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A B S T R A C T

Semicrystalline polyamides (PAs) are optimal materials to develop high-pressure resistant liners for type IV hydrogen storage tanks due to a favorable combination of
barrier performance, mechanical resistance, and lightness. However, experimental data on hydrogen transport in PAs are incomplete or inconsistent, and usually do
not report separately the contributions of solubility and diffusivity, hence limiting a deep understanding of the permeation mechanism and its dependence on the
material structure. Moreover, recent developments have led to the design of modified polyamides which could better serve the high-pressure storage applications. In
this work, the hydrogen barrier performance of Polyamide 6 (PA6), Polyamide 11 (PA11) and an impact-modified PA 6 (PA6-I), was evaluated and the results
obtained with different techniques and on different samples compared. Permeation measurements were performed in constant-volume and constant-pressure ap-
paratuses at different temperatures and pressures, on different samples of each material. Sorption measurements were carried out into a differential sorption system.
Results from the permeation and sorption devices were compared against each other and with literature data, allowing to understand the effect of various factors. The
H2 solubility in PA is mostly affected by density, as a lower free volume of the amorphous phase leads to a lower gas uptake. On the other hand, diffusivity and,
consequently, permeability, are also strongly affected by the morphology of the crystal phase, which depends on the production protocol. In most of the cases
inspected, the discrepancy between data from different experimental techniques or literature works can be explained by the different crystal morphology of the
samples used in the test. Temperature enhances diffusivity, permeability and solubility, while the pressure reduces the permeability, as it lowers the free volume, and
increases the activation energy of permeation. An estimation of the minimum thickness required to meet high-pressure storage technical guidelines was provided for
the case of PA6-I.

1. Introduction

The evolution of the conceptual design of high pressure hydrogen
storage tanks has seen the phasing out of metal liners (types-I,II,III), due
to the relative high reservoir weight and the material embrittlement [1,
2] and the breakthrough of type IV tanks which consists of two parts: a
full thermoplastic liner and a polymer-based composite shell. The
composite might be based on continuous glass or carbon fibers
embedded in an epoxy matrix and provides sufficient mechanical
strength to withstand the high operating pressures and sudden impact
incidents. The liner contributes to safety by providing sufficient
hydrogen gas barrier and blistering performance [3]. In the most recent
type-V tank, the liner is eliminated and the storage system consists only
of a composite material, acting also as a gas barrier. Furthermore, the

type-V tank allows for a 20% weight reduction of the reservoir and
eliminates the issue of stress compatibility between the polymer liner
and the composite shell. However, it has a limited hydrogen barrier
performance which limits its use to medium pressure applications (up to
350 bar) [4]. Therefore, type-IV tanks currently represents the state of
the art for high pressure storage (700 bar) [5].

The most stringent case for the permeation rate, according to the
European normative (EU No 406/2010) is the “large car” scenario which
defines a maximum hydrogen leak rate per tank unit volume (liquid
water capacity) of 6 cm3

STP/(h L) [6,7] To meet such requirements, in-
dustries have explored semi-crystalline polymers such as high-density
polyethylene (HDPE) and polyamides (PAs) [8,9]. As an example,
QUANTUM (USA) has developed and commercialised type IV ‘Q-lite’
storage tanks made of a cross-linked polyethylene liner with a carbon
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fiber overwrap [10]. Toyota (Japan) released high-pressure hydrogen
tanks which employ a liner made of high-strength Nylon 6 [11]. Similar
solutions were adopted by Hexagon (Norway), Faurecia (France) and
Luxfer (USA) [12–14]. Although the use of semi-crystalline polymer
liners is already a reality, hydrogen barrier data in such materials are
scarce in the literature, and there is the need for a more thorough ma-
terial characterization, addressed at the identification of the best per-
forming candidates in various operating conditions and the
development of reliable structure-property correlations for fast material
design.

The gas permeability in semi-crystalline polymers, which is
commonly described according to the solution-diffusion model [15], is
strongly dependent on their complex biphasic morphology. The overall
barrier performance of the materials, indeed, is determined by the
concurrent contributions of the two phases, namely, the amorphous one,
whose properties are related to the phase density and chain mobility,
and the crystalline one, which is impermeable but affects permeabiity to
an extent that depends on its relative content, morphology and distri-
bution [16–21].

Polyamides have a better barrier performance compared to poly-
ethylenes, despite their lower degree of crystallinity [22,23]. Such a
result highlights the non-trivial behavior of semicrystalline polymers,
and the key contribution of the amorphous phase, which is denser and
less permeable, to the overall barrier performance.

