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Abstract  Gravimetric vapor sorption experiments 
were performed on beech wood samples to determine 
the directional permeability, diffusion and sorption 
coefficients in the three orthotropic wood directions. 
Dynamic Vapor Sorption (DVS) experiments allowed 
for the direct evaluation of the diffusion coefficient 
from the analysis of the kinetic sorption profile using 
a double stretched exponential model with values 
ranging from 0.10 × 10−10 to 1.52 × 10−10 m2/s and 
depending on the wood direction of the sample and 
the RH-values. Moisture sorption isotherms (MSIs) 
were constructed and fitted to a modified Guggen-
heim-Anderson-de Boer and a Sorption Site Occu-
pancy model, which allowed for the calculation of the 
sorption coefficient which was found to be between 
2.4 and 3.0  mol/(m3  Pa). Dynamic Vapor Transport 
(DVT) experiments were performed to calculate the 
permeability coefficient from the vapor flow rate and 
it ranges between 0.56 × 10−10 and 4.38 × 10−10 mol/

(m s Pa) as a function of the flow direction and RH 
conditions. These results indicate that such an experi-
mental approach is suitable for determining wood–
moisture interactions.

Keywords  Vapor sorption · Vapor transport · 
Diffusivity · Permeability · Sorption · Wood

Introduction

Water transfer is one of the most important phenom-
ena in wood processing, usage and storage. Wood 
moisture permeability and diffusivity are properties 
that determine how water molecules pass through and 
move within, respectively, bulk solids or porous net-
work structures like wood due to differences in exter-
nal or internal water concentration (Babbitt 1950; 
Siau 1984; Avramidis and Siau 1987; Skaar 1988). 
The amount of moisture that permeates through a bar-
rier is related both to the sorption and diffusion coeffi-
cient (P = D S). The higher the diffusivity of the water 
molecules through the barrier, the higher will be the 
permeability. However, if moisture is highly sorbed in 
the barrier, then the barrier will be more permeable to 
water. Such properties have a direct effect on several 
timber technical processes, e.g., drying, steaming, 
soaking, solvent-exchange drying, boiling, surface 
treatment, chemical modification and impregnation 
(Lehringer et al. 2009; Panigrahi et al. 2018), as well 
as in the final quality of the wood products (Skaar 
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1988; Ross 2010). Moisture permeability/diffusiv-
ity has been explored by many authors and reviewed 
by Hansmann et al. (2002), where factors like wood 
structure, anatomical directions, extractives content, 
and the influence of early/latewood, sap/heartwood 
and juvenile/mature wood have been studied in order 
to understand better the effect on the moisture–wood 
interactions that are directly connected to wood treat-
ability (Choong and Fogg 1972). A recent review by 
Thybring et  al. (2019) pointed out the need for new 
models for describing sorption processes that are 
affected by boundary conditions, cell wall diffusion, 
swelling/shrinkage and moisture-induced phase tran-
sitions in wood.

Several experimental approaches have been used 
for the determination of moisture permeability, e.g., 
hygrometric and vapor pressure manometric meth-
ods (Choong et  al. 1974; Jinman et  al. 1991; Glass 
2007; Simo-Tagne et  al. 2016). So far, no gravimet-
ric technique—except those using the tedious and 
longish permeability cup experiments (Geving et  al. 
2000; Palanti et al. 2001)—has been used for such a 
purpose. Contrary to that, the gravimetric vapor sorp-
tion technique has a fully automated precise control 
of both the relative humidity and the temperature, and 
it monitors the mass sorption of the samples obtain-
ing results in 1 to 5 days with a high accuracy level 
(Burnett 2006; Yu 2008).

From the gravimetric vapor sorption experiments, 
meaningful information can be obtained, e.g., vapor 
sorption kinetics, moisture sorption isotherms and 
water vapor transmission rates (Crank 1975; Piringer 
and Baner 2000). Sorption kinetics have been studied 
and evaluated (Siepmann and Peppas 2011; Negrini 
et  al. 2014; Amini-Fazl and Mobedi 2020) follow-
ing different models, e.g., Ritger and Peppas (1987), 
Weibull (Weibull 1951) and Peleg (Peleg 1988), but 
so far no full explanation of the experimental data has 
been achieved for wood samples. Moreover, moisture 
sorption isotherms have been modeled using several 
physical and empirical approaches (Kollmann 1963; 
Nelson 1983; Basu et al. 2006), and the most widely 
used models for explaining the wood behavior are 
the original (GAB) (Anderson 1946) and the modi-
fied Guggenheim, Anderson, de Boer models (GAB*) 
(Viollaz and Rovedo 1999). One of the models that 
better explain the wood–water interactions during 
sorption processes is the Sorption Site Occupancy 
(SSO) model (Willems 2014, 2015). Finally, lagtime 

water vapor transmission experiments are an easy 
way to evaluate wood permeability and diffusivity 
(Al-Ismaily et al. 2012; Fuoco et al. 2020).

In this paper, we show how the moisture perme-
ability (P) and diffusion (D) coefficients of wood in 
the three orthotropic directions can be calculated, as 
well as the sorption (S) coefficient, based on gravi-
metric vapor sorption experiments. On the one hand, 
the sorption kinetics was evaluated using Dynamic 
Vapor Sorption (DVS) experiments by fitting the 
experimental data to a Double Stretched Exponential 
(DSE) model. From these results, the Moisture Sorp-
tion Isotherm (MSI) was constructed and fitted to the 
modified GAB model for interpolation purposes, and 
the amount of bound and non-bound water molecules 
in the cell wall during the sorption processes was esti-
mated by using a version of the SSO model. On the 
other hand, the lagtime experiments using Dynamic 
Vapor Transport (DVT) experiments were evaluated 
by fitting the experimental data to an exponential-lin-
ear fitting approach. Thereby, information on the dif-
fusion and sorption coefficients and on the diffusion 
and permeability coefficients were directly obtained 
from the DVS and the DVT experiments, respec-
tively, resulting in a corresponding entire picture of 
the wood–moisture interactions.

Experimental section

Materials

Beech wood (Fagus sylvatica L.) was used for this 
study. Three veneer disk samples of ca. 1 mm thick-
ness and 12 mm diameter were cut perpendicular to 
the three wood orthotropic directions, i.e., disk1-L 
(longitudinal), disk2-R (radial) and disk3-T (tan-
gential), for conducting both moisture sorption and 
transmission experiments (Fig. SI-1). Ultrapure water 
(Milli-Q water) and anhydrous CaCl2 were used to 
create the inner 100% and 0% RH-values in the per-
meability setup, respectively, during moisture trans-
mission experiments.

