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ABSTRACT: A comprehensive study of H,, CO,, O,, and N, transport in Permeation Test H, storage

a semicrystalline polyoxymethylene copolymer (POM-C) was conducted CO, 46bar

using the manometric time-lag method on 100 ym and 1 mm samples in o, N, @ ., &
the range —10 to 80 °C and 4—6 bar. Permeability, diffusivity, and solubility

coefficients were determined, revealing CO, as the most permeable gas, o) ) H, and CO, transport
followed by H,, O,, and N,. The enhanced CO, permeability is attributed |7 ¢ « U POM-C

to favorable interactions with the ether groups in the polymer. POM-C | & 1 :\ o

showed excellent hydrogen barrier performance (0.44 Barrer at 20 °C and | * \' < 2

0.04 Barrer at —10 °C) and good CO, barrier properties (1.6 Barrer at 20 0.1 \'\\\-\‘ o Selective packagmg
°C and 0.215 Barrer at —10 °C). The results indicate the potential of POM- e ° ). @

C for hydrogen and carbon dioxide storage and transport, suggesting that | oo e Co f M
further investigation under higher-pressure conditions would be valuable to 23 10303 /T[?;(] 3638 o ad

verify its suitability in such applications. The comparison between the two
thicknesses indicates that hydrogen transport is minimally affected by the sample thermal history, whereas the other gases display
moderate variations consistent with different crystallinity levels. POM-C also exhibits high CO,/O, perm-selectivity (~34 at 20 °C),
indicating potential for packaging applications requiring controlled oxygen ingress and moderate CO, exchange, particularly for
moisture-sensitive products.

KEYWORDS: polyoxymethylene, barrier polymers, gas permeation, gas diffusion, gas sorption, packaging, gas storage and transport

1. INTRODUCTION dioxide storage and transport. In hydrogen storage for fuel
cell electric vehicle onboard systems, materials must combine
excellent gas barrier properties with sufficient mechanical
strength to withstand pressures up to 700 bar and repeated
pressure fluctuations and temperature cycles associated with
loading and withdrawal.'”"*> Within this framework, Type IV
hydrogen storage tanks feature a semicrystalline polymer liner

that forms the primary structure of the vessel, providing an

The study of gas transport in polymers has gained significant
importance due to their broad use in separation membranes,
selective packaging, and gas barrier liners for transport and
storage.l_4 In these applications, optimizing performance
requires a detailed understanding of polymer properties and
precise control over their microstructure. Semicrystalline
polymers are distinguished among polymer classes by their

coexistence of crystalline and amorphous phases, which impart effective barrier against gas permeation while siul]istantially
transport properties unlike those of purely glassy or rubbery reducing weight compared to metallic designs.” " In this
materials. In particular, the amount and distribution of framework, high-density polyethylene (HDPE) was initially
crystalline regions, which are essentially 1mpermeable to gas, employed for its high crystallinity (60—70%), which creates a
result in a reduction in overall permeability.’~’ This significant tortuous path, slowing hydrogen diffusion. How-
heterogeneous morphology not only allows fine-tuning of ever, its relatively high hydrogen permeability and suscepti-
permeability and selectivity through control of microstructure bility to blistering under high pressure have revealed
and crystallinity but also enhances thermo-mechanical limitations in its long-term performance.'*'® These drawbacks
re51stance, broadening their suitability for demanding applica- have led to the adoption of polyamide 6 (PA6) as the state-of-
tions.”” Owing to these unique physicochemical features, the-art polymer liner.'” The strong intermolecular hydrogen
semicrystalline polymers are increasingly employed in

advanced technologies, particularly in gas barrier systems Received: October 14, 2025 e
such as in packaglng applications (i.e., Modified Atmosll)here Revised:  January 30, 2026 ‘
Packaging, MAP)"? or gas liners in pipelines or vessels.' Accepted: February 2, 2026

1.1. Pure Gas High-Pressure Barrier Published: February 10, 2026

High-performance barrier polymers are critical in demanding

applications, such as high-pressure hydrogen and carbon
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bonding in PA6 significantly enhances mechanical resistance,
reduces gas permeation, and provides superior thermal
stability—the latter reflects in its higher melting temperature
(~230 °C vs ~130 °C for HDPE).'"®' However, its
hygroscopic nature still raises concerns about compromises
in mechanical intezgrity and barrier performance due to relevant
moisture uptake.”” >* In the context of carbon capture,
storage, and transport, the operating pressures are lower than
in hydrogen storage (typically 100—400 bar).”* Nevertheless,
these applications require polymer materials that combine high
chemical resistance with long-term stability to withstand the
corrosive environment associated with supercritical CO, and
resist plasticization. Fluoropolymers such as ETFE, PVF, and
polyvinylidene fluoride (PVDF) are particularly well-suited to
these conditions, as their robust C—F bonds provide
exceptional chemical durability and sustained performance in
the presence of supercritical CO, and associated impurities.”*
However, their widespread use is discouraged by costly
synthesis processes and environmental concerns related to
the persistence and toxicity of fluorinated compounds.”