Different methods can be used to measure gas permeability and
diffusivity in polymeric films or sheets, but the two main ones are the
time-lag and the constant-flux method [24]. The first one consists of
measuring the number of moles which pass through the sample, which
can be done by monitoring the increase in the downstream pressure at
constant volume [25] or the increase in the downstream volume at
constant pressure [26], with time. The second method consists in
measuring the gas flux during time, e.g. by sweeping the downstream
side with another gas, usually inert, and measuring its concentration
with a gas detector, such as a mass spectrometer [8,9,22,23].

Using the constant-volume time-lag method, Humpenoder [23]
measured hydrogen permeability and diffusivity in an undefined poly-
amide between − 10 and 30 ◦C. Picard et al. [27] investigated the effect
of inorganic particles in polyamide 6 (PA6), at 20 ◦C and 3 bar while Sun
et al. [9] extended the analysis to a wider range of temperatures (up to
85 ◦C) and pressures (up to 500 bar). In addition, Kanesugi et al. [22]
measured H2 permeability and diffusivity in PA6, polyamide 11 (PA11)
and polyamide 12 (PA12) at 30 ◦C and 6 bar and extended the testing of
PA11 to high pressures (900 bar). Ash et al. [28] measured vacuum
permeability and diffusivity of H2 in PA11 at different temperatures
(20–60 ◦C). Dong et al. [25] measured the variation of H2 permeability
in PA6 with temperature (35–85 ◦C) and pressure (150–900 bar) while
Smith et al. [29] explored the same property in a wider range of tem-
peratures, from − 30 to 85 ◦C, at 137 bar. The modification of PA6 was
investigated by Wolter et al. [26], who measured the permeability of H2
in PA6 pristine and modified with carbon fibers (PA6-CF) at 100 bar and
55 ◦C using the constant-pressure time-lag method.

For the direct determination of gas solubility in barrier polymers, the
most common approach is the one through which the mass gained/loss
by the material during adsorption/desorption is calculated from the
decrease/increase of the pressure in the dead volume of the cell in which
the sample is placed. The gravimetric methods are not appropriate to
measure low solubility, especially for light gases such as hydrogen. As a
result, direct sorption data in polyamides are scarce in the literature. To
our knowledge, the only direct measurement of hydrogen sorption in
polyamides was performed by Ash et al. on PA11 in 1970 at different
temperatures (20–60 ◦C) but at very low pressure [28]: such data were
compared with the indirect measurement of the sorption coefficient
from permeation tests, highlighting a discrepancy between the two ap-
proaches. However, direct sorption data in other polyamides, such as
PA6, and at higher pressures are still lacking.

This brief literature survey shows that the various literature

references report very different transport coefficients for the same ma-
terials, which could be due to the different methods used to measure
them, or to differences in the microstructure. To clarify this aspect, in
this work we performed a comprehensive experimental analysis of
hydrogen permeation, diffusion, and sorption in a series of polyamides
using different measurement techniques, with the aim of identifying and
addressing the deviations between results coming from different test
methods. Furthermore, in addition to standard PA11 and PA6 samples
analyzed in other literature sources, we tested the barrier performance
of an impact-modified polyamide 6 (PA6I), for which hydrogen trans-
port data were obtained in this work for the first time. PA6I has better
impact resistance compared to PA6 due to the presence of a dispersed
rubbery phase which provides the polymer with an increased ability to
adsorb and/or dissipate the energy of impacts [30]. This material,
however, differs significantly with other modified types of PA6, e.g. the
one containing carbon fibers explored by Wolter et al. [26].

Hydrogen permeation, diffusion, and sorption coefficients were
evaluated in various pressure and temperature conditions using
different techniques and apparatuses: a constant-volume permeation rig
available at the University of Bologna (UniBo), a constant-pressure,
high-pressure permeation apparatus (TesTneT Engineering GmbH) and
a constant-volume adsorption differential volumetric apparatus (ADVA)
available at University of Edinburgh (UoE). The permeation systems
monitor the transient and steady state permeation across a polymer film
subject to a gas pressure gradient, allowing to directly estimate the
permeability and the diffusivity via the time-lag method. The sorption
device measures the gas uptake in a polymer sample (e.g. film, pellet,
powder) subject to a spatially uniform gas pressure, as a function of
time. Data at equilibrium provide the solubility of the gas in the polymer
at the final equilibrium pressure, while the transient behavior can be
elaborated knowing the geometry of the sample to obtain the diffusivity.
The results from the two experimental devices allow to gain under-
standing on the separate contributions of sorption and diffusion and can
be compared to check for consistency and assess the validity of the
solution-diffusion model described below. The values were also related
to the structural properties of the material, such as density and crys-
tallinity, to better understand the hydrogen transport in PA polymers.

