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Abstract

Mycelium materials are an emerging class of natural, inexpensive, and environmentally
sustainable materials. They are promising alternatives to petroleum-based polymeric ones, and
they can also be used as substitutes for animal-based leather. This work investigates the water
relation properties (equilibrium and transfer) of pure mycelium materials produced using
Ganoderma lucidum fungal species in liquid-state fermentation. The dynamic gravimetric
method was used to determine sorption isotherms at four temperatures (20°C, 30°C, 40°C and
50 °C) over a water activity (aw) range of 0 to 0.9. This material is highly hygroscopic and
depicts a huge condensation phase at high water activity, with an equilibrium moisture content
of 53% at 20 °C and 90% RH. Among the eight sorption models tested, the GAB model gives
good results and was further used to analyze data. Thermodynamic properties (net isosteric heat
of sorption, sorption entropy change, and the isokinetic temperature) were determined from the
sorption isotherms to represent better the energy related to the sorption processes. Finally, the
transient stages of sorption measurement were analyzed to extract mass transfer properties.
Consistently with the morphology of this material, a dual-scale effect is evidenced, which turns
into a representation by two independent parameters: the macroscopic and microscopic mass
diffusivity values.
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1. Introduction

Fungal mycelium materials are among the most emerging classes at the crossroads of
biotechnology and material engineering sciences [1-3]. Humans have long used fungi to
produce food (e.g., cheese, bread, and beer) or in medical biotechnology (antibiotics and
antivirals [4]). Recently, fungi were also suggested as a substitute resource to develop new
environmentally friendly substitutes for leather [5-7]. In fact, recent developments in fungal
biotechnology and their integration into materials science are opening up new perspectives in
different applications, such as the fashion and textile fields [8].

The use of natural mechanisms of biological development has a remarkable combination of
complementary functional properties for bio-leathers production. These bio-leathers, produced
by natural mechanisms, have the potential to contribute to the new economy by substituting
natural leather sourced from animals [7]. The use of bio-leather from fungal mycelium materials
can reduce unnecessary slaughter to obtain animal leather.

Mycelium mat is a vegetative part of fungi. It is a dense network of thin strands called hyphae,
which is the basic developmental unit of fungi. The main constituent present in the hypha wall
is chitin, which ensures its stiffness and strength [9]. Mycelium material mats could be grown
using solid-state fermentation or liquid-state fermentation [7]. In both methods, fungi require
direct contact with their nutrient source. In solid-state fermentation, the growth can be
performed on a solid substrate [3, 10]. The hyphae can interlock the substrate within its network
and outward growth away from the substrate into the air. This requires specific conditions of
nutrients, temperature, oxygen, CO; partial pressure, light, and mostly a high relative humidity
(40-99%), to be tightly controlled using incubation chambers [2]. These conditions prevent the
development of fruiting bodies from the mycelium, as they are promoted by low temperatures
and COz concentrations. Greetham et al. 2015 associate the outward growth of the mycelium in
the substrate to the carbon dioxide gradient caused by cellular respiration. The accumulation of
CO: inside the substrate naturally generates a gradient along which the mycelium will grow
outwards the outside to a more O»-rich environment. Liquid-state fermentation is the most used
method to produce pure mycelium materials [12, 13]. This method involves placing a sterilized
nutrient medium in a closed vessel, inoculating the fungal spores, and letting the mixture
undisturbed to allow the fungus to form a mat of hyphae at the surface of the liquid. Once the
obtained mycelium mat has dried, it looks like leather.

Although the interest in mycelium materials is increasing, their properties still need to be better

understood in special the interaction of pure mycelium material with water (behavior,



equilibrium and transfer). Water transfer (absorption, desorption and diffusivity) occurs during
the use of materials, as a response to the change of environmental conditions, and dual-scale
mechanisms and/or molecular relaxation are often observed for the product of biological origin
[14,15].Therefore, the best knowledge of the equilibrium moisture content and transfer
properties of mycelium mat with its surrounding environment leads to a better understating of
the product behavior during storage and usage conditions.

The aim of this study is to investigate the water behavior, both equilibrium and dynamic, of a
fungal mycelium mat. To achieve this, desorption and adsorption isotherms of fungal mycelium
mats were experimentally determined using a dynamic vapor sorption method at temperatures
ranging from 20°C to 50°C and humidity levels ranging from 0 to 90%. Mathematical modeling
was then performed on the experimental equilibrium data to select the best-fitting equation for
the considered operating conditions. Using the best-fit sorption model, different
thermodynamic functions were determined, including the isosteric heat of sorption and sorption
differential entropy at different moisture contents. In addition, the diffusion mechanisms were
studied by determining the mass diffusivity using inverse analysis from the experimental
moisture content evolution. A comprehensive macroscopic model of coupled heat and mass
transfer was used, and a dual-scale model, based on the concept of distributed microstructure
models with coupled heat and mass transfer at both scales, was used to simulate the

experiments.