Dynamic vapor sorption (DVS) experiments

Moisture sorption or Dynamic Vapor Sorption (DVS) 
experiments were conducted using a gravimetric 
vapor sorption device (DVS Advantage ET, Surface 
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Measurement Systems). The device is equipped with 
a microbalance and a chamber that is purged with a 
nitrogen flow of 200 cm3/min (12 L/h) at a selected 
relative humidity (RH) value obtained by mixing dif-
ferent flows of dry and water-saturated nitrogen. Two 
aluminum-perforated pans were used for conducting 
these experiments placing the sample in one of them 
while using the other as a reference to eliminate sorp-
tion effects from the holders. After conditioning the 
sample at 23  °C and at 0% RH until complete dry-
ness, the measurement starts by increasing the RH of 
the nitrogen flow in steps of 10% until 100% RH is 
reached (actually, ca. 96% RH). After reaching this 
final adsorption step, the RH-value is reduced in steps 
of 10% until 0% RH is reached, completing the cycle. 
The criterion for increasing/decreasing the set RH-
value is a threshold in the variation in mass per unit 
time with respect to the initial dry mass to a value of 
d(m/mdry)/dt < 0.001%/min over 10 min, where at this 
point, the sample is measured for one extra hour prior 
to changing the RH for the next measuring step. With 
this stopping criteria, the measuring time is consid-
erably reduced even though the obtained extrapolated 
equilibrium moisture content has an error of ca. 1%, 
and the kinetics appear to be ca. 20% faster compared 
to those from the d(m/mdry)/dt = 0.0003%/min stop-
ping criteria (Glass 2007). During the measurement, 
the mass of the sample and the RH-value are recorded 
as a function of time.

Fitting the dynamic vapor sorption (DVS) 
experimental data

Each dynamic moisture sorption step was analyzed 
using a double stretched exponential (DSE) model—
or double Weibull (W) model—and the Ritger-Peppas 
(RP) model for comparison. Single exponential (SE), 
double exponential (DE) and single stretched expo-
nential (SSE) models were also used and discarded 
based on the analysis of the residues after fitting the 
data (Appendix 1). The DSE model has the following 
expression:

where m/mdry is the mass ratio with respect to the dry 
mass of the sample, (m/mdry)eq is the mass ratio at the 
infinite time, A1 and A2, τ1 and τ2, and β1 and β2 are 

(1)
m

mdry

=

(

m

mdry

)

eq

+ A
1
e
−
(

t−t0

�1

)�1

+ A
2
e
−
(

t−t0

�2

)�2

the amplitude, the lifetime and the stretched exponen-
tial factor of each single stretched exponential func-
tion, respectively.

From the fitting of each sorption step, an equiva-
lent lifetime value τ and stretched exponential factor 
β can be obtained by applying a minimization process 
(Appendix 1) and converting these values into those 
of an equivalent SSE model. Therefore, the corre-
sponding kinetic constant k = 1/τ and the diffusivity 
or diffusion coefficient D can be calculated (Neogi 
1996) following the expression:

where V is the volume of the sample and A the total 
area exposed to sorption processes. In this way, the 
three anisotropic diffusion coefficients, i.e., DL, DR 
and DT, can be obtained from the corresponding three 
beech disks—disk1-L, disk2-R, and disk3-T. It should 
be noted that this equation (Eq.  2) leads toward the 
calculation of apparent diffusion coefficient values 
since the mass transport resistance is considered neg-
ligible and the temperature is assumed to be locally 
constant.

Dynamic vapor transport (DVT) experiments

Moisture transmission or Dynamic Vapor Trans-
port (DVT) experiments were conducted using the 
same DVS Advantage ET (Surface Measurement 
Systems) device as the one used for moisture sorp-
tion experiments. Two moisture transmission cups 
were used for conducting these experiments, each 
of which consisted of three 3D-printed components 
(Fig. SI-2). Both cups have a middle part with two 
male screws that close and seal the upper and bot-
tom components. The upper component consists 
of an open cup of 7.8 mm diameter with an O-ring 
seal of 10.5 mm diameter for ensuring a good seal-
ing of the system when mounting the sample. The 
bottom component consists of a cylindrical reser-
voir where water or a drying agent can be placed to 
generate a 100% or 0% RH condition, respectively, 
inside the moisture transmission cup. In the refer-
ence cup, a thin aluminum disk was placed, while in 
the measuring cup, a wood beech disk was inserted. 
Before running the experiments, the sample has to 
be equilibrated to the starting conditions in the DVS 
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chamber by using only the upper and middle parts 
of the moisture transmission cups—equilibrated to 
the outer RH-value and to 0% RH for the experi-
ments using water and desiccant in the bottom 
part of the cup, respectively. Once the sample was 
equilibrated, the same amount of water—or drying 
agent—was placed in both bottom components of 
the moisture transmission cups, which were closed 
and placed in the DVS chamber allowing the mois-
ture transmission experiment to start—for experi-
ments using desiccant in the cup, the outer RH-
value was raised to the set value. After some hours, 
when the mass profile shows a constant slope, the 
experiment was considered to be completed. During 
the measurement, the mass of the sample and the 
RH-value are recorded as a function of time.

Fitting the dynamic vapor transport (DVT) 
experimental data

The experimental data shows a mass profile with a 
starting plateau region that turns down towards a 
constant linear behavior when the RH-value inside 
the permeability cup is higher than that of the DVS 
chamber. When the inner RH-value is lower than 
the one from outside of the permeability cup, then a 
continuous mass increase is observed until reaching 
a constant rate. In order to evaluate both the initial 
(diffusivity) and final (permeability) process, the 
following fitting function was used:

where m/m0 is the mass ratio with respect to the initial 
mass of the sample, MW, τ and β are the amplitude or 
moisture capacity, the lifetime and the stretched expo-
nential parameter of the diffusivity process, and ṁ is 
the slope—mass rate or flow rate—of the permeabil-
ity process. Note that m refers to the initial mass of 
the sample plus the absolute value of the transferred 
water mass Δm (m = m0 + Δm). Therefore, in order to 
normalize all experiments, m/m0 = 1 at t = 0.