1.2. Selective Barrier: Modified Atmosphere Packaging
Packaging and food packaging are other fields of application of

very high importance for barrier polymers which even if less
demanding in terms of operative conditions still pose
challenges in the properties of materials. As an example,
beyond high-pressure pure gas barriers, MAP needs to achieve
a selectively permeable barrier tailored to the specific
respiration rate of the packaged commodity.”* The
effectiveness of MAP, therefore, depends on the relative
permeabilities of the primary gases involved—O,, N,, and
CO,—which regulate gas exchange, thereby controlling the

internal atmosphere to preserve quality and extend shelf
life:26:27:31,32

e Carbon dioxide inhibits microbial growth and slows
respiration, making it particularly effective for meat,
poultry, fish, and dairy. However, excessive CO, can
cause off-flavors and package collapse due to absorption.

Oxygen supports aerobic respiration in fresh produce
and helps preserve the red color of raw meat, but high
levels can accelerate oxidation and microbial spoilage.
For low-respiring or processed foods, oxygen should be
minimized.

Nitrogen, an inert gas, displaces oxygen and prevents
package collapse. It is commonly used in dry foods to
reduce oxidation.***>**

Typical selectivity ratios are in the range of 3—6 for CO,/0,
and greater than 1 for O,/N,.***”*>* Polymers frequently
employed in MAP include poly(vinyl chloride) (PVC),
polyethylene terephthalate (PET), polypropylene (PP), and
polyethylene, which are suitable for fresh products with
relatively high respiration rates. For low-respiring commodities,
materials with lower gas permeability, such as polyvinylidene
chloride (PVDC) and PAs, are more appropriate.”®*”**
Additionally, specialized materials such as ethylene vinyl
alcohol (EVOH), PVDC, PVF, PVDF, and PET offer superior
permeability control and environmental resilience.”**”

1.3. Polyoxymethylene

Polyoxymethylene (POM) has emerged as a highly promising
material for a variety of applications. It combines exceptional
mechanical, chemical, and tribological properties,‘%g’*?’9 exhibit-
ing the highest rigidity and strength among unreinforced
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engineering polymers and effectively bridging the performance
gap between polymers and metals.”” This combination of
properties has enabled its use in precision engineering
components such as gears, bearings, fasteners, and valves as
well as in automotive parts, electrical connectors, and
consumer appliances. Its intrinsic biocidal activity, derived
from the controlled low release of formaldehyde, certified to
remain well below established specific migration limit of 15
mg/kg,*' may provide additional benefits in sterile packaging
by actively reducing microbial contamination and enhancing
hygiene and safety beyond those offered by conventional
passive barriers.”” POM typically exhibits a crystallinity
between 50 and 60% and melts at temperatures ranging from
160 to 170 °C,"***** placing its thermo-mechanical resistance
comfortably between those of HDPE and PA6."® Its dense
amorphous phase, with a density of 1.23 g/cm®—higher than
that of PA6—suggests strong potential as an effective barrier,"”
while its low water uptake (0.2—0.8 wt %) offer resistance to
swelling and plasticization that could otherwise degrade
performance over time. Furthermore, POM demonstrates
excellent chemical stability, resisting a wide variety of
substances, including supercritical CO,.*® Its moderate cost
and absence of fluorine offer additional environmental benefits,
simplifying recycling and enhancin§ sustainability relative to
many fluoropolymer alternatives.””** Despite these advantages,
the homopolymer form (POM-H) has limitations, particularly
UV-induced degradation via a chain “unzipping” mechanism,
which can lead to embrittlement and mechanical failure over
time.*” The copolymer polyoxymethylene copolymer (POM-
C) incorporates small amounts of ethylene oxide units along
the chain. This slightly disrupts molecular order and reduces
crystallinity, yet in doing so, it stabilizes the polymer by halting
the unzipping process, enhancing resistance to UV radiation,
oxidation, and harsh environmental conditions while largely
preserving the mechanical integrity of the homopolymer.
These features naturally favor the use of POM-C in
applications where long-term stability is critical, compared
with the homopolymer.>”’

Although POM-C exhibits a range of promising character-
istics, its gas transport properties have remained insufficiently
characterized. Existing studies primarily report few perme-
ability values at ambient temperature for gases such as oxygen,
nitrogen, and carbon dioxide,””**%! with little to no
information on temperature dependence, the influence of
processing conditions (e.g, thickness), and the separate
contributions of diffusivity and solubility. Moreover, to the
best of the authors’ knowledge, no data are currently available
on hydrogen permeation. This lack of information hinders a
comprehensive evaluation of gas transport behavior in POM-C
and underscores the need for targeted experimental inves-
tigation. Accordingly, this study aims to address this gap by
systematically examining the permeation, sorption, and
diffusion of hydrogen, carbon dioxide, oxygen, and nitrogen
in POM-C at pressures between 4 and 6 bar and temperatures
ranging from —10 to 80 °C. Two samples of different
thicknesses (a 110 ym film and a 1 mm slab), each reflecting
unique processing histories and morphologies, were examined
to assess the impact of processing conditions on transport
properties. This study aims to provide a comprehensive
understanding of the gas transport behavior of POM-C,
positioning its performance within the broader context of
semicrystalline polymers and evaluating its potential as an
alternative material for gas barrier and packaging applications.

https://doi.org/10.1021/acsapm.5c03855
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Figure 1. Images of the POM-C slab (1 mm) and the hot-melted, pressed film (110 pum), along with the chemical structure of the POM-C

monomer.

