Cellulose (2021) 28:9039-9050
https://doi.org/10.1007/s10570-021-04114-z

)

Check for
updates

ORIGINAL RESEARCH

Moisture absorption measurement and modelling

of a cellulose acetate

S. Khoshtinat@® - V. Carvelli® - C. Marano

Received: 12 May 2021/ Accepted: 24 July 2021 /Published online: 3 August 2021

© The Author(s) 2021

Abstract With a view toward the application of
highly hygroscopic polymers as a humidity responsive
self-actuator, the evaluation of the real time moisture
concentration in the material becomes a priority. In
this paper, the moisture diffusion process in a cellulose
acetate (53.3% of acetylation) has been studied.
Membranes of cellulose acetate (thickness within the
range 66-200 um) have been prepared, and the
moisture absorption at room temperature and at a
different relative humidity (RH within the range
21-53%) has been monitored. An analytical model
has been used to describe the observed non-Fickian
sigmoidal behavior of moisture diffusion. A relaxation
factor (B) of about 0.026 s~ and a moisture diffusion
coefficient (D) of 3.35 x 10°® mm?s have been
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determined. At constant room temperature, the mois-
ture concentration at saturation (Cg,) has shown a
linear relation with relative humidity. The identified
values B, D and Cg,, of the analytical model have been
used as input for the finite element simulation of the
non-Fickian diffusion. The reliability of the finite
element simulations has been confirmed with a second
set of experiments.
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moisture diffusion - Cellulose acetate - Finite element
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Introduction

Hygroscopic materials are sensitive to changes in the
environment humidity level. The moisture absorption
can cause swelling, shrinkage, deformation, as well as
a change in the rigidity of a hygroscopic material.
Although the moisture absorption in polymers has
often been considered as a disadvantage because it
could affect the performance of a product during its
service life (Xiaosong Ma et al. 2009; Wong 2010;
Zhang et al. 2010), humidity sensitive polymers allow
the manufacturing of sensors or actuators able to
respond to a change in the environment humidity level
(Ramirez-figueroa et al. 2016; Burgert and Fratzl
2009; Reyssat and Mahadevan 2009; Krieg et al. 2013;
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Taccola et al. 2015; Yao et al. 2015; Menges and
Reichert 2015; Holstov et al. 2015; Wang et al.
2016, 2017; Alexander and Korley 2017).

For a proper design of such devices the identifica-
tion of constitutive models, describing the moisture
absorption behavior of the material, is required. The
Fickian solution of diffusion equation provides an
analytical model with a constant diffusion coefficient.
Studies on the diffusion mechanism in some polymers
below their glass transition confirm a molecular
relaxation due to the penetration of diffusive sub-
stances (Crank 1979). In this context, the Fickian law
is not able to describe properly this phenomenon. In
particular, highly hygroscopic materials experience a
volumetric deformation during the moisture absorp-
tion process, which violates the boundary condition of
the Fickian diffusion law (Crank and Park 1951; Crank
1953). Therefore, an analytical formulation that is able
to describe this non-Fickian behavior with a constant
diffusion coefficient becomes a priority for any
simplified predictive model.

In glassy polymers, the absorbed moisture acts as a
plasticizer, causing polymer relaxation and decreasing
the glass transition temperature. Alfrey Jr et al. (1966)
categorized diffusion in polymers as three different
behaviors, Fickian, non-Fickian, and Case II, in
relation to diffusion and polymer relaxation rates.
Based on the same principles, Mensitieri and Scherillo
(2011) classified the mass transport, which also
describes the sorption ability of polymers. Depending
on the hygroscopic material ability of water vapor
sorption (uptake), we distinguish between: ‘Moderate
hygroscopic materials’, which show a dual-stage
sorption, with comparable rate of diffusion and
relaxation and ‘Highly hygroscopic materials’, in
which instead the diffusion rate is much higher than
the relaxation rate, showing a sigmoidal trend in the
absorption curve and a time dependent mass uptake.

