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GRAPHICAL ABSTRACT

scCO2 Impregnation

]

HIGHLIGHTS

CO2 and eugenol diffusion in PA6 at supercritical conditions showed Fickian behavior.

Eugenol loading and partition coefficients were enhanced by temperature.

Apparent diffusivities of CO; and eugenol were approx. 101 and 107 m?s, respectively.

CO; sorption in PA6 was not affected by temperature nor pressure.



e Results suggested that eugenol diffuses in an already plasticized polymeric matrix.

e The high pressure process had a low impact on the crystallinity degree of PA6 fibers.

Abstract

In this work, mass transfer kinetics of CO, and eugenol into polyamide 6 (PA6) fibers under
supercritical conditions were investigated in the context of the development of a functional
dental floss for dental care applications using scCO;-assisted impregnation. The sorption
kinetics was evaluated at different temperature (40 and 60 °C) and pressure conditions (10
and 12 MPa), measuring the total amount of CO; and eugenol incorporated in PA6 fibers
after certain time intervals (from 30 min to 4 h). Equilibrium sorption was determined for all
operation conditions, obtaining the highest values at low CO; density. Diffusion coefficients
of CO; and eugenol under different process conditions were estimated fitting the
experimental data with analytical solutions of the second Fick’s law. In addition, thermal
behavior of eugenol-loaded PA6 fibers impregnated at different time intervals was evaluated
by differential scanning calorimetry (DSC), observing only small changes in the polymer

crystallinity during the high-pressure process.

Keywords: Supercritical carbon dioxide, impregnation, polyamide, diffusion coefficient,

eugenol.

1. Introduction



Supercritical carbon dioxide (scCO;) assisted impregnation has been proposed as an
interesting and effective technology to incorporate active substances in polymer matrices
for different applications. This process makes use of scCO; as a promoter agent for dispersing
an active compound or additive into a polymeric material [1]. This technology offers several
advantages compared to conventional incorporation methods for the development of active
materials: it is possible to work at relatively mild conditions due to CO; low critical point (7¢
=31.4 °C; P. = 7.38 MPa); scCO; presents suitable and interesting properties as a solvent,
such as low viscosity and surface tension, and a high diffusivity; it is also odorless, colorless,
inert, non-toxic, non-flammable, and inexpensive; and it yields solvent-free products after
depressurization [2]. scCO;-assisted impregnation allows the incorporation of different types
of organic solutes, mainly hydrophobic and thermosensitive compounds (such as many drugs
or essential oils) into numerous natural and synthetic polymers based on the
plasticizing/swelling effect of CO2 [3]. Due to its several advantages, this technology has been
widely studied for the development of active food packaging [4—6], pharmaceutical drug
delivery systems [7—10], disposable medical devices [11], active cellulosic products [12] and
textile dyeing [13—15], among other applications. In some cases, such as supercritical dyeing,

it has been successfully applied at an industrial scale [16].

The knowledge of the mass transfer characteristics of small molecules in polymeric materials
is of fundamental importance for the understanding, design, and optimization of
supercritical impregnation processes, since it can provide information about the expected
duration of the treatment, depending on the operative conditions, and how it can be
efficiently reduced. In fact, the solute diffusion in the swollen polymeric matrix is usually the
rate-limiting step of the whole process. Diffusion coefficient (D) is a measure of the mobility
of a species in a medium [17] and is one of the most important kinetic parameters used to
evaluate barrier properties and performance of polymeric materials in a wide range of
applications [18]. Experimental characterization of mass transfer in polymers under scCO;
conditions is a difficult task that often requires specific equipment, robust methods, good
quality data, and appropriate models. For this reason, the available data in the open

literature are limited, compared to the studies concerning the diffusion at ambient



conditions [6,19]. Different methodologies have been applied to the determination of
impregnation diffusion coefficients. For instance, Fleming et al. [1] have applied an in-situ
confocal Raman microscopy technique to evaluate the diffusion of a dye (Disperse Red 1) in
polyethylene terephthalate (PET) under scCO; conditions. Other authors, like Kim et al. [20],
have proposed a scCO; extraction-based methodology for determining the diffusion
coefficient of dye molecules in polyester. Sicardi et al. [15] have studied the diffusivity of
dyes in PET films using a film-roll impregnation method, where diffusion coefficients are
estimated from concentration-distance (or penetration) curves at given impregnation times.
This method was more recently applied by Gofii et al. [21] for the estimation of the diffusion

coefficient of R-(—)-carvone in scCOz-swollen LDPE.

