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Abstract: The presence of the crystalline regions in poly (vinyl alcohol) coating films acts as barrier
clusters forcing the gas molecules to diffuse in a longer pathway in the amorphous region of the
polymer, where diffusivity and solubility are promoted in comparison. Evaluating the influence of
crystalline regions on the oxygen barrier property of a semi-crystalline polymer is thus essential to
prepare better coating films. Poly (vinyl alcohol) coating films with varying induced crystallinity
were prepared on a polyethylene terephthalate (PET) substrate by drying at different annealing
temperatures for 10 min. The coating films were first delaminated from the PET substrate and then
characterized using Fourier transform infrared (FTIR) spectroscopy, differential scanning calorimetry
(DSC), and X-ray diffraction (XRD) techniques to determine and confirm the induced percentage of
crystallinity. The barrier performance of the coating films, i.e., the oxygen transmission rate (OTR),
was measured at room temperature. Results showed a decrease in the OTR values of poly (vinyl
alcohol) film with an increase in the degree of crystallinity of the polymer matrix. Tortuosity-based
models, i.e., modified Nielsen models, were adopted to predict the barrier property of the semi-
crystalline PVOH film with uniform or randomly distributed crystallites. A modified Nielsen model
for orderly distributed crystallites with an aspect ratio of 3.4 and for randomly distributed crystallites
with an aspect ratio of 10.4 resulted in a good correlation with the experimental observation. For
the randomly distributed crystallites, lower absolute average relative errors of 4.66, 4.45, and 5.79%
were observed as compared to orderly distributed crystallites when the degree of crystallinity was
obtained using FTIR, DSC, and XRD data, respectively.

Keywords: barrier property; crystallinity; coating film; model predictions; poly (vinyl alcohol)

1. Introduction

Poly (vinyl alcohol) (PVOH, [-CH2-CHOH-]n) is the largest volume of synthetic poly-
mer produced worldwide. It is a water-soluble, linear, and non-halogenated aliphatic
polyhydroxy polymer. PVOH is a semi-crystalline polymer well-known for its low oxygen
permeability, good thermal resistance, excellent adhesive properties, and resistance to
organic solvents, in addition to its attractive biocompatibility and biodegradability proper-
ties [1,2]. These desirable properties of PVOH have resulted in a wide range of practical
applications, mainly in food packaging, biomedical materials, ultrafiltration membranes,
ion exchange membranes, gas separation membranes, protective/binding coatings, etc. [3].
In addition, PVOH’s low oxygen permeability, adhesive qualities, and effectiveness in
film-forming are attractive properties for dispersion barrier coating applications. Moreover,
PVOH is a recyclable, odour barrier, and food contact compliant, appropriate for active
and antibacterial packaging [4,5], dry, and bulk food packaging applications [6,7]. The gas
barrier property of PVOH is partially attributed to the crystalline regions/phases within its
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matrix. These crystalline regions are comprised of the platy-like lamellae (single crystals)
with the thickness of 10 to 20 nm bound to each other by disordered chains [8].

The degree of crystallinity of PVOH depends on the synthetic process conditions
and physical aging [3]. The degree of crystallinity is thus a crucial structural character-
istic that determines the macroscopic properties of the material. Improved mechanical
strength, water resistance, and gas barrier properties can be obtained if the degree of
crystallinity is increased. Hence, the determination of crystalline phase contents/degree
of crystallinity from quantitative data is important to elucidate, predict, and optimize the
properties of the PVOH polymer. There are various techniques commonly employed for
the quantification of the degree of crystallinity in polymer systems. Among these mea-
surement techniques, Fourier transform infrared (FTIR) spectroscopy [9,10], differential
scanning calorimetry (DSC) [11,12], X-ray diffraction (XRD), nuclear magnetic resonance
(NMR) spectroscopy [13], and density measurement [14] are commonly used. The IR
technique provides a highly sensitive and indirect method to determine the degree of
crystallinity of polymers, whereas X-ray diffraction provides a direct and efficient method,
but requires costly equipment and a longer analysis time. For the case of the density
measurement method, determination of crystallinity requires densities of complete amor-
phous and crystalline phases. This method cannot be used for semi-crystalline polymers,
as 100% amorphous or 100% crystalline PVOH samples are unknown. The calorimetric
measurement provides information on crystallinity for PVOH samples near its melting
point. The degree of crystallinity is obtained from the conditions observed during the
heating events on the sample. NMR spectroscopy can also be utilized to evaluate the
degree of crystallinity based on the proton contents with restricted mobility [13]. However,
the restriction of proton mobility may also arise from the formation of disordered aggre-
gates with strong intermolecular interactions. Therefore, for reliable results, the technique
requires the source of proton mobility restrictions to be distinguished. Other techniques,
such as atomic pair distribution function [15], Raman spectroscopy [16,17], etc., were also
used to quantify and analyse the crystal structures in polymeric materials.