2. Materials and Methods

2.1.Sample preparation

Ganoderma lucidum (BRFM 953) stock culture was procured from the Centre International de
Ressources Microbiennes - Champignons Filamenteux (CIRM-CF), INRAE Marseille, France.
It was conserved in semi-aerated slots of solid culture at 4 °C, cultured in solid plates of MA2
medium (per 1 L MilliQ-grade water: malt extract 30 g, soya peptone 3 g; pH 5.6) and
maintained regularly. For all experiments, growth was conducted at 25 °C in absolute darkness
to avoid natural fructification of the mycelium under the light. Ganoderma lucidum is of interest
due to its ability to produce a dense mycelial network with high mechanical properties [6],
making it a suitable material for producing eco-friendly leather-like products. Pure mycelium
mats were produced in liquid fermentation using MA2 nutritive medium. 300 mL flasks
containing 100 mL autoclaved MA2 were inoculated using one-week-old actively growing
hyphae and were statically incubated at 25 °C for four (4) weeks [16] . A dense hyphal network
started developing on the surface, growing over time, and forming a well-nested and consistent
mat. At the end of the growth period, media were carefully filtered to retrieve the pure mycelium
materials (Figure 1b), which were rinsed thrice with MilliQ-grade water, dried on filter paper,

and used for characterization.

Figure 1: Production of Ganoderma lucidum mats. a) spongy hyphal network formed in the
surface of the growth medium after four weeks, b) final mycelium materials.

2.2.Microscopic observations

Microscopic images of the samples were obtained using an environmental scanning electron
microscope (ESEM, Quanta 200, FEI Company). Images were taken in Low Vac mode, at 107

Pa, voltage 12 kV, with a beam spot size of 3.5 and a working distance of approximately 8 mm.
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The Low Vac mode allows samples to be imaged without any coating even though they are not
electrically conductive. Image were grabbed at low voltage to limit the beam penetration and
the working distance is a compromise between the detector signal and the degradation of the
electron beam in the chamber, which is not in a secondary vacuum. Samples for imaging were
extracted from various spots across the disc at two growth intervals: three and four weeks. Once
chosen, these samples were affixed to a carbon conductive double-sided adhesive disc without
additional preparations. The width distribution of mycelium was determined by image analysis
using ImagelJ, where the width of each mycelium strand was automatically measured using the

DiameterJ plugin.
2.3.Moisture sorption isotherms

The sorption isotherms (adsorption and desorption) were determined using dynamic vapor
sorption (DVS) equipment (IGASorp-HT system, from Hiden Isochema Co, Warrington,
England). This instrument is composed of a climatic chamber equipped with an ultra-sensitive
microbalance (0.1pg in resolution) which allows monitoring the mass variation as a function of
the ambient temperature and relative humidity. A mix of a separate wet stream and dry nitrogen
stream, controlled by two different mass flow controllers is used to set the desired RH value. A
Rotronic humidity probe (accuracy of £ 1 % between 0-90 %RH and + 2 % between 90-95
%RH) is used to control RH in the chamber (control stability £ 0.1 %RH). In this study, nitrogen
was selected as the carrier gas with a 250 mL/min flow. The temperature is measured by PT100
platinum probe (accuracy of + 0.1 °C) and controlled at + 0.05 °C.

Equilibrium sorption isotherms, for adsorption and desorption, were carried out at four
temperatures (20 °C, 30 °C, 40 °C and 50 °C) for selected water activities aw in the range 0-
0.90 with an increment of 0.15. The measurement procedure is as follows: the dry weight of the
sample is obtained in the first step. Then, the desired humidity level is set, and the changing
weight signal is recorded at every 10 seconds. Equilibrium in a moisture sorption experiment
is defined as the point where the moisture content stabilizes or reaches a steady state. In this
study, it was determined using a criterion of 99% of the predicted equilibrium mass uptake,
estimated by a simple asymptotic rise model for forward prediction. Once equilibrium was
reached, the next humidity step was initiated. Equilibrium moisture content is defined as the
ratio of water contained in the sample at equilibrium (total weight — dry weight) over the dry

weight.



3. Water- product relations

3.1.Sorption isotherms

In this study, eight models have been evaluated to fit the sorption isotherms of mycelium mats
(Table 1). The suggested models were selected based on their applicability and popularity in
the literature for describing the moisture sorption behavior of biobased materials. Some models
are developed with a theoretical basis, such as GAB, BET and Langmuir [17-19] others are
based on semi-theoretical and empirical equations [20-23]. The model parameters were fitted
to the experimental data using the nonlinear regression analysis of the Origin software. The
goodness of fit of different models between the experimental and predicted equilibrium
moisture content was evaluated with the correlation coefficient (R?)(Eq. (1)), the root mean
square error (RMSE) (Eg. (2)) and sum squared errors (SSE) (Eqg. (3)).