In this context, diffusion of small penetrants in rubbery polymers is often modeled assuming
a Fickian behavior, because of its simplicity and mathematical tractability. This approach has
been successfully applied in the modeling of sorption and diffusion of scCO; in various types
of polymers [22-28]. Moreover, Itis also interesting to note that CO; absorption under high-
pressure conditions can induce a depression of the polymer glass transition temperature (Tg)
even below the impregnation temperature [29], in which case solute diffusion occurs in a

transitorily rubbery polymer under Fickian-type conditions.

For this reason, the knowledge of CO, solubility and diffusivity into a polymer matrix is also
of great importance for the impregnation process, due to the possibility of modifying its
morphological and diffusional properties by scCO»-induced swelling and plasticization [30].
Moreover, the actual basis of scCO;-assisted impregnation is the diffusion enhancement that
can be achieved by the free volume increase associated with this swelling effect [1]. The
occurrence of specific interactions between carbon dioxide and a polymer determines the
mass of fluid absorbed into it and its sorption kinetics, which depends also on the pressure
and temperature conditions [24]. Several methods and experimental setups have been
proposed to measure CO,—sorption kinetics in polymers. According to the literature data, the
most commonly used techniques are the transmission IR spectroscopy method [31], the
guartz crystal microbalance method [32], and the gravimetric desorption method. This latter

procedure was proposed by Berens et al. [33] and does not require specific analytical
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equipment. It consists of exposing a sample to scCO; during a certain time and after a rapid
decompression, transfer it to a precision balance and record the weight loss by CO;
desorption along time. A simple backward extrapolation gives the amount of CO; initially
sorbed in the sample [33]. Several studies have focused on the sorption and diffusional
properties of scCO; in different types of polymer, such as polyethylene terephthalate (PET)
[34], poly(butylene adipate-co-terephthalate) (PBAT) [35], poly chlorotrifluoroethylene
(PCTFE)[28], poly(vinyl acetate) and polystyrene [36], polyamide 11 [37], polysulfone [38],
polycarbonate [39], poly(l-lactic acid) (PLLA) [24], and poly(methyl methacrylate) (PMMA)
[40].

In this work, the CO; sorption kinetics in polyamide (PA) fibers and their scCO;-assisted
impregnation with eugenol as an active compound are studied. In a previous contribution
[41] scCOy-assisted impregnation was evaluated for obtaining an active floss suitable for
dental care applications by loading PA fibers with eugenol at 60 °C and different pressure
levels and depressurization rates, analyzing the effect of these variables on the impregnation
yield. In addition to confirming the feasibility of the process, with loading results up to 15%
wt., it was also observed that the high-pressure treatment did not significantly affect the
mechanical behavior of the material. The release kinetics of eugenol from impregnated fibers
to air and artificial saliva were also studied and modeled, obtaining estimated apparent
diffusion coefficients of 1.70-2.55 x 107** m? st in air and 1-2 x 107** m? st in artificial saliva.
Moreover, in vitro antimicrobial activity of the impregnated floss against Escherichia coli and

Staphylococcus aureus was confirmed.

Nevertheless, to the best of our knowledge, there are no reports of solubility and diffusion
data of eugenol and CO;in PA in the open literature. Therefore, this contribution aims to
investigate the scCO, sorption and eugenol impregnation kinetics in PA6 at different
operation conditions, estimating the apparent diffusion coefficients of both species in this

polymer.