The crystalline regions of the polymer system have lower gas solubility [18,19], and
hence, they affect oxygen permeability through the polymer film. It is considered that
crystalline regions act as a barrier to gas transport, restricting the diffusing gas molecules
to follow a tortuous path. Therefore, it is convenient to adopt a tortuosity-based model to
describe the influence of crystalline regions on the gas barrier property. Picard et al. [20]
modified the Maxwell tortuosity model to predict the oxygen permeabilities in polylactide
(PLA) film with varying crystallinity. Further, Duan and Thomas [21] used the Nielsen
tortuosity model to predict water vapour permeability in Polylactic acid. According to
their results, the model predictions showed a good agreement with experimental data.
However, in both cases, the models’ predictions were performed with the assumption of
orderly distributed crystallites. In the current study, the Nielsen models for orderly and
randomly distributed crystallites, are considered to predict oxygen permeability in PVOH
coating films.

Therefore, this work aimed to prepare PVOH coating films with different induced
crystallinity and model their effects on the oxygen barrier performances. To affect the
percentage crystallinity of PVOH coating film, the annealing temperatures of the coated
PVOH solution were varied for a predetermined time. The corresponding percentage
crystallinities of the prepared PVOH films were then characterized using Fourier transform
infrared (FTIR) spectroscopy, X-ray diffraction (XRD), and differential scanning calorimetry
(DSC). The oxygen barrier performances of PVOH films with different crystallinity were
measured using a Mocon Ox-Tran oxygen transmission rate tester at room temperature.
The modified Nielson models accounting for the random and regular distribution of barrier
inclusions were proposed to predict the barrier performance of PVOH coating films.
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2. Materials and Methods
2.1. Materials

The polymer material, i.e., poly (vinyl alcohol) (PVOH) 6/98 grade, was supplied
by Kuraray Europe Nordic AB OY, Vantaa, Finland The substrate film, i.e., polyethylene
terephthalate (PET) with 297 mm width × 420 mm length × 0.118 mm thickness, was
purchased from Robert Matton AB, Stockholm, Sweden. Deionized water was used as a
solvent to dissolve PVOH granules.

2.2. Preparation of PVOH Coating Films

In a conical flask with a 500 mL capacity, 225 gm of deionized water was added
to 25 gm of PVOH. The PVOH was cooked in a boiling water bath for 30 min under
continuous mixing at 400 rpm with a dispersion blade impeller (IKA RW 20, Buck & Holm,
Herlev, Denmark). The temperature of the PVOH solution was cooled from about 95 ◦C to
room temperature under slow stirring with a magnetic stirrer to avoid bubble formations.
The dissolved solid content was measured using an IR balance moisture analyzer (Model
MA40, Sartorius Lab Instruments GmbH & Co KG, Goetingen Germany) to cross-check
if any substantial amount of water was lost due to evaporation during the dissolution
of PVOH. Further, the viscosity of the PVOH solution was measured using a Brookfield
viscometer (Model RV-DVI+ Viscometer, Brookfield, Stoughton, MA, USA) to confirm the
processability of the coating solution.