Different approaches have been developed to
describe the diffusion process of moisture-sensitive
materials. In some studies the kinetic of the absorption
and desorption processes has been assumed to be the
same and the diffusion coefficient has been evaluated
from desorption measurement and considered for the
absorption process (Wong 2010). However, in highly
hygroscopic materials that show a sigmoidal diffusion
behavior, the kinetic of moisture absorption and
desorption are completely different, as discussed by
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Crank and Park (1951) and Mensitieri and Scherillo
(2011).

Crank and Park (1951) investigated different
anomalies of the diffusion and provided analytical
models to interpret the experimental data. But these
models cannot fully predict the experimental obser-
vations, as the diffusion can be influenced by the
combination of different factors at the same time. In
some glassy polymer, during the diffusion process,
sharp boundaries between the glassy dried polymer
and the polymer softened by vapor absorption can be
observed through the thickness (Crank 1979). This is
related to the combination of mechanical and physical
effects of the diffusive substance on the membrane.

Cellulose-based materials, in this study cellulose
acetate, are known for their hygroscopic behavior due
to the presence of hydroxyl groups in their chemical
structure (Chen et al. 2020; Lovikka et al. 2018).
Cellulose acetate, which shows a sigmoidal behavior
for moisture absorption, belongs to the highly hygro-
scopic material category (Mensitieri and Scherillo
2011). Roussis (1981) proposed a model with the rate
of moisture induced molecular relaxation process that
well fitted for membranes of cellulose acetate differing
in thickness. De Wilde and Shopov (1994) proposed a
simple model to describe a sigmoidal and a dual-stage
diffusion, based on both Mensitieri and Scherillo
(2011) classification and Cranks’ theoretical investi-
gations, by dividing the diffusion process in short-time
and long-time phenomena. The strain-dependent
model proposes a stepwise diffusion coefficient for
the membrane changing from the rubbery to the glassy
layer and defines the diffusion process as a function of
time and concentration (Crank 1953, 1979). When the
starting condition is the dry membrane (initial con-
centration Cjjiia1 = 0), the strain-dependent model can
be simplified to the variable surface concentration
model (Crank 1979).

In this study, a systematic characterization of the
moisture absorption in cellulose acetate membranes
has been performed evaluating the effect of membrane
thickness and environment relative humidity level on
the diffusion kinetic. Similar measurements for cellu-
lose acetate have not been detailed in the literature, in
the authors’ knowledge. The kinetic of moisture
absorption has been described using the variable
surface concentration model. The material relaxation
constant (P), the diffusion coefficient (D), and the
concentration at saturation (Cg,), obtained by
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experimental data best fitting, have been used as input
parameters of finite element simulations to forecast the
moisture diffusion through the thickness in other
experimental conditions. The analytical and numerical
models adopted in this study could be used for the real-
time moisture concentration prediction of other cellu-
lose-based materials or even for hydrogels. In partic-
ular, this study provides a robust methodology for the
numerical modeling of the non-Fickian sigmoidal
moisture diffusion behavior of hygroscopic materials
by applying a simple time dependent surface concen-
tration function.

Material, experimental measurements
and analytical model

Cellulose Acetate (CA) powder (53.3% acetylation)
was kindly provided by Mazzucchelli 1849 S.P.A. The
Cellulose Acetate (CA) used in this study was made
from cotton-based cellulose. Referring to literature
(Rao and Diwan 1997; Al-Ahmed et al. 2004; Son
et al. 2004; Heinze and Liebert 2004; Meier et al.
2004; Saljoughi et al. 2009; Zavastin et al. 2010;
Medina-Gonzalez et al. 2011; Nolte et al. 2011),
different approaches for cellulose acetate solution and
membrane preparation have been investigated, con-
sidering different types of solvent, substrate, as well as
different casting and solvent evaporation methods. A
20% w/w solution of Cellulose Acetate (CA) in ethyl
lactate (> 98% purity, purchased from Sigma-
Aldrich) was prepared by gradually adding the CA
powder to the solvent. Mixing was performed at 80 °C
using RCT basic IKAMAG™ safety control magnetic
stirrer. The solution was kept under stirring at 300rpm
for 90 minutes and then at 200 rpm for further 90 min.
It was then left to cool down and reach the room
temperature overnight.

