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When considering coating of flexible films for the packaging of sensitive products, a common goal is to meet 
all gas barrier requirements in a single process step. One way to achieve this is to improve the barrier 
performance of polymeric coating layers by incorporating silicate particles. In order to tailor the gas barrier 
performance of the coatings, understanding the permeation mechanisms through these composite coating layers 
is required. In this study, polyethylene terephthalate films were coated with composite lacquers comprising 
montmorillonite particles and a polymer matrix. The compatibility of montmorillonite with polymer matrices of 
polypropylene, polyacrylate, polycarboxylic acid, and polyvinyl alcohol was tested. The permeation behavior of 
helium, hydrogen, oxygen, and water vapor in these coatings was investigated. For a composite coating layer 
comprising montmorillonite and polyvinyl alcohol at a mixing ratio of 1:1 by weight, barrier improvement 
factors of 49, 41, and 26 compared with the pure polymer coating were found for helium, hydrogen, and 
oxygen, respectively. It was shown that the permeability coefficients of composite coating layers decrease with 
increasing permeant kinetic diameter. A comparison of calculated and measured permeability values indicated 
that the integration of montmorillonite leads to a tortuous permeation path and changes in the free volume and 
crystallinity of the polymer matrix. The permeation mechanism for water vapor turned out to be completely 
different from that for non-polar helium, hydrogen, and oxygen and is determined by the so-called polar path 
effect.
1. Introduction

Gas permeation is an important topic in several application fields. 
Packaging materials for foods, cosmetics, healthcare products, and 
pharmaceutical products are considered to provide specific gas barriers 
against oxygen, water vapor, and volatile compounds [1]. Organic solar 
cells and flexible organic field-effect transistors need to be encapsu-
lated with high barrier films against oxygen and water vapor to ensure 
long-life stability, since the sensitive organic materials degrade in the 
presence of water or oxygen molecules [2,3]. Hydrogen storage and the 
associated barrier against hydrogen in mobility or energy storage ap-
plications are a long standing topic [4]. Furthermore, newly developed 
bioelectronic implantable systems need to be protected from harsh en-

* Corresponding author at: Department Material Development, Fraunhofer Institute for Process Engineering and Packaging, Giggenhauser Str. 35, 85354 Freising, 
Germany.

vironment consisting of biofluids, water-based solutions, and different 
ions [5]. The helium barrier is rarely a direct requirement, such as when 
sealing hard drives, as their housings are filled with helium and sealed 
to reduce friction at high revolution speeds [6]. However, the helium 
barrier is often determined since this measurement is a rapid, reliable, 
and commonly used method to characterize the barrier properties of 
materials [7,8].

There are several technologies for creating a gas barrier on flexible 
films. These include vacuum processes, i.e. physical and chemical vapor 
deposition, and atmospheric pressure wet coating processes, i.e. coating 
with barrier lacquers [9,10]. Even higher gas barriers are reached by 
combining the aforementioned processes or by increasing the number 
of coating layers to a layer-by-layer (LbL) assembly [11–14]. An option 
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that allows keeping the number of process steps low is to improve bar-
rier coating layers by the integration of impermeable platelet-shaped 
particles, e.g. montmorillonite (MMT) [15–18].

Such a barrier coating is, for example, polyvinyl alcohol (PVA), 
which is known for its compatibility with MMT. In a previous study, 
the authors achieved, for example an oxygen barrier improvement fac-
tor of 12 and a helium barrier improvement factor of 17 when 50wt%
MMT with respect to the dry mass was incorporated in PVA coating 
layers [19]. The improvement factor (see Eq. (11) later) describes the 
change in permeability of a pure polymer layer on addition of imperme-
able particles. The addition of MMT to polypropylene (PP) is commonly 
performed in a melt-mixing step, which limits the amount of MMT to be 
mixed with PP [20]. Sirousazar et al. [21] found, for example, barrier 
improvement factors of 1.7 and 2.5 for oxygen and water vapor, respec-
tively, when 10wt% MMT was added to the PP melt. The barrier of 
polymer-silicate composites against hydrogen has attracted increasing 
interest. Conde-Wolter et al. [22] measured, for example, a hydrogen 
barrier improvement factor of 3.0 from 7.6 × 102 to 2.6 × 102 cm3 (STP)

m2 dbar
, 

when 48wt% carbon fibers were integrated in polycaprolactam thermo-
plasts and a hydrogen barrier improvement factor of 3.7 from 9.6 × 102

to 2.6 × 102 cm3 (STP)
m2 dbar

when 55wt% carbon fibers are incorporated in 
polyphthalamide thermoplasts.

In this work, the gas barrier properties and mechanisms of perme-
ation of helium, hydrogen, oxygen, and water vapor through composite 
coating layers were investigated. When investigating gas permeation 
through composite barrier layers, it is particularly important to exam-
ine the polarity of the permeant and lacquer, the effect of filler content, 
the interaction between polymer and filler, the effect of the layer thick-
ness, and temperature and humidity at which the measurements are 
performed. The polymer materials were a PP dispersion, a polyacrylic 
dispersion (PAD), a polycarboxylic solution (PCS), and a PVA solution 
in the form of aqueous lacquers. Thus, two dispersions and two solu-
tions varying in polarity were selected. These lacquers were mixed with 
an MMT dispersion in such a way that composite lacquers with two 
mixing ratios of polymer:MMT of 3:1 and 1:1 were produced. MMT was 
selected because of its compatibility to PVA is known to the authors 
[19,23]. Moreover, MMT is market-available, naturally abundant, and 
does not disturb recycling processes.

The surface energies of the polymer lacquers and the MMT disper-
sion were measured in liquid (pendant drop) and dried (sessile drop) 
states. The comparison of these values provides information on influ-
ences on the hydration shell of the MMT particles in the composite 
mixture. Viscosity measurements were performed for the pure lacquer 
systems and the mixed composites and the shear-thinning behaviors 
were compared, indicating interactions between the polymer matrix 
and the MMT. Fourier-transform infrared (FTIR) spectra were measured 
for all coating layers, and peak shifts from pure systems to compos-
ites were investigated to reveal interactions in the dried state. X-ray 
measurements of the coating layers were performed to determine the 
influence of the addition of MMT on the polymer matrix’s crystallinity. 
Pole figures generated from the XRD data were used to evaluate the 
orientation of the MMT platelets in the coating layers. The barrier im-
provement due to MMT particles was determined for gases varying in 
gas kinetic diameter and polarity, i.e. helium, hydrogen, and oxygen, 
and polar water vapor. Since helium and the other noble gases are the 
only gases that permeate through polymers at moderate temperatures 
in atomic form, helium possesses the smallest gas kinetic diameter of 
2.60Å. Hydrogen and oxygen permeate in molecular form and have 
gas kinetic diameters of 2.89 and 3.46Å, respectively. The polar wa-
ter molecule has a gas kinetic diameter of 2.65Å [24]. For hydrogen 
and oxygen, the barrier performance was measured at different tem-
peratures, to calculate the activation energy for permeation via the 
Arrhenius approach. In addition to the measured values, the potential 
barrier improvement due to MMT particles was calculated according to 
2

the tortuous path theory developed by Nielsen [25]. The comparison 
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of measured and calculated values of the permeability coefficients indi-
cates the main influencing factors for the permeation of the respective 
gases through the composite coating layers.