The PET films were first cut to 297 mm × 210 mm and used as a substrate material
to prepare the PVOH coating films using a laboratory bench coater (K202 Control Coater,
RK Coater Instruments Ltd., Royston, UK). The coating solution was applied to the PET
substrate with a 6 m/min coater speed and coating rod of wire-wound diameter 1.27 mm,
giving a nominal wet thickness of 100 µm. Then, the coated solution on the PET substrate
was annealed in a drying oven for 10 min. An annealing time of 10 min was chosen to
ensure the complete removal of the solvent, except for the first sample was annealed at
25 ◦C and left overnight to dry. The annealing temperatures and sampling names used are
shown in Table 1. A total of four replicas of each PVOH film sample were fabricated on the
PET substrate. The dried samples were stored in a controlled environment at 23 ◦C and
50% RH prior to their characterization and performance evaluation.

Table 1. Sample names and annealing conditions of PVOH coating films.

S. No. Sample Name Annealing Temperature (◦C) Annealing Time (min)

1 PVOH-RT 25 10
2 PVOH-60 60 10
3 PVOH-100 100 10
4 PVOH-120 120 10
5 PVOH-160 160 10

2.3. Characterization

The prepared PVOH coating films on the PET substrate were first delaminated
physically, and their corresponding film thicknesses were measured to be 10 ± 2 µm
(see Table S1). These samples were used to characterize the percentages of crystallinity
induced, whereas the PVOH films with the PET substrate were used for oxygen barrier
performance measurement.

2.3.1. Fourier Transform Infrared Spectroscopy

The delaminated thin PVOH films were characterized using the Fourier transform
infrared (FTIR-ATR) Spectroscopy (Cary 30 FTIR, Agilent Technologies, Santa Clara, CA,
USA). At least six trails were scanned at the wavelength range of 2000–1000 cm−1. An av-
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erage of six spectrums was considered for the calculation of the percentage crystallinity.
The percentage crystallinity of PVOH coating films was obtained as follows:

χFTIR
c (%) = a + b

(
Ic

Ia

)
, (1)

where a and b are correlation coefficients. For PVOH polymer, the values of these coeffi-
cients are assigned as −13.1 and 89.5, respectively [22]. Ic and Ia are the IR absorbance
intensities of peaks corresponding to the crystalline phase at a wavenumber range of
1140–1145 cm−1 and the amorphous phase at a wavenumber around 1090–1096 cm−1,
respectively [23].

2.3.2. Differential Scanning Calorimetry

The crystallinity of the PVOH polymer films was also measured using the differential
scanning calorimetry (DSC, Q2000, TA Instrument, New Castle, DE, USA). About 6–8 mg of
the delaminated PVOH films were scanned in heating mode used for the analysis. The DSC
was first equilibrated at 0 ◦C and heated at a rate of 10 ◦C/min to 250 ◦C, with nitrogen
gas purging maintained at 50 mL/min. The crystallinity of the polymer is calculated from
heat of fusion/melting according to the expression [24]:

χDSC
c (%) =

∆H f

∆Ho
f
× 100, (2)

where ∆Hf and ∆Ho
f are the enthalpy of fusion/melting of the PVOH film sample and

PVOH polymer with 100% crystallinity in J/g, respectively. The melting enthalpy of PVOH
at 100% crystallinity (∆Ho

f ) is 138.7 J/g [25,26].

2.3.3. X-ray Diffraction

The crystallinity of the delaminated PVOH coating films was also analyzed using the
X-ray diffraction (XRD) technique (Empyrean, PANalytical, Malvern, UK). Samples were
scanned within the scattering angle (2θ) ranging from 2◦ to 60◦ using the standard nickel
filtered CuKα X-ray radiation source with a wavelength of 1.542 Å, operated at 35 kV and
25 mA. The percentage crystallinity of the PVOH coating film can be calculated from the
area of the crystalline and amorphous peaks [27,28].

χXRD
c (%) =

Ac

Ac + Aa
× 100, (3)

where Ac and Aa are the area of the crystalline and amorphous phase peaks, respectively.