The solution was poured on a glass substrate, at
room temperature, and a film of about 500 pm
thickness was casted by K Control Coater at the
lowest velocity (3 mm/s) to avoid any process-
induced orientation of polymer molecules. Drying of
CA film was carried out in two steps at room
temperature. First, the membrane was kept in a close
chamber, without air flow, for 3 h to reduce solvent
evaporation at the beginning of the drying process to
avoid bubbles formation. Then, it was dried for 4 h in
Vuototest Mazzali vacuum oven to fast complete the

solvent evaporation. With this procedure, membranes
of thicknesses ranging from 66 + 1.5to 70 £ 4.5 um
were obtained. Thicker membranes with thicknesses
between 145 £ 2 and 200.0 £ 10.5 pm have been
obtained performing the described procedure twice,
using a dried CA membrane as the substrate in the
second step, instead of glass. Square samples of
30 x 30 mm® were then punched from the obtained
membranes.

Although the standard procedure for moisture
content measurement of un-plasticized cellulose
acetate (BS EN ISO 585:1999) suggests to dry
cellulose acetate (independently of its physical form)
for 3 h at 105 °C, drying has not been completed after
even 6 h in the suggested conditions. Therefore, each
specimen was dried at 125 °C for 24 h in oven
(Mazzali Thermair), then placed and kept for 2 hin a
desiccator at room temperature. All the gravimetric
measurements were performed by an AS310.R2
(RADWAG) balance, with a resolution of 0.1 mg, in
a climatized room at 25 4+ 1 °C, at a constant value of
relative humidity (RH within the range 21-53%).
Although the climatized room has homogeneous air
conditioning without any direct airflow, the side doors
of the balance shield were kept closed during the test
to prevent any further airflow effect. The top door of
the balance shield was instead kept open to ensure the
humidity of the balance shield to be equal to that of the
climatized room. The dried specimens were put
directly at the center of the balance weighing pan to
avoid the possible error due to the effect of the sample
holder’s weight. Since the specimens obtained by
membrane punching were not plane, the curvature of
the specimen allowed it to be positioned on the
balance pan in such a way that the membrane could
absorb moisture equally from both the main surfaces.
Experimental data repeatability is a confirmation of
the homogeneous absorption conditions for all the
specimens, irrespective of their different curvature
(see Fig. 1a). Finally, the moisture absorption process
of the dried cellulose acetate membranes was moni-
tored at different values of RH, measuring the
moisture mass variation in time.

For the sake of brevity, Fig. 1 reports only some of
the obtained experimental results, to demonstrate the
repeatability and elucidate the effect of thickness and
relative humidity. The rest of the experimental results
are reported in Online Resource 1. Figure la shows
the experimental data of the moisture absorption in
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Fig. 1 Moisture absorption in cellulose acetate membranes: a Moisture absorption repeatability at 40% of relative humidity for a
membrane with thickness h, = 66 £ 1.5 pum; b moisture absorption at 50% of relative humidity for different thickness of the membrane

two specimens with a thickness of 66 + 1.5 pum, for a
relative humidity of 40%, which was repeated twice
for each specimen. From the theoretical point of view,
the time needed for a sample to reach its saturation
concentration is a function of the sample thickness.
Thinner membranes reach concentration at saturation
sooner than thicker membranes (Wong 2010). For this
reason, the duration of the absorption measurements
was not the same for the different thick specimens. In
this study, the absorption process was assumed to be
completed when moisture uptake was slower than
107° 5

A sigmoidal trend is evident in all the curves. The
rate of absorption is small during the initial 50 s
(\/ time & 7) of exposure of the dried membrane and
then a fast increase in the rate of absorption can be
observed. A sigmoidal trend can be still observed at a
higher level of humidity (RH = 50%), for the same
thickness (h, = 66 £ 1.5 um), and for higher thick-
nesses (h, = 171 £ 6 and 200 = 10.5 pm)(Fig. 1b).

By comparing the results for the membrane with
thickness 66 + 1.5 um in Fig. 1la and b, it can be
observed that moisture uptake is not affected by the
environment humidity at least for an exposure time up
to about 225 s (\/ time =~ 15). As expected, for longer
exposure times, the higher the relative humidity, the
higher the moisture absorbed, as well its asymptotic
value at saturation (Cg,). At the relative humidity of
40%, Cg is 3.2 x 107 g/mm® and it takes about
650 s (\/ time & 25) to reach this value, while at the
relative humidity of 50%, the concentration at
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saturation is of 3.5 x 10> g/mm?>. Moreover, Fig. 1b
points out that, for any exposure time before saturation
(see e.g. t =~ 100 s, \/time ~ 10), the lower the
membrane thickness the higher the moisture concen-
tration, as expected.