2. Materials and methods

2.1. Materials

A commercial dental floss made of polyamide 6 (PA6, 86.97 + 0.73 mg-m%, BucalTac Dental
Care, Argentina), composed of approx. 130 filaments of 24.7 + 11 um diameter each, was
used as a polymer matrix in the impregnation tests. Eugenol (purity: 99%, MW: 164.2 g-mol
1 bp: 254 °C) was purchased from Sigma-Aldrich (USA), and industrial extra-dry carbon
dioxide (water content < 10 ppm v/v) from Linde (Argentina). Ethanol (96% v/v, food-grade,
Porta, Argentina) was used in the characterization tests. Formic acid (85%, Cicarelli,

Argentina) and acetone (Biopack, Argentina) were used as solvents for film casting.

2.2. Film preparation

For CO; sorption measurements, polymeric films were prepared in order to obtain specimens
of suitable weight and dimensions for this assay. For this purpose, approx. 1 g of dental floss
was dissolved into 10 ml of a formic acid: acetone solution (60:40, V/V). Then, the polymer
solution was poured into a glass Petri dish (90 mm diameter) and left to dry in a fume hood
for 24 h, until it reached a constant weight. After that, a thin film was obtained which was
folded, melted, and molded in an automatic flat hot stamping machine (Hex Max, model
3838, Argentina). The final film was cut into strips of 470 + 10 um of thickness and an

approximate weight of 400 mg.

2.3 COy sorption experiments

CO; sorption experiments in PA6 films were performed according to the gravimetric
methodology proposed by Berens et al. [33]. The assays were carried out in batch mode using
high-pressure equipment schematically presented in Fig. 1. Briefly, the system is composed
of a stainless-steel vessel (50 ml of internal volume) (10) with an electrical heating jacket (9)
connected to a temperature controller (6) and a magnetic stirrer (8) set at 600 rpm. This cell
is provided with a CO; cylinder (1), a water-cooling bath (2), and a manual pressure generator

in which CO; is compressed up to the desired pressure with a pressure generator (3). Before



entering the cell, the CO; is pre-heated to the operation temperature through an electrically
heated coil (4) that is connected to a temperature controller (5). Finally, the system includes
a micrometering valve (7), which allows controlling the depressurization rate. The assays
were done at two temperature values (40 and 60 °C) and two pressure values (10 and 12
MPa) during different time intervals (from 30 min to 4 h) under a constant agitation rate (600
rom). In each run, a film sample was placed inside the cell using a metallic mesh support (11),
which maintains it in a vertical position and fully exposed to the CO,. After closing and
pressurization of the cell, the system was kept under the selected operating conditions
during a certain time. Then, after the sorption period, the cell was quickly depressurized
(within 20 s), opened, and the sample was immediately weighed in an analytical balance (*
0.0001 g). This step took about one minute or less for each experiment. Weight changes in
the polymer sample during CO; desorption at atmospheric pressure were recorded at
different time intervals starting from the depressurization (t=0). During the first part of the
desorption process, the weight loss is approximately linear if represented vs. the square root
of time, and therefore the initial mass of CO; absorbed at t=0 was estimated at the y-
intercept obtained by linear extrapolation, as proposed by Berens et al. [33]. This strategy
was used to calculate the total amount of CO, absorbed by the films at all experimental
conditions. Afterward, cumulative sorption curves were constructed from these data, and
the time at which the incorporation of CO; in the polymer sample reached the equilibrium

sorption (S) was estimated. All experiments were performed in duplicate.

2.4. Supercritical CO-assisted impregnation

Supercritical COz-assisted impregnation assays were performed in the same high-pressure
impregnation apparatus illustrated in Fig. 1, following the procedure described in a previous
contribution [41] with slight modifications. For each experiment, a 1 m long PA6 floss sample
is placed into the cell using a cylindrical support (12) with a metal mesh in the borders,
threading the sample through this mesh (see Fig. 1). Samples were impregnated using a
constant eugenol mole fraction of 0.0015 in the fluid phase at two temperature levels (40

and 60 °C), two pressure levels (10 and 12 MPa), and different time intervals (from 15 min