2.4. Barrier Performance Measurements

The oxygen barrier properties of the uncoated PET substrate and the PVOH coated
films were measured for 5 cm2 surface samples placed in an aluminium mask using a
Mocon Ox-Tran oxygen transmission rate tester (Model 2/21 MH, Mocon, Minneapolis,
MN, USA). The oxygen transmission rate (OTR) values were determined according to
test method ASTM D 3985-05 [29], at 23.0 ± 1 ◦C, 50% relative humidity (RH), and 1 atm
(760 mmHg) pressure difference across the sides of the sample. The concentration of
permeant gas is 100%. The OTR measurements of each sample were performed for at least
two replicates. The oxygen permeability coefficient is then calculated as [30]:

PO2 =
OTR
∆p

× t, (4)

where PO2 is the oxygen permeability coefficient in [mL·µm·m−2·(24 h)−1·atm−1], ∆p is
the partial pressure difference of oxygen across the sides of the film (atm), and t is the
combined thickness of the substrate and coating film.
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2.5. Proposed Models

Crystalline phase fractions of polymer films appear to act as barrier domains to the
permeant gas [31]. Hence, the decrease in oxygen gas permeability can be better described
by the prolonged tortuous diffusion pathways. Nielsen models for orderly and randomly
distributed barrier domains are proposed to predict the barrier property for the PVOH
coating film with different percentage crystallinities. The model described the increased
diffusion path length due to the obstacles formed by the barrier domains, such as particles
or crystallites.

The generalized Nielsen model is given as [32]:

P
Po

=
φp

τ
, (5)

where P and Po are the oxygen permeability of the composite polymer film and pure
polymer film in (mL·µm·m−2·h−1·atm−1), respectively. Whereas ϕp is the volume fraction
of the polymer phase and τ is the tortuosity factor defined as follows [33]:

τ =
Di f f usion path length

Film thickness
. (6)

The maximum possible value for the tortuosity factor for evenly distributed barrier
domains is provided by [32]:

τ = 1 + (L/2W)φd, (7)

and similarly, the tortuosity factor for randomly distributed barrier domains can be ex-
pressed as [34]:

τ = 1 + (1/3)(L/2W)φd, (8)

where ϕd is the volume fraction of inorganic fillers. The above model is developed for a
composite film system composed of a polymer phase and inorganic phase. Analogically,
a polymer system can be adopted, which comprises of an amorphous phase and crystalline
phase. In this case, the crystallites are considered as barrier clusters responsible for the
reduction in oxygen permeability.

For semi-crystalline polymers, the platy crystallites are assumed to be an impermeable
domain with the aspect ratio α = L/W. Therefore, the filler volume fraction in a composite
system can be conveniently exchanged by the crystallinity fraction (χc) in the polymer
matrix. Thus, for evenly distributed crystallites, the tortuosity factor is thus:

τ = 1 + (α/2)χc. (9)

And similarly, for randomly distributed crystallites across the polymer film, the tortu-
osity factor is:

τ = 1 + (1/3)(α/2)χc. (10)

Combining Equations (5) and (9) leads to the modified Nielsen model for orderly
distributed crystallite domains.

Psc

Pam
=

1 − χc

1 + (α/2)χc
, (11)

where Psc and Pam are the permeability coefficients of semi-crystalline polymer and amor-
phous phase in (mL·µm·m−2·h−1·atm−1), respectively. Similarly, using Equations (5) and
(10), the modified Nielsen model for randomly distributed crystallites can be expressed
as follows:

Psc

Pam
=

1 − χc

1 + (1/3)(α/2)χc
. (12)
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The precision of model predictions can be evaluated in terms of percentage average
absolute relative errors (AARE%) as [35]:

AARE% =
100
N

N

∑
1

∣∣∣∣∣ (Psc/Pam)pre − (Psc/Pam)exp

(Psc/Pam)exp

∣∣∣∣∣, (13)

where (Psc/Pam)pre and (Psc/Pam)exp are the predicted and experimental relative permeabil-
ity. N is the number of data points.

3. Results and Discussion
3.1. Degree of Crystallinity of PVOH

The delaminated PVOH films were characterized using FTIR-ATR, and at least six
random locations were scanned, with the average spectra presented in Figure 1. The crys-
tallinity of PVOH coating films was determined from the ratio of intensities of absorption
bands/peaks corresponding to the crystalline phase and amorphous phase. The absorbance
band at 1143 cm−1 indicates the stretching vibration of C–O originating from the crystalline
region of PVOH. The intensity of this band is related to the crystalline phase of the polymer
chains [36]. It is associated with either stretching C–O of the chain with intermolecular H
bonding of two hydroxyl groups on the same carbon chain plane, or the symmetric C–C
stretching mode. The peak at 1093 cm−1 corresponds to the stretching vibration of C–O
from the amorphous phase of the PVOH polymer [37]. Hence, the ratio of the intensities of
the crystalline and amorphous peaks reflects the crystallinity of the PVOH. According to
Equation (1), the percentage crystallinity calculated is presented in Table 2.
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Figure 1. FTIR absorbance spectra for PVOH coating films prepared at different annealing temperatures.