When a material shows a Fickian behavior, the
diffusion coefficient is estimated by a linear fitting of
the data reproducing the ratio M,/M, as function of
the square root of the absorption time (\/ time) up to
A]y_; <0.5, using a simplified version of the Fickian
— =4\t c =),
where, M, and M, are the moisture mass at time ¢
and at saturation, respectively (Wong 2010). For the
material considered in the present study, this approach
cannot be applied to the experimental data in Fig. 1,
because the absorption curve slope changes at least
four orders of magnitude before \/ time < 7 and after
\/ time > 7. This indicates, the coefficient of diffusion
is a function of time and moisture concentration.
Therefore, the general solution of Fickian equation is
not suitable for this material. The diffusion anomaly
derives from the peculiar hygroscopic behavior of
cellulose-based materials. Water molecules create
hydrogen bonds with hydroxyl groups and disturb
the interchain interaction in the polymer, acting as
polymer plasticizers (Wong 2010) and thus decreasing
its glass transition temperature and reducing its
rigidity. Due to the increase of molecular mobility at
the surface of the membrane, the polymer mechanical
properties are different through the membrane

behavior  formula (CC—'
o0
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thickness. The expansion in the surface layer induces
an internal stress between the rubbery surface and the
dry glassy core of the membrane (De Wilde and
Shopov 1994). The relaxation caused by moisture
absorption on the surface layer and the time needed for
stabilization of the polymer molecules are responsible
of the delay in the diffusion process, and can explain
the observed non-linear trend in the moisture absorp-
tion curves (Crank and Park 1951; Crank 1979; De
Wilde and Shopov 1994).

As suggested in literature (Crank and Park 1951;
Crank 1953, 1979), assuming for the surface layer the
same law of diffusion but with a different relaxation
time, the surface layer reaches its saturation concen-
tration exponentially according to Eq. 1, where C, and
C,.: are the concentration at time ¢ and at saturation
respectively and f is the relaxation factor.

C = Csat(l - e_ﬂt) (1)

Therefore, we can define a diffusion coefficient
dependent only on concentration, while considering
the violated boundary conditions of the general
diffusion laws in terms of the relaxation factor (f3).
For the specific initial condition of a completely dried
membrane (Cy = 0), the analytical model known as
the “variable surface concentration model”, detailed
in Eq. 2, is here considered (Crank and Park 1951;
Crank 1953, 1979).

M, 4 |D [
—1—e P [ tan( (/2o
2UCu ¢\ pe a”( D

(2n+1)*72Dt

B i 8 eXP(— T)

=7 v Pl - s (5}
@)

M, is the moisture mass absorbed per unit area by
the membrane at timet, [ is half-thickness of the
membrane(/ = h,/2), D is the constant diffusion
coefficient and [ is the relaxation constant

(ﬂ #@2n+1)° (a—ﬁz)) A parametric study on the

effect of Cgy, D, P for this analytical model (Eq. 2) has
been presented in Online Resource 2. From the best
fitting of the gravimetric experimental data with Eq. 2,
by the least squared method, the parameters Cg,, D, B
were obtained. The accuracy of the fitted model has
been evaluated by R-scored method. The best fitting of
all the experimental data (different relative humidity

and membrane thickness) provided the optimized
parameters P, D, Cg, with R* > 0.95, which are
detailed in Figs. 2, 3, 4.

Figure 2 shows, as an example, the evolution of
moisture concentration versus the square root of time
for the specimens presented in Fig. 1b, exposed to
50% of relative humidity, together with the analytical
model prediction. At the first glance, the analytical
model well describes the sigmoidal trend of absorption
curve, and it can well predict the behavior for time
ranges wider than the reasonable short explored ones.
By the way, in the very early stage of the absorption
process (\/ time = 5 \/ s), a slight disagreement
between the analytical model and the experimental
data can be observed for the membrane with the
thickness of 66 £+ 1.5 um. The accurate fitting by
Eq. 2 can estimate several features, namely: the time
at the sigmoidal curve inflection point, the concentra-
tion at saturation and the slope of the long-time
sorption phase (linear part). It must be pointed out that
the predicted value of D is not the slope of neither
early stage of absorption nor the middle stage of
absorption.