2. THEORETICAL BACKGROUND

The extent to which a material permits or impedes gas
transport can be quantified by its permeability, defined as the
ratio of the gas flux to the pressure gradient across the material
thickness. More in detail, when a pressure difference Ap is
applied across a material sheet of thickness L, a constant flux
per unit surface, J;, is established at the steady state, leading to
the following expression:
A
) =PF

L (1)

where P is the permeability coefficient or simply the gas
permeability of the membrane. In the context of dense
polymeric materials, permeation follows the solution-diffusion
mechanism;* consequently, the permeability can be expressed
as the product of the sorption and diffusion coefficients:

P=SD (2)

Indeed, while eq 1 describes the steady state condition, the
transient process strictly depends on the diffusion coefficient
and can be described through the analytical solution of the
local mass transport equation with appropriate boundary
conditions.>” In this framework, for the specific case in which
the upstream interface is kept at a constant concentration C,
while the downstream concentration and the initial concen-
tration in the overall material domain are equal to zero, the
number of permeated moles per unit area, Q, in the time
interval of (0; t) can be expressed as

2
t)
(3)

LC, 2~ T Dn’z
f— 2 — =Y — exp| —
6 z” nz:; n’ Xp( L

As time goes to infinity, a steady state is attained, and the
expression simplifies to

N _GD, LG,
bs T 6

(4)

From the slope of eq 4, also defined as the steady state molar
flux (J, = dQ,,/dt), it is possible to calculate the permeability
coefficient P accordlng to eq S, while the diffusion coeflicient,
D, can be extracted from the Q,-axis intercept through eq 6: st

_dQ,
Tt Ap )
12
P e ©
where 7 represents the time lag.
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Finally, the solubility coefficient S can be estimated either
from the ratio of P and D (eq 2) or, alternatively, from eq 4
using its definition as the ratio of the penetrant concentration
in the membrane, C,, to its partial pressure in the gas phase
(p), as follows:

_ 6Qt,s|t:0
(7)

(8)

The temperature dependence of the permeability, diffusivity,
and solubility coefficients is typically expressed through
Arrhenius equations:>

(B

F=5 Xp( RT) ©)
ED

D=0 ex"(_ﬁ) (10)

~ _ AH

S_S"eXP( RT) (11)

where R is the gas constant, Py, Dy, and S, are the pre-
exponential factors corresponding to a temperature approach-
ing infinity. Term Ep represents the activation energy for the
permeation which is the sum of the activation energy of the
diffusion, Ep, and the enthalpy of sorption, AHg. While the
diffusivity of gases in polymers always increase with temper-
ature, as reflected by positive Ep, values, the solubility can
increase or decrease with temperature, depending on the
balance between condensation and mixing enthalpies.”® For
instance, while the solubility of larger, highly condensable gases
like carbon dioxide decreases with rising temperature, small,
incondensable gases such as hydrogen have been reported to
exhibit positive AHj values, indicating an increase in solubility
with temperature.>

The permeability of a material is the key parameter in
controlling gas transport. In compressed gas storage,
minimizing P is essential to reduce leakage to the atmosphere,
which requires leveragmg both solubility (S) and dlffuswlgr
(D). In MAP applications*® and gas separation processes,
instead, the goal extends to controlling the relative transport of
different gases—enhancing the passage of some while
restricting others. Therefore, the focus shifts to optimizing
the perm-selectivity, ap;, defined as the ratio of the
permeability of the more permeable gas i to that of the less
permeable gas j:

https://doi.org/10.1021/acsapm.5c03855
ACS Appl. Polym. Mater. 2026, 8, 26192631
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P
Pj

_DiSi _
D

Opjj = Op, j ds,ij

(12)

Once again, it is possible to distinguish the solubility
selectivity ag; and diffusivity selectivity ap; Eq 12 is
commonly referred to as the ideal selectivity, as it is based
on pure-gas permeability measurements and therefore may not
accurately represent the real separation performance of a given
membrane under mixed-gas conditions. Nevertheless, it is
typically used as a reference parameter to compare the
behavior of different materials in preliminary assessments, such
as the one presented in this study.

3. MATERIALS AND METHODS

3.1. Materials

POM-C was supplied by Alt-Intech (Alt-Technischer Handel GmbH)
as a 1 mm thick slab. A thin film with a thickness typical of packaging
applications (110 ym) was produced from the same material by
mechanically reducing the slab into small fragments, hot-melting, and
pressing the resulting pieces at 200 °C (T, = 168 °C) in a Carver
Model C laboratory press (1S tons, 15.2 X 15.2 cm platens). Both the
as-received slab and the processed film were characterized to evaluate
the effect of processing-induced morphology and thickness on gas
transport properties. Images of the two circular specimens are shown
in Figure 1. The chemical structure of the POM-C monomer, also
reported in Figure 1, consists of methylene oxide (k) and ethylene
oxide (m) repeating units. POM-C, therefore, spans the compositional
range between the polyoxymethylene homopolymer (POM-H, m = 0)
and poly(ethylene oxide) (PEO, k = 0). However, with a typical m/k
molar ratio of approximately 2%, POM-C is structurally much closer
to POM-H.