2. Materials and methods

2.1. Materials

Four different polymer matrix materials, in the form of aqueous lac-
quers, were used. The first lacquer was a polypropylene dispersion (PP), 
Aquaseal X2257 from Paramelt (Heerhugowaard, The Netherlands), 
with a particle size of less than 0.7 μm. It is a milky white liquid stabi-
lized at an alkaline pH value of 10. The second lacquer was a polyacrylic 
dispersion (PAD), Loctite Liofol HS 59-605 RE from Henkel (Düsseldorf, 
Germany), with a particle size of less than 0.3 μm. The milky white 
aqueous dispersion contains a solid content of 44% and has a slightly 
alkaline pH value of 8 to 9. The third lacquer was an aqueous solution of 
modified polycarboxylic acid and a small amount of polyethylenimine 
(PCS), Epotal BLX 3680 X from BASF (Ludwigshafen am Rhein, Ger-
many). The solution contains 18wt% solid content, is slightly yellowish, 
and has a pH value between 8 and 10. The fourth lacquer, Exceval 
AQ-4104 from Kuraray (Frankfurt, Germany), is mixed from polyvinyl 
alcohol (PVA) granulate and demineralized water to a targeted solid 
content. For this study, a solid content of 15wt% was prepared ac-
cording to the previously described procedure [19]. It is a transpar-
ent solution with a slightly acidic pH value of 5 to 7. Platelet-shaped 
MMT particles, CLOISITE Na+, were purchased from BYK Additives 
and Instruments (Wesel, Germany). Polyethylene terephthalate (PET), 
HOSTAPHAN®RN23, from Mitsubishi Polyester Film (Wiesbaden, Ger-
many) was used as a transparent substrate film with a thickness of 
23 μm. Polytetrafluoroethylene (PTFE) film, used to characterize the 
dispersive and polar parts of the lacquers’ surface energy, had a thick-
ness of 100 μm and was obtained from RCT Reichelt Chemietechnik 
(Heidelberg, Germany).

2.2. Sample preparation

2.2.1. Lacquer formulation

All composite lacquers were produced in a similar way. The MMT 
dispersion was prepared with a planetary ball mill as described by 
Schiessl et al. [19] with a solid content of 5wt%. Table 1 lists the 
amounts of polymer lacquer, MMT dispersion, and demineralized wa-
ter used to mix the lacquers. First, the MMT dispersion was weighed in 
a beaker together with the demineralized water and homogenized with 
a magnetic stirrer. Subsequently, the respective amount of polymer lac-
quer was added via a pipette slowly under constant stirring. The beaker 
was closed and the composite lacquer was stirred for 10min. For each 
polymer matrix, the (diluted) polymer lacquer without MMT particles 
as reference (ref) and the two composite lacquers with a mixing ratio 
of 3:1 and 1:1 by weight of polymer solid and MMT solid were pre-
pared. The parameters that were kept constant for all coatings were the 
mixing ratios and the targeted dry layer thickness of 1 to 3 μm. Some 
polymer lacquers had to be diluted slightly to reach the required dry 
layer thickness with the k-bars.

2.2.2. Sheet coating

Before coating, the PET sheets of DIN A4 size were physically pre-
treated via corona discharge with a dose of 2.9 kJ

m2 applied with a table 
corona unit from Tigres (Marschacht, Germany) to reach a minimum 
surface energy of 44 mN

m . The prepared lacquers were coated on the 
sheets with a lab-coating unit, type CUF 5 (Sumet Messtechnik, Denklin-
gen, Germany), using the k-bar technique. The drying was performed 
for 2.5min at 90 ◦C. Since the total solid content of each lacquer was 
different, k-bars providing different wet layer thicknesses were used to 

end up with a dry coating thickness between 1 and 3 μm (Fig. S4-S15).
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Table 1

Lacquer composition with shares of polymer lacquer, MMT dispersion, and demineralized water 
leading to respective total solid contents.

sample mass (polymer lacquer) m (MMT dispersion) m (water) total solid content
g g g %

PP-ref 55.6 0.00 94.4 20
PP(3):MMT(1) 20.8 75.0 54.2 10
PP(1):MMT(1) 6.94 75.0 68.1 5.0

PAD-ref 68.2 0.00 81.8 20
PAD(3):MMT(1) 25.6 75.0 49.4 10
PAD(1):MMT(1) 8.52 75.0 66.5 5.0

PCS-ref 83.3 0.00 66.7 10
PCS(3):MMT(1) 31.2 37.5 81.3 5.0
PCS(1):MMT(1) 10.4 37.5 102 2.5

PVA-ref 150 0.00 0.00 15
PVA(3):MMT(1) 37.5 37.5 75.0 10
PVA(1):MMT(1) 25.0 75.0 50.0 5.0
The pure MMT dispersion was coated with an initial solid content 
of 5 wt% on similarly prepared PET to produce a reference layer (MMT-
ref) without polymeric binder.

2.3. Methods

2.3.1. Determination of surface energies of liquid and dried lacquers

The total surface energy of the lacquers 𝛾𝑙 was measured according 
to DIN EN ISO 19403-3 [26] via the pendant drop method at 23 ◦C. 
A requirement for this method is to know the density of the test liquid. 
Therefore, the density was measured for each liquid using a DSA 100 
hydrometer from Kruess (Hamburg, Germany).

The lacquers were placed with a drop volume of 10 to 15 μL on a 
nearly pure dispersive solid, PTFE, according to the sessile drop method. 
The contact angle between the lacquers and the PTFE surface was de-
noted 𝛼. The surface energy 𝛾𝑠 of PTFE is 15.2 mN

m , distributed as a 
dispersive component of 14.8 mN

m and a polar component of 0.4 mN
m . The 

dispersive 𝛾𝑑
𝑙

and polar 𝛾𝑝
𝑙

components of the lacquers were calculated 
according to Eq. (1) and Eq. (2) [27].

𝛾𝑑
𝑙
=

𝛾𝑙𝛾𝑠 (1 + 𝑐𝑜𝑠(𝛼))
4𝛾𝑠 − 𝛾𝑙 (1 + 𝑐𝑜𝑠(𝛼))

(1)

𝛾
𝑝

𝑙
= 𝛾𝑙 − 𝛾𝑑

𝑙
(2)

The surface energies of the dried lacquer and of the pure MMT layer 
were measured according to DIN EN ISO 19403-2 [28] via the sessile 
drop method. For this purpose, at least five drops of three different 
liquids, water, ethylene glycol, and diiodomethane, were placed with a 
drop volume of 3 μL on the surface, and the contact angle was measured 
at equilibrium.

2.3.2. Fourier transform infrared (FTIR) spectroscopy

The FTIR spectra were measured with a Frontier™FTIR spectrometer 
L1280034 from PerkinElmer (Shelton, CT, USA) in the ATR (attenuated 
total reflectance) mode with a diamond crystal. All spectra were base-
line corrected. PerkinElmer Spectrum IV Version 10.6.1 software was 
used to analyze the spectra. A total of 32 scans with a resolution of 
2 1

cm were recorded within a wavenumber range from 4000 to 600 1
cm .