Figure 3 shows the values of moisture concentra-
tion at saturation (Cs,,), obtained by experimental data
extrapolation with the analytical model, as a function
of relative humidity: the average values and the
relevant standard deviation are reported. Since, at a
constant temperature, the water partial vapor pressure
at saturation (ps,) and the water vapor solubility (S)
are independent of relative humidity, the moisture
concentration at saturation (Cg,) has a linear relation
with relative humidity as (Csy = (S X pssr) X RH)
(Fan et al. 2009; Wong 2010). Hypothetically, in a dry
environment (RH = 0%), the moisture concentration
at saturation is zero (Cy,; = 0). Therefore, by applying
a linear fit to the experimental data, which passes also
through the origin (see Fig. 3) the linear function
Cor = 6.91 x 1077 x RH is obtained with a correla-
tion coefficient of R* = 0.982. This equation allows to
predict the moisture concentration at saturation in the
considered material at a constant temperature and at
vary relative humidity.

Figure 4 reports the material properties D and 3
obtained from the best fitting of experimental data to
the analytical model for each moisture absorption. The
values of the diffusion coefficient (D) varied from
297 x 10°t04.18 x 10° mmz/s, with a mean value

@ Springer
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Fig.3 Average moisture concentration at saturation as a function of environment relative humidity (bars represent standard deviation
of the experimental data) and linear interpolation (continuous line)

of 3.35 x 107° and the relevant standard deviation of
3.02 x 1077 (Fig. 4a). Figure 4b shows the values for
B in the range between 0.001 and 0.046 s~' with a
mean value of 0.026 s~ ' and the standard deviation of
0.013.

Comparing the two graphs from a qualitative point
of view, it can be observed that the obtained values for
the diffusion coefficient (D) are in a narrower exper-
imental band compared to the relaxation factor (B).
For the dispersion of the relaxation factor () no trend
can been observed, neither with respect to the
thickness nor to the relative humidity. However,
considering the negligible effect of a variation of the
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relaxation factor (B) between 0.01 and 0.1 s~ on the
predicted absorption curve, as shown in the Online
Resource 2 (c), the use of f mean value as input of the
numerical model described in the next section, should
not cause inaccurate predictions.

Finite element modelling

Finite element simulations were performed by COM-
SOL Multiphysics® 5.6. A 3D prismatic geometry has
been used to discretize three samples with dimensions
of 1 x 1 x thickness (mm3) at two different values of
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Fig. 4 Values of a diffusion coefficient, D, and b relaxation constant, 3, obtained by the best fitting of experimental data of moisture
absorption tests, performed at different values of relative humidity, RH, using several specimens differing in their thickness, h,

relative humidity, see Fig. 5a. The time dependent
model “Transport of Diluted Species” from chemical
transport interface has been used, which is based on
Fick’s law. The convection transport mechanism with
linear discretization of concentration has been used for
the simulations. To the best of the authors’ knowledge,
the code is not able to simulate sigmoidal non-Fickian
behavior directly. Therefore, in the global definition
the values of (s", D (mm?/s) and Cgy (g/mmz)
obtained fitting the experimental results by the
analytical model have been used as inputs. The no
flux boundary condition has been applied to the four

surfaces of membrane thickness. Since the experi-
mental procedure was dedicated to a completely dry
membrane, the initial value of moisture concentration
in the membrane, Cg,, was set equal to zero.

The concentration was applied as boundary condi-
tion on two lateral surfaces of the membrane (Fig. 5).
As mentioned, the delay in the diffusion process
(sigmoidal behavior) is caused by the surface layer,
which gets its final concentration according to the
function C, = Cy, (1 — e #). Therefore, instead of a
constant boundary condition with the value of Ciy,
(Fickian behavior), Eq. 1 has been adopted for the

1 mm

(a)

Thickness

y316ua7 auviquiapy

(b)

Fig. 5 Details of finite element model. a Sample dimensions, boundary conditions and discretization, b elements set to monitor the

concentration at each time increment
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concentration by recalling the mentioned parameters
defined in the global definition.