2. Materials and methods

2.1. Theoretical background

Considering a dense polymer film with thickness L subject to a gas
pressure difference Δp between the upstream high pressure pup and the
downstream low pressure pdw, the gas flux across the membrane at
steady state can be expressed as:

J = P
Δp
L

= P
pup − pdw

L
Eq. (1)

where P is the permeability of the gas in the material. The gas transport
through a homogeneous film occurs by dissolution on the high-pressure
side of the sample, diffusion of the gas molecules through it and gas
desorption on the low-pressure side. Therefore, if diffusion follows
Fick’s law and the solubility of the gas in the membrane is related to its
pressure in the gas phase through the solubility coefficient S, i.e., if the
solution-diffusion model is valid, it is possible to evaluate the perme-
ability as the product of diffusivity D and solubility S [15]:

P= S D Eq. (2)

In order to reduce the flux across the liner material at fixed pressure
difference Δp between the inner core and the ambient, it is required to
increase the thickness L, increasing weight and costs, or reduce P, by
choosing a material with lower S and/or D. Generally P, D and S of gases
in semicrystalline polymers depend on pressure p and temperature T.
However, the pressure dependency can be neglected at low pressures,
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from 1 to 10 bar, while the temperature dependency of P, D and S can be
expressed by using the Arrhenius law:

P=P0 exp
(

−
EP
RT

)

Eq. (3)

D=D0 exp
(

−
ED
RT

)

Eq. (4)

S= S0 exp
(

−
ΔHS

RT

)

Eq. (5)

Where R is the gas constant, Po, Do and So are the limit values of the three
pre-exponential factors, and EP is the activation energy for the perme-
ation, which, due to Eq. [2], is the sum of the activation energy of the
diffusion process ED and the enthalpy of solution ΔHS.

2.2. Materials

Different polyamide samples were provided by Envalior, Geleen, NL.
The impact-modified polyamide 6 was supplied as 2 mm slabs while
Polyamide 11 in the form of pellets with average equivalent radius of
1.55 mm. Finally, PA6 was provided in the form of slabs (2 mm) and
pellets with an average equivalent radius of 1.25 mm. The PA6 and PA6I
slabs were produced through injection molding with a typical melting
temperature of 250 ◦C and a mold temperature of T = 70 ◦C then
promptly packed in alumina bags to prevent moisture absorption.

The high-pressure permeation experiments on PA6 and PA6I slabs
and the sorption tests on PA6 and PA11 pellets were carried out on the
samples as supplied. On the other hand, for the low-pressure permeation
tests the pristine materials were processed into thin film membranes
following a series of steps. The PA6 slabs were cut into pieces and
subsequently dissolved in formic acid at 70 ◦C. The solution was then
cast on a Petri dish to obtain flat films with a thickness around 50 μm. A
dense membrane of 230 μm was finally obtained by stacking and hot-
pressing at 250 ◦C several single films using a Carver Model C Labora-
tory Press (Clamping Force: 12 tons; Platens: 15.2 cm × 15.2 cm). The
temperature ramp and the applied force were tuned to prevent the
thermomechanical degradation of the material through a trial-and-error
procedure aimed at obtaining dense and flat membranes. Similarly,
PA11 pellets were dissolved in a formic acid and dichloromethane so-
lution (1:1 vol) at 70 ◦C and cast into flat films of 50 μm. Finally, a 200
μm thick membrane was obtained from a series of films hot-pressed at
210 ◦C. PA6I slabs were directly hot-pressed at 250 ◦C to obtain a 700
μm membrane; in this case, indeed, the dissolution was avoided to
preserve the properties of the material, i.e., the chemical stability of the
impact modifier.

2.3. Density and crystallinity

The samples were characterized in terms of crystallinity and density,
properties that are well-known to dictate the overall barrier perfor-
mance of the polymer. The mass degree of crystallinity, Xcr, was
measured using a differential scanning calorimeter (DSC) equipment
(TA instruments - DSC Q10). The analyses were carried out on the
pristine materials as well as on the newly prepared thin membranes. Ten
milligrams of each sample were tested under a nitrogen flow rate of 20
mL/min from − 50 ◦C up to 270 ◦C setting a heating ramp of 10 ◦C/min.
The heat of melting, ΔHm, was estimated as the integral of the heat
absorbed as a function of temperature; ultimately, Xcr was assessed from
the heat of melting of the fully crystalline material ΔHcr (230 J/g for PA6
and PA6I [31,32]and 189 J/g for PA11 [33]).