2.3.3. Determination of the viscosity of the lacquer formulations

Rheological measurements were performed in a cone-plate set-up 
with a 50mm diameter cone, an angle of 0.995°, and a gap size of 
100 μm. The rheometer used was a modular compact rheometer 302 
from Anton Paar (Graz, Austria). For each lacquer, a shear sweep mea-
surement was performed from 3 to 3000 1

s at room temperature (23 ◦C) 
with a logarithmically increasing step size limited to 46 measuring 
points. Threefold measurements were performed for all lacquers and 
3

average values with standard deviations are shown in the Figures.
2.3.4. Determination of X-ray diffraction pattern and pole figures

X-ray diffraction (XRD) data were collected with a PANalytical 
X’Pert Pro MDP X-ray diffractometer (Almelo, The Netherlands) using 
Cu-K𝛼 radiation (𝜆 = 1.54184Å) equipped with an Xe proportional 
counter in grazing incidence geometry (angle of incidence: 2°).

The pole figures were obtained using a PANalytical X’Pert Pro MRD 
X-ray diffractometer (Almelo, The Netherlands) equipped with a Eule-
rian cradle employing two-axis scans along 𝜙 (rotation) and 𝜒 (tilt). 
Measurements were performed at a fixed 2𝜃 angle of 6°, correspond-
ing to the 2𝜃 angle position of the (001) lattice plane of MMT. To plot 
pole figures, the intensity distribution was measured along the sample 
rotation angle 𝜙 from 0 to 360° at sample tilts 𝜒 from −85 to 85° with 
an increment of 5° each. After averaging the intensity for each rota-
tion angle, the intensity was plotted against the sample tilt 𝜒 . From 
this graph a numerical value describing the orientation degree of the 
platelet-shaped particles in the coating layer can be calculated as the 
integral breadth. This value is defined as the ratio of the peak area and 
the peak height. Taking the integral from 0 to 85° gives the average 
alignment angle 𝜁 between the MMT platelets and the substrate sur-
face. The alignment angle describes the orientation of the platelets in 
the coating layer.

2.3.5. Helium permeability coefficients

The helium permeance 𝑄He was measured with a QHV-4 perme-
ameter (Vinci Technologies, Nanterre, France) using a patented proto-
col [29]. In this measurement device, a mass spectrometer detects an 
ion current proportional to the permeation rate of the gas. Duplicate 
determinations were performed at 23 ◦C and 0%RH. First, a helium 
calibrated leak was measured, then the baseline, and finally the he-
lium permeance of the samples. The measurement was completed as 
soon as the measured permeation rate stayed constant for at least 2 h. 
For reliable comparability, the helium permeability coefficient 𝑃meas of 
the coating layers was separately calculated for each sample. There-
fore, the permeance of the coating layer 𝑄coating

He was calculated from 
the measured total permeance of the coated film 𝑄total

He and the known 
permeance of the uncoated film 𝑄f ilm

He (1.3 × 103 cm3 (STP)
m2 dbar

) via Eq. (3).

𝑄
coating
He =

𝑄f ilm
He ⋅𝑄total

He

𝑄f ilm
He −𝑄total

He

(3)

Then, the helium permeability coefficient 𝑃meas of the coated layer was 
calculated from the permeance 𝑄coating

He via multiplication with the layer 

thickness, here in μm. In this case, the unit for 𝑃meas was cm
3 (STP)1μm
m2 dbar
[30].



Surface & Coatings Technology 483 (2024) 130800S. Schiessl, E. Kucukpinar, R. Schwiddessen et al.

Fig. 1. 2D exploded-view drawing of the measuring cell used to measure hydrogen permeance.
2.3.6. Hydrogen permeability coefficients

The hydrogen permeance 𝑄H2
was measured with the measuring 

cell shown in Fig. 1. The measurement arrangement between the two 
cell parts comprised a 1mm polycarbonate (PC) plate, which was placed 
on a double sealing ring. On top of the PC plate, a coated PET film 
was placed. The measuring area, which is the area covered by the in-
ner sealing ring, was 54.45 cm2 . The second part with two sealing rings 
was fixed with a flange assembly to the first part. In the next step, 
pressurized hydrogen was conducted to the upper part of the measur-
ing cell. Double sealing with helium gas purging in-between prevented 
side permeation. Since a total pressure difference of 3 bar was applied 
between the two chambers, the coated 23 μm thick PET film had to 
be supported by a 1mm thick plate made of PC, a stable, but highly 
hydrogen-permeable material. A supporting grid was also used to pre-
vent deformation of the PC plate. The permeating hydrogen was trans-
ported by the helium carrier gas to a mass spectrometer where it was 
detected. Again, twofold measurements were performed. As the hydro-

gen permeance of the PC plate 𝑄plate
H2

(7.1 × 102 cm3 (STP)
m2 dbar

) and the PET 

film 𝑄f ilm
H2

(1.8 × 103 cm3 (STP)
m2 dbar

) are known, the hydrogen permeance of 
the coating layer can be calculated according to Eq. (4).

𝑄
coating
H2

=
𝑄f ilm

H2
⋅𝑄plate

H2
⋅𝑄total

H2

𝑄f ilm
H2

⋅𝑄plate
H2

−𝑄f ilm
H2

⋅𝑄total
H2

−𝑄
plate
H2

⋅𝑄total
H2

(4)

Then, the hydrogen permeability coefficients 𝑃meas of the different coat-
ing layers were calculated via normalization to a layer thickness of 
1 μm, using their measured thickness values. The hydrogen permeation 
was measured at 0%RH and at 0, 20, 60, and 80 ◦C to be able to calcu-
late the activation energy 𝐸A via an Arrhenius approach:

𝑃meas(𝑇 ) = 𝑃0 ⋅ 𝑒
− 𝐸A

𝑅𝑇 (5)

where 𝑃meas(𝑇 ) is the permeability coefficient of the permeating gas at 
the respective temperature 𝑇 , 𝑃0 is the pre-exponential factor, and 𝑅 is 
the universal gas constant.

2.3.7. Oxygen permeability coefficients

The oxygen permeance of the coated films was measured accord-
ing to the DIN 53380-3 standard with the oxygen-specific carrier gas 
method [31]. The measurements were performed using an OX-TRAN 
2/21 OTR Analyzer (AMETEK MOCON, Minneapolis, USA) at 20 ◦C and 
0%RH. Additional measuring temperatures used were 30 and 40 ◦C, 
also at a relative humidity of 0%RH. The measurement was completed 
when the permeation stayed constant for at least 10 h. Duplicate deter-
minations were performed for all of the coatings. The oxygen perme-
ability coefficient 𝑃meas was calculated similarly to the procedure used 
4

for helium. The oxygen permeance of the uncoated PET film (𝑄f ilm
𝑂2

) 
was taken as 60.9 cm3 (STP)
m2 dbar

. The activation energy for oxygen perme-
ation was determined via Arrhenius correlation (Eq. (5)).

2.3.8. Water vapor permeability coefficients

The water vapor permeation rates of the coated films were measured 
according to the DIN EN ISO 15106-3 standard with the electrolytic de-
tection sensor method [32]. The measurements were performed using 
an AQUATRAN Model 2 (AMETEK MOCON) at 23 ◦C and 80%RH with 
twofold determinations. The measurement was completed as soon as 
the measured permeation rate stayed constant for at least 10 h. The wa-
ter vapor permeability coefficient 𝑃meas was calculated similarly to the 
procedure used for the other gases using the water vapor transmission 
rate of uncoated PET (8.4 g (STP)

m2 d
) at 23 ◦C and 80%RH.