From the analysis of the data, the permeabil-
ity coefficient P, the diffusion coefficient D, the 
transmission rate TR and the sorption coefficient 
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S following Henry’s law can be calculated (Crank 
1975; Piringer and Baner 2000).

where l and A are the thickness and area of the sam-
ple at 0% RH, respectively, and Δp is the difference in 
water partial pressure.

A commonly used approach for the diffusion coeffi-
cient D determination in moisture transmission experi-
ments is the one using the following expressions (Al-
Ismaily et al. 2012; Fuoco et al. 2020):

where θ is the lagtime calculated from the crossing 
of the extrapolated linear permeability region at m/
m0 = 1 (linear approach) or θ = Mw/ṁ (exponential-
linear approach).

Note that Eq. 4 allows for a simple calculation of the 
permeability coefficient when both the vapor diffusion 
resistance of the still air inside the DVT cup and the 
boundary layer resistance on the exterior of the DVT 
cup are considered negligible. Actually, the evaluation 
of the intrinsic permeability parameter (ISO 12572) 
shows deviations between 2 and 9%, 5% and 13%, and 
28% and 32% for the tangential, radial and longitudinal 
directions, respectively. The mass transfer Biot num-
ber (Bim) along all RH-values is below the limit of 50, 
where the effect of the boundary layer resistance on the 
exterior cannot be neglected (Thorell and Wadsö 2018). 
Therefore, those two factors—the intrinsic permeability 
parameter and the mass transfer Biot number—should 
be considered when the calculation of more accurate 
permeability is required. Nonetheless, Eq. 4 is a good 
approximation to reality within the errors.
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Results and discussion

Dynamic vapor sorption (DVS) experiments—
diffusion coefficient (D) determination

Moisture sorption experiments were performed on the 
three beech disks in order to determine the moisture 
sorption isotherms and the water diffusivity along the 
three wood orthotropic directions, i.e., longitudinal 
(L)—disk1-L -, radial (R)—disk2-R—and tangential 
(T)—disk3-T.

From the mass ratio profile, the three beech disks 
(disk1-L, disk2-R and disk3-T) showed that the sorp-
tion process had a clear dependency on the wood 
direction perpendicular to the disk plane. Times 
for reaching the final RH-value in the adsorption 
(ca. 96% RH) and desorption (0% RH) process of 
tmax = 52 h, 63 h and 60 h, and of tfinal = 112 h, 132 h 
and 130  h, respectively (Fig. SI-3, SI-4 and SI-5). 
Thus, an evident difference is observed between the 
longitudinal direction—disk1-L—and the radial and 
tangential direction—disk2-L and disk-T—indicating 
a higher water diffusivity along the fiber direction; 
disk2-R and disk3-T require 18% and 16% more time 
than disk1-L, respectively.

Each step of the moisture sorption experiment 
was analyzed by fitting the experimental data with a 
double stretched exponential (DSE) model (Fig. SI-3, 
SI-4 and SI-5, and Table SI-1, SI-2 and SI-3) and with 
the Ritger-Peppas (RP) model (Fig. SI-6, SI-7 and 
SI-8, and Table SI-4, SI-5 and SI-6). It has to be noted 
that the power-law RP model is an approximation to 
the DSE model and is only valid at the beginning of 
the sorption process. Details about these models can 
be found in Appendix  1, where the fitting functions 
and the corresponding evaluations are described. The 

DSE model is the best model for explaining all exper-
imental moisture sorption data compared to the use of 
a double exponential (DE) function—the two paral-
lel exponential kinetics (PEK) model (Thybring et al. 
2019; Zelinka et  al. 2021)—or the single stretched 
exponential function—the Weibull model (Zeng and 
Xu 2017). Moreover, the DSE model allows for the 
extrapolation of the mass ratio at the infinite time (m/
mdry)eq in a more accurate way, using this value for 
the precise construction of the moisture sorption iso-
therm (MSI). From the resulting fitting parameters, 
the sorption kinetic constant k and the corresponding 
diffusion coefficient D were evaluated using the DSE 
model (Fig. SI-3, SI-4 and SI-5, and Table SI-1, SI-2 
and SI-3).

Figure  1 shows the diffusion coefficient obtained 
from the kinetic constant profiles when using the 
DSE model (Fig. SI-9) for the three beech disks in 
the adsorption and desorption process. The direc-
tional diffusion coefficient is between 1.52 × 10−10 
and 0.11 × 10−10 m2/s, between 0.47 × 10−10 and 
0.10 × 10−10 m2/s, and between 0.56 × 10−10 and 
0.13 × 10−10 m2/s for the longitudinal, radial and tan-
gential direction, respectively. The diffusivity tends 
to decrease upon increasing the RH in the adsorp-
tion process and, vice versa in the desorption process. 
This behavior has previously been reported with val-
ues for the diffusion coefficient that decrease from 
0.88 × 10−10 to 0.06 × 10−10 m2/s when increasing the 
RH from 5 to 80% RH (Majka et al. 2022), and simi-
lar to other published results obtained from different 
methods (Olek et  al. 2005; Simo-Tagne et  al. 2016; 
Gezici-Koç et al. 2017).

Comparing the adsorption to the desorption pro-
file, hysteresis in the diffusivity is observable at low 
RH-values. This could be explained by the change 

Fig. 1   a Adsorption and 
b desorption diffusion 
coefficient (D) for the three 
beech disks obtained using 
the DSE model
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in the conformation of the water-binding polymers 
(Vrentas and Vrentas 1996), i.e., hemicelluloses 
and amorphous cellulose, in the wood structure dur-
ing the desorption process, which might hinder the 
diffusion of the water molecules through the solid 
matrix.

Comparing the results from those using the RP 
model, a discrepancy is observed that can be attrib-
uted to the fact that only the data covering the 40% 
of the total sorption are evaluated with this model 
(Appendix  1)—only the very first mass change in 
the adsorption/desorption process can be evalu-
ated. To visualize these trends better, the adsorp-
tion/desorption diffusion coefficient obtained from 
the DSE model, the RP model, and the equivalent 
to the SSE exponential function from the RP model 
for the three beech disks at different relative humid-
ity values are shown in Fig. SI-10. The tendencies 
look the same between models with DSE/RP ratio 
values of 1.47 ± 0.15 (average ± standard deviation) 
and 0.97 ± 0.07 and with DSE/SSE ratio values of 
0.97 ± 0.07 and 0.88 ± 0.10 in the adsorption and des-
orption diffusivity values, respectively. This indicates 
that both the DSE and the SSE approaches are com-
parable, the first one being more accurate because it is 
taking into account all sorption experimental points.