3.2. Density and Crystallinity

The mass degree of crystallinity X_ and the melting temperature T, of
both samples were measured using a differential scanning calorimeter
(DSC) equipment (TA INSTRUMENTS, DSC Q10). The analysis
was conducted according to the following procedure: a sample of
about 20 mg was cut in the form of a circular disk with diameter equal
to S mm and placed in the sample holder, to be tested under a
nitrogen flow rate of 20 cm®/min with a heating ramp of 10 °C/min,
going from —50 to 200 °C. During the heating, the heat flux absorbed
by the material was measured, allowing for the estimate of the melting
temperature and the heat of melting, AH,,. The mass crystallinity was
finally evaluated through the following equation:>

AH,,
X, =
AH,

(13)

where the heat of melting of the fully crystalline material, AH,, was
taken equal to 317.93 J/g.”

The density of the semicrystalline materials p was measured at
ambient conditions (1 bar, 20 °C) through Archimedes’ principle by
using reagent-grade acetone (>99.5%, Sigma-Aldrich) as the
immersion fluid.®'

3.3. Permeation Tests

The gas transport properties of POM-C samples were characterized
by single-gas permeation tests, using high-purity gases (>99.9%, CO,,
H,, O, N,) purchased from Fluido Tecnica S.A.S. Measurements on
the film were performed in the temperature range of —10—80 °C for
H, and CO, and 20—80 °C for O, and N,. Due to time constraints,
only a limited set of tests were carried out on the slab, in the range of
30—50 °C, to assess whether the different processing conditions (and
the resulting crystallinity differences) affect the transport properties of
the gases investigated. The fixed-volume manometric permeation
apparatus, already described in a previous work,'” is housed in a
compressor-cooled incubator (Memmert ICP110), allowing measure-
ments down to —12 °C, and comprises two calibrated volumes
separated by a permeation cell. The upstream volume, connected to
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the gas reservoir, is loaded with gas at the desired pressure, while the
downstream volume is kept in static vacuum and connected to a low-
pressure manometer, used to monitor the increase of pressure
corresponding to the permeating number of moles per unit area. A
gastight contact between the upstream side of the cell and the sample
is ensured by a rubbery O-ring, while the downstream side of the cell
is supported by a sintered filter (1.5 cm diameter) with negligible
resistance to gas flow, which provides mechanical support against the
upstream pressure. Both the upstream and downstream sides are
connected to the Edwards Rotary Pump RVS for vacuum generation
and the purge line, which is equipped with a Bunsen burner to
combust excess flammable gases after each experiment. The upstream
pressure is measured using a high-pressure manometer (DRUCK
Leicester PTX1400 EX-0129), with an accuracy of 0.01 bar and a
range of 0—6 bar, while the downstream pressure is monitored with a
low-pressure capacitive manometer (Setra Model 730), featuring an
accuracy of 0.01 mbar and a range of 0—100 mbar. Circular specimens
(2.5 cm diameter) obtained from the pristine slab and the film
(shown in Figure 1) were mounted in the permeation cell. Before
testing, the whole system was subjected to dynamic vacuum
conditions for varying durations, up to 5 days for the slab, to remove
any residual adsorbed gases. A leak test was then performed by
monitoring the downstream pressure increase in static vacuum to
ensure that the system was leak-proof and that the sample did not
release any residual substance. The test began by filling the upstream
side with the desired gas up to the experimental pressure while the
downstream pressure was recorded over time. Since the upstream
volume is significantly larger than the downstream volume, the
upstream pressure remained practically constant throughout the test.
On the other hand, after the time lag has elapsed, the downstream
pressure began to increase steadily, but it remained negligible (several
orders of magnitude lower) with respect to the upstream pressure, so
that eqs 3—5 were applicable. Due to the low-pressure regime, ideal
gas conditions hold true, allowing the conversion of the downstream
pressure py to the number of permeating moles per unit area Q at a
given time through the ideal gas law:

BV

t " ART (14)

where Vj is the downstream volume, A is the permeation area,
which is taken equal to the area of the sintered filter, R is the ideal gas
constant, and T is the temperature. Then, the permeability, diffusivity,
and solubility coefficients were calculated by using egs S, 6, and 2,
respectively. Hydrogen permeation measurements on two POM-C
film specimens at 30 °C were used to estimate the relative standard
deviations of the measured properties, denoted as &,(P), &,(D), and
£,(S), which resulted to be rather limited and in the order of 1%, 6%,
and 7%, respectively, for permeability diffusivity, and solubility. These
values were subsequently used as reference uncertainties for all tests
performed at different temperatures and with other gases.

4. RESULTS AND DISCUSSION

4.1. Material Characterization

Figure 2 shows the DSC curve of POM-C samples, illustrating
the normalized heat absorbed per unit time and mass as a
function of temperature. The resulting measured crystallinities
and the density are summarized in Table 1 and compared to
the literature reference, showing substantial agreement.

The DSC results indicate that the thin films melt at a slightly
lower temperature (T, &~ 164 °C) with a higher, sharper peak,
consistent with a uniform crystal population. In contrast, the
thick slab shows a broader, lower intensity melting peak
centered at T,,, & 168 °C, indicative of a wider distribution of
thicker crystals. This behavior reflects more developed
crystallization in the bulk, whereas the film is likely dominated
by surface-driven crystallization due to its thin geometry and
faster cooling. Ultimately, the higher heat of fusion of the slab

https://doi.org/10.1021/acsapm.5c03855
ACS Appl. Polym. Mater. 2026, 8, 2619—2631
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Figure 2. DSC curves of POM-C samples: film (red) and slab (blue).