to 3 h) before depressurization. All the experiments were performed at a constant
depressurization rate of 0.5 MPa min™!, condition at which the maximum eugenol loading is
achieved, according to a previous study [41]. The depressurization rate was controlled by
measuring at regular intervals the pressure drop with time, using a manometer and a
chronometer, and adjusting the CO; outflow with a micrometering valve accordingly. The
amount of eugenol incorporated into the floss samples was determined by ethanol
extraction followed by spectrophotometric analysis. The extract absorbance was measured
at 280 nm in a UV-visible spectrophotometer (Lambda 25, Perkin Elmer, USA, precision:
0.001 nm) using a calibration curve prepared in a concentration range of 0.01 to 0.11 mg
ml~ (y = 0,0128x + 0,6306; R? = 0.992). Cumulative impregnation curves were constructed
until equilibrium (maximum loading) was reached. All experiments were performed in
duplicate.

The partition coefficient (Ky) of eugenol between the polymer and the fluid phase was
estimated from the ratio of eugenol concentration in the polymer and the fluid (scCO3), both

at equilibrium, according to Eq. 1:

where g£° is the loaded amount of eugenol per mass of polymer [g(eugenol)/E(polymer)] and g£-©?

is the mass fraction of eugenol in the supercritical fluid [g(eugenol)/g(co2)].

2.5. Differential scanning calorimetry (DSC)

In order to evaluate the possible variation of crystallinity and other thermal properties of PA6
during the high-pressure experiments, differential scanning calorimetry (DSC)
measurements were performed in a Discovery DSC equipment (TA Instruments, UK).
Thermograms were obtained from impregnated floss samples at various processing times,
under a nitrogen atmosphere (N2 flow = 50 ml mint), heating from 0 to 280 °C and cooling
from 280 to 25 °C, both at a rate of 10 °C min 1. From the thermograms analysis, the

crystallinity degree (Xcr) was estimated according to Eq.2:



M 4100 (2)

AH

Xpsc =

were (AH) represents the melting enthalpy of the floss sample calculated from the area
under the melting peak, and AH" corresponds to the melting enthalpy of 100% crystalline
PA6, which is 230 J gt [42].

2.6. Mathematical modeling
Experimental results of CO; sorption and eugenol impregnation were correlated by two
mathematical models based on analytical solutions of the second Fick’s law for unsteady-

state diffusion in thin slabs and cylindrical fibers, respectively, as reported by Crank [43].

2.6.1. Diffusion model for CO> sorption:
The apparent diffusion coefficient Dy of CO; into polyamide under high-pressure conditions
was determined by fitting the CO2 sorption curves with the analytical solution of second Fick’s

law proposed by Crank for unsteady diffusion in a plane sheet, given by Eqg. 3.

=1

Mo _q_Bygw 1 _ [_M
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Dat] (3)

where M; is the sorbed amount of CO; into the sample at time t, M« is the equilibrium
amount after infinite time, and L is the sample thickness. Eq. 3 can be simplified by truncating

at the first term in the summation for the long-time sorption process (Eq. 4).




This analytical solution is valid under the following conditions and assumptions: (1) The
diffusion process can be considered of Fickian-type; (2) diffusion is unidimensional and
occurs in the direction of the film thickness; (3) the apparent diffusion coefficient can be
considered constant; (4) the resistance to mass transfer on the fluid phase side is negligible
compared to the resistance on the polymer side; (5) thermodynamic equilibrium exists at the
polymer-fluid interface; and (6) the polymer film is initially free of CO,. Considering that
polyamide is semicrystalline, and therefore it is not a homogeneous medium, we can only
estimate an apparent diffusion coefficient (D,), where the tortuosity effects and the different

diffusion behavior of the amorphous and crystalline domains are lumped.