2.3.9. Calculation of barrier improvement factor by particle integration

The theoretical barrier values were calculated according to the tor-
tuous path approach for platelet-shaped particles. This approach was 
developed by Nielsen [25] and describes the barrier improvement of 
composites through the integration of impermeable platelets in the bar-
rier layer. The elongation of the diffusion path is described by the 
tortuosity factor 𝜏orig:

𝜏orig = 1 + 𝐿

2𝑊
⋅ 𝜂MMT (6)

The aspect ratio of the MMT, i.e. the ratio of particle length 𝐿 to par-
ticle thickness 𝑊 , and the volume ratio of the silicate particles 𝜂MMT
define the tortuosity factor. In order to include the particle orientation 
in Nielsen’s equation, Bharadwaj [33] suggested adding an order pa-
rameter 𝑆 , leading to a modified tortuosity factor 𝜏mod. To obtain 𝑆 , 
the average angle 𝜁 between the particle plane and the substrate sur-
face was determined as described in Section 2.3.4 from the pole figures 
of the composites:

𝑆 = 1
2
⋅
(
3 ⋅ cos2 𝜁 − 1

)
(7)

An order parameter of 1 (𝜁 = 0) indicates a perfect perpendicular ori-
entation. With the incorporation of 𝑆 the tortuosity factor becomes:

𝜏mod = 1 + 𝐿

2𝑊
⋅ 𝜂MMT ⋅

2
3
⋅
(
𝑆 + 1

2

)
(8)

A further enhancement of Nielsen’s equation, the squaring of the tor-
tuosity factor, was suggested by Shen and Chen [34]. This leads to the 
following equation to calculate the theoretical permeability coefficients 
𝑃cal of the composites:

𝑃cal =
⎛⎜⎜ 1 − 𝜂MMT( )2

⎞⎟⎟ ⋅ 𝑃 ref
meas (9)
⎜⎝ 1 + 𝐿

2𝑊 ⋅ 𝜂MMT ⋅
2
3 ⋅ (𝑆 + 1

2 )
⎟⎠
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Table 2

Density and surface energy with shares of polar and dispersive parts of the 
investigated polymer lacquers and the MMT dispersion before the mixing to 
produce composite lacquers. Water was included from Janczuk et al. [35] as a 
reference.

sample density surface energy dispersive part polar part
g

cm3
mN
m

water 0.997 73 22 51
MMT-ref 1.032 68±0.8 41±0.6 27±0.2
PP-ref 0.949 52±0.4 38±0.2 14±0.2
PAD-ref 1.039 37±0.3 31±0.2 6.4±0.1
PCS-ref 1.041 68±0.4 34±0.2 35±0.2
PVA-ref 1.034 64±0.3 41±0.2 21±0.1

Here 𝑃 ref
meas are the measured permeability coefficients of the reference 

coating layers without particles. The values for 𝐿 (494 nm) and 𝑊
(25 nm) were taken from previous studies of the authors [19]. The vol-
ume ratio of the MMT particles with a density of 2.86 g

cm3 is 12 vol%
for 3:1 and 29 vol% for 1:1 mixing ratios. The measured (𝑃meas) and 
calculated (𝑃cal) permeability coefficients were compared according to:

Δ=
(
𝑃cal − 𝑃meas

𝑃cal

)
(10)

If the value of the deviation Δ is positive, the measured value is lower 
than the calculated value, and vice versa. To evaluate the effect of the 
MMT particles on the barrier performance quantitatively, the barrier 
improvement factor 𝐵𝐼𝐹 was used.

𝐵𝐼𝐹 =
𝑃 ref
meas

𝑃
comp
meas

(11)

Here 𝑃 comp
meas is the measured permeability coefficient of the composite 

coating layers.

3. Results and discussion

3.1. Surface energies of coating liquids and dried coating surfaces

Table 2 shows the density and the surface energy, separated into 
dispersive and polar parts, of the polymer lacquers and the MMT disper-
sion before mixing to produce the composite lacquers. The total surface 
energy of the pure MMT dispersion having a solid content of 5 wt% was 
68 mN

m . This value was in a similar range to the values for the polycar-
boxylic solution (PCS) and the polyvinyl alcohol solution (PVA) having 
surface energies of 68 and 64 mN

m , respectively. The polypropylene dis-
persion (PP) and the polyacrylic dispersion (PAD) provided lower val-
ues of 52 and 37 mN

m , respectively. Similar tendencies are valid for the 
polar parts.

When MMT is exfoliated in water, a hydration shell is built around 
the platelets, leading to swelling and further exfoliation of the particles 
[36]. This hydration shell is very sensitive to changes in the surface en-
ergy of the liquid [37]. It is therefore advantageous to mix liquids whose 
surface energy values differ as little as possible [38]. This difference be-
tween the surface energies of the lacquers and the MMT dispersion is 
lower for both PCS and PVA, whereas PP and PAD vary distinctly in 
total surface energy as well as in the polar part. PAD contained, for 
example, up to 2.5wt% alcohols, which was the reason why the total 
surface energy was lower than that for a purely water-based system. 
For ethanol, Habib et al. [39] have shown that it displaces the hydra-
tion shell of MMT in the liquid state, which can cause re-agglomeration.

Before drying the composite lacquers, it is required to preserve 
the hydration shell around the MMT particles in order to maintain a 
homogeneous dispersion. During drying, the interaction of the poly-
mer matrix and MMT becomes increasingly important since the water 
molecules evaporate and the hydration shells disappear [16]. Also in 
5

the dried state, it was again the case that PCS and PVA provided higher 
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Table 3

Surface energies of dispersive and polar components of the dried reference poly-
mer and montmorillonite coating layers measured by the sessile drop method.

sample surface energy dispersive part polar part
mN
m

MMT-ref 58±0.9 30±0.3 29±0.6
PP-ref 18±1.6 17±1.2 0.8±0.4
PAD-ref 31±1.2 31±1.2 0.1±0.0
PCS-ref 44±0.7 35±0.2 9.6±0.5
PVA-ref 43±1.0 39±0.6 4.2±0.4

Fig. 2. Viscosity measurement of the polymer and composite lacquers with a 
mixing ratio of 1:1 as a function of shear rate.

surface energies and also higher polarity parts than PP and PAD (Ta-
ble 3). This indicates the potential for a stronger attraction between 
MMT and PCS or PVA.

3.2. Rheological investigation

Fig. 2 shows the viscosity of the polymer lacquers and composite 
lacquers with a mixing ratio of 1:1 by weight as a function of shear rate. 
When MMT is mixed into the polymer lacquers, the viscosities increase 
and the composite lacquers exhibit the shear-thinning behavior known 
for pure MMT dispersions [23,40]. The greater the shear-thinning, the 
stronger is the interaction between MMT and the polymer matrix [40].

The pure lacquers showed Newtonian behavior at the respective 
solid contents and measured shear rates. The viscosity increase due 
to the addition of MMT particles was much more pronounced for PCS 
(from 4.1 to 36mPa s) than for PP (from 3.7 to 11mPa s) or PAD (from 
2.8 to 11mPa s) at a shear rate of 10 1

s . The value of 47mPa s at the 
same shear rate for PVA(1):MMT(1) also showed a distinct increase due 
to the addition of MMT. The slope indicates the shear-thinning effect. 
In this case, the strongest interaction between MMT and the polymer 
matrix was observed for PCS and PVA.