Table 1. Properties of POM-C in Film and Slab Forms
Compared with Literature Data

this work (T.W.)

property film slab literature data
melting temperature (°C)  164.1  167.5 165 (Jiao et al.**)
melting enthalpy (J/g) 1443 1579
mass crystallinity (%) 45.4 S0 50 (Kongkhlang et al.**)
51 (Jiao et al.**)
density (g/cm®) 141 1.41-1.51 (Fink®")

compared to the film denote a slightly greater overall mass
degree of crystallinity.

4.2. Permeation Test Results

The permeability, diffusivity, and solubility coefficients for the
film and slab samples at all investigated temperatures following
the procedure described in Section 3.3 are summarized in
Table 2. For illustration, representative experimental perme-
ation curves for the slab sample at 30, 40, and 50 °C are
displayed in Figure S1 of the Supporting Information. The
latter provides clear insights into the transport behavior of the
investigated gases. Hydrogen exhibited a very short time lag
(less than 2 h); the slab thickness allows a careful and more
precise detection of the time lag for such fast gases, especially
at higher temperatures. In contrast, the other gases required
significantly longer times to reach a steady state (approx-
imately 10—30 h), making these measurements considerably
more time-consuming. A clear temperature dependence is
evident for all gases, reflecting the rate of diffusion through the
membrane.

The observed trend of permeability followed the order Pcq,

> Py, > Po, > Py, which aligns with typical behavior reported

for these classes of materials.”®*®* Carbon dioxide exhibits a
permeability approximately four times higher than that of
hydrogen, primarily due to its sorption coefhicient, which is
nearly 2 orders of magnitude greater. Oxygen and nitrogen
exhibit permeabilities about 1 order of magnitude lower than
that of hydrogen, with oxygen permeability always higher than
that of nitrogen.

Notably, the hydrogen permeability values are nearly
identical for the film and the slab. Differences in crystallinity
affect the diffusion path length of the molecule (tortuosity)
compared to that of its free path. However, since hydrogen has

Table 2. Permeability, Solubility, and Diffusivity Coeflicients of CO,, H,, O,, and N, in POM-C for the 100 gm Film and the 1

mm Slab in the Pressure Range of 4—6 bar”

T [°C] P [Barrer] D [107 cm?/s] S [10* em’gpp/cm® cm Hg]
gas film slab film slab film slab
CO, -10 0.215 0.0084 25.53

0 0.410 0.0229 17.90
20 1.66 0.14 12.01
30 2.63 1.60 0.22 0.12 11.84 13.36
40 4.06 2.20 0.51 0.23 8.03 9.58
S0 5.73 3.51 0.75 0.44 7.71 7.71
80 21.08 4.16 5.06
H, -10 0.04 0.549 0.07
0 0.10 1.15 0.10
20 0.44 3.00 0.15
30 0.60 0.52 3.70 3.40 0.16 0.15
40 1.01 0.84 5.67 4.90 0.18 0.17
NU 1.60 1.38 6.45 7.20 0.25 0.19
80 3.6 11 0.33
o, 20 0.049 0.134 0.37
30 0.098 0.08 0.296 0.20 0.33 0.40
40 0.182 0.113 0.572 0.36 0.32 0.36
NV 0.322 0.23 1.06 0.68 0.31 0.34
80 2.08 7.06 0.29
N, 20 0.014 0.06 0.23
30 0.033 0.07 0.15 0.17 0.22 0.43
40 0.061 0.12 0.30 0.30 0.20 0.39
50 0.138 0.21 0.88 0.59 0.16 0.36
80 0.975 7.32 0.13

“The relative errors are &,(P) = 1%, £,(D) = 6%, and £,(S) = 7%.
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Figure 3. Temperature dependence of permeability, diffusivity, and solubility coefficients for CO,, H,, O,, and N, in POM-C. Experimental
measurements for the film (110 ym, red dots) and the slab (1 mm, blue dots). Arrhenius fitting lines are obtained using eqs 9—11 (solid lines);

parameters are reported in Table 3.

2624 https://doi.org/10.1021/acsapm.5c03855
ACS Appl. Polym. Mater. 2026, 8, 2619—2631


https://pubs.acs.org/doi/10.1021/acsapm.5c03855?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c03855?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c03855?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsapm.5c03855?fig=fig3&ref=pdf
pubs.acs.org/acsapm?ref=pdf
https://doi.org/10.1021/acsapm.5c03855?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Polymer Materials

pubs.acs.org/acsapm

Table 3. Arrhenius Parameters for CO,, H,, O,, and N, in POM-C, Obtained Using eqs 9—11 on Table 2 Data (Film and Slab)

0
P, [107° Barrer] E, [kJ/mol] Dy [cm?/s] Ey [kJ/mol] [10° cm®gpp/cm® em Hg] AH; [k]/mol]
film slab film slab film slab film slab film slab film slab