=

, Z( Xeqi,pre - ><_eqi,exp )2
R°= | & Eq. (1)
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i=1
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1/2
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N

Z( Xeqi,exp - Xeqi,pre )2
SEE = 4= - Eqg. (3)
f

Where N is the number of data points; Xeq;,, is the experimental moisture content (%d.b);

Xeq; . is the predicted moisture content (%d.b).



Table 1: The different models fitted to represent the experimental data of moisture sorption
isotherm of mycelium mat

Model Mathematical equation Parameters
GAB [19] X,,C, Kk
e — X, Cka,
(1-ka,)(1-Ka,+Cka,)
g
S | BET[7] X_Ca, X . C
@ Xe= me
8 (1-a,)(1-a,+Ca,)
|_
Langmuir [18] 1 A B, C
X, =————
A+Bx!
Oswin [23] a B A B
g Xe ) A.[ 1 : J
5 (1-a.)
3 Halsey [24] A )E A B
.S Xe :[I J
‘é_ n(aw)
o Peleg[25] X, :A.(aW)B+C.(aW)D A B C, D
g
= Enderby[21] A C A B, C,D
2 Xe= + a,
o 1-Ba, 1-Da,
£
& Caurie [26] X, =exp(A+Ba,) A B

3.2.Net isosteric heat of sorption (gs;)

The net isosteric heat of sorption gst, also named differential heat of sorption, quantifies the
water affinity energy with the absorbent, as compared to liquid water. It is defined as the
difference between the total heat required to remove water from the product (Qst) and the heat

required to vaporize pure liquid water (AH,,, ), at given conditions:

vap

Oy = Qst - AHvap Eq (4)

The isosteric net heat of sorption can be derived from the best-fitting sorption isotherms model

at various temperatures using the Clausius-Clapeyron equation [27, 28]:



d(ln(iw)) _ 9 Eqg. (5)
R

dl =

)

Where aw is water activity, T is the selected temperature (K), R is the universal gas constant

(8.314 J.molt K1) and gt is the net isosteric heat of sorption (kJ.mol™?).

Based on Eq. (5), the isosteric net heat of sorption is calculated from the slope of In(aw) versus

1/T at a fixed value of equilibrium moisture content. This procedure was repeated for different

moisture contents. The slopes in Equation (5) were determined using the four temperature

values.

3.3.Sorption differential entropy (AS)

Entropy is a thermodynamics state variable that characterizes the disorder, randomness, or
uncertainty degree in the water-sorbent relationship. Sorption entropy is useful to explain many
processes, such as dissolution, crystallization and swelling, which usually occur during the
sorption of water content by materials [29, 30]. The differential entropy or sorption differential
entropy (AS) of materials is associated with the number of sorption sites available at a specific
energy level. It corresponds to water molecules’ forces (attraction or repulsion) to the sample.

The sorption entropy is obtained using the Gibbs-Helmholtz relation (Eq.6) :

as = 90G Eq. (6)
T
AG is the Gibbs free energy. It is defined as :
AG=-RTIn(a, ) Eq. (7)
By combining equation (6) and (7), the net isosteric entropy at each moisture can be presented
as follows:
In(a,)=-+22 Eq. 9

The intercept (AS/R) of the curve representing In(aw) as a function of 1/T is used to determine

the sorption of a given moisture entropy.

3.4.Enthalpy-entropy compensation theory

The enthalpy—entropy compensation, or thermodynamic compensation theory is commonly

used to study different physical and chemical processes, including the relationship of
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biomaterials with the water [31]. It suggests a linear relationship between the net isosteric heat
of sorption and sorption differential entropy for determining moisture content [32]. The linear
relation is presented in Eq. (9).

e = TAS +AG, Eq. (9)

T, corresponds to the isokinetic temperature, representing the temperature at which all series
reactions proceed at the same rate. AGy, the free energy at isokinetic temperature, represents
whether the water sorption process is spontaneous (AG, < 0) or non-spontaneous (AG; > 0).
In order to test the validity of the compensation theory, the isokinetic temperature T, must be

compared with the harmonic mean temperature T, ., (Eq. (10)).

n

T.,= W Eqg. (10)

Leffler and Grunwald, 2013 consider the process is enthalpy-driven if (T, > T, ), whereas the

process is entropy-controlled if (T, < T, ).

3.5.Dual-scale model of moisture transfer

During the sorption tests, the DVS equipment records all parameters versus time, namely the
actual chamber conditions (temperature and relative humidity) and the sample mass. The
acquisition frequency is high enough (6 points per minute) to accurately define the transient
stages. In addition to the equilibrium values, the sole information used to define the sorption
isotherms, an inverse analysis of these transient phases was performed to extract relevant
information on water transfer. The procedure minimizes the objective function using a
comprehensive set of macroscopic equations of coupled heat and mass transfer [33]. However,
for this kind of porous morphology (solid inclusions arranged in a strongly connected gaseous
phase — see the morphological results as follows), non-Fickian behavior is likely to occur due
to the dual-scale effect, and the classical macroscopic equation is not relevant anymore [15,
33].