Xcr =
ΔHm

ΔHcr
Eq. (6)

The overall density of slabs and pellet, which correspond to the semi-

crystalline density, ρsc, was measured using a pycnometer with a cali-
brated volume using acetone as immersion fluid [34]. Moreover, the
density of the pellets was measured directly inside the sorption appa-
ratus through fast helium expansions at 1 bar and 25 ◦C, to check for
consistency with the pycnometer technique.

The density of the thin membranes could not be evaluated using this
method, due to their high surface area and the negligible weight.
Combining the value of the mass degree of crystallinity with the semi-
crystalline density ρsc and the crystal density, ρcr, the volume degree
of crystallinity Φcr was evaluated according to the following relation:

ϕcr =Xcr
ρsc
ρcr

Eq. (7)

In this framework, the value of the crystalline density of PA6 esti-
mated from X-ray analysis was found to be equal to 1.23 g/cm3 [35]
whereas PA11 crystal density was evaluated using the following
empirical relation [35]:

ρcr =
Mu

1.435 Vw
Eq. (8)

where Vw is the van der Waals volume equal to 115.3 cm3/mol andMu is
the molar mass of the repeating unit of PA11, equal to 183.3 g/mol [35].
The estimated value, equal to 1.108 g/cm3, closely matches the one
reported by other authors (1.10 g/cm3) [36].

As commonly assumed, hydrogen molecules do not sorb into the
densely packed crystalline domains, therefore, the volumetric properties
of the confined amorphous phase fraction are expected to have a major
role in determining the overall uptake. The constrained amorphous
phase density, ρca, was estimated as:

ρca =
ρsc − ϕcrρcr
(1 − ϕcr)

Eq. (9)

The latter value was finally compared to the free amorphous density,
ρfa, of PA6 and PA11, which corresponds to 1.084 g/cm3 and 1.01 g/
cm3, respectively [35]. For the sake of completeness, a summary of the
mentioned data is reported in the results section (Table 1).

2.4. Low- and high-pressure permeation tests

The gas permeability and diffusivity coefficients in polymeric dense
membranes are commonly estimated by means of a manometric
permeation experiment (ASTM D1434). In such an apparatus the sample
is placed in a permeation cell which separates the upstream and
downstream volumes. The sample is supported on a sintered filter in the
downstream side, which ensures mechanical resistance towards the
upstream pressure and negligible resistance to the gas flux. On the other
hand, a Viton rubber O-ring ensures the sealing of the sample on the
upstream side. Before the test begins, the leaks in both sides are checked;
the system is then put in dynamic vacuum to remove all sorbed gases;
finally, it is left in static vacuum, so that the concentration of the gas in
the membrane is zero. Once the gas is loaded in the upstream side, a
pressure difference Δp is established and the gas molecules start to sorb
and diffuse through the material thickness, causing an increase in the
downstream pressure until it reaches, at the steady state, a constant

increase rate
[
dpdw
dt

]

SS
, used to calculate the permeability P by means of

the following relationship:

P=
[
dpdw

dt

]

SS
vSTP

Vdw

RT
L
AΔp

Eq. (10)

Where vSTP is the standard molar volume, Vdw is the downstream vol-
ume, A is the permeation area, equal to the area of the sintered filter
(Diameter: 15 mm) and L is the thickness, measured using a Mitutoyo
micrometer (Precision: 0.001 mm).

From the same test, the diffusion coefficient D is calculated through
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Eq. (11), using the time lag (τ) method [37]:

D=
6L2

τ Eq. (11)

The set-up of the low-pressure permeation apparatus used in this
work is depicted in Fig. 1. The equipment was placed inside a thermo-
static chamber with controlled temperature. The system was connected
to the hydrogen feeding line (H2) and to the nitrogen purging line (N2).
Gases with a purity of at least 99.9% were used in the different experi-
mental campaign. Further connections exist with a vacuum Edwards
Rotary Pump RV5 (VA) for system evacuation, all vents were collected
and sent to a Bunsen (BV) which burnt hydrogen in excess after each
experiment. The upstream pressure pup inside the storage tank (ST) was
monitored by means of a high-pressure manometer (PU, Druck UNIK
5700) with 0.01 bar accuracy and 0–10000 Torr range, while the
downstream pressure pdwwas tracked through a low-pressure capacitive
manometer (PD, Setra Model 730) having a 0.01 mbar accuracy and
0–100 mbar range. After placing the samples in the permeation cell,
dynamic vacuum was kept for at least 12 h to remove all dissolved gases
from the polymeric matrix and allow equilibration of system. A leak test
followed to ensure the absence of any leakage. Finally, the permeation
test was started by loading the upstream side with hydrogen at the
desired pressure. The data acquisition was interrupted after 2 h of
constant flux at steady state. The tests were repeated twice for each
sample and the results averaged.