2.6.2. Diffusion model for eugenol impregnation:

The diffusion kinetics of eugenol into the polymer under high-pressure conditions was
evaluated taking into account that the dental floss is composed of several long solid
cylindrical filaments (24.7 + 11 um diameter), as previously confirmed by scanning electron
microscopy [41]. Experimental uptake curves were fitted by an analytical solution of the
second Fick’s law of diffusion in a solid cylinder under non-steady state conditions (Eq. 5)

[43]:

M oo 4
=1 Zn=1@exp(—Da0€%t) (5)

oo

where M is the amount of eugenol in the fibers at time t, M is the total mass of eugenol
absorbed, g is the radius of the fiber, Dq is the apparent diffusion coefficient of eugenol in

the swollen fiber, and the a, are the roots of Eq. 5:

Jo(aa,) =0 (6)

where Jo(x) is the Bessel function of the first kind of order zero.
Eqg. 5 is valid under the same conditions as Eq. 4, considering in this case diffusion occurring

in the radial direction (the fiber radius is much smaller than its length).
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2.7. Data fitting

The apparent diffusion coefficients for both models were obtained by adjusting the
experimental impregnation or sorption curves using the least-squares method from
Microsoft Excel Solver. The model deviation was estimated as the average absolute relative

deviation (AARD%) defined according to Eq. (7).

AARD% = 2y e iz, 19 )

Xiexp

where Xiexp and Xicalc are the experimental and calculated data, respectively, and N is the

number of data points.

3. Results and discussion

3.1. CO2 Sorption kinetics

The sorption kinetics of CO; in PA6 was studied from high-pressure experiments, recording
the mass of CO, gained by a polymer slab as a function of exposure time at various
combinations of pressure and temperature, as explained in Section 2.3. Fig. 2 shows an
example of a CO; desorption curve, where the sorption value (before depressurization) is
determined by linear regression and taking the y-intercept. Table 1 reports the CO;
equilibrium sorption values and the estimated apparent diffusion coefficient for all studied
experimental conditions, while Fig. 3 shows representative CO; sorption curves. In all cases,
equilibrium was reached after approx. 4 h of exposure. As can be seen, pressure and
temperature did not have a significant effect on the maximum sorption degree, being around
~3 wt.% for all conditions. Martinache et al. [37] have measured the absorption of CO; in

molten PA11, reporting a value of 4.7 wt % at 10.3 MPa and 215°C. Although the tested
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conditions are different, this might suggest a somewhat poor affinity of this type of polymer

and CO; at high-pressure conditions.

The D, values for CO; in PA6, estimated using Eq. 4, have an order of magnitude of 10710 m?
s1, with an AARD < 2%, which indicates that diffusion of CO; in PA6 follows a Fickian-type
behavior. Note that diffusivities have been assumed constant (i.e., concentration-
independent) in all cases, which is supported by the observed low sorption values. It can be
seen from Table 1 that D, decreases with temperature at a given pressure, being this effect
more pronounced at 10 MPa (~ 60% decrease) than at 12 MPa (~ 20% decrease). This
behavior can be related to the effect of temperature and pressure on CO, density, which
superimposes to the expected increase in diffusivity with temperature. In fact, at a given
pressure, CO, density decreases with temperature, with a consequent decrease in swelling
ability. Therefore, the observed trend is the result of the compromise between these two
opposite effects. In our case, the effect of temperature on CO; density seems to prevail. A
similar phenomenon was also observed by Azimi et al. [44] in styrene-methylmetacrylate
copolymers. Other authors have reported an increase in CO; sorption diffusivity with
temperature in different polymers, such as polycarbonate (PC)[39], poly(vinyl chloride) (PVC)
[23] and polysulphone[38], among others. In these cases, experiments were performed in a
higher range of pressure (20-40 MPa), where CO; density variations are much lower, and

therefore the effect of temperature on molecular motion (i.e., increased diffusivity) prevails.

In general, the results are comparable with diffusion coefficients estimated using the
methodology proposed by Berens et al. [33], reported in the literature for other types of
polymers, such as cross-linked PDMS (7.5 x 1071 m? s1 at 10,5 MPa and 40°C) [28], PHBV (1-
3.5 x 107" m? st at 10-20 MPa and 35-40°C) [26], P(MMA- EHA-EGDMA) (0.9-4.1 x 10710
m? st at 10-20 MPa and 35-48°C)[30], PBAT (3.3-7.5 x 107 m? s'1 at 8-18 MPa and 40—
80°C) [35], polysulfone (4.2-9.5 x 101> m? st at 20-40 MPa and 40-60°C)[38], PC (0.91—
3.36 x 107 m? st at 20-40 MPa and 40-60°C) [39], PVC (0.7-2.5 x 107'* m? st at 20—40
MPa and 40-70°C) [23], PET (0.35-5.3 x 10 m? st at 25-35 MPa and 80-120°C)[34], PLA
(6.39 x 101t m? st at 10 MPa and 40°C) [24]. They are also comparable with those obtained