To address this issue, the extended macroscopic formulation is presented in Perré. 2019 was
used. The dual-scale effect due to the characteristic diffusion time in the solid inclusions

themselves is accounted in for the macroscopic formulation by the so-called memory function.
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The memory function is defined by an ideal (virtual) test in which the storage phase (the
inclusions) is submitted to a sudden change in relative humidity from initial relative humidity (

RH,,) to final relative humidity (RH ).

X (t) - Xini = AXeq ¢(t) Eq (ll)
In this equation, X, is the equilibrium moisture content at the initial RH value, AX,, is the

change of equilibrium moisture content from RH.. to RH, and ¢ is the memory function,

fin

which represents the dimensionless evolution in time of the average moisture content of the

inclusions. This is a monotonic function that tends to unity as t tends to infinity.

In a real test, the RH value surrounding the inclusion varies over time and a convolution product
IS required to account for this time dependence:

OoX
< dr Eq. (12)
ot

X ()= Xy = [ plt=7)

When representing the memory function as a series of exponential functions, the convolution
product can be simply treated as internal variables. Two exponential functions are a good
compromise to represent the diffusion in simple geometry inclusions (cylinders here). The
exponential values proposed in Perré. 2019 for cylindrical inclusions were considered here
(Table 2). Note that the characteristic times are tied to both the microscopic bound water

diffusivity D and the dimension of the inclusion (radius a for a cylinder).

Table 2: Parameter values to approach diffusion in a cylindrical inclusion with two exponential

functions (according to Perré, 2019).

Parameters Values
a, 0.72546
r,/(a’ /D) 0.16732
a, 0.26074
z,/(a*/ D) 0.01208

To account for the memory effect, X should be used for mass balance while all driving forces

involved in convective or diffusive fluxes should be tied to X, to consider the right water

activity a, . The extended mass balance equation therefore reads [34]:
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oo 2+ V{8 (%)) = i (X)) Eq. (19

Where X and X,, are linked by a convolution product:

2 - %( [{o(t-7) a;(;q df} Eq. (14)
The computational model used in the inverse procedure, TransPore, considers three balance
equations allowing three variables to be predicted in time and space, for example: temperature,
moisture content and pressure [14]. The third equation is solved but is not necessary here
because the thinness of the mycelium materials, combined with their high permeability, ensures
that the pressure remains at atmospheric pressure through the thickness.
On the contrary, the heat and mass coupling is important, either at the interface or inside the
product [35] and must be considered. Removing the unnecessary terms related to liquid water,
not involved in the sorption test, the enthalpy balance read as:

a R

a(gg (o,h, + p,h)+ ph, +£Spshs)
+V{(puh, + p0)V, ) = V{4 VT +(h, —h,)p,fDV @, )

Eqg. (15)

The external heat and mass transfer coefficient, respectively h, and h,, are involved in the

boundary conditions:
jh|x=0+ = hh (T|x=0 _T°°)

il . =h,cM, In 1-x, Eq. (16)
B 1_XV|X:O

x—0* _ amm

g

4. Results and discussion

4.1.Structure and morphology of the obtained material

Ganoderma lucidum is a polypore known for its versatility, invasive growth on wood benches

and the health-protective properties of its metabolites [36]. Although it has a long biological
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cycle, which takes from eight months to a year, the early mono and dikaryotic mycelial stages
are fast occurring when the right environmental conditions are set. Mycelial colonization can
thus happen in a few weeks [36]. During early stages of growth, Ganoderma lucidum produces
thick and septate generative hyphae that thrive on substrate and fully settle on. Afterwards,
skeletal filaments are produced, as a way to strengthen the network [16, 37]. They are long,
non-septate, unbranched and continuously oriented along a specific direction (Figure 2.a). In
ESEM micrographs, generative hyphae (tube-like) have a characteristic width of 5-35 pm and
the skeletal ones (thread-like) between 0.5-5 um (Figure 2.b). These observations are supported
by different findings [16]. After four weeks of growth, hyphae start to fuse and interconnect by
anastomosis that shape the mat into a structurally-porous material with intersectional nodes
(Figures2.c and d). The trimitic hyphal composition is well-confirmed in Ganoderma lucidum
fungus with the presence of three mycelial structures. This being said, it is responsible for the
tough, leathery, and woody fruiting bodies that Ganoderma lucidum can produce, and with no

doubt, is correlating with cell-wall composition and hydrophilicity.