Similar measurements were carried out for the composite lacquers 
with a mixing ratio of 3:1 and confirmed this result (Fig. S1).

3.3. Fourier transform infrared spectroscopy

FTIR spectra were measured to examine interactions of polymer ma-
trix material and MMT by identifying single peak shifts. According to 
Ellerbrock et al. [41], an unshifted peak in the composite spectra needs 
to be identified when analyzing peak shifts to eliminate the possibility 
of the whole curve being shifted. As shown in Table 4, every composite 
exhibits unshifted peaks of MMT and the polymer matrix.

Fig. 3 shows the FTIR spectra of the polymer (PP (A) and PAD (B)) 
layers, their composites with a mixing ratio of 1:1, and the MMT coat-

ing. No peak shifts were observed for composites comprising MMT and 
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Fig. 3. FTIR spectra of montmorillonite, (A) PP-based and (B) PAD-based composites with a 1:1 mixing ratio of polymer and montmorillonite, and polymer coating 
layers zoomed in on the range from 1400 to 850 1

cm
. The total spectrum in the range from 4000 to 600 1

cm
is shown in Fig. S2. The turquoise lines represent the 

unshifted bands indicating no interaction of MMT and polymer.

Table 4

Peak maxima with respective assignments of the polymer matrix materials used and the pure MMT coating layer. Peak 
shifts appearing in composites with a mixing ratio of 1:1 are assigned.

Material Maxima ( 1
cm

) Assignment Peak shift in composite

MMT [42] 3624 -OH stretching, Al-OH in octahedral sheets no shift
3425 -OH stretching, absorbed interlayer water no shift
1635 -OH bending, absorbed interlayer water no shift
1031 -Si-O stretching, Si-O-Si in tetrahedral sheets blue-shift to 1041 1

cm
in PCS(1):MMT(1)

blue-shift to 1037 1
cm

in PVA(1):MMT(1)

1008 -Si-O stretching, Si-O-Si in tetrahedral sheets blue-shift to 1018 1
cm

in PCS(1):MMT(1)

blue-shift to 1016 1
cm

in PVA(1):MMT(1)

PP [43] 2950, 2867 -CH3 stretching no shift
2919, 2840 -CH2 stretching no shift
1457 -CH2 bending no shift
1376 -CH3 bending no shift

PAD [44] 2922, 2849 -CH2 stretching no shift
1730 -C=O stretching no shift
1164 -C-O stretching no shift

PCS [45] 2942, 2832 -CH2 stretching no shift
1713 -C=O stretching red-shift to 1705 1

cm
in PCS(1):MMT(1)

1092 -C-O stretching red-shift to 1072 1
cm

in PCS(1):MMT(1)

PVA [46] 2933, 2910 -CH2 stretching no shift
1709 -C=O stretching no shift
1085 -OH bending red-shift to 1061 1

cm
in PVA(1):MMT(1)
PP. These peaks at 1457 and 1376 1
cm for PP and at 3624 and 1031 1

cm
for MMT are similar to those identified previously for PP and MMT 
based barrier coating layers [47–49]. PP does not provide any func-
tional group with which an interaction with MMT might be possible.

For PAD-based composites, no peak shifts were observed. Compared 
with PP, an interaction with PAD would be possible in the form of 
hydrogen bonds with the carbonyl or the ether group of the acrylate. 
However, these bands stayed unshifted, which indicates that these func-
tional groups are not accessible for interaction with the MMT. Ianchis 
et al. [50] also observed no peak shifts for composite coating layers 
with non-modified MMT and polyacrylates.

Fig. 4 shows the FTIR spectra of the polymer layers (PCS (A) and 
PVA (B)), their composites with a mixing ratio of 1:1, and the MMT 
coating layer. Peak shifts were identified for both composites. The -C-
O stretching band from the carboxylic acid exhibited a red shift when 
mixed with MMT, as also observed by Smith [51]. Similar red shifts for 
the -C-O stretching band of the carboxyl group have also been found by 
Lai et al. [52], Natkański et al. [53], and Yu et al. [54] in composites of 
6

polycarboxylic acid and MMT. In addition, the band of the Si-O stretch-
ing vibration in MMT showed a blue shift. These peak shifts indicate an 
interaction of the Si-O group from the Si-tetrahedral layer of MMT with 
the hydroxy group from the carboxyl group of the carboxylic acid, most 
likely via hydrogen bonds [55,56].

Similarly to PCS, for PVA composites band shifts also appear for O-H
bending and Si-O stretching vibrations of MMT, shown by red and blue 
colors, respectively. This kind of red shift for the hydroxy group in PVA 
was also observed by Spoljaric et al. [57] for composites comprising 
PVA and MMT.

3.4. Pole figures

Fig. 5 shows the average intensity of the MMT 001 peak as a function 
of tilt angle for the MMT-ref sample and the composite coatings with a 
mixing ratio of 1:1 based on the pole figure measurements.

The peak shape and position indicate the orientation of the silicate 
platelets in the coating layer. All peaks provide their maximum at 0°, 
which suggests that the average orientation is parallel to the surface. 

The narrower the peak is, the more particles are oriented parallel to 
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Fig. 4. FTIR spectra of montmorillonite, (A) PCS-based and (B) PVA-based composites with a 1:1 mixing ratio of polymer and montmorillonite, and polymer coating 
layers zoomed in on the range from 1200 to 850 1

cm
. The total spectrum in the range from 4000 to 600 1

cm
is shown in Fig. S3. The red and blue represent peak shifts 

indicating interaction between MMT and the polymer.
Fig. 5. Average intensity over all rotation angles 𝜙 from 0 to 360° plotted 
against the tilt angle 𝜒 for the MMT-ref samples and composite coatings with a 
mixing ratio of 1:1. The underlying pole figures are shown in Figs. S16-S19.

Table 5

Calculated integral breadth and alignment angle for the 
MMT-ref sample and all composite coatings with mixing 
ratios of 1:1 and 1:3.

sample integral breadth alignment angle 𝜁 (°)

MMT-ref 30 8.32
PP(3):MMT(1) 39 18.4
PP(1):MMT(1) 37 17.7
PAD(3):MMT(1) 45 23.2
PAD(1):MMT(1) 41 20.4
PCS(3):MMT(1) 35 14.2
PCS(1):MMT(1) 34 14.0
PVA(3):MMT(1) 33 11.5
PVA(1):MMT(1) 33 10.6

the substrate surface since the measurement signals indicate the (001) 
lattice plane, which is the plane perpendicular to the area of the plate. 
The numerical value describing the peak width is the integral breadth 
listed in Table 5. The smaller the integral breadth is, the more particles 
are aligned parallel to the surface.