using other methodologies, such as quantification of the swelling extent by images in molten
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polyamide 11 (5.3 x 107" m? s* at 10 MPa and 215°C) [37] and polycaprolactone (PCL) (1.15-
2.85x 1071 m? 51 at 10-30 MPa and 80°C) [45].

3.2. Eugenol impregnation kinetics into the polyamide films

As explained in Section 2.4, the impregnation of PA6 fibers with eugenol was performed
under the same experimental conditions as CO; sorption. Table 2 shows the partition
coefficient (Kps), the apparent diffusion coefficient of eugenol in polyamide under
impregnation conditions (Dg), and the maximum eugenol loading (EL%) including the
respective pure CO; density value at each combination of pressure and temperature. The
sorption diffusivity of eugenol into the polyamide fibers was estimated from eugenol uptake

curves, an example of which is shown in Fig. 4.

As can be seen, the loading of eugenol into the polymer increases with impregnation time
until saturation is achieved, following a typical Fickian behavior. After approx. 2 h of
impregnation, the maximum eugenol loading (equilibrium) was reached in all cases. A very
good agreement between the experimental and calculated results was obtained (AARD <
3.5%) which indicates that Fick’s diffusion model is appropriate for this type of system. From
Table 2, it can be noticed that the incorporation of eugenol was enhanced mainly by
temperature and moderately by pressure, the loading values of eugenol ranging between 3
and 16 wt.%. The highest loading value at saturation was observed at 12 MPa and 60°C
(~16%) and the lowest at 10 MPa and 40°C (~3.8%). This is consistent with the results
reported in our previous study [41], where a 15.27 % eugenol loading was observed for the
same polymeric fibers at 12 MPa and 60°C (with 0.5 MPa min~! depressurization rate). These
high impregnation values can be attributed to the presence of polar functional groups in the
structure of PA6 which can interact by hydrogen-bonding with the OH and ether groups of

eugenol.

The partition coefficient of the active compound between the polymer and the fluid phase
(Kosf) shows a slight increase with pressure (at constant temperature), whereas a
temperature increment (at constant pressure) induces a more pronounced increase of this
coefficient. For example, at 12 MPa, Ky increases from 11.66 at 40°C to 36.68 at 60°C. A

13



similar trend has been observed by Sanchez-Sanchez et al. [46], who reported an increment
of partition coefficient of mangiferin and iriflophenones (major mango polyphenols) with
temperature and pressure in the scCO;-assisted impregnation of mango leaf extracts into a
polyester textile. On one hand, CO; density and solvent power decrease with temperature,
which displaces the partition equilibrium toward the polymer phase. In this way, the highest
values of eugenol loading, and partition coefficient were obtained at low CO; density (below
~500 kg m3). Moreover, temperature enhances the polymer plasticization [20], which favors
the penetration and incorporation of eugenol molecules and the interaction between their
polar functional groups with the polymer chains. On the other hand, pressure effects are
mainly related to the swelling of the polymer induced by CO; sorption. In this sense, the
limited dependence of Kp/s with pressure (at constant temperature) is in agreement with the

nearly constant sorption values reported above (Section 3.1).

The apparent diffusion coefficient of eugenol into the polyamide was estimated from
experimental impregnation kinetics data by fitting Eq. (5). From Table 2 it can be noticed that
the diffusion coefficient ranged between 1.21 x 107 and 1.51 x 107 m? s’1. These data
suggest that D, values are practically independent of pressure and temperature within this
range of conditions. This behavior can be related to the CO; sorption process, taking into
account that the impregnation involves a ternary (COz-eugenol-polymer) system. The key
feature in scCOz-assisted impregnation is the diffusion enhancement produced by CO;
sorption, that swells the polymeric matrix, increasing its free volume and its diffusional
properties, thus allowing a faster diffusion of other solute molecules [33,47]. Therefore, it is
expected that a higher sorption degree will induce a faster impregnation. As seen in Section
3.1, the amount of CO; sorbed by PA6 was practically constant at all studied conditions, and

therefore a similar eugenol diffusivity in the polymer matrix seems expectable.