Y 0.2 — Theaddike] P)
X —— Tube like
0.15
0.1
0.05
0

0 5 10 15 20 25 30 35 40 45 50
Width (um)
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Figure 2: a) ESEM micrograph of a three-week Ganoderma lucidum mycelium mat presenting
generative (tube-like) and skeletal (thread-like) hyphae (magnification X500); b) Size
distribution of both hyphae types using ImageJ; ¢ and d) Porous material after fours week of
growth. Red arrows: fusion and inter-connectedness of mycelium structures (c :magnification

X600; d: X2400 magnifications).

4.2.Sorption isotherms

Figure 3 displays the experimental results obtained for the equilibrium moisture content as a
function of water activity, for adsorption and desorption, at four temperatures (20, 30, 40, and
50 °C). The equilibrium moisture content is presented on a dry basis (kg water per kg dry
material). The shape of the isothermal sorption curve indicates how water is bound to the
material. According to the classification developed by Brunauer et al. [17], the sorption
isotherm of the mycelium mat presents a sigmoid shape of type II behavior. At low ay, values,
the bound water is proportional to the water activity, which is explained by a monolayer of
water molecules. At a water activity of around 0.15, the slope decreases, which is characteristic
of a multilayer absorption. Finally, a large amount of moisture is adsorbed at higher water
activity values, which is typical of capillary condensation in micropores. Such behavior is not
unique to mycelium mats but is also evident in hydrophilic materials like bovine leather, cassava
flour, and biomass [38-42]. For instance, the bound water content of mycelium mat resembles
that of some leathers, particularly in their hygroscopic nature: At 25°C, mycelium mats'
equilibrium moisture content increases from 5% (aw = 0.15) to 53% (aw = 0.90), similarly to
bovine leather which rises from about 13% to 50% across the same ay, range [40].

As expected, the equilibrium moisture values decrease with increasing temperature at a given
water activity. At a water activity of 0.9, the equilibrium moisture decreases from 53% to 28%
when temperature increase from 20°C to 50°C. This is explained by the thermal agitation: at
higher temperature, the water molecules easily detach from their binding sites.

Another behavior that can be observed during the adsorption and desorption processes is the
hysteresis of sorption (Figure 4). This latter is defined as the difference between desorption and
adsorption of equilibrium moisture content values at a given water activity. The sorption
hysteresis is evident at 20°C, mainly at low water activity. However, there is a significant
decrease in hysteresis magnitude with increasing water activity. The hysteresis phenomenon
could be explained by structural and conformational rearrangements of macromolecules, or

even of the mycelium mat in the domain of condensation, as observed for jersey and yarns made
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of cotton [43]. At high moisture content, the molecular structure of the mycelium mat is filled
up with adsorbed water. Consequently, when the water moves out from the capillaries of the
mycelium mat, during the desorption process, the narrow ends of surface pores could trap and
hold water internally, below the water activity where the water must be released.

It can also be seen in Figure 4 that increasing temperature leads to a decrease in the hysteresis
magnitude. This perhaps could be related to the expansion of elasticity of capillary walls at
higher temperatures, and greater capacity of forming hydrogen bonds between dry matter and
moisture present in the mycelium mat [44].

Building upon these insights, the properties of mycelium mats bear similarities to those
observed in certain traditional materials, such as cotton-based materials and leather [40, 43].
The remarkable ability of these materials to retain and regulate moisture has contributed
significantly to their widespread use in various applications, including clothing, footwear, and
protective gear. Given the analogous behaviours of mycelium mats in moisture regulation, they

emerge as a promising and eco-friendly alternative to leather in these applications.
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Figure 3. Impact of temperature on the equilibrium moisture content of mycelium mat A)
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Figure 4. Hysteresis values (difference moisture content between desorption and adsorption
isotherm at the same water activity)

4.3.Modelling of sorption isotherm

The sorption isotherm for the mycelium mat at four different temperatures were analyzed by
using eight well-known isotherm models. The model parameters and their statistical
calculations (R?, RMSE, SSE) for sorption isotherms are given in supplementary material
(Table 1S). The suggested model can be considered acceptable for higher R? values and lower

16



values of RMSE and SSE (tending to 0). A zero value of RMSE and SSE means that the model
is a perfect fit of the available experimental points.

The results reveals that the Enderby, GAB, Halsey, Langmuir, and Peleg models can accurately
represent the experimental data. However, the acceptability of a model is not solely based on
its ability to fit observed data; it also requires a physico-chemical basis to extract
thermodynamic properties. In this regard, the GAB model not only represents experimental data
with acceptable precision (Figure 5 and Table 3), but also has a sound theoretical basis. It is a
refinement of the BET and Langmuir physical adsorption theories and allows for a small error
to be obtained with only three independent parameters. Moreover, the GAB model permits

calculation of the monolayer moisture content ( X, ), which indicates the amount of moisture
adsorbed by a single layer to binding sites in the material. The X values are crucial because

they represent the ideal moisture content to be obtained to guarantee the product stability, both

in the drying processes and in the storage and application of the material. The obtained X, in

this study ranges between 5.0 — 5.5% (kg water/100 kg dry matter) for adsorption and
desorption. By looking at the fitted values of the GAB model in sorption, some temperature
trends are discernible:

e X, representing the monolayer moisture content, seems to exhibit a linear decrease
with temperature. This suggests a gradual decrease in sorbate affinity with temperature
due to thermal agitation,

e K displays a declining trend with increasing temperature. As the temperature rises, the
sorption process for additional layers of moisture molecules appears to be less
energetically favorable, resulting in lower values of k

e ( exhibits a plateau or saturation effect at higher temperatures, indicating an upper limit
to the influence of temperature. Beyond this point, further increase in temperature does
not significantly impact this constant. This could indicate a transition in the multilayer
sorption mechanism.