The relative directional kinetic constant (krel) and 
diffusion coefficient (Drel) between the three wood 
orthotropic directions were also evaluated as shown 
in Fig. SI-11. From this evaluation, the L-direction is 
the one showing the highest diffusion coefficient, fol-
lowed by the T-direction and, finally, by the R-direc-
tion (L > T ≥ R) with ratio values ranging from 3.5 to 
1.0 (L/R), from 2.7 to 1.0 (L/T) and from 0.72 to 1.0 
(T/R) at low and high RH-values, respectively. This 
corresponds to average L/R ratio values of 2.0 ± 0.9 
and 1.5 ± 0.6, average L/T ratio values of 1.6 ± 0.6 
and 1.4 ± 0.5 and average R/T ratio values of 0.9 ± 0.1 
and 1.0 ± 0.1 in the adsorption and desorption abso-
lute orthotropic diffusion values, respectively; similar 
ratios were obtained for the kinetic constants. Finally, 
the average directional diffusion coefficient for the 
three beech disks was calculated and the values were 
DL = 7.6 ± 4.8 × 10−11 and 5.2 ± 2.7 × 10−11 m2/s, DR 
= 3.6 ± 1.2 × 10−11 and 3.4 ± 0.9 10−11 m2/s, and DT = 
4.2 ± 1.5 × 10−11 and 3.6 ± 1.1 × 10−11 m2/s during the 
adsorption and desorption processes, respectively. All 
single diffusion coefficient values for the three beech 
disks can be found in Table SI-1, SI-2 and SI-3.

Moisture Sorption Isotherms (MSI)—Sorption 
coefficient (S) determination

The sorption behavior of the beech samples was stud-
ied upon constructing the corresponding Moisture 
Sorption Isotherms (MSIs), and the results were com-
pared between them. MSI curves were constructed 
by taking the extrapolated mass ratio at the infinite 
time (m/mdry)eq from the fitting of each sorption step 
using the DSE model (Table SI-1, SI-2 and SI-3). 
Then, each MSI curve was fitted using the modi-
fied Guggenheim-Anderson-de Boer (GAB*) model 
(Viollaz and Rovedo 1999; Sandoval et  al. 2011). 
Moreover, the hysteresis factor η could be obtained 
by calculating the area ratio between the desorption 
and adsorption isotherms. The number of bounded 
and non-bounded water molecules was evaluated 
using a modified version of the Sorption Site Occu-
pancy (SSO) model (Freundlich 1906; Willems 2014, 
2015) after the deconvolution of the MSI. In this new 
approach, the bound water moisture capacity profile 
(MSSO) was obtained by using a power-law function 
and fitting the data up to the critical water activity 
value aw* (0 < aw < aw*). The non-bound water mois-
ture capacity profile was obtained by subtracting the 
Msso profile from the MSI. Appendix  2 shows all 
details concerning the MSI fitting models and the 
parameters obtained from the experimental data.

Figure SI-12 shows the moisture sorption iso-
therm with the corresponding fitting curve follow-
ing the GAB* model (0 ≤ aw ≤ 0.99) (Viollaz and 
Rovedo 1999; Sandoval et al. 2011), together with its 
deconvolution into the bound and non-bound water 
moisture capacity for the three beech disks. Moreo-
ver, all fitting parameters and derived properties are 
summarized in Table SI-7. The results from the SSO 
model analysis indicate a good agreement with pre-
vious works (Willems 2014, 2015), where the expo-
nent obtained from the power-law function is n = 
0.83 ± 0.01, the maximum bound water moisture 
capacity is M SSO

0 = 0.134 ± 0.009 and the sorption 
sites’ molar concentration SSO = 7.5 ± 0.3 mmol/g—
close to the values obtained by other techniques (Gez-
ici-Koç et  al. 2017; Grönquist et  al. 2019; Thybring 
et al. 2020, 2021). Finally, the hysteresis factor η was 
evaluated for the three beech samples with an average 
value of η = 1.26 ± 0.02.

From the MSI curves, the sorption coeffi-
cient (S) can be calculated (Appendix  2) taking 
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into account the moisture content (Δm/mdry), the 
partial vapor pressure (p) and the volume of the 
sample (V), which changes as a function of the 
RH. Figure SI-13 shows the sorption coefficient 
profile for the three beech samples in the adsorp-
tion and desorption process. These curves were 
used to estimate the average sorption coefficient 
value and, when combined with the permeabil-
ity coefficient values, to determine the diffusion 
coefficient (D = P/S) indirectly. The average sorp-
tion coefficient for the three directions was SL = 
2.3 ± 0.5 and 3.0 ± 0.4 mol/(m3 Pa), SR = 2.7 ± 0.6 
and 3.4 ± 0.4  mol/(m3  Pa) and ST = 2.1 ± 0.5 and 
2.7 ± 0.3  mol/(m3  Pa) in the adsorption and des-
orption processes, respectively, which do not differ 
that much from the initial sorption coefficient val-
ues calculated using the gas-polymer-matrix model 
(Raucher and Sefcik 1983)—SL0 = 3.2 and 4.5 mol/
(m3 Pa), SR0 = 2.7 and 4.1 mol/(m3 Pa) and ST0 = 
2.5 and 3.4 mol/(m3 Pa). From the sorption coeffi-
cients out of the three beech disks, the correspond-
ing adsorption and desorption average sorption 
coefficients were calculated Sads = 2.4 ± 0.6  mol/
(m3 Pa) and Sdes = 3.0 ± 0.6 mol/(m3 Pa). All sin-
gle sorption coefficient values for the three beech 
disks can be found in Table SI-8. The gas-polymer-
matrix model assumes a non-linear Henry’s law 
behavior of the gas molecules because of interac-
tions with the glassy polymers in the matrix, which 
modify the mobility of the polymer backbones.