A user-controlled, general physics swept mesh with
quadrilateral face through a straight-line path has been
applied from one lateral surface to the other, which
generates a discretized volume by hexahedral ele-
ments. This approach provided an adequate distribu-
tion of elements, 20 elements along the thickness and
10 x 10 elements on the surface 1 x 1 mm? (total of
2000 elements), while reducing the computational
time.

From the experimental measurements it was found
that the thickest sample reached the moisture concen-
tration at saturation after about 90 min (5400 s);
hence, a time increment of 2 s was chosen to simulate
the diffusion process up to 6400 s. For a better
understanding of the evolution of concentration in
time along the thickness, which is not straightforward
(or possible) to measure experimentally, the concen-
tration at each time increment was extracted for the
elements set in Fig. 5b. The average concentration in
volume for each time increment was estimated as
function of the square root of time.

A preliminary insight in the numerical model
accuracy is on the influence of the considered expo-
nential function for the diffusion process through the
thickness compared to the general Fickian behavior.
The sample with a thickness of 200 um at the relative
humidity of 50% was simulated with the mean values
of B, D and C,, in Table 1. As mentioned, twenty
elements have been used through the specimen
thickness. Since moisture diffusion is symmetrical
with respect to the midplane (see Fig. 5), ten elements
have been considered for detailing the results (colored
elements in Fig. 5b).

Figure 6 depicts the evolution of concentration
versus thickness for a Fickian and non-Fickian diffu-
sion by the initial 100 seconds, each curve represents a
time interval of 5 s. In the Fickian behavior simulation
(Fig. 6a), since the beginning of the moisture absorp-

instantaneously reached a concentration of
345 x 107 g/mm3 . So, the moisture diffuses through
the thickness starting from this value of concentration
at saturation. For the non-Fickian behavior simulation
(Fig. 6b), at t = 0 s, the concentration is zero. As can
be seen, even after 100 s, the surface element still
doesn’t reach its concentration at saturation. This
delay influences the whole process of moisture
absorption and generates the initial gradual variation
of the slope of the sigmoidal curve observed exper-
imentally (Fig. 2).

Results and discussion

The effect of the input parameters (B, D and Cg,) has
been studied by modelling the samples presented in
Fig. 2 with two sets of values (see Table 1). Set 1
consists of the values obtained from the fitting
procedure carried out for the experimental data of
each membrane thickness in Table 1. Set 2 consists of
the mean values for B and D (Table 1) evaluated
considering all the experiments (see Fig. 4a and b).
For both sets, Cy, 0f 3.45 x 107 g/mm3 was obtained
from Fig. 3 at the relative humidity of 50%. Figure 7
reports the FEM predicted moisture concentration
versus square root of time for the two sets of
mentioned input values, compared to the experimental
data. The FEM simulations with input from each
membrane thickness almost overlap the experimental
data. Simulations with the mean values provide some
interesting insight about each optimized value and
their effect on the trend of the curves. Therefore, here
we just compared the two simulations results. Regard-
ing the trend of the curve in the very early stage of
moisture absorption, which is mainly governed by the
relaxation factor (J3), the two simulations are in a good
agreement, as expected for the membranes with the
thickness of 66 and 171 pm, having B very close to the
mean value, see Table 1. The negligible difference

tion process (t=0s), the surface element between the two simulations for the membrane with

Table 1 Input of finite RH (%) h, (mm) B (1/s) D (mm?s) Cyu (g/mm’)
element simulation

50 0.066 0.026 3.14 x 107 3.41 x 1079

0.171 0.030 3.22 x 107 3.46 x 107%

0.2 0.011 3.55 x 1079 3.01 x 107

Mean Values 0.026 335 x 1079 345 x 107

@ Springer
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the thickness of 200 pum (B = 0.011 s™") in this stage
confirms that the variation of B in Fig. 4b does not
affect considerably the model.