All further analyses of the sorption isotherms will be derived from the fitted GAB model.
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Figure 5. Isotherms of adsorption (A) and desorption (B) of mycelium mat fitted by the GAB
model

Table 3: Predicted parameters of GAB model to the experimental data of moisture sorption
isotherm of mycelium mat. Standard error of Estimate (RMSE), the coefficient of determination

R
Constants Desorption data Adsorption data

20°C  30°C  40°C  50°C 20°C 30°C 40°C 50°C

X 5.524 5125 5266 5.092 5462 5059 5.103 5.002

k 0996 0960 0922 0909 0.998 0.962 0.928 0.916
C 18.939 18.866 14.556 12.485 15.151 15.667 15.709 11.929
R? 1 0.9999 0.9998 0.9998 1 0.999 0.999 0.999

RMSE  0.228 0.258 0.267 0.233 0.069 0.255 0.305 0.205
SSE 0.208 0.266 0.285 0.218 0.019 0.261 0.372 0.168

4.1.Net isosteric heat of sorption

The net isosteric heat of adsorption and desorption, at constant moisture contents, was
calculated by applying the Clausius-Clapeyron equation (Eq. (4)) to the equilibrium isotherm
data using the GAB model.

Figure 6 shows the change of the net isosteric heat of sorption as a function of the moisture
content. As can be seen, the net isosteric heat of adsorption and desorption presents higher
values (9 and 13 kJ.mol!, respectively) at low moisture sorption content and decreases sharply

as the moisture content rises, remaining almost constant (3 kJ.mol ™) above moisture content of
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15%. The high net isosteric heat values at low moisture content indicate a strong binding
connection of water molecules to the solid due to the presence of a highly active polar site on
the surface (monomolecular layer). In addition, this may also be related to the resistance of the
movement of water coming from the interior to the surface of the solid. When the moisture
content increases, the available active polar sites for water adsorption are diminished, and the
strength of the water molecule connection reduces, which conducts in lower value of net
isosteric heat of adsorption and desorption. Note that, theoretically, the net isosteric heat tends
towards zero at the limit of the hygroscopic domain. However, the derivative in equation 5 is
limited here to a moisture content of 28% since four temperatures were considered, resulting in
a lack of values at higher water activities, namely above 50°C.

It can also be seen in Figure 6 that the net isosteric heat of sorption values are higher in
desorption than in adsorption for mycelium mat at a given moisture content. This means that
the conformation, interactions between water molecules and macromolecules of the structure,
depends on the history of the product. In fact, the energy demand increase in the desorption
process is characterized by the existence of more polar sites on the surface with less mobility

of the water molecules to the exit of the material.
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Figure 6. Net isosteric heat of sorption of mycelium mat as a function of equilibrium water
content.

4.2.Sorption differential entropy

Figure 7 presents the variation of differential entropy for mycelium mat as a function of

equilibrium moisture content. As for the net isosteric heat of sorption, the sorption entropy also
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depends on the moisture content. The desorption entropy presents a higher value (25 J/K. mol)
at low moisture sorption content and decreases rapidly as the moisture content rises and remains
nearly constant (8 J/K. mol) above the moisture content of 15%. A similar trend can also be
observed for adsorption entropy. A sharp decrease in adsorption entropy, from 15 to 8 J/K. mol,
is observed with increasing moisture content. This could be explained by the decrease in the
order of water molecules with an increase in moisture content. It is well known that the sorption
entropy is proportional to the number of available sorption sites at specific energy levels. When
the moisture content is low, the water molecules can be bound to many available sites. In
contrast, when the moisture content increases, the available active sites become occupied and
reduced, conducting in a decrease in the sorption entropy. Figure 7 also reveals that the
differential entropy of the desorption process presents slightly higher values than that for
adsorption at low moisture, which is consistent with the fact that more sorption sites exist in
desorption compared to adsorption. Similar behavior has been observed for various materials

such as wood [45], argan pulp and leaves [46], and cement-based materials [39].
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Figure 7: Sorption differential entropy of mycelium mat as a function of equilibrium water
content

4.3.Enthalpy-entropy compensation theory

The enthalpy-entropy compensation theory evaluates physical and chemical phenomena such
as sorption reactions. Figure 8 presents the net isosteric heat of sorption versus the sorption
differential entropy for the mycelium mat. The curves depict a linear relationship with a
correlation coefficient of R*=0.993 and R*=0.990 for adsorption and desorption, respectively.

