CPD methodology is first to explore, the material 

properties of the products to find optimal processing conditions. In this stage the 

constraints of (existing) processing equipment are not considered. Later in the 

second stage, suboptimal processing conditions are determined considering the 

constrains of equipment.  

In mushroom canning, temperature induced loss of water holding capacity (WHC) of 

tissue manifests as a lower product yield. This loss of water is accompanied with the 

loss of nutrients, dissolved in the water. In addition to the loss of product quality like 

water holding capacity, mushroom canning (with alternating heating and cooling 

steps) also induces losses of useful resources as (potable) water. In terms of water 

use, water is added at several steps, and is discarded at other places. This shows 

that there is opportunity to improve the sustainability of the production system, but 

with the constraint that product quality is not impaired, or evenly improved.  

The WHC is an important property that determines several aspects of foods. For 

example, it determines the juiciness of fruits, vegetables and meat products; the 

freshness (firmness, or crispiness) of green-leafy vegetables; and the calorie intake 

per serving for high calorie containing foods such as cheese. Despite being a widely 

used term in food science, there is no clear definition of water holding capacity and 

its thermodynamic nature is not fully acknowledged. The understanding of the WHC 

is even poorer in structured cellular foods such as mushroom, where different water 

fractions are present in various compartments. In a cellular system water is present 

as 1) a solution in the vacuoles, 2) water osmotically bound to the cytoplasmic and 

the cell wall materials and 3) capillary water in pores, which might be filled during 

processing. Because they have a distinct capillary phase, the mushroom is a good 

system to study the contributions of various water fraction on the total water 

retention. 



Summary 

137 
 

The main aim of the current work is to provide insight for the development of canned 

mushroom processing where: 1) the resources of energy and water are efficiently 

used, and 2) the quality of mushroom is maintained. These two aims are related to 

the efficient use of raw materials and maintenance of full weight of mushroom during 

processing. The WHC is an important quality indicator of mushrooms. The analysis 

related to water retention of mushroom has been carried out at microscale where 

molecular and structural interactions in relation to water retention are studied. The 

micro scale analysis is discussed in chapter 2, chapter 3 and chapter 4. The 

sustainability analysis is carried out at mesoscale where analysis is carried out at the 

unit operation level which is described in chapter 5. 

In chapter 2, the heat-induced change in water holding capacity of particular the gel 

phase of the mushroom is interpreted with the Flory-Rehner theory, commonly 

applied to polymer gels. As done earlier for meat, we have first assumed that WHC 

loss in mushroom can also be attributed to the protein denaturation. This assumption 

is based on the experimental observation that, like meat, mushroom also follows a 

typical sigmoid relation with change in temperature. In the theory, we have regarded 

mushroom as a homogeneous biopolymer hydrogel, in which salt and sugar are 

dissolved. The water holding capacity is then understood as the swelling capacity of 

the biopolymer gel. The thermodynamic state of this simplified system is 

characterized by the so-called swelling pressure, which is decomposed into three 

independent contributions: 1) the mixing pressure induced by sugars and polymers, 

2) the ionic pressure induced by the salt, and 3) the elastic pressure induced by the 

polymers. An assumption was made that the heat treatment denatures mushroom 

protein, which is reflected in the change of the Flory Huggins interaction for protein. 

It follows the same temperature dependency as the WHC loss by mushroom under 

zero mechanical load. The assumption of the temperature dependency of the 

interaction parameter is tested with an independent sorption measurement. With the 

assumption, the sorption curve for mushroom sample which were preheated 

previously at 30, 60 and 90 °C could accurately be predicted. Curve fitting of WHC 

under various mechanical loads has shown that model parameters that are 

associated with the elastic pressure, the crosslink density 𝑁𝑐  and fraction of the 

polymer in the relaxed state, ∅𝑜  are temperature dependant. The values of 

∅𝑜 increased in contrast to the decrease of 𝑁𝐶  upon heating of mushroom tissue up to 
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temperature of 70°C. The result indicates that heat treatment increases the polymer 

chain length between the cross links as original conformation of mushroom is lost. At 

the same time, more crosslinks are formed by a polymer because of aggregation of 

polymers. However, in our fitting procedure, we have excluded WHC data at low 

external pressure values, as water is present in both gel phase as in in the capillaries. 