With both the diffusion and the sorption coeffi-
cients at a certain RH-value, the permeability coef-
ficient could be estimated as the product of these 
two coefficients—P(RH) = D(RH) S(RH)—and, 
therefore, the corresponding average value. Even 
though the experiment is not strictly a transmis-
sion process where water flows through the sam-
ple with a certain amount of water retained—but 
rather a diffusion process, where water either 
accumulates (adsorption) or leaves (desorp-
tion) the sample—a prediction for the perme-
ability coefficient was obtained. The results 
show directional average permeability coefficient 
values of PL = 1.7 ± 1.0 × 10−10  mol/(m  s  Pa), 
PR = 8.9 ± 2.4 × 10−11  mol/(m  s  Pa), and PT = 
8.3 ± 2.5 × 10−11  mol/(m  s  Pa), which can be used 
as an estimation.

Dynamic vapor transport (DVT) experiments—
permeability (P) and diffusion (D) coefficient 
determination

In order to determine the water permeability in the 
three orthotropic directions of wood, lagtime experi-
ments—Dynamic Vapor Transport (DVT) experi-
ments—were conducted using newly designed per-
meability cups (Fig. SI-2). In the upper part, the 
sample is attached between two O-ring seals and, in 
the bottom part, either pure water or a drying agent is 
placed to create 100% or 0% RH, respectively, inside 
the cup. Both parts are assembled by a double-male 
screw component, which seals the cup. In Fig. 2, per-
meability experiments on the three beech disks with 
the water transmission parallel to the longitudinal 
(L), radial (R), and tangential (T) directions at differ-
ent relative humidity conditions are shown.

Two different experimental conditions were studied: 
(i) DVT experiments placing water in the bottom com-
ponent of the cup—100% RH—were conducted against 
0% and 65% RH of the outer gas flow; and (ii) DVT 
experiments placing drying agent in the bottom compo-
nent of the cup—0% RH—were conducted against 65% 
and 100% RH of the outer gas flow. For the first set of 
experiments, water molecules are adsorbed on the sur-
face of the wood sample exposed to the inner part of 
the cup with almost no change in the measured mass. 
For the second set of experiments, water molecules are 
adsorbed on the surface of the wood sample exposed 
to the outer gas flow part of the cup with an immedi-
ate increase in the mass. Then, water molecules start to 
diffuse through the sample—transient state or diffusive 
state—(i) without any loss of mass because water mol-
ecules are kept in the cup-sample system, or (ii) with 
a continuous gain of moisture because water molecules 
are incorporated in the cup-sample system. Once the 
water molecules reach the opposite surface of the wood 
sample, the desorption process takes place (i) with 
the corresponding loss of mass, or (ii) with the corre-
sponding gain of mass. At this point, the system losses/
gains mass and approaches a constant mass change rate 
(steady-state or permeation state) (Fig. SI-14). As a 
result, a convex shape (Fig. 2a and b) is obtained after 
conditioning the sample to the outer RH-value—0% or 
65% RH—and a concave shape (Fig.  2c and d) after 
being conditioned to inner conditions—0% RH.

Using the exponential-linear fitting approach indi-
cated in the Experimental Section, both the diffusion 
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coefficient D and the permeability coefficient P can be 
calculated. Alternatively, the linear fitting approach 
was also implemented and similar values for those 
coming from the exponential-linear approach were 
obtained for both the mass rate ṁ and the lagtime θ 
(Fig. SI-15) with a minor difference between both 
methods. The analysis of these curves allows for the 
determination of the mass rate ṁ , the lagtime θ and 
the lifetime τ, and from those the permeability coeffi-
cient P, the diffusion coefficient Dθ (Dθ = l2/6θ) and Dτ 
(Dτ = πl2/4τ), respectively, together with the sorption 
coefficient Sθ (Sθ = P/Dθ) and Sτ (Sτ = P/Dτ), and the 
transmission rate (TR) (Table SI-9, SI-10 and SI-11).

While all coefficients should be pressure-depend-
ent, the sorption coefficient is assumed to be a con-
stant that is related to the water–wood interactions—
and independent of the sample direction—and, 
therefore, connected to the water adsorption/desorp-
tion capacity of the material. Thus, a comparison 
was made between the different ways of calculating 
the sorption coefficient: (i) Sθ and Sτ were obtained 
from the exponential-linear fitting approach and 

combining both the permeability and diffusion coef-
ficients (Sθ = P/Dθ; Sτ = P/Dτ); and (ii) SMSI by calcu-
lating the sorption coefficient from the MSI profile 
(SMSI, Eq. B3). The values obtained for the Sθ and 
Sτ are depending on the sample’s direction and on 
the relative humidity conditions indicating that this 
approach is not the optimum one for the evaluation of 
the sorption coefficient. An almost constant value for 
the sorption coefficient based on the MSI curves was 
calculated with values of SMSI ≈ 2.1–2.7 mol/(m3 Pa) 
(Fig. SI-16) quite similar to those values averaged 
from the sorption profiles (Fig. SI-13). Therefore, 
we assume that this last approach for calculating the 
sorption coefficient is the closest to reality.

In Fig.  3, a comparison between the three beech 
disks at different relative humidity conditions in 
the permeability experiments is shown. In there, 
it can be identified that the permeability coeffi-
cient, the transmission rate and the diffusion coef-
ficient (PL = 3.66–4.38 × 10−10  mol/(m  s  Pa),  
Dθ,L = 0.78–1.54 × 10−10 m2/s, TRL = 3.69–11.0 × 10−4   
mol/(m2 s)) are always higher in the direction parallel 

Fig. 2   Permeability 
experiments on the three 
beech disks under different 
conditions: inner RH-value 
of 100% against outer 
RH-value of a 0% and b 
65%; inner RH-value of 
0% against outer RH-value 
of c 65% and d 100%. The 
lines are the fits to the 
experimental data using the 
exponential-linear fitting 
function (Eq. 4)
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to the longitudinal direction than those from the other 
two directions (PR = 0.86–2.08 × 10−10  mol/(m  s  Pa),  
Dθ,R = 0.12–0.36 × 10−10 m2/s, TRR = 1.59–3.80 ×  
10−4 mol/(m2 s); PT = 0.56–1.89 × 10−10 mol/(m s Pa),  
Dθ,T = 0.14–0.29 × 10−10 m2/s, TRT = 0.99–2.63 ×  
10−4  mol/(m2  s)) and with similar values than those 
published in previous works (Choong et al. 1974; Jin-
man et al. 1991; Geving et al. 2000; Palanti et al. 2001; 
Glass 2007; Simo-Tagne et  al. 2016). The observed 
variability within a cutting direction in Fig.  3a is 
mainly ruled by a gradient in thickness through the 
sample exposed to different RH-values on both sides 
of the disk, resulting in one side being more swollen 
than the other. The diffusion, permeability and sorp-
tion coefficients, as well as the transmission rate and 
fitting parameters of the three beech disks at different 
relative humidity conditions during the water vapor 
transmission experiments, are plotted in Fig. SI-16.