It means that compensation can be employed in the investigated moisture content range. The
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harmonic mean temperature ( T,,, ) is found to be equal to 309.15 K, which is significantly lower
than the obtained values of T, (Table 4). Since the isokinetic temperature values are higher
than the harmonic temperature value (T,>T, ), the sorption processes can be considered as

enthalpy driven. It is similar to the reported by Gabas et al. 2000 for the vapor water adsorption
by dried plum skin and pulp. The authors suggested that this indicates the sample microstructure

was stable, not undergoing changes during water adsorption.

The free energy AG,values at temperature T, indicate the affinity of the mycelium mat for

water and if the water sorption process is spontaneous or non-spontaneous. The values AG, are

negatives (-0.77 and -2.90 kJ/mol for desorption and adsorption, respectively) which means that
the sorption processes of mycelium mat are spontaneous. Different authors found similar

behavior for different materials, such as wood and starch [30, 45].
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Figure 8: Enthalpy—Entropy relationship effect for water adsorption-desorption processes

Table 4: Enthalpy-entropy theory results.

Sorption isotherms T,[K] AG, [k].mol™] R’
Desorption 533.11 -0.77 0.993
Adsorption 789.08 -2.90 0.990

21



4.4.Dynamics of moisture transfer

To prepare the inverse analysis, a python script was written to automatically extract the transient
periods of all stepwise changes of RH from the Excel file generated by the IGASorp-HT system.
The two extreme temperature levels (20°C and 50°C) were analyzed. As an example of raw

data, Figure 9 plots the six transient periods measured at 50°C.
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Figure 9:Transient phases extracted from the sorption experiment at 50°C (actual values of
RH and MC stored during the sorption test).

The sample used for the sorption test had a thickness of 0.4 mm and a density of 491 kg.m™=,
Using a density of 1430 kg.m™ for the mycelium phase [48], the porosity of the sample is equals
66%. Due to the sample thinness, it is not possible to identify the dimensionless diffusivity f
from the transient phases of the sorption tests. Instead, the value predicted using the mixture
law proposed in [49] for low density fiberboards, porous media with very similar pore
morphology, was used. The dimensionless diffusivity obtained for a solid fraction of 0.34 is
f =0.35. For better accuracy, the actual RH and temperature values, as recorded by the device
versus time, were used in the inverse analysis, instead of the set values.
As examples, Figure 10 depicts the identification results for a set of three RH steps at 50°C
(0% - 15%, 45% - 60% and 75% - 90%). The first one (0% - 15%) clearly demonstrates that a
"simple™ macroscopic formulation of coupled transfer is unable to represent the actual dynamics

of moisture uptake. The resistance to mass transfer of the macroscopic model is so rapid that
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the moisture content can follow the overshot in RH of the equipment. As expected, this confirms
the presence of a dual-scale effect: the sorption dynamics is mainly controlled by the
characteristic time of diffusion inside the solid inclusions.

For the step 45% - 60%, the macroscopic prediction remains fast, but the gap with the
experiment is slight. This is a subtle effect of the slope of the molar concentration of vapor with
temperature, that increases with relative humidity. Due to this, the potential of external coupled
transfer reduces when RH increase. This can be observed as the initial gaps of both the
molecular concentration and temperature after the sudden change of RH at the beginning of a
new RH step. These gaps have been computed and plotted for a better explanation (see the
supplementary material). Yet, a dual-scale effect is still required to fit the experimental curve.
It is interesting to observe that the microscopic, diffusivity increased: using then value identified
for the first step gives a simulated curve much slower that the experimental one.

The last step plotted in Figure 10, 75% - 90%, show a very slow moisture uptake towards
equilibrium (more than 30 minutes to approach equilibrium). The model is perfectly able to
predict this dynamic, whatever the assumption (macroscopic or dual-scale). Indeed, in this case,
the effect of RH on the external potential is even reinforce by the sorption isotherm. This last
RH gap of 15% produces a change of moisture content of 12.7% (against 3.6% and 2.7 %,
respectively, for the previous steps). For the same exchange surface, and a reduced potential of
external coupled transfers, the quantity of water uptake is increased by a factor 3 to 4. This
demand further slows down the dynamics. This last step is indeed mostly controlled by the
external resistance to transfer. Consequently, the identification of microscopic diffusivity lakes
of accuracy. The identification just tells us that this microscopic diffusion must be large enough

to avoid the simulated curve to be slower than the experiment.
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Figure 10: Inverse analysis of sorption tests using a classical and a dual-scale formulations.
Examples for the test at 50°C and three different RH steps (from top to bottom: 0% - 15%,
45% - 60% and 75% - 90%).