The particles in the MMT-ref coating layer were aligned the most 
parallel, followed by the PVA- and PCS-based composite coatings. The 
orientation became less parallel for PP-based coatings and coating lay-
7

ers based on PAD provided the most heterogeneous alignment.
When coating the pure MMT dispersion, the water molecules do not 
disturb the platelets from their physically driven behavior to lie paral-
lel to the surface when the solid content of the dispersion is low enough 
[58]. The shearing during coating even forces the particles to orient 
parallel to the surface. Adding a polymer as a third ingredient to the 
lacquer, in addition to MMT and water, impeded the orientation of 
the platelets. As the PP and PAD lacquers are dispersions, the poly-
mer chains are not dissolved in water, but the polymers are distributed 
in spherical form and only liquefy during the coating and drying pro-
cess. The spherical shape of these polymers in water and the fact that 
particle liquefaction only takes place after shearing could be a reason 
why the orientation of the particles in PP and PAD was less parallel, 
as the polymer spheres act as obstacles during application of the coat-
ing (Fig. S7-S9). PCS and PVA are solutions, i.e., the polymer chains are 
completely dissolved in water and embedded between the MMT par-
ticles during the coating. This matches on the one hand the steeper 
slopes of PCS- and PVA-based composites in the viscosity measure-
ments (Fig. 2), which indicate a more pronounced interaction due to 
the stronger shear-thinning effect. On the other hand, it matches the 
findings of peak shift investigations in Section 3.3: the interaction of 
MMT with the polymers, PCS and PVA. A similar investigation, con-
firming the results, was performed for composite coating layers with 
mixing ratios of 3:1 (Figs. S16-S20).

The pole figures were also used to determine the alignment angle 
𝜁 , which was used to calculate the order parameter 𝑆 according to 
Eq. (7). Fig. 6 shows the influence of the alignment angle on the mod-
ified tortuosity factor. A change in the particle volume fraction affects 
the tortuosity more than the alignment angle. The orientation in the 
investigated composites varies within a range of only 10.6 to 23.2°, 
leading to a small effect on the tortuosity factor and therefore the per-
meability coefficients.

3.5. Helium barrier

Fig. 7A shows the values for the helium permeability coefficients of 
the coating layers.

𝑃meas for helium of the PP-ref sample was 3.7 × 104 cm3 (STP)1μm
m2 dbar

and 

decreased to 1.7 × 103 cm3 (STP)1μm
m2 dbar

when mixed with 50wt% MMT. This 
corresponds to a 𝐵𝐼𝐹 of 21. It has been shown previously that the he-
lium permeability of PP can be reduced by the addition MMT [59,60]. 
In these previous studies, the MMT was added to PP melt, which is why 
the amount of MMT was limited to 6wt%. Hence the 𝐵𝐼𝐹 s obtained 
were below 2. The addition of MMT to the aqueous PP dispersion in 
this study allowed an MMT content of up to 50 wt% in the composite 

barrier layers. This system was examined for the first time to the best 
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Fig. 6. The black and gray lines show the values of the modified tortuosity 
factor 𝜏mod calculated according to Eq. (8) for alignment angles 𝜁 from 0 to 40°. 
The measured alignment angles for the investigated composites from Table 5
are marked for the respective polymer matrices.

of the authors’ knowledge. The calculated permeability coefficient 𝑃cal
according to Eq. (9) was 2.0 × 103 cm3 (STP)1μm

m2 dbar
. The 11% deviation be-

tween the calculated and the experimentally measured values according 
to Eq. (10) for PP(1):MMT(1) indicates that the composite performed 
better than predicted. The calculation used only takes geometrical pa-
rameters (such as orientation, particle volume ratio, and aspect ratio) 
into account and differences in the polymer matrix possibly induced by 
the MMT are not considered. These differences might be changes in the 
free volume of the polymer matrix or variations in the crystallinity of 
the polymer, for example. The XRD pattern (Fig. S21A) of PP-ref and 
PP(1):MMT(1) showed no distinct variation in the crystallinity of PP 
due to the addition of MMT. The integration of MMT in the PP ma-
trix might have reduced the free volume slightly in PP and therefore 
reduced the helium permeation in addition to the tortuosity. The phe-
nomenon of free volume reduction in PP matrix systems on addition of 
MMT was also observed by Hu et al. [61].

The composites with the PAD matrix showed low 𝐵𝐼𝐹 s. Since the 
orientation factors of the MMT in PP and PAD did not differ substan-
tially, the 𝐵𝐼𝐹 s could be expected to be in the same range. The fact 
that this is not the case proves that not only the addition of MMT, but 
also the interaction of MMT with the matrix, the homogeneous distri-
bution, and the influence of the particles on the polymer matrix are 
important to consider. The calculated 𝑃cal for the 1:1 mixture with PAD 
(8.9 × 102 cm3 (STP)1μm

m2 dbar
) deviated considerably from the measured 𝑃meas

(3.3 × 103 cm3 (STP)1μm
m2 dbar

) with a value of −272%. The fact that the devia-
tion is negative implies that the particles did not exert their full poten-
tial for the He barrier enhancement of the PAD matrix. It is more likely 
that the particles re-agglomerate when mixed with PAD since the sur-
face energies of PAD lacquer and MMT dispersion differed, as discussed 
in Section 3.1. From an energetic point of view, a re-agglomeration of 
particles appears to be favorable in PAD, since neither the viscosity val-
ues of its composite lacquers nor the FTIR spectra of the dried composite 
coating layers indicate an interaction between the two materials. The 
XRD pattern (Fig. S21B) revealed an increased crystallinity of PAD in 
the composite coating layers since peaks appear in the range from 10 to 
25° compared with PAD-ref. An increase in crystallinity leads to an in-
crease in gas barrier [62]. However, it seems that the re-agglomeration 
of particles outperformed the increase in crystallinity with respect to 
barrier properties.

𝑃meas for helium of the PCS-ref sample was measured as

3.7 × 102 cm3 (STP)1μm
m2 dbar

, which decreased to 7.8 cm3 (STP)1μm
m2 dbar

when 50wt%
8

MMT was added. This corresponds to a barrier improvement factor of 
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47. Tzeng et al. [63] reported a helium permeance of 4.1 cm3 (STP)
m2 dbar

for 
10 alternating layers of polyethylenimine, poly(acrylic acid), and MMT 
with a total layer thickness of 1.6 μm. Herrera-Alonso et al. [64] inves-
tigated composites of polybutylmethacrylate with MMT and obtained a 
𝐵𝐼𝐹 of 1.3 for helium with an MMT content of 5 wt%. The higher MMT 
content is one reason for the higher 𝐵𝐼𝐹 s in this study. The aqueous 
lacquers used made it possible to dilute the mixture and thus keep the 
viscosity in a processable range, even with MMT-rich mixing ratios such 
as 1:1. The reason for the positive deviation of 58% from the calculated 
(1.9 × 101 cm3 (STP)1μm

m2 dbar
) to the measured (7.9 cm3 (STP)1μm

m2 dbar
) values for 

PCS(1):MMT(1) is changes in the polymer matrix. The results reported 
in Sections 3.1 and 3.3 indicate an interaction between the PCS matrix 
and the MMT which may have led to a reduced free volume and there-
fore a better barrier. Additionally, the integration of MMT increased the 
crystallinity of the PCS matrix (Fig. S22A), which also should lead to an 
improvement in its gas barrier.

The findings for PVA-based composites are very similar to those for 
PCS-based composites. The 𝐵𝐼𝐹 s of 12 and 49 for 3:1 and 1:1 mix-
ing ratios, respectively, were in the same range as for PCS. The PVA 
molecule also has an accessible hydroxy group that interacts with the 
Si-O group from the MMT’s silicate tetrahedra via hydrogen bonds, 
similarly to the carboxylic acid’s functional group of PCS. That this in-
teraction occurred was concluded from the FTIR spectra in Fig. 4. The 
XRD pattern (Fig. S22B) indicated also for PVA an increase in crys-
tallinity due to the integration of MMT. Barrier layers of composites 
comprising PVA and MMT have been well investigated for barrier ap-
plications owing to their good compatibility [19,65–67]. A very low 
𝑃meas of 8.0 × 10−1 cm3 (STP)1μm

m2 dbar
was reported by Habel et al. [68] for 

composite coating layers comprising PVA and synthetic clay sodium 
fluorohectorite particles applied with multiple layer spray coating. In 
previous studies, the authors reported a 𝐵𝐼𝐹 of 17 for a coating layer 
with a similar composition of 1:1 on oriented PP substrate film [19]. 
The reason for the observed difference in the 𝐵𝐼𝐹 s for the same coat-
ing lies in the substrate film. The PET used in this study is thermally 
and mechanically more robust than PP and induces lower stress in the 
coating layer.