CO, 13.76 0.49 39.20 31.92 27.90 15.51 52.73 52.89 49.24 3.09 —13.53 —-21.04

H, 3.03 3.61 39.13 39.73 0.0089 0.06 25.65 30.54 32,557 6852 13.35 9.63

0O, 158.9 1.98 53.5 42.95 154.1 7.51 56.49 49.80 101.4 28.54 -3.04 —6.64

N, 928.3 3.52 60.78 44.72 12,422 8.72 69.20 50.61 7.44 24.26 —8.42 —7.24

very high mobility, the slightly greater crystallinity of the slab
(~50% vs ~45%) does not significantly affect the diffusivity. As
a result, hydrogen permeability is practically independent of
sample thickness, meaning that thin-film measurements can
reliably represent hydrogen transport in thicker liners, i.e.,
those required for high-pressure storage applications. On the
other hand, for the other gases, permeability differences
between the film and the slab are more evident, particularly for
CO,. Larger molecules already diffuse slowly through the
amorphous phase; therefore, their transport is more strongly
affected by the tortuosity introduced by crystalline regions,
making the impact of crystallinity more pronounced. The
higher crystallinity of the slab, therefore, leads to a reduction of
the diffusivity and ultimately permeability of CO, and O,
compared to the film. The opposite trend observed for N,
represents an outlier and is likely attributable to experimental
variability or incomplete degassing during slab equilibration,
which may result in a marginal overestimation of the
permeability. The pronounced difference in solubility observed
for this gas further corroborates this hypothesis. Despite this
uncertainty, the overall observed differences are modest,
indicating that the transport properties of the two samples
are similar, notwithstanding differences in their processing
histories. A more detailed analysis of these results will be
provided in later, when the experimental values for POM-C
film are compared with those of other polymers.

Permeability increased with temperature for all gases
primarily due to enhanced diffusivity. Solubility decreased
with temperature for CO,, O,, and N,, while hydrogen showed
the expected opposite trend.'”** A more detailed analysis of
the temperature dependence of permeability, diffusivity, and
solubility coefficients is presented in Figure 3, where the
experimental data were fitted using Arrhenius relationships
(eqs 9—11) to extract pre-exponential factors and activation
parameters for each gas in both types of samples.

The Arrhenius fits confirm the expected temperature
dependence with diffusivity being the dominant factor,
governing the increase in permeability with temperature. The
quality of the fit is excellent for permeability and diffusivity,
with a minimum R? value of 0.98. For the sorption coefficient,
however, the fit quality is slightly lower because the calculation
of S from the ratio of P and D amplifies experimental errors;
nevertheless, the R* coefficient remains at least 0.85. The fitted
parameters are reported in Table 3.

The comparison of transport behavior among gases and
between the two samples relies primarily on the activation
energies since the pre-exponential factors are intrinsically
subject to large variability. In this context, carbon dioxide and
hydrogen exhibit comparable activation energies for perme-
ation, both lower than those of oxygen and nitrogen. However,
the contributions of diffusion and sorption to E, differ
significantly among the two gases. The high activation energy
of diffusion of CO, is compensated by a strongly negative
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enthalpy of sorption, which lowers the overall activation energy
of permeation. In contrast, for hydrogen, the temperature
dependence of permeability is mainly driven by the low
activation energy for diffusion since its enthalpy of sorption is
positive. This positive value reflects the comparatively minor
contribution of endothermic condensation to the overall
sorption enthalpy, relative to the other gases.”* Comparing
the two samples, the film exhibits higher activation energies of
permeation than the slab (except for H,), indicating more
thermally activated transport. This is consistent with the slab
having a slightly higher degree of crystallinity, which reduces
the temperature sensitivity of permeation. Hydrogen is the
exception, as its small size makes its transport less affected by
microstructural differences, as already stated.

4.3. Gas Barrier Performance

This section presents a comparative analysis of gas transport in
POM-C (film) and other barrier polymers to contextualize
POM-C’s performance within the broader landscape of
polymers with permeability plotted against molecular kinetic
diameter (d;) in Figure 4. Subsequent figures separate
permeability into diffusion and sorption contributions, with
diffusivity plotted against the kinetic diameter (Figure S) and
sorption against the gas critical temperature (Figure 6). This
breakdown is commonly used in literature to compare the
value of these quantities for different gases while underlining
their different character, mainly kinetic for diffusivity and
thermodynamic for solubility.*”® The charts provide further
insight into the transport mechanisms, showing how trends
across different materials can reveal insights into the influence
of their structural and chemical variations on gas transport
behavior.

The results obtained in this work for the POM-C film are in
the same order of the literature values for a general POM,*®
confirming its low permeability across all gases. The polymer
exhibits excellent hydrogen barrier performance comparable to
established engineering polymers such as PVDF and PAS6.
While EVOH remains the polymer with the highest intrinsic
barrier properties, its sensitivity to moisture restricts direct
structural use, so it is typically employed in multilayer
systems.”" POM-C combines good barrier performance with
low water uptake, making it a promising alternative for high-
pressure hydrogen storage, though its structural integrity under
high-pressure conditions should be carefully assessed.