Instead, the late stage of moisture absorption is
mostly affected by two parameters: diffusion coeffi-
cient (D) and concentration at saturation (Cs,). The
two simulation curves for the membrane with the
thickness of 171 pm, which had the closest values of D
and Cg,, to the mean values, almost overlap each other
through the whole process of absorption. For the
thinnest membrane (h, = 66 £ 1.5 um), the predic-
tion capability of the FEM simulation with mean
values remains very high. Due to the relatively higher

mean diffusion coefficient with respect to the one
proper to that thickness, a slight shift to the left in this
stage can be observed.

The results of the simulations for the thickest
specimen (h, = 200 £ 10.5 pm) highlight which
property, Cg, or D, determines the trend of the
absorption curve. For this membrane (Table 1), the
mean diffusion coefficient has a lower value compared
to the one proper to that thickness. According to the
parametric study in Online Resource 2 (d), the
decrease in diffusion coefficient should shift the curve
to the right. It is visible for the simulation with the
mean diffusion coefficient which shifts to the left the
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prediction. This huge shift in the opposite direction,
indeed, is governed by the higher level of concentra-
tion at saturation (Cgy).

To explore the reliability of the finite element
model, another set of experiments was carried out and
the results compared to the predictions. Two mem-
branes with thicknesses of h, =70.5+ 3 and
145 £ 2 pm, different than presented above, have
been prepared and characterized. The specimens were
also weighted after 90 min of exposure to correspond-
ing values of the relative humidity. Since the number
of experimental data points for thin membranes
(h, < 100 pm) is almost half of the experimental data
points for thicker membranes (h, > 100 um), the
experiments were repeated twice for the membrane
with thickness of 70.5 & 3 pum. Figure 8 details the
moisture absorption experiment results for this new set
of membranes together with their finite element
simulations.. It must be noticed that, as expect, the
average values of the concentration at saturation at
each value of relative humidity for this set of
membranes are consistent with the data reported in
Fig. 3. For each of the two thicknesses, three simu-
lations were performed, for a different value of
relative humidity (RH = 20, 38, 52%). The values of
B and D reported in Table 1 were used as input of these
membrane simulations. The Cg,; was instead calcu-
lated by the linear function between Cg,, and relative
humidity in Fig. 3.

It can be stated that the predictions of finite element
simulation are in good agreement with experimental
data (R* > 0.98), which highlights the accuracy of the

%1075 hy =70.5 +3 um

numerical model for the behavior of membranes with
different thickness than the ones adopted to estimate
the input parameters.

Conclusions

Moisture absorption of dried cellulose acetate mem-
branes was monitored experimentally at a constant
temperature (25 £ 1 °C) and for different levels of
relative humidity (RH within the range 21-53%): a
sigmoidal behavior has been always observed. The
analytical model known as variable surface concen-
tration has been used to describe this non-Fickian
moisture diffusion behavior. This model provides a
value of diffusion coefficient (D) which is constant
during the whole process of moisture absorption, by
considering the polymer relaxation. The material
properties B, D, and the moisture concentration at
saturation, Cg,, have been obtained by fitting the
experimental data with the analytical model. More-
over, the linear relationship between relative humidity
and concentration at saturation has been estimated as
Cor =691 x 1077 x RH.

The finite element simulation for non-Fickian
diffusion has been performed by COMSOL Multi-
physics® 5.6, considering the concentration as an
exponential function of relaxation factor () and
moisture concentration at saturation (Cg,). The sim-
ulations were performed for three specimens at a
constant relative humidity, once with the values
retrieved from the fitting of the analytical model and

(b)

%107 hq =145 + 2 pm

RH=52%

RH=38%

RH=20%
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Fig. 8 Comparison between experimental moisture absorption (dotted lines and symbols) and FEM prediction (continuous lines)
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another with the mean values of B, D, and Cg,,
calculated from all the experimental data. The com-
parison between the FE simulation and the experi-
mental data showed a considerable good agreement
and confirmed the wvalidity of the simulation
procedure.

This numerical model provides a more in depth
understanding and description, than experimental
measurements, of the sigmoidal behavior showed by
the studied cellulose acetate at different values of
relative humidity. Further steps of the study will
consider the effect of temperature on the parameters 3,
D and C,,, as well the degree of acetylation of the
cellulose.
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