3.6. Hydrogen barrier

The general trends found for helium permeation were also valid for 
hydrogen permeation, as shown in Fig. 7B. The deviations from the cal-
culated values were positive for PP-, PCS-, and PVA-based coatings and 
negative for PAD-based coatings for similar reasons. The 𝐵𝐼𝐹 s for com-
posite coating layers with a 3:1 mixing ratio were constantly lower than 
the 𝐵𝐼𝐹 s for coating layers with a 1:1 mixing ratio. The highest 𝐵𝐼𝐹 s 
were reached for PCS(1):MMT(1) and PVA(1):MMT(1) with values of 
37 and 41, respectively.

Comparing the measured hydrogen and helium permeability coef-
ficients shows the trend that the values of 𝑃meas for hydrogen were 
slightly lower than those for helium. The reason for this is that the he-
lium atom is smaller than the hydrogen molecule in terms of the gas 
kinetic diameter, while both gases are non-polar [24]. Smaller perme-
ating particles find more permeation paths, therefore the value for the 
permeability coefficient is higher (Fig. 9). Consequently, the 𝐵𝐼𝐹 s mea-
sured for helium were slightly higher than those for hydrogen, because 
the generation of an obstacle to permeation, an MMT particle, has a 
greater influence for smaller permeants.

The permeation of hydrogen through silicate-based composites was 
investigated previously. Tzeng et al. [63] reported a hydrogen per-

meance of 3.7 cm3 (STP)
m2 dbar

for 10 alternating layers of polyethyleneimine, 
poly(acrylic acid), and MMT with a total layer thickness of 1.6 μm. In 
comparison, a value of 9.3 × 10−1 cm3 (STP)1μm

m2 dbar
was obtained with a one-

time coating in this study with PCS(1):MMT(1). A very low 𝑃meas of 
3

6.0 × 10−1 cm (STP)1μm
m2 dbar

was reported by Habel et al. [68] for composite 
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Fig. 7. Helium (A) and hydrogen (B) permeability coefficients of the coating layers of the four different polymer matrices (PP, PAD, PCS, and PVA) and their 
composites with mixing ratios of 3:1 and 1:1 with MMT. The measurement conditions for helium and hydrogen permeability were 23 ◦C/0%RH and 20 ◦C/0%RH, 
respectively. The orange dots represent the 𝑃cal values according to Eq. (9). The transparent blue bars show the barrier improvement factors (𝐵𝐼𝐹 s) for the respective 
mixing ratio according to Eq. (11) (right y-axis).
Table 6

Activation energies for hydrogen and oxygen perme-
ation of the reference and composite coating layers. 
The respective Arrhenius plots are shown in Figs. S23 
to S26.

sample hydrogen oxygen
kJ
mol

PP-ref 30.4 30.7
PP(3):MMT(1) 30.9 30.2
PP(1):MMT(1) 29.9 30.2

PAD-ref 21.6 30.5
PAD(3):MMT(1) 23.1 29.7
PAD(1):MMT(1) 24.4 28.6

PCS-ref 42.2 29.3
PCS(3):MMT(1) 39.3 24.5
PCS(1):MMT(1) 36.8 20.6

PVA-ref 47.5 56.5
PVA(3):MMT(1) 45.1 49.8
PVA(1):MMT(1) 39.5 45.8

layers comprising PVA and synthetic clay sodium fluorohectorite parti-
cles applied with multiple layer spray coating. The lowest permeability 
coefficient for hydrogen measured for a single-layer PVA-based compos-

ite was 1.2 cm3 (STP)1μm
m2 dbar

in their study. Kim et al. [69] recently published 

a hydrogen permeance of 6.5 × 10−3 cm3 (STP)
m2 dbar

at 23 ◦C for a composite 
coating comprising MMT and polyvinylpyrrolidone (PVP). The coating 
with a composition of 63wt% MMT and 37wt% PVP was applied on 
a nylon substrate at a layer thickness of 60 μm. The 63wt% MMT con-
centration and the coating layer thickness are the reasons for its higher 
barrier performance.

In addition to the measurements at 20 ◦C, the permeation of hydro-
gen was measured at 0, 60, and 80 ◦C to calculate the activation energy 
for permeation according to Eq. (5) (Table 6). The Arrhenius plots for 
hydrogen and oxygen are linear, indicating no structural changes oc-
curring in the composites, such as hydrogenation or oxidation possibly 
induced by these gases [70]. It is notable that the activation energy 
for permeation hardly changed for the two polymer matrices, PP and 
PAD, with the addition of MMT. For the two polymer matrices, PCS and 
PVA, where an interaction with MMT was observed, the values of 𝐸A
decreased with increasing MMT content.

Kim and Lin [71] have shown that a change in 𝐸A indicates a 
change in the permeation mechanism. The mechanism of permeation 
through a pure polymer coating is considered linear and determined 
by the properties of the polymer matrix [25]. The addition of MMT to 
9

the polymer changes the matrix in such a way that boundary areas be-
tween MMT and the polymer are created. Erlat et al. [72] showed that 
the permeation mechanism of gases might occur along these boundary 
areas, which are not as dense as in the bulk of the matrix because of 
the shown interaction between MMT and the polymer matrix. The fact 
that a reduced 𝐸A is measured for the samples with the lowest perme-
ation coefficient indicates that the tortuosity has more influence on the 
permeation coefficient than changes in the polymer matrix.

3.7. Oxygen barrier

The results for 𝑃meas for oxygen followed the trends that were ob-
served for helium and hydrogen permeation (Fig. 8A). The 𝐵𝐼𝐹 s for 
a 3:1 mixing ratio were constantly lower than those for a 1:1 mixing 
ratio. The deviations of the measured values from the calculated val-
ues according to Eq. (10) were positive for PP-, PCS-, and PVA-based 
coating layers and negative for PAD-based coating layers for the afore-
mentioned reasons. The overall best barriers were achieved for PCS-
and PVA-based composites with a mixing ratio of 1:1.

The oxygen molecule was the largest permeating non-polar gas com-
pared with the helium atom and the hydrogen molecule, which con-
sequently led to the lowest permeability coefficients (Fig. 9). This is 
exemplified by the permeability coefficients of the PVA-ref samples. The 
coefficient for helium was 2.5 × 102 cm3 (STP)1μm

m2 dbar
, that for hydrogen was 

4.9 × 101 cm3 (STP)1μm
m2 dbar

, and that for oxygen was 1.1 × 10−1 cm3 (STP)1μm
m2 dbar

. 