This is done as the pores in this range are not fully collapsed and the Flory Rehner 

theory is valid only for the gel phase 

In chapter 2 mushroom is simplified in the sense that only compositional 

contribution is considered in WHC but not the structural contributions. In subsequent 

chapters we have acknowledged that mushroom has a cellular structure with a 

distinct pore phase. The pores are intentionally filled during processing via vacuum 

impregnation. The contribution of water present in the capillaries due to vacuum 

impregnation of mushroom has been discussed in chapter 3. Both the temperature 

of heat treatment and the initial porosity of mushroom contribute independently to 

water holding capacity of heat treated mushroom. The hydration of heat treated 

mushroom increases linearly with the initial porosity of mushroom for all the 

temperatures from 30 to 90 °C. The porosity of mushroom can also largely explain 

the increase in hydration of heat treated mushroom with storage as both porosity 

and the hydration increase simultaneously with the storage days. The fluid that filled 

in the capillaries acts against collapse of the hyphae which have inherent elastic 

force that works in the other direction. The initial porosity of mushroom is an 

important aspect that determines the hydration of the heat treated mushroom and 

therefore, cannot be ignored. In addition, the Flory-Rehner theory alone cannot 

capture the contribution of the capillary water. Hence an addition is needed in the 

theory to capture this effect. 

The cellular phase in mushroom tissue is even more complicated because water is 

present in this phase in two other forms, as gel water and the intracellular water. 

Chapter 4 takes into account the role of structure in the WHC. The role of cell 

membrane integrity and the cell-wall structural components is investigated for 

retention of the water fraction. The cell membrane integrity is calculated from the 

conductivity measurement of the fluid that leaches out from the vacuole that has 

salts in it. The loss of the cell membrane integrity largely explains the water loss 

from heat treated mushroom sample. The loss of cell membrane integrity is also 
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related with the water loss from frozen mushroom, but additional losses occur during 

freezing due to novel crosslinks formed during the growth of ice crystals compressing 

the unfrozen cell wall material. The enzymatic hydrolysis of mushroom cellular 

components shows that chitin and mushroom protein both contribute to the water 

holding capacity either via osmotic binding or by their role to provide the mechanical 

strength to the mushroom hyphae. In addition, proteins have additional contributions 

to water retention by mushroom because of their electrostatic interaction as 

polyelectrolyte. This is evident as the hydration of the mushroom increases with pH 

of mushroom. 

In chapter 5, the efficiency of the use of the resources (raw materials, energy water) 

is investigated. The mass and exergy flow in the current production system is 

visualized with the Sankey diagrams. The sustainability of unit operations involved in 

the current production system of canned are analysed with the second law efficiency 

using exergy. Using ideas from Process Intensification three alternative routes are 

proposed for the production of canned mushrooms namely: 1). Slicing before 

vacuum hydration, and 2) Using hot water for vacuum hydration and 3) Using blanch 

water for vacuum hydration. Using hot water for vacuum hydration is not seen as a 

feasible option, since it consumed more resources. Slicing mushroom before their 

vacuum hydration and using blanch water for hydration of mushroom lowers the 

resources requirement for production. In addition, using blanch water for hydration 

also increases the final product yield.  

Finally, the main findings of this thesis are summarized in the general discussion in 

chapter 6. The findings from previous chapters are combined to an overall 

description of water loss from heat treated mushroom. The overall description of 

water holding capacity in mushrooms is given in terms of the thermodynamic 

conditions for equilibrium between the different compartments holding water. The 

two dimensions of the thesis, the higher water retention of processed mushroom and 

more sustainable operation are discussed in the light of conceptual process design, 

using a micro/mesoscale approach. At the microscale material properties of 

mushroom are discussed. The biggest effect comes from cell membrane integrity loss. 

The porosity of fresh mushroom and the ionic interactions of polymers are the other 

effects that influence the WHC. Mesoscale analysis shows that shifting the sequence 

of unit operations and reusing the blanch water that is discarded in the current 
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production process can improve the sustainability. Finally based on outcome of 

current work, future perspective of current work is discussed briefly. 

Overall, this thesis demonstrated that there is substantial scope in improving the 

efficiency in the use of resources in producing preserved mushroom. Also scope in 

retention of water in the mushroom tissue is demonstrated. Thus this thesis shows 

that both aspects, product and process efficiency, can be improved at the same time. 
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