Results showed that an increase in the degree of crystallinity was observed with the
increased annealing temperatures, obtaining maximum crystallinity at annealing tempera-
tures of 160 ◦C. A plot of crystallinity versus the annealing temperatures indicates a linear
relationship with the coefficient of determination (R2 = 0.996) (see Supplementary Figure S1).

To confirm the degree of crystallinity of the PVOH coating films, the samples were
tested using differential scanning calorimetry, where the enthalpy changes of the polymer
crystals were determined during the heating cycles. Figure 2 shows the thermograms
obtained for PVOH samples annealed at various temperatures. According to the results,
the heating curves exhibited a broad endotherm at intervals of about 200 to 250 ◦C, which is
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associated with the melting of the polymer studied. It can be observed that the endotherms
shifted to higher temperature regions, which is reflected in the melting temperatures of the
corresponding samples. An increase in melting temperatures can be seen with the PVOH
samples prepared at different annealing temperatures. The minimum and maximum
melting points of 203 and 225 ◦C were observed for PVOH-RT and PVOH-160 samples.
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The corresponding percentage of crystallinity was calculated according to Equation (2)
and presented in Table 2. Although the calculated percentage crystallinity is lower than
the FTIR-based calculations, the data follows the typical linearity trend for crystallinity
versus the annealing temperature with the coefficient of determination (R2 = 0.989) (see
Supplementary Figure S2). Similar to FTIR data, the minimum of 31% and a maximum of
52% crystallinity were observed for PVOH-RT and PVOH-160, respectively. The increasing
trend of crystallinity as a function of annealing temperatures is in good agreement with the
work reported by Peppas [37].

Furthermore, the delaminated PVOH films were analyzed using the X-ray diffraction
method; the degree of crystallinity of the samples was determined as the ratio of the area
of crystalline peaks to the total area of peaks according to Equation (3). Figure 3 shows the
X-ray diffraction pattern of PVOH samples. The positions of crystalline peak maxima in
the diffraction pattern of higher crystalline were used as starting position. The starting
position and half-width of the amorphous phase were 20◦ and 10◦. Thus, the position for
scattering maxima for crystalline phase, i.e., 11.2, 16.3 19.7, 22.8, and 26.2◦ are in good
agreement with the reported literature [38].

According to the calculated peak areas corresponding to amorphous and crystalline
peaks, the degree of crystallinity for PVOH samples was calculated and presented in Table 2.
A maximum degree of crystallinity of 56% was obtained for PVOH-160. The results are
similar to both the crystallinity fractions obtained from FTIR and DSC data. However,
the linearity of the data points has substantially deviated with the coefficient of deter-
mination R2 = 0.928 (see Supplementary Figure S3). More interestingly, the crystallinity
versus annealing temperatures trend is complementary to the FTIR and DSC data findings.
Therefore, with all the techniques used, the crystallinity of the PVOH films increased with
the increase in annealing temperatures.
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Table 2. Sample names and crystallinity fraction of PVOH coating films.

S. No Sample Names
Crystallinity

χFTIR
c χDSC

c χXRD
c

1 PVOH-RT 0.31 0.31 0.32
2 PVOH-60 0.37 0.35 0.34
3 PVOH-100 0.45 0.41 0.40
4 PVOH-120 0.47 0.45 0.45
5 PVOH-160 0.54 0.52 0.56