After adding 50wt% MMT, the coefficients decreased to 5.1 cm3 (STP)1μm
m2 dbar

for helium, 1.2 cm3 (STP)1μm
m2 dbar

for hydrogen, and 4.2 × 10−3 cm3 (STP)1μm
m2 dbar

for oxygen.
Table 6 shows the activation energies for oxygen permeation. The 

values of 𝐸A showed no substantial changes for PP- and PAD-based 
polymer matrices when MMT particles were added to the lacquer recipe. 
For the PCS- and PVA-based composites the values of 𝐸A decreased 
with increasing MMT content. Hence it is also valid for oxygen that 
the permeability coefficient decreases with integration of MMT even 
if the activation energy for permeation decreases. This indicates that 
even when the energy for permeation along a diffusion path is reduced, 
the elongation of the diffusion path is the determining factor for the 
resulting permeability coefficients.

3.8. Water vapor barrier

It is immediately apparent that the trends observed for the non-polar 
gases differ considerably for water vapor (Fig. 8B). The 𝑦-axis is no 
longer logarithmically scaled. The 𝐵𝐼𝐹 values are now very low for all 
polymer matrices, not only for PAD-based coatings. All measured per-

meability coefficient deviate strongly from the calculated values. For 
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Fig. 8. Oxygen (A) and water vapor (B) permeability coefficients of the coating layers of the four different polymers (PP, PAD, PCS, and PVA) and their composites 
with mixing ratios of 3:1 and 1:1 with MMT. The measurement conditions for oxygen and water vapor permeability were 23 ◦C/50%RH and 23 ◦C/80%RH, 
respectively. The orange dots represent the 𝑃cal values according to Eq. (9). The transparent blue bars show the barrier improvement factors (𝐵𝐼𝐹 s) for the 
respective mixing ratio according to Eq. (11) (right y-axis).
Fig. 9. Permeability coefficients as a function of the gas kinetic diameter for 
helium (2.60Å), hydrogen (2.89Å), and oxygen (3.46Å). The dotted (reference 
coatings) and dashed (mixing ratio of 1:1) linear trend lines plotted for the 
reference and composite coatings, respectively, indicate the correlation between 
the gas permeability coefficients and gas kinetic diameter.

example, the 𝐵𝐼𝐹 s of PVA composites with mixing ratios of 3:1 and 
1:1 were 6.4 and 26 for oxygen and only 1.9 for water vapor in both 
cases. Indeed, the measured 𝐵𝐼𝐹 s for the 3:1 and 1:1 mixing ratios 
were in the same range for all the matrix materials. This indicates that 
the permeability of water vapor through composites with MMT are not 
primarily determined by the tortuosity as is the case for the non-polar 
gases. The barrier performance of the coating layers against the non-
polar gases was additionally supported by changes in the polar matrix, 
as indicated by the positive deviation values. For water vapor perme-
ation, the 𝐵𝐼𝐹 values did not differ significantly between the polymer 
matrices and the values were distinctly lower than expected due to tor-
tuosity. This indicates that even when the particles were distributed 
homogeneously, which was the case for PP, PCS, and PVA, the pos-
sible barrier improvement due to tortuosity was not achieved. Water 
vapor was the only polar permeant investigated in this study regard-
ing permeability through the composites. MMT also has a high polarity. 
The similarity of their polarities is one of the reasons why the MMT 
particles are permeable to the small water molecules (2.65Å), and the 
MMT particles might absorb the water molecules. The phenomenon that 
the absorption of water molecules takes place from MMT particle to 
MMT particle in the permeation direction was suggested to be called the 
“polar path effect” by Sankaran et al. [73] and was already described 
by Nielsen [25]. The permeation of water molecules along these polar 
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paths is assumed to be induced by capillary driving forces next to the 
concentration gradient [74,75]. Due to its absorption property, the sol-
ubility coefficient for water vapor increased in composites when MMT 
was added to the polymer matrices [76].

The abovementioned permeation mechanism for water vapor, which 
is not dominated by the tortuous path effect, is the reason why 𝐵𝐼𝐹 s 
in silicate-based polymer composites are usually quite low [77,78], as 
also observed in this study.

4. Conclusion

Composite barrier lacquers based on platelet-shaped MMT and aque-
ous polymer lacquers were prepared. The polymer matrix materials 
tested were polypropylene (PP), polyacrylate (PAD), polycarboxylic 
acid (PCS), and polyvinyl alcohol (PVA). The prepared composite lac-
quers were coated on PET films and the barrier properties against he-
lium, hydrogen, oxygen, and water vapor were investigated.

The study aimed to investigate the influencing factors for gas and 
water vapor permeation through the coated films. These factors include 
the interaction between the polymer matrix and MMT, the orienta-
tion of the MMT particles in the coating layer, the change in polymer 
crystallinity due to its mixing with particles, the permeant type, and 
the tortuosity. The effect of the tortuosity factor was investigated by 
comparison of calculated and measured values of permeation, while 
the calculations were based on the tortuous path theory developed by 
Nielsen [25].

It was found that the addition of MMT to the aqueous polymers in-
creases the viscosity of the lacquers and adds a shear-thinning property. 
The shear-thinning effect at shear rates from 3 to 3000 1

s was most pro-
nounced for composites with PVA (reduction of viscosity from 479 to 
16.0mPa s) and PCS (from 680 to 9.39mPa s), indicating the strongest 
interaction for those polymer matrices with MMT in the liquid state. 
For the dried state, it was confirmed via peak shifts in the FTIR spec-
tra that the interaction of MMT and polymer in the form of hydrogen 
bonds is only apparent for PCS and PVA. These two polymer matrices 
are indeed the ones in which the orientation of the platelets was more 
parallel (alignment angle of 10.6 to 14.2°) to the surface in comparison 
with PP and PAD (alignment angle of 17.7 to 23.2°). For PP- and PAD-
based composites, no indication of interaction with MMT was found. 
Consequently, the barrier properties of PCS- and PVA-based composites 
outperformed those of the PP- and PAD-based composites. The helium 
permeability coefficients of the 1:1 mixtures of polymer and MMT for 
PP and PVA, which are 1.7 × 103 and 5.1 cm3 (STP)1μm

m2 dbar
, respectively, are 

given here as examples. These correspond to barrier improvement fac-
tors of 21 and 49 for PP and PVA, respectively, when 50wt% MMT are 
added to the coating layer. The permeability coefficients were found to 

be highest for the smallest permeant, the helium. The deviation from 
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the calculated values was found to be highest for the smallest perme-
ants, helium and hydrogen. The fact that the deviation was found to be 
positive in the case of PP, PCS, and PVA matrix materials indicates that 
the addition of MMT not only leads to an elongated diffusion path but 
also to advantageous changes in the polymer matrix, leading to an even 
better barrier performance than predicted.

The findings in this study expand the understanding of mechanisms 
of permeation through composite coating layers and will be of help in 
developing applications for this technology of wet composite barrier 
coatings. The coating formulations are to be adapted according to the 
requirements towards gas barrier, flexibility, sealability, or moisture re-
sistance. The results of this study provide guidelines on how the gas 
barrier of the coating layer can be improved. If the requirements allow 
a high MMT concentration (up to 50wt%), it is advisable to use water-
based coatings, which gives the possibility to integrate MMT at higher 
concentrations. The MMT content has a stronger effect on the barrier 
of the coating layer than the orientation of the particles. It is also rec-
ommended to have polymer matrices with a surface energy of above 
50 mN

m (polar content above 20 mN
m ), as this opens up the possibility of 

interactions with MMT.
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