In the L-direction, water molecules find the path 
to move along the sample in a faster way due to the 
orientation of the xylem structure. The resistance is 
lowest along the direction of the hollow members of 
vessels, which in beech wood are relatively evenly 
distributed, and adjacent axial parenchyma and 

vasicentric tracheids—contrary to the perpendicular 
direction, where only smaller and less prevalent struc-
tures like radial parenchyma cells and pits facilitate 
moisture transport through the wood tissue. Moreo-
ver, Fig.  3c and d show the similarity between the 
values for the diffusion coefficient when calculated 
from the lagtime θ—Dθ = l2/6θ, or by combining both 
the permeability coefficient and the sorption coeffi-
cient (Fig. SI-13)—DMSI = P/SMSI.

The relative directional permeability coefficient 
and diffusion coefficient between the three wood 
orthotropic directions were also evaluated, as shown 
in Fig. SI-17. From this evaluation, the L-direction is 
the one showing the highest permeability coefficient 
with ratio values ranging from 5.0 to 1.9 (L/R), from 
7.9 to 2.0 (L/T), and from 1.5 to 1.1 (T/R). This cor-
responds to an average L/R ratio value of 3.2 ± 1.4, 
an average L/T ratio value of 4.4 ± 2.5, and an aver-
age R/T ratio value of 1.3 ± 0.2 in the relative per-
meability (Prel) values. Similarly, the average rela-
tive diffusion (Drel) values were found to be 5.9 ± 2.7 
and 3.6 ± 1.5 (L/R), 6.1 ± 2.2 and 3.9 ± 2.1 (L/T), and 
1.1 ± 0.2 and 1.0 ± 0.1 (R/T) from the lagtime values 
(Dθ), and the MSI experiments (DMSI), respectively.

Fig. 3   a Permeability 
coefficient (P), b transmis-
sion rate (TR), c diffusion 
coefficient obtained from 
the lagtime value θ (Dθ), 
and d diffusion coefficient 
obtained from the moisture 
sorption isotherms (DMSI) 
for the three beech disks 
with the water transmission 
parallel to the longitudinal 
(L), radial (R), and tangen-
tial (T) direction at different 
relative humidity condi-
tions. Note: in the x-axis, 
the first value refers to the 
inner RH-value (cup) and 
the second one to the outer 
RH-value (gas flow)
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While it has been found that both the perme-
ability and sorption coefficient could be well-deter-
mined and calculated from the DVT experiments, as 
well as the DVS experiments, some discrepancies 
appeared in the evaluation of the diffusion coeffi-
cient. Figure 4 shows a comparison between the dif-
fusion coefficient values obtained (i) from the DVT 
experiments—lagtime θ and lifetime τ values -, (ii) 
from the MSI curves—sorption coefficient SMSI -, 
and (iii) from the DVS experiments—kinetic con-
stant k. There are similarities between the diffusion 
coefficients Dθ and DMSI—also with the average D 
ads and D des values from the kinetic evaluations—
which are in the same order of magnitude, making 
both DVS and DVT experiments suitable conditions 
for the evaluation of the diffusion coefficient.

The transmission rate values were plotted as a func-
tion of the vapor pressure difference for the three beech 
disks (Fig. SI-18). The disk with the water transmis-
sion parallel to the longitudinal direction (L) showed 
an almost linear behavior, while a non-linear behavior 
was observed for the other two directions (R and T)—
which could be related to the hysteresis that wood sam-
ples show between sorption and desorption processes 
as already observed somewhere else (Gezici-Koç et al. 
2019). Further investigation has to be done in order to 
confirm such behavior for IUPAC Type IV mesoporous 
materials like wood (Thommes et al. 2015).

Finally, the moisture capacity Mw of the samples 
obtained from the exponential-linear fitting approach 
allows for the estimation of the amount of water 
adsorbed in the disks during the permeability experi-
ments. This value should correlate to the area under 
the moisture sorption isotherm between the inner and 
outer RH-values imposed in the experiments, where 
Mw is the difference between the steady-state moisture 
content (the average of the MSI between the boundary 
conditions) and the initial moisture content. In Fig. 5, 
this scenario is depicted, where the equilibrium mois-
ture content (EMC) along the thickness of the sample 
should follow the moisture content isotherm profile. 
The Mw values obtained for the three beech disks at 
different relative humidity conditions match well those 
calculated from the area under the moisture sorption 
isotherm (Table SI-9, SI-10 and SI-11), with experi-
mental values of 8.2 ± 0.2%, 3.0 ± 0.1% and 5.3 ± 0.2% 
when the inner/outer RH-values were 100% vs 0%, 
100% vs 65% and 0% vs 65%, respectively.

Fig. 4   Comparison of the different diffusion coefficients 
obtained from the lagtime θ (Dθ) and the lifetime τ (Dτ) val-
ues—DVT experiments -, from the sorption coefficient 
(DMSI)—MSI curves -, and from the adsorption and desorption 
kinetic process ( D ads and D des)—DVS experiments—at dif-
ferent relative humidity conditions for the three beech disks: a 
disk1-L, b disk2-R, and c disk3-T
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Conclusions

Dynamic Vapor Sorption (DVS) and Dynamic Vapor 
Transfer (DVT) experiments were performed on 
beech disks in the three wood orthotropic directions 
perpendicular to the disk plane in order to evaluate 
the wood–moisture interactions.

For the DVS experiments, a double stretched expo-
nential (DSE) model was used for the evaluation of 
the vapor sorption kinetics, and the diffusion coef-
ficient along the three directions was calculated as a 
function of the RH-value, showing a decrease upon 
increasing the RH-value. The results show that the 
directional diffusivity in the longitudinal direction 
is higher than the one for the tangential and radial 
direction, with values ranging between 1.52 × 10−10 
and 0.11 × 10−10 m2/s, between 0.47 × 10−10 and 
0.10 × 10−10 m2/s, and between 0.56 × 10−10 and 
0.13 × 10−10 m2/s for the longitudinal, radial and tan-
gential direction, respectively. Moreover, the adsorp-
tion diffusivity is higher than the desorption dif-
fusivity due to a change in the conformation of the 
amorphous water-binding polymers in wood.