High-pressure hydrogen diffusion and permeation tests were carried
out with TesTneT Engineering GmbH apparatus according to standard
ANSI CSA CHMC2. The experimental principle of measuring steady-state
permeation and the derivation of diffusivity from non-steady-state
permeation data is identical to the low-pressure permeation described
above, even if permeation rate is detected with a constant-pressure,

rather than a constant-volume, technique. A schematic representation
of the high-pressure permeation experimental set-up is provided in
Fig. 2 together with a specific display of the hydrogen supply system, the
sample and the measuring compartment. In the latter, the amount of
hydrogen permeating side is realized by monitoring the position of a
marker fluid in a tube, as indicated in the figure [26].

2.5. Sorption tests

Sorption tests on PA11 and PA6 samples were carried out by means
of the high-pressure, constant-volume ADVA-270 sorption device [38],
presented in Fig. 3, which was validated during the 2020 NIST inter-
laboratory study [39]. The system, designed and built at the UoE, shares
the same design of the low-pressure ADVA-1, optimized for fast
adsorption kinetic measurements up to 1000 Torr [40]. A differential
pressure transducer is located between two symmetric and parallel
branches which guarantees the same level of accuracy across the whole
pressure range investigated. Each side of ADVA-270 has two main vol-
umes connected by a valve. The sample is loaded inside one of the two
legs (sample side), while the other one is empty and used as the refer-
ence side. The apparatus has an internal volume of about 25 cm3 per
side, can handle a maximum pressure of 276 bar and has three pressure
transducers: two for the absolute pressure, located outside the core of
the instrument, and one differential sensor. The two absolute sensors
have a full-scale reading of 2 and 276 bar respectively and can be
swapped to obtain better accuracy in the low-pressure region. The dif-
ferential transducer is characterized by a full-scale reading of ± 620
mbar and, as the absolute ones, belongs to the Rosemount 3051 series.
All the pressure sensors have been calibrated by the manufacturer which
guarantees an accuracy of 0.04% of the full-scale reading. The four main
volumes of the instrument, VDR/VDS and VUR/VUS in Fig. 3, have an

Table 1
Tested samples estimated characteristic dimension d, mass degree of crystallinity Xcr, semicrystalline density ρsc, crystalline density ρcr, volume percent crystallinity
Φcr, constrained amorphous density ρca and free amorphous density ρfa. The values of ρcr and ρfa are taken from Ref. [35].

Material Geometry d [mm] Xcr ρsc [g/cm3] ρcr [g/cm3] ϕcr ρca [g/cm3] ρfa [g/cm3]

PA6 membrane 0.230 0.24 – – – – –
PA6I membrane 0.700 0.24 – – – – –
PA11 membrane 0.200 0.25 – – – – –
PA6 slab 2.000 0.28 1.145 1.230 0.26 1.115 1.084
PA6I slab 2.000 0.21 1.080 1.230 0.18 1.05 1.084
PA6 pellet 1.250 0.25 1.145 1.230 0.23 1.119 1.084

PA11 pellet 1.550 0.25 1.060 1.108 0.23 1.014 1.010

Fig. 1. Schematic representation of UniBo permeation equipment.
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internal K-type thermocouple for the measurement of the temperature.
The four valves connecting the dosing and the uptake sections
(V2/V3/V4/V5) are pneumatically activated bellows valves (Swagelok
HB series). The dosing part of the instrument is exposed to room tem-
perature while the uptake volumes are partially submerged in a recir-
culating liquid bath served by an external chiller (Julabo CORIO
CD-200 F). The presence of a turbopump (Pfeiffer HiCube 80 Eco) and an

external furnace allows for the in-situ activation of the sample in high
vacuum. Prior to any equilibrium test, the sample (2.52 g for PA11 and
2.05 g for PA6) was loaded and degassed for at least 16 h at 80 ◦C to
ensure the complete removal of any sorbed species. Subsequently, a
low-pressure He expansion was performed twice to measure the
gas-accessible volume and the volume occupied by the sample. The
estimated densities were in satisfactory agreement with the ones esti-
mated through the pycnometer. A blank experiment with He was per-
formed, using the same pressure steps as the ones employed during the
H2 measurements, to verify the zero-adsorption condition in the
experimental pressure range. Non-ideality behavior of the gas phase was
accounted for by the GERG2008 Equation of State for both He and H2
[41]. The gases were purchased from BOC having a purity grade of
99.995%.