Regarding carbon dioxide, POM-C exhibits moderate barrier
performance, with permeability values significantly lower than
those of FEP, ETFE, and PTFE. This combined with its
excellent compatibility with dry, humid, and supercritical CO,
as well as with carbonic acid highlights its potentiality for
carbon capture, storage, and transport systems.46’ T
Furthermore, its nonfluorinated backbone offers a more
sustainable alternative, reducing environmental impact while
enhancing applicability in mechanical support components and
moving parts such as gears, rollers, guides, low-pressure valves,
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and actuation mechanisms, thanks to its excellent wear
resistance.’’ Across the other gases (O, and N,), POM-C
maintains good barrier properties, reinforcing its versatility in
multi-gas environments. Its balanced permeability profile,
combined with humidity resistance and mechanical robustness,

supports its use in advanced barrier systems.
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Notably, the CO, permeability lies above the general pattern
observed for the other gases, indicating that its transport
behavior deviates from the expected size-dependent trend and
suggesting that thermodynamic interactions may play a
significant role. This behavior will be examined further by
analyzing separately the contributions of diffusivity (Figure 5)
and solubility (Figure 6) trends.
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The diffusion coefficient exhibited the trend Dy, > Dq, >
Dco, > Dy, Diffusivity, representing the kinetic aspect of mass

transport, is generally inversely correlated with the size of the

diffusing species and can be expressed by

D = A exp(Bd,) (15)

where A and B are material-specific constants.

As illustrated in Figure S, the measured diffusivity of CO, in
POM-C is significantly lower than the value predicted by this
relationship. The same behavior is followed by other polymers
such as PLA,”® PHBV,°*’® and PET,*>®® whereas PEO seems
to not evidence such a deviation.

Concerning the solubility coefficient, the experimental data
follow the trend Sco, > So, > Sy, > Sg,, which is consistent with

the qualitative behavior expected based on gas condensability.
More specifically, the critical temperature of the gas (T¢) can
be related to the expected solubility coeflicients using the
following relationship:””

In(S) = CT. + E (16)
where C and E are constants dependent on the material.
As depicted in Figure 6, CO, is dissolved in POM-C to a

degree that exceeds the predicted correlation, suggesting that

the polymer’s functional groups may interact with the gas. In
summary, the combined analysis of diffusivity and solubility
indicates that the trends of CO, deviate from those observed
for the other gases. The opposing effects of diffusion and
solubility do not offset one another; rather, the dominant
influence of solubility governs the resulting permeability.

These deviations are believed to originate from a common

underlying cause, which can be further explored by comparing

POM-C with chemically related polymers such as PEO,
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shedding light on the structural and interaction-based origins
of this behavior. POM is chemically related to PEO but
contains methylene oxide groups in place of ethylene oxide
units. Differences in gas transport between the two polymers
can generally be attributed to variations in crystallinity and
fractional free volume, which are 0.73 and 0.120 for PEO>® and
0.5 and 0.086 for POM, respectively. For all gases, these
structural factors explain the observed scaling of transport
properties between the two polymers (Figures S and 6);
however, the CO, behavior cannot be fully accounted for by
crystallinity and free volume alone. This observation further
supports strong CO,—ether oxygen interactions, which are
more abundant in POM because it contains a higher density of
ether oxygen atoms than in PEO. These interactions, therefore,
are expected to enhance CO, solubility while prolonging its
residence time near the ether groups, thereby reducing its
effective diffusivity through the polymer matrix. As a result, the
CO, solubility in POM-C is roughly three times higher than in
PEO, while its diffusivity is more than 20 times lower.>® This
idea is further supported by analogous experimental trends
followed by other polymers containing polar groups, such as
PLA” and PHBV copolymers®’® (see Figures 5 and 6).
Moreover, molecular dynamics simulations in PHBV®®’°
demonstrated that diffusing CO, molecules preferentially
localize near carbonyl groups, supporting the expectation
that similar local polar interactions occur in POM-C,
simultaneously enhancing sorption and reducing diftusion.

4.4. Selective Barrier Performance

The performance of POM-C as a selective gas barrier film is
depicted in Figure 7 where the perm-selectivity vs permeability
is compared with that of a series of other MAP polymers.
Specifically, CO,/0, and O,/N, selectivities are plotted
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against the permeability of the more permeable gas in each
pair—CO, and O,, respectively.

As shown in the chart, POM-C displays a decrease in perm-
selectivity and an increase in permeability with rising
temperature, consistent with the typical trade-off governing
selective transport. The material exhibits O,/N, selectivity
values in the range of 2—4, in agreement with the behavior
reported for most barrier polymers. At ambient temperature,
POM-C performance falls between the values reported for
PA6, PHBV, and PET. However, EVOH and PVDC display
significantly higher O,/N, selectivity and lower oxygen
permeability, indicating superior barrier properties. Con-
versely, POM-C exhibits a significant CO,/O, selective barrier,
similar to fluorinated polymers such as PVF and PVDF. At
temperatures of 20 and 30 °C, CO,/0, selectivity reaches
values of approximately 34 and 27 respectively, higher than
those of PEO, while exhibiting CO, permeability roughly 1
order of magnitude lower. This behavior clearly distinguishes it
from typical packaging polymers like PP, LDPE, HDPE, and
PVC, which generally display both lower selectivity and higher
permeability. Compared with PET, PA6, and PVDC, POM-C
remains competitive, offering higher selectivity, albeit with a
moderately increased permeability. EVOH, however, continues
to lead this regime with its combination of good selectivity and
extremely low permeability.