Moisture Sorption Isotherm (MSI) curves were 
constructed from the extrapolated mass ratio values 
obtained from the DSE fitting of the moisture sorp-
tion data. These MSI curves were fitted using the 
modified Guggenheim-Anderson-de Boer (GAB*) 

model and analyzed following a Sorption Site 
Occupancy (SSO) model. Finally, the sorption coef-
ficient for beech wood was found to be between 2.4 
and 3.0  mol/(m3  Pa) and calculated by combining 
the equilibrium data from the MSI curves, the par-
tial vapor pressure and the volume of the sample as 
a function of the RH.

DVT experiments allowed for the direct determi-
nation of both the diffusion and permeability coef-
ficients and the corresponding transmission rates by 
applying an exponential-linear model. Diffusivity 
values range between 1.54 × 10−10 and 0.78 × 10−10 
m2/s, between 0.36 × 10−10 and 0.12 × 10−10 m2/s, 
and between 0.29 × 10−10 and 0.14 × 10−10 m2/s for 
the longitudinal, radial and tangential direction, 
respectively, matching quite well the results obtained 
from the DVS experiments. The calculated perme-
ability coefficients are PL = 3.66–4.38 × 10−10  mol/
(m  s  Pa)—TRL = 3.69–11.0 × 10−4  mol/(m2  s) -,  
PR = 0.86–2.08 × 10−10  mol/(m  s  Pa)—TRR = 1.59– 
3.80 × 10−4  mol/(m2  s) -, and PT = 0.56–1.89 ×  
10−10  mol/(m  s  Pa)—TRT = 0.99–2.63 × 10−4  mol/
(m2  s)—with similar values than previously 
reported in the literature using other setups showing 
that such an experimental approach can definitely 
be used for evaluating wood–moisture interactions. 
Further investigations have to be performed using 
different wood species and chemical treatments.
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Appendix 1: Double stretched exponential 
function

In this appendix, the comparison between the four 
exponential models, i.e., the double stretched expo-
nential (DSE), the double exponential (DE) (Zelinka 
et  al. 2021), the single stretched exponential (SSE) 
(Zeng and Xu 2017) and the single exponential (SE) 
model are discussed, and the reasons for using the 
DSE model for fitting the sorption experimental data 
are given. The SSE model or Weibull (W) model—
which is equivalent to a Prony series (Mauro and 
Mauro 2018) with a finite number of terms—is also 
compared with the Ritger-Peppas (RP) model for dif-
fusion processes.

The general expression for the four models is the 
following:

where m/mdry is the mass ratio with respect to the ini-
tial mass of the sample, (m/mdry)eq is the mass ratio at 
the infinite time, A1 and A2, τ1 and τ2, and β1 and β2 
are the amplitude or moisture step capacity, the lifetime 
and the stretched exponential factor of each stretched 
exponential function, respectively. In Table 1, the val-
ues corresponding to each model are indicated.

The following four figures (Figs. 6, 7, 8 and 9) 
show the fitting of some sorption data using the four 
different exponential models together with the resid-
ual analysis. The lifetime τ and the stretched expo-
nential factor β values are also indicated. With these 
results, it is clear that the DSE model is the best model 
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)�2 for explaining all experimental data (Thybring et  al. 
2019) and for the good extrapolation for the evaluation 
of the mass ratio at the infinite time (m/mdry)eq.

In order to find out the equivalent τ and β val-
ues corresponding to a single stretched exponential 

Table 1   Values of the amplitude of the second exponential 
function (A2) and stretched exponential factor values (βi) for 
both exponential functions in Eq. 1 depending on the exponen-
tial model used for the analysis of the sorption experiments

A2 βi

DSE A2 ≠ 0 βi ≠ 1
DE A2 ≠ 0 βi = 1
SSE (W) A2 = 0 βi ≠ 1
SE A2 = 0 βi = 1

Fig. 6   Analysis of the sorption data using a double stretched 
exponential (DSE) model. The green curve corresponds to the 
fitting curve and the blue curve to the relative humidity profile 
where the starting fitting point is indicated with the blue arrow. 
Lifetime—τ1 and τ2—and stretched exponential factors—β1 
and β2—are indicated together with the equivalent τ and β 
values corresponding to a Weibull (W) model. The mass ratio 
at the infinite time—(m/mdry)eq—is also indicated. The inset 
shows the residual analysis of the fitting process

Fig. 7   Analysis of the sorption data using a double exponen-
tial (DE) model. The green curve corresponds to the fitting 
curve and the blue curve to the relative humidity profile where 
the starting fitting point is indicated with the blue arrow. Life-
time—τ1 and τ2—and stretched exponential factors—β1 and 
β2—are indicated together with the equivalent τ and β values 
corresponding to a Weibull (W) model. The mass ratio at the 
infinite time—(m/mdry)eq—is also indicated. The inset shows 
the residual analysis of the fitting process
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(SSE) or Weibull (W) model, the two pairs of param-
eters coming from a double stretched exponential 
(DSE) model, i.e., τ1-β1 and τ2-β2, underwent a mini-
mization of the weighted sum of squares (WSS).

where the term e−n corresponds to the reduction 
of the population when reaching the time equal to 
n-times the lifetime τ, e.g., for 1τ, 2τ, 3τ, 4τ and 5τ, 
the population is reduced to 36.79%, 13.53%, 4.98%, 
1.83% and 0.67%, respectively, and f(tn) is a func-
tion which includes a normalized version of the DSE 
model.

As an example, the DSE fitting in Fig.  6 deliv-
ered the following values for the fitting parameters 
A1, A2, τ1, τ1, β1 and β2, and the five tn-values were 
obtained by applying the minimization process 
(Table 2).

Once the five tn-values are obtained, a power-law 
fitting t

n
= �n1∕� is applied, where the pre-factor from 

the fitting function corresponds to the equivalent life-
time τ and the inverse of the exponent to the stretched 
exponential factor β of a Weibull (W) model.