3.2. Barrier Performance

The oxygen transmission rate of the PVOH sample was measured in duplicates of each
sample. The experimental OTR values, thickness measurements, and the calculation of O2
permeability are presented in Table 3. Using the OTR values and thicknesses of samples,
the O2 permeability is calculated in (cc·µm/[m2·h·atm]). In addition to the calculations,
the thickness measurements of PVOH film is about 10 + 0.2 µm (see Table S1), which
indicates the complete drying of the coating film. According to the results, the OTR or
O2 permeability values for PET substrate are significantly higher than those samples with
PVOH coating film. Hence, the contribution of PET substrate to the barrier property
is insignificant and thus conveniently neglected. A plot of O2 permeability versus the
crystallinity fractions obtained from the FTIR, DSC, and XRD data is shown in Figure 4.
According to the results, it can be observed that an increase in the crystallinity of PVOH
results in decreased oxygen permeability. For instance, based on FTIR data crystallinity
values, for an increase in the degree of crystallinity from 0.31 to 0.47, the percentage
decrease in oxygen permeability was observed to be 53.45%.
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Table 3. Calculated oxygen permeability from OTR and thickness measurements, and respective
confidence intervals (CI).

S. No. Sample
Names

OTR
(cc/[m2·day]) Thickness

(µm)

Oxygen Permeability
(cc·µm/[m2·h·atm])

1 2 1 2 Average CI

1 PET Sub. 15.90 15.78 118.0 78.15 77.58 77.87 -
2 PVOH-RT 1.88 1.58 128.2 10.03 8.44 9.24 5.00
3 PVOH-60 1.42 1.25 128.1 7.56 6.68 7.12 2.78
4 PVOH-100 1.08 1.18 127.8 5.75 6.25 6.00 1.58
5 PVOH-120 0.90 0.71 128.0 4.79 3.81 4.30 3.11
6 PVOH-160 0.21 0.47 127.9 1.12 2.51 1.81 4.41

Two combined factors can explain these observations; an increased crystallinity in
the polymer either causes a prolonged diffusion time for oxygen (tortuous effects) and
hence reduces the diffusivity or causes a reduced O2 solubility in the crystalline regions,
as reported by Grunlan et al. [18]. Considering the tortuous effects are more prominent,
tortuosity-based models are appropriate for predicting barrier property in polymer systems
with varying crystallinity.

Coatings 2021, 11, x FOR PEER REVIEW 9 of 12 
 

 

Table 3. Calculated oxygen permeability from OTR and thickness measurements, and respective 
confidence intervals (CI). 

S.No. Sample 
Names 

OTR (cc/[m2·day]) Thickness 
(μm) 

Oxygen Permeability 
(cc·μm/[m2·h·atm]) 

1 2 1 2 Average CI 
1 PET Sub. 15.90 15.78 118.0 78.15 77.58 77.87 - 
2 PVOH-RT 1.88 1.58 128.2 10.03 8.44 9.24 5.00 
3 PVOH-60 1.42 1.25 128.1 7.56 6.68 7.12 2.78 
4 PVOH-100 1.08 1.18 127.8 5.75 6.25 6.00 1.58 
5 PVOH-120 0.90 0.71 128.0 4.79 3.81 4.30 3.11 
6 PVOH-160 0.21 0.47 127.9 1.12 2.51 1.81 4.41 

Two combined factors can explain these observations; an increased crystallinity in 
the polymer either causes a prolonged diffusion time for oxygen (tortuous effects) and 
hence reduces the diffusivity or causes a reduced O2 solubility in the crystalline regions, 
as reported by Grunlan et al. [18]. Considering the tortuous effects are more prominent, 
tortuosity-based models are appropriate for predicting barrier property in polymer sys-
tems with varying crystallinity. 

 
Figure 4. Oxygen permeability versus degree of crystallinity in PVOH coating films (Data points are 
with 90% confidence limit). 

3.3. Model Predictions 
Since PVOH is a semi-crystalline polymer, the fabrication of PVOH film without crys-

tallinity is practically difficult. Therefore, the determination of oxygen permeability 
through the amorphous phase is carried out by extrapolating the experimentally obtained 
oxygen gas permeability data. The experimental relative permeabilities are thus calcu-
lated and compared with the modified Nielsen model-predicted relative permeability. 