Although POM-C’s high CO,/O, selectivity (~30) exceeds
the optimal range for most conventional MAP applications
(typically 3—6), this combination is particularly advantageous
for CO,-sensitive or low- to moderate-respiring commod-
ities—such as mushrooms, asparagus, fresh-cut salads, certain
berries, apples, pears, carrots, and nuts—where moderate O,
influx is sufficient to meet respiration demands, while CO,
produced by the commodity is vented efficiently.*** By
favoring CO, permeation relative to O,, POM-C in this
concern may mitigate CO, accumulation, off-flavors, and

quality degradation during extended storage or long-distance
transport, without requiring active gas flushing, which can be
particularly valuable for premium or high-value products.”’

Similar gas management challenges are encountered in
bioprocessing containment systems, where structural compo-
nents or barrier films of the vessel must carefully regulate the
gas exchange. Metabolic activity in biofermenters continuously
generates CO,, which must be vented to prevent acidification,
pH fluctuations, and growth inhibition.”® In this context,
POM-C presents a material of interest: it maintains moderate
CO, permeability to allow efficient CO, removal, while its high
CO,/0, selectivity limits O, ingress, helping to mitigate
oxidative stress and preserve sensitive metabolic pathways.
Likewise, in pharmaceutical packaging, oxygen-sensitive active
pharmaceutical ingredients (APIs)—including lyophilized
biologics, protein therapeutics, and buffered powders—require
effective oxygen exclusion to prevent oxidative degrada-
tion.”””*" POM-C films offer both oxygen and humidity
barrier properties while maintaining moderate CO, perme-
ability, permitting the diffusion of residual CO, from
processing or minor reaction byproducts. Given this
combination of barrier characteristics, exploring the potential
use of POM-C for packaging moisture-sensitive APIs is
warranted. Furthermore, strategies such as embedding nano-
fillers could reduce the permeability without altering the
selectivity. In multilayered designs, POM-C could also function
as an outer moisture-resistant layer, protecting an inner EVOH
core from humidity and thereby preserving its dry-state barrier
performance.*”

5. CONCLUSIONS

A POM-C film (110 pm), produced by hot-melting and
compression of a POM-C slab (1 mm), was comprehensively
characterized in terms of its permeability, diffusivity, and
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solubility. Measurements were conducted using a manometric
permeation apparatus at —10—80 °C for CO, and H, and 20—
80 °C for O, and N,. A sample of the pristine slab was also
tested between 30 and 50 °C to investigate how variations in
thickness, which reflect different processing histories, affect the
transport properties. The resulting permeability data follow the
trend Pco, > Py, > Po, > Py, for both the film and the slab, at

all temperatures. Despite hydrogen’s highest diffusivity due to
its small molecular size, the CO, permeability is higher due to
its markedly greater sorption coefficient, expected to rise from
strong interactions between CO, molecules and the ether
oxygen atoms of the polymer. This enhanced sorption
outweighs CO,’s lower diftusivity of CO, and governs the
overall permeability.

Hydrogen permeability in the film aligns closely with that of
the slab, indicating that differences in thickness and the
associated processing-induced changes in crystallization and
morphology have a negligible impact on hydrogen transport.
This result is particularly relevant because it suggests that film
data can be representative of thicker materials such as those
required in high-pressure storage tanks and pipeline transport.
In this context, POM-C displays limited hydrogen permeability
(0.44 Barrer at 20 °C), comparable to PA6 (0.24 Barrer at 20
°C), and reaches an exceptionally low value of 0.04 Barrer at
—10 °C. Together with its minimal moisture uptake (<0.8%),
POM-C represents a promising candidate for hydrogen storage
and transport. For the larger gases (CO,, O,, and N,), modest
differences between the film and the slab are observed, which
generally correlate with crystallinity. The higher crystallinity of
the slab increases tortuosity, i.e., the effective diffusion path
length around impermeable crystalline regions, resulting in
reduced diffusivity and, consequently, lower permeability
compared with the film. Such an effect is negligible for
hydrogen because its inherently high free-path mobility renders
diftusivity largely insensitive to tortuosity, resulting in nearly
identical permeability values between the two samples. CO,
permeability is moderate (1.6 Barrer for the slab at 30 °C),
comparable to fluoropolymers such as PVDF, and drops to
values as low as 0.215 Barrer at —10 °C. This behavior,
together with resistance to corrosive environments and
fluorine-free composition, makes it a promising and environ-
mentally friendly candidate for CO, storage and transport,
including supercritical conditions.

In MAP applications, the POM-C film shows an O,/N,
selectivity of around 3—4, in line with common barrier
polymers. However, it exhibits markedly higher CO,/0O,
selectivity (~30 versus 2—7 for many alternatives) while
maintaining CO, permeability comparable to HDPE, PP, PLA,
PVC, and PTFE. This combination could enable effective CO,
transport while providing tighter oxygen control, which is
particularly valuable for applications such as biofermentation
vessels and packaging of moisture-sensitive pharmaceuticals.

Future studies should extend the investigation of transport
properties to high-pressure regimes (100—300 bar for CO, and
up to 700 bar for H,) to evaluate structural integrity, pressure-
induced effects (e.g, blistering), and long-term durability
under realistic operating conditions. Such analysis would be
essential to assess the practical suitability of POM-C for high-
pressure storage and transport applications. Additionally,
approaches such as blending POM-C with nanofillers or
forming composite systems should be explored to further
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enhance its barrier performance to meet demanding industrial
applications.
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