Finally, a comparison between the Weibull (W) 
model and the commonly accepted power-law Rit-
ger-Peppas (RP) model, which is a degeneration of 
the Weibull model for small ((t-t0)/τ)β values (Mir-
cioiu et al. 2019) and, therefore, can only be applied 
to the data covering the 40% of the total amplitude -,  
was established.

where m/mdry is the mass ratio with respect to the 
initial mass of the sample, (m/mdry)eq is the mass 
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Fig. 8   Analysis of the sorption data using a single stretched 
exponential (SSE) model. The green curve corresponds to the 
fitting curve and the blue curve to the relative humidity profile 
where the starting fitting point is indicated with the blue arrow. 
The lifetime—τ—and the stretched exponential factor—β—are 
indicated together with the mass ratio at the infinite time—(m/
mdry)eq. The inset shows the residual analysis of the fitting pro-
cess

Fig. 9   Analysis of the sorption data using a single exponen-
tial (SE) model. The green curve corresponds to the fitting 
curve and the blue curve to the relative humidity profile where 
the starting fitting point is indicated with the blue arrow. The 
lifetime—τ—and the stretched exponential factor—β—are 
indicated together with the mass ratio at the infinite time—(m/
mdry)eq. The inset shows the residual analysis of the fitting pro-
cess

Table 2   Values of the fitting parameters (A1, A2, τ1, τ1, β1 and 
β2) obtained from Fig. 6 and the corresponding tn-values from 
the minimization process

Fitting parameters tn-values [min]

A1 −0.0085 t1 24.00

A2 −0.0113 t2 55.72
τ1 12.47 min t3 91.44
τ2 37.85 min t4 128.0
β1 0.989 t5 164.5
β2 1.015
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ratio at the infinite time, A, τ and n are the ampli-
tude, the lifetime and the Ritger-Peppas (RP) expo-
nent. Such an exponent is directly connected to the 
pseudo-Fickian (n < 0.5) (Liu and Neogi 1992), 
Fickian—or Case I transport—(n = 0.5) (Boltzmann 
1894) and non-Fickian (0.5 < n < 1.0) diffusion 
(Haga 1982), as well as Case II (n = 1.0) (Alfrey 
1965) and Super Case II (n > 1.0) (Jacques et  al. 
1974) transport (Fig. 10).

In order to find equivalence between both 
models, single stretched exponential (SSE) or 
Weibull (W) functions were simulated for dif-
ferent values of the stretched exponential factor 
β from 0.50 to 1.15 while keeping constant both 
the amplitude A and the lifetime τ. Figure  11 
shows the simulated W functions and in the inset 
the RP fittings to the simulated W functions val-
ues up to the data covering the initial 40% of the 
total amplitude.

Plotting the RP exponent n vs. the W stretched 
exponential factor β (Fig.  12) allows for find-
ing the relationship between both parameters. The 
results allow for classifying the diffusion behavior 
of the sample as a Fickian (β = 0.586) and non-
Fickian (0.586 < β < 1.146) diffusion, and Case II 
(β = 1.146) and Super Case II (β > 1.146) transport.

Moreover, this correlation also allows for the 
calculation of the W kinetic constants kW or the 

corresponding lifetime τW from the corresponding 
RP parameters (Fig. 13).

Fig. 10   tn-values vs. n-values and the corresponding power-
law fitting curve for the calculation of the equivalent τ 
(24.16  min) and β (0.833) values corresponding to a single 
stretched exponential (SSE) or Weibull (W) model

Fig. 11   Single stretched exponential (SSE) or Weibull (W) 
function simulations with the stretched exponential factor β 
ranging from 0.50 to 1.15. The inset shows the Ritger-Peppas 
(RP) fitting function—green curves—to the Weibull (W) simu-
lated points—black curves—up to the initial 40% of the total 
amplitude (A = 0.4)

Fig. 12   Correlation between the Weibull (W) stretched expo-
nential factor β and the Ritger-Peppas (RP) exponent n show-
ing the non-Fickian diffusion (0.5 < n < 1.0) applies to values 
between 0.586 < β < 1.146
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Appendix 2: Fitting moisture sorption isotherms

In this appendix, the comparison between sam-
ples based on their moisture sorption isotherms is 
detailed using the modified Sorption Site Occu-
pancy (SSO) model based on the statistical occu-
pancy of accessible sorption sites in the sample 
(Freundlich 1906). This model assumes that proton-
active moieties, i.e., hydroxyl groups in the ligno-
cellulosic polymers, are responsible for binding 
water molecules during the sorption process that 
follows a power-law model (Willems 2014,2015).

where MSSO is the moisture capacity corresponding to 
the bound water molecules to the sorption sites as a 
function of the water activity, MSSO

0 is the maximum 
amount of bound water, n is the exponent, and aw is 
the water activity—aw = RH/100.

Firstly, and for purely interpolation purposes, the 
modified Guggenheim-Anderson-de Boer (GAB*) 
(Viollaz and Rovedo 1999; Sandoval et  al. 2011) 
model was implemented. From the fitting of the 
sorption steps and using the DSE model, the mass 
ratio at the infinite time (m/mdry)eq was obtained. 
Then, the relative increment Δm/mdry—the mois-
ture content—was calculated (Δm/mdry = (m/mdry)eq 
-1). The corresponding moisture sorption isotherms 
were constructed by plotting the Δm/mdry values 

(13)MSSO = M0

SSO
an
w

as a function of the relative humidity RH or water 
activity aw.

The GAB* model has the following expression:

where M0, C, K and N are the fitting parameters and 
aw is the water activity.

Secondly, the SSO model was implemented by 
calculating the tangent to the local minimum (aw*) 
in the log–log representation of the moisture sorption 
isotherm from the GAB* model, allowing for the cal-
culation of the moisture capacity related to the bound 
water molecules (MSSO).

Finally, the moisture capacity corresponding to the 
non-bound water molecules in the cell wall was evalu-
ated by the difference between the fitted GAB* (Eq. B2) 
curve and the SSO curve (Eq. B1). This moisture content 
corresponds to the water molecules in charge of soften-
ing the cell wall and, therefore, swelling the wood struc-
ture (Vrentas and Vrentas 1991; Berthold et al. 1996).

The sorption coefficient S can be calculated from 
the moisture isotherm.

where mdry is the mass of the sample at 0% RH, p, ρ 
and V are the water partial pressure, the density and 
the volume of the sample at different relative humid-
ity values, respectively, and mw is the molar mass of 
water (18.01528 g/mol). Note that C is the moisture 
concentration in the sample following Henry’s law, 
and p = 28.62 RH.
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Fig. 13   Relation between the kinetic constant from the 
Weibull (W) model and the Ritger-Peppas (RP) model as a 
function of the stretched exponential factor β
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