One final remark: in all the simulations performed at 20°C and 50°C, the internal macroscopic
profiles were always almost flat, which confirms that the dynamics of transfers is either
controlled by the microscopic scale, or by external exchanges.

Table 5 summarize the dynamics properties of water migration in the fungal materials produced
in this work. The thermo- and hydro-activation of diffusivity of bound water (inside inclusions),
well-established for materials of biological origin [15, 35], is confirmed here. For example, the
values are four times larger at 50°C compared to 20°C. Note that the dimensionless macroscopic

diffusivity f is not affected by temperature or moisture content as it accounts for water vapor

diffusion in the gaseous phase. As this parameter represent a fraction of vapor diffusivity in air

D, , the effect of temperature and moisture is accounted by the thermo-activation of D, and
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the hydro and thermo-activation of p, through the saturated water vapor pressure and the

sorption isotherms, both accounted for in the computational model TransPore.

Table 5: Characterization of moisture transfer parameters.: microscopic diffusivity in mycelium
hyphae, moisture content range and dimensionless macroscopic diffusivity f for each

experimental RH step. An average diameter of 20 um is assumed to determine the microscopic

bound water diffusivity.
RH step (%) 20°C 50°C
Diffusivity (m%™)  Xmrange (%)  Diffusivity (m*s?)  Xmnrange (%)
0-15 3.210% 0-4.7 1.5.10%3 0-3.9
15-30 3.5.10% 4.7 -6.7 2.3.10%3 3.9-56
30 - 45 42.10% 6.7-9.2 3.5.108 56-7.6
45 - 60 5.4.10% 9.2-13.0 43,108 7.6-104
60 - 75 1.1. 1013 13.0-21.2 5.6.101%3 104-15.4
75-90 >1510% 21.2-53.3 >1.0. 102 15.4-28.0
Dimensionless
diffusivity f=0.35

(macroscopic scale)

5. Conclusions

In this work, mycelium mat were elaborated by liquid-state fermentation and its relation with
water was evaluated in different ways. Their isotherms were measured at 20°C, 30°C, 40°C,
and 50°C, showing a sigmoidal-shaped curve form. It reflects a Type Il isotherm, which is
typical for most hydrophilic materials, aligning closely with properties observed in some
cotton- and leather-based materials. Pure mycelium mats are highly hygroscopic and depict a
huge condensation phase at high water activity, with an equilibrium moisture content of 53%
at 20 °C and 90% RH. As expected, a decreasing adsorption capacity was observed at increasing
temperature. Among the eight isotherm models tested, the GAB model is recommended for its
theoretical background together with its small residual errors. The net isosteric heat of
adsorption and desorption presents higher values (9 and 13 kJ.mol?, respectively) at low
moisture sorption content, and decreases asymptotically towards a final value of 3 kJ.mol. A
similar trend was observed with sorption differential entropy: it decreases with increasing
moisture content and remains nearly constant (8 J/K. mol) above the moisture content of 15%
dry basis. Enthalpy-entropy compensation, or isokinetic theory, was successfully applied to

mycelium mat water sorption, suggesting that the process may occur through enthalpy-
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controlled mechanisms. The analysis of the transient sorption phases highlights a clear dual-
scale effect of moisture migration, in line with its intrinsic morphology. The observed moisture
regulation properties of mycelium mats, akin to those in leather, hint at their potential utility in
applications where moisture management is essential, thereby offering a sustainable alternative

to conventional materials.

6. Notations

The main notations are summarized in Tables 6-8

Table 6

List symbols (Latin letters)

Symbol Name Unit
a, Water activity }
D Diffusion coefficient m?s™
h, Convective heat transfer coefficient W.m?K*
h, Mass transfer coefficient m.s*
AH Vaporization latent heat of pure water kJ.mol™*
T Temperature Kor?°C
v General velocity vector m.s™
Xm Moisture content (dry basis) )
k C GAB model coefficients -
f Dimensionless diffusion factor -
P Pressure Pa
\Y Volume m’
M Molar mass kg.mol™
AG, Free energy at the temperature TP J.mol?
Qq Isosteric heat of sorption J.mol?
Oy Net isosteric heat of sorption J.mol?
T, Isokinetic temperature K
Tim Harmonic mean temperature K
AS Molar differential entropy of sorption J.K* mol
Ly Latent heat of vaporization mol™
R Universal gas constant kJ.mol™ K™
RH Relative humidity %
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Table 7
List symbols (Latin letters)

Symbol Name Unit
a Pre-exponential factor
£ volume fraction
A Thermal conductivity W.m K
® Memory function
@ Mass fraction
P Density kg.m
T Time constant 5
0 Partial derivative
v Gradient
\Y Divergence
Table 8
Subscripts
Symbol Meaning
a air
b Bound water
eff Effective property
€q Equilibrium
g Relative to the gaseous phase
v Water vapour
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