Once the sample has been regenerated and equilibrated in vacuum at
the temperature of the test, the uptake volumes are closed through V4
and V5 and a certain amount of gas is loaded in the dosing volumes,
which are then closed by V2 and V3. After this step V4 and V5 are
opened, and the gas expands in the uptake volumes and comes in contact
with the sample loaded in VUS. The gas sorption onto the sample de-
creases the pressure in VUS with respect to VUR thus generating a dif-
ferential signal which attains a plateau at equilibrium. After that, V4 and
V5 are closed again, and the procedure is repeated iteratively. During
the isotherm measurements V2/V3 and V4/V5 open and close simulta-
neously, minimizing the risk of over-pressurization of the differential
sensor. The mass balance in the system allows to calculate the molar
uptake at each pressure step. Then the solubility coefficient is calculated
as the slope of the isotherm, in kg/bar and converted to cm3

STP/(cm3 bar)
units to compare it with the permeation tests results. The diffusion co-
efficients from the transient uptake data measured on ADVA-270 were
determined using the diffusion model for volumetric systems developed
by Brandani [40,42,43]. In its simplest version the model assumes
isothermal conditions, linearity within the pressure step, spherical ge-
ometry and includes the kinetics of the valve. To avoid the ambiguity in
the determination of the initial pressure the raw data are converted to
reduced pressure [44], σD, through equation 12:

σD =
pD(t) − p∞

p0D − p∞ Eq. (12)

Where pD(t)is the pressure measured in the dosing cell of the sample
branch as function of time, p0D its value at time 0 (before the gas
expansion) and p∞ is the final pressure at equilibrium.

Fig. 2. Schematic representation of TesTneT permeation equipment [26].

Fig. 3. Schematic representation of ADVA-270 sorption apparatus. PT: absolute
pressure transducer (2 or 276 bar), dP: differential pressure transducer.
VDS,VDR: sample,reference side dosing volume. VUS,VUR: sample,reference side
uptake volume. V2,V3,V4,V5: pneumatic activated bellows valves. V0,V1:
manually activated needle valves. The black rectangular stands for the sample
placed in VUS.
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3. Results and discussion

3.1. Density and crystallinity

The density and crystallinity measurements carried out on the pris-
tine slabs and pellets are reported in Table 1, together with the char-
acteristic dimension d, equal to the thickness for the membranes/slabs
and the equivalent radius for pellets.

It can be noticed that PA6 exhibits higher amorphous and crystal
phase densities than PA11. Such a result is expected and is usually
ascribed to the shorter aliphatic chain of PA6 compared to PA11, which
translates to a greater number of hydrogen bonds per unit mass and a
more effective packing. Moreover, the calculated constrained amor-
phous phase density was higher than the free amorphous state val-
uefound in the literature [35] for both PA6 and PA11. The latter finding
corroborates the assumption that the crystalline fraction alters the
amorphous phase, reducing its free volume [19,45–47]. PA6I does not
obey this rule, but the discrepancy can be attributed to the fact that the
density calculation neglects the contribution of the impact modifier.

According to DSC analysis, the compression molded thin membranes
show a similar value of mass degree of crystallinity, namely 0.24 for
PA6,PA6I and 0.25 for PA11. The results for 2 mm PA6 and PA6I slabs
were slightly different, but of the same order of magnitude. For the sake
of completeness, the estimated melting peaks for the pristine slabs and
the thin membranes are shown in Fig. 4a and b respectively.

Fig. 4a shows that among the pristine materials, only PA6 is char-
acterized by a slightly bimodal distribution of the heat flow, while PA11
and PA6I exhibit a single sharp peak. On the other hand, all the thin
membranes show a bimodal distribution of the heat flow. A partial
overlapping of these two is evident for the PA6 and PA11 samples,
whereas well-separated peaks are visible for the case of PA6I sample. In
addition, while heat transfer in PA6 and PA11 occurs mainly at the
higher temperature peak, the opposite is observed for the impact
modified sample (PA6I). PA6 and PA6I have approximately the same
melting temperature, with an average value corresponding to the
greater melting peak around 220 ◦C (α crystal phase) [48,49], while
PA11 exhibits a lower melting temperature (190 ◦C) that can be justified
by the lower energetic contributions of hydrogen bonding per unit mass.
Both values are in full agreement with literature values, which report
melting temperatures of 220–230 ◦C and 190–195 ◦C for PA6 and PA11
respectively [50]. Finally, it was not possible to determine if the bimodal
trends are due to the presence of two distinct crystalline phases (stable

and metastable) or to a bimodal size distribution of the lamellae
resulting from the hot pressing [51].

3.2. Permeation and sorption

As shown in Fig. 5, the isotherms measured using the ADVA appa-
ratus for PA11 and PA6 followed Henry’s law with good approximation.