On the other hand, the eugenol diffusion coefficient under impregnation conditions is one
order of magnitude higher (10™* m? s?) than the value obtained at ambient pressure
conditions from the release kinetics to the air (107> m? s1), as reported in our previous study
[41]. This also indicates the mass transfer enhancement achieved when the polymer is

exposed to a scCO, atmosphere.
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It can also be observed that the diffusion coefficient of CO, estimated from sorption
experiments is four orders of magnitude higher than that of eugenol into PA6 obtained from
impregnation under the same experimental conditions (1071° vs 10™* m? si). In the
impregnation context, this indicates that PA6 fibers are rapidly swollen and saturated with
CO,, and therefore eugenol can be considered as diffusing in an already plasticized polymeric
matrix. In other words, CO; and eugenol diffusion can be decoupled, confirming the validity
of the applied model, which assumes single species diffusion and a constant diffusivity along

the process.

Although scCO;-assisted impregnation has been studied by many authors, there are
relatively little data on the diffusion coefficient values of additives or active substances in
COz-swollen polymers. For example, Kim et al., [20] evaluated the diffusive behavior of dye
molecules in polyester fibers under different scCO, impregnation conditions, obtaining
diffusion coefficients ranging from 0.8 x 1071® to 8 x 107 m? s (at 25 MPa and 120°C).
Fleming et al. [48] reported values for the diffusion coefficients of dyes in PET films under
scCO; atmosphere of 6.75 +1.01 x 1074 m2 s (at 20 MPa and 80°C) using Raman microscopy
data, whereas Gofii et al. [21], reported diffusion coefficients of carvone into scCO,-swollen
LDPE in the range of 6.5 x 107 to 3 x 1071 m? s (at 7-9.7 MPa and 35-60°C). The observed
variability let to conclude that diffusion coefficient values are highly dependent on the
polymer nature and characteristics (percentage of crystallinity, glassy or rubbery state), as
well as the CO; sorption and swelling ability and the different specific interactions that can

occur between functional groups of the polymer and diffusing molecules.

3.3. Thermal analysis

DSC analysis was carried out to investigate the effect of the impregnation time on the
thermal behavior of PA6 fibers. The main thermal properties of the original floss and
impregnated samples corresponding to different contact times are reported in Table 3. Fig.
5 shows typical DSC thermograms of the original and an impregnated sample. In both curves,
two shallow endothermic peaks are observed in the first stage: the first peak (at 50-60°C)
can be attributed to dehydration of the polymer [45,49], while the second peak (~75°C)

could be related to the polymer transition temperature (T,), which can be usually found at
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this temperature [42], although this cannot be assured due to the curve behavior. The third
main feature is the sharp endothermic peak at around 217°C, corresponding to the polymer
melting point. It can be seen that these temperatures are not affected by the impregnation
process. From Table 3, a decrease of approx. 8% in crystallinity can be observed in the
impregnated samples, compared to the original material, while the crystallinity variation
among treated samples does not exceed 3%, independently of impregnation time. This small
structural changes should not have a significant impact on the determination of the diffusion
coefficient because these modifications take place in fast time, therefore the characteristics
of the matrix are not seriously affected over time, supporting the idea that the polymer is
quickly swollen and plasticized by the CO; suggesting a simple diffusion of eugenol into the
flexible matrix previously modified. Additionally, this confirms that the high-pressure
treatment had a negligible impact on the thermal properties of the polymer, and this may
also be in agreement with the minor effect of this treatment on the mechanical properties

of floss samples reported in our previous study [41].