According to the comparison results shown in Figure 5, for orderly distributed crys-
tallites, the modified Nielsen model (Equation (11)) predictions are in close agreement 
with the experimental data for equivalent lower aspect ratios of about 3.40. The average 
absolute error ranges from 4.61 to 5.79%, as shown in Table 4. However, with the case of 
randomly distributed crystallites, the modified Nielsen model Equation (12) was used to 
predict the relative permeability. According to the results, good agreements with experi-
mental data were observed with AARE as low as 4.66%. However, these predictions are 

Figure 4. Oxygen permeability versus degree of crystallinity in PVOH coating films (Data points are
with 90% confidence limit).

3.3. Model Predictions

Since PVOH is a semi-crystalline polymer, the fabrication of PVOH film without
crystallinity is practically difficult. Therefore, the determination of oxygen permeability
through the amorphous phase is carried out by extrapolating the experimentally obtained
oxygen gas permeability data. The experimental relative permeabilities are thus calculated
and compared with the modified Nielsen model-predicted relative permeability.

According to the comparison results shown in Figure 5, for orderly distributed crystal-
lites, the modified Nielsen model (Equation (11)) predictions are in close agreement with
the experimental data for equivalent lower aspect ratios of about 3.40. The average absolute
error ranges from 4.61 to 5.79%, as shown in Table 4. However, with the case of randomly
distributed crystallites, the modified Nielsen model Equation (12) was used to predict the
relative permeability. According to the results, good agreements with experimental data
were observed with AARE as low as 4.66%. However, these predictions are for a higher
crystallite equivalent aspect ratio of about 10.40, as compared to the model prediction for
orderly distributed crystallites.
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Table 4. Crystallites aspect ratio and average absolute relative error of Nielsen model prediction
orderly and randomly distributed crystallites.

S. No. Crystallinity Data
Source

Aspect Ratio
(α = L/W) AARE (%) Crystallites

Distribution

1 FTIR Data 3.502 5.18
Orderly2 DSC Data 3.350 4.61

3 XRD Data 3.350 5.79

4 FTIR Data 10.90 4.66
Randomly5 DSC Data 10.21 4.45

6 XRD Data 10.05 5.79

It seems that both the models, i.e., for orderly and randomly distributed, the pre-
dictions are within the acceptable range. It is obvious that considering the coating film
preparation and the annealing temperature used to induce a varying degree of crystallinity
in PVOH polymer, the crystallite, although platy-like lamellae, but the distribution of
crystalline structures are expected to be uniform as the annealing time given is suffi-
ciently enough to dry and induce crystallinities to a particular extent. Hence, in this case,
the smaller aspect ratio of crystallite lamellae corresponding to the orderly distributed crys-
tallites is more reliable than the randomly distributed crystallites with higher aspect ratios.

4. Conclusions

Poly (vinyl alcohol) coating films were prepared at different annealing temperatures
to induce varying crystallinities. FTIR, DSC, and XRD techniques were used to characterize
the resulting degree of crystallinities in the respective samples. Results indicate that
with the increase in annealing temperature, the degree of crystallinity increased almost
linearly. The oxygen barrier property of PVOH coating films was measured using an
Ox-Tran oxygen transmission rate tester. The O2 permeabilities were calculated from
experimental OTR values. Results reveal that the barrier performance of PVOH coating
film improved with the increase in the degree of crystallinity. This finding indicates that
crystallites in PVOH film act as a barrier domain causing tortuous effects on the oxygen
diffusion pathway. Hence, the tortuosity-based model can be conveniently employed to
predict the barrier property of the semi-crystalline PVOH coating films. Modified Nielsen
models for uniform and random distribution of crystalline regions were used to predict the
relative permeability. The model predictions showed a good agreement with experimental
results. For randomly distributed crystallites, the least average absolute relative errors
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were observed for higher equivalent aspect ratios of about 10.4. For uniformly distributed
crystallites, the predictions were also in good agreement but lower equivalent aspect ratios
(around 3.4) of the crystallites.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/coatings11101253/s1, Figure S1: Linear fit of the degree of crystallinity of PVOH coating films
determined using FTIR absorbance spectra versus annealing temperatures, Figure S2: Linear plot
of the degree of crystallinity of PVOH films determined using DSC thermogram versus annealing
temperatures, Figure S3: Linear fit of the degree of crystallinity of PVOH coating films determined
using XRD diffractogram versus annealing temperatures, Table S1: Thickness measurement of PVOH
coating film and PET substrate.
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