Hydrogen sorption coefficients in PA11 and PA6 were evaluated as
the slope of the interpolating lines, equal to 5.60 × 10− 4 and 4.69 ×

10− 4 mol/(kg bar) respectively (0.0133 and 0.0120 cm3
STP/(cm3 bar)),

with R2 equal to 0.993 and 0.999. Hydrogen sorption kinetics is dis-
played in Fig. 6, where experimental data are shown together with the
model fit.

The diffusion coefficient at 25 ◦C was estimated by fitting the tran-
sient data of the first pressure step reported in Fig. 6, obtaining 14.60 ×

10− 7 and 3.47× 10− 7 cm2/s for PA11 and PA6 respectively. as this value
does not change significantly with pressure in the range inspected.
Finally, the permeability coefficients were estimated by means of the

Fig. 4a. DSC peaks of supplied PA6 (blue), PA6I (black) slabs and PA11 pellet
(red). (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Fig. 4b. DSC peaks of thin membranes obtained through compression molding:
PA6 (blue), PA11 (red) and PA6I (black). (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 5. Hydrogen sorption isotherms in PA11 (red) and PA6 (blue) at T = 25 ◦C,
measured with ADVA equipment. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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solution-diffusion equation (Eq. (2)), to be 2.183 and 0.552 Barrer (1
Barrer = 10− 10 cm3

STP/(cm s cmHg)) for PA11 and PA6 respectively. The
curves obtained with the permeation apparatuses are not reported,
whereas the whole set of permeability, sorption, and diffusion co-
efficients data is summarized in Table 2. The corresponding plots of P, D
and S as a function of T− 1 are depicted in Figs. 7–9, respectively. Indeed,
according to equations (3)–(5), such quantities are expected to exhibit
an exponential dependence with T− 1: data at different temperatures
obtained by the same lab and on the same sample were used to estimate
permeation and diffusion activation energies, and enthalpy of sorption
(Table 3).

As displayed in Fig. 7, the permeability of hydrogen in the
compression molded PA6, PA6I and PA11 thin membranes measured at

6 bar follows an Arrhenius exponential law in all cases (R2> 0.979). The
diffusion coefficients shown in Fig. 8 also respect the trend, but with
slightly higher deviations (R2> 0.924) due to the higher error associated
to the measurement of D, obtained from transient behavior. Finally, the
sorption coefficient, which was estimated from the ratio of P and D, was
impacted by the error propagation and thus the trends, shown in Fig. 9,
especially for the case of PA6I and PA11, result in a worse linear
regression (R2 > 0.706).

3.3. Comparison between different materials and methods

The analysis of permeation data reported in Fig. 7 reveals the trend

Fig. 6. Experimental hydrogen sorption kinetics in PA11 (red dots) and PA6
(blue dots) at T = 25 ◦C (first sorption point). (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

Table 2
Comparison between the results obtained through hydrogen permeation and
sorption tests in different polyamides samples with different geometries
(compression molded membranes [C], injection molded plaques [I], pellets [P])
at different temperatures (20–80 ◦C) and pressures (6–700 bar).

Experimental
Test

Sample T
[◦C]

p
[bar]

P
[Barrer]

D [10-
7

cm2/
s]

S [10-3

cm3(STP)/
(cm3 bar)]

Permeation
Test
(UniBo)

PA6
C

20 6 0.24 1.88 9.57
30 0.42 2.38 13.2
40 0.68 3.61 14.1
50 1.19 4.48 19.9

PA6I
C

20 6 0.56 2.47 17.0
30 0.77 2.75 21.0
40 1.06 3.69 21.5
50 1.72 5.93 21.8

PA11
C

20 6 0.97 4.86 15.0
30 1.58 5.44 21.8
40 2.47 9.81 18.9
50 3.98 11.3 26.4

Permeation
Test
(TesTNet)

PA6
I

20 700 0.25 2.90 6.47
55 0.57 – –
80 2.27 – –

PA6I
I

20 0.39 3.40 8.60
55 2.08 – –
80 8.44 – –

Sorption Test
(UoE)

PA6
P

25 23 0.55 3.47 12.0

PA11
P

25 23 2.59 14.6 13.3

Fig. 7. Comparison of hydrogen permeability evaluated with different experi-
mental techniques: “Perm 6 bar” experiments were carried out on PA6, PA6I
and PA11 films at 6 bar between 20 and 50 ◦C; “Perm 700 bar” experiments
were carried out on PA6 and PA6I slabs at 700 bar between 20 and 80 ◦C; “Sorp
23 bar” data show permeability evaluated as DS from sorption tests carried out
on PA6 and PA11 pellet at 25 ◦C and pressures up to 23 bar.