4. Conclusions

In this contribution, diffusivity phenomena underlying the supercritical impregnation of
eugenol into polyamide fibers were investigated in the context of the development of an
active floss for dental purposes. The CO; sorption kinetics was studied by a gravimetric
method, showing that diffusion of CO; in PA6 follows a Fickian behavior. Equilibrium sorption
values were around 3 wt.%, with negligible effects of temperature and pressure. On the other
hand, the incorporation of eugenol was more clearly influenced by temperature and
pressure. The eugenol partition coefficient values showed that a higher temperature favors
the displacement of the equilibrium towards the polymer phase, enhancing eugenol loading
up to approx. 16 wt.%. The impregnation kinetics of PA fibers also showed a Fickian-type
behavior. Fitting the experimental data with analytical solutions of second Fick’s lay for
unsteady diffusion allowed the estimation of the apparent diffusion coefficients of CO, and

eugenol in PA6. The four-order-of-magnitude difference between their values (10°%° m?/s vs.
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10 m?/s, for CO, and eugenol, respectively) indicates that the fiber is rapidly saturated and
swollen by CO; and therefore eugenol diffusion occurs in an already plasticized medium,
justifying the modeling approach as a single-species diffusion. Finally, DSC analysis showed a
small decrease in the polymer crystallinity due to the high-pressure treatment, although
independent of impregnation time.
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Tables

Table 1. Equilibrium sorption (S) and estimated apparent diffusion coefficient (Dq) of CO; in
PAG.

Pressure (MPa) Temperature (°C) S (wt.%) D, (m?s™) AARD%

10 40 2.77% 8.00E-10 0.91%
60 2.81% 4.88E-10 1.51%
12 40 2.87% 6.80E-10 1.94%
60 2.91% 5.75E-10 1.51%

Results are shown as mean values + standard deviation (n = 2 replicates).

Table 2. Eugenol loading (EL%), partition coefficient (Kp/co2) and estimated apparent diffusion

coefficient (Dg) in PA6 fibers.

Pressure  Temperature CO, density EL% Ko/coz D, (m?*s™)  AARD%
(MPa) (Y] (kg m?)
10 40 628.61 3.76% 8.18 1.29E-14 2.0%
60 289.95 12.56% 30.43 1.21E-14 1.5%
12 40 717.76 5.22% 11.66 1.25E-14 2.7%
60 434.43 15.96% 36.68 1.51E-14 3.2%
4 From NIST

Results are shown as mean values + standard deviation (n = 2 replicates).

Table 3. Thermal properties of eugenol impregnated PAG6 fibers (at T=60°C, P = 12 MPa)

Melting point Heat of fusion Crystallinity X

Time (min) 7 eq) BHn (1/) (%)

0 217.0 66.26 28.00
15 216.0 56.14 24.41
30 217.7 50.45 21.93
45 217.7 53.19 23.12
60 217.0 55.22 24.01
90 217.0 54.87 23.86
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Figures

Fig. 1. High pressure impregnation apparatus. 1: CO; cylinder; 2: cooling coil; 3: pressure
generator; 4: pre-heater; 5, 6: temperature controller; 7: micrometering valve; 8: magnetic

stirrer; 9: electrical jacket; 10: high pressure vessel; 11: film sample; 12: dental floss sample.
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Fig. 2. Example of CO, desorption from a polyamide film (450 um thickness) at P = 10 MPa, T
=60 °C, and a sorption time of 2 h.
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Fig. 3. Example of CO; sorption profile into the fibers of polyamide at P =10 MPa, T =40 °C
(@) and P =10 MPa, T =60 °C (A). Lines: diffusion model correlation. Vertical bars indicate
standard deviation (n = 2).
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Fig. 4. Example of sorption profile of eugenol into the fibers of polyamide at P=12 MPa, T =
60 °C (o) and P =10 MPa, T =40 °C (o) with depressurization rate of 0.5 MPa min~* for both
conditions. Lines: diffusion model correlation. Vertical bars indicate standard deviation (n =
2).
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Fig. 5. DSC curves of pure (A) and eugenol-impregnated polyamide fibers at 60 °C and 12
MPa (B).
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