Fig. 8. Comparison of hydrogen diffusion coefficients evaluated with different
experimental techniques. “Perm 6 bar” experiments were carried out on PA6,
PA6I and PA11 membranes at 6 bar between 20 and 50 ◦C. “Perm 700 bar”
experiments were carried out on PA6 and PA6I slabs at 700 bar and 20 ◦C.
“Sorp 23 bar” tests were carried out on PA6 and PA11 pellet at 25 ◦C and
pressures up to 23 bar.
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PA11 > PA6I > PA6 which is observed at all temperatures and is
consistent with the density trend where PA6 > PA6I > PA11, consid-
ering that all the materials have similar crystalline degree (0.24–0.25).
These results confirm the importance of the amorphous phase proper-
ties, as this is the region where the diffusion takes place. PA6 exhibits a
lower permeability compared to PA11, in agreement with other litera-
ture references [25], and to PA6I, suggesting that the use of the impact
resistance modifier in the latter material partially reduces the barrier
performance of the polymer.

The high-pressure permeation tests carried out on PA6 and PA6I
slabs produced by injection molding confirmed this trend. When
analyzing the effect of pressure on the permeability, we observe that
literature data reported in Table 3 generally indicate that at high pres-
sure the permeability (and the diffusivity) is lower, presumably due to
the lower polymer free volume available, and the activation energy of
permeation is higher, which is also consistent with this explanation.
Data obtained in this work on PA6I confirm this trend with pressure, as
visible in Table 3.

The PA6 permeability data in this work are similar at low and high
pressures, while the activation energies are lower at higher pressure: a
discrepancy may arise from the different forming process, which leads to

a different thickness, but also to a different microstructure and crystal-
linity. The thicker samples tested in the high pressure device are ex-
pected to be mainly characterized by bulk crystallized spherulites in the
core, with a low fraction of oriented lamellae in the skin, which are
predominant in thinner films. Thicker samples thus are expected to have
a lower tortuosity with respect to thin films and less resistance to
diffusion.

Apart from the thickness, also the different forming processes may
lead to different microstructures and, consequently, permeability. The
effect of different forming process on the hydrogen permeability in PA6
is clearly shown in Tables 3 and ie the compression molding (0.23
Barrer) leads to lower values with respect to extrusion (0.45 Barrer) and
injection molding (1.45 Barrer).

The solubility of hydrogen in PA6 pellet directly measured in ADVA
agrees with the values obtained indirectly through permeation experi-
ments in the low-pressure range. On the other hand, for PA11, the direct
method gives slightly lower values with respect to the indirect mea-
surement. Concerning the diffusivity, higher values were calculated for
PA6 and PA11 pellet used for the sorption tests, compared to PA6 and
PA11 compression molded membranes used for the permeation mea-
surements. As a result, also the permeability obtained indirectly, using
the solution-diffusion equation is higher than the value identified from
the low-pressure permeation test. The reason for such a discrepancy lies
in the different crystalline morphology resulting from the material
processing. While the pellet is produced through a stress-free bulk
crystallization, during compression molding crystallization occurs with
an applied stress hence leading to crystalline domains mainly oriented
perpendicularly to the thickness and a higher tortuosity. It is important
to note that the geometries of the samples analyzed in the two types of
experiment are different, and the diffusion coefficient is consequently
estimated with two different methodologies. The diffusion coefficient
obtained via the time-lag method during a direct permeation test is
affected by the path of molecules along the thickness direction. The
biaxial extension during compression molding orients the crystallites in
the directions perpendicular to the thickness, increasing the tortuosity
along the same direction and lowering the measured diffusivity. On the
other hand, in the sorption test on a pellet, the gas follows the radial
direction of the pellet and encounters crystallites that are randomly
oriented, experiencing a lower tortuosity compared to the case of thin
membranes and a faster diffusion. Solubility is much less affected by the
microstructure and the morphology of crystals, so that the data obtained
from different techniques are in better agreement. The modest and
comparable amount of crystallinity (0.24–0.25) calculated in PA6, PA6I
and PA11 samples suggests that the amorphous phase controls the
hydrogen transport properties. In particular, the higher hydrogen
diffusion coefficient in PA11 compared to PA6 may derive from the
greater free volume and lower density. On the other hand, the presence

Fig. 9. Comparison of hydrogen solubility coefficients evaluated with different
experimental techniques. “Perm 6 bar” experiments were carried out on PA6,
PA6I and PA11 membranes at 6 bar between 20 and 50 ◦C. “Perm 700 bar”
experiments were carried out on PA6 and PA6I slabs at 700 bar and 20 ◦C.
“Sorp 23 bar” tests were carried out on PA6 and PA11 pellet at 25 ◦C and
pressures up to 23 bar.

Table 3
Activation energies of permeation and diffusion, and relative coefficients at 20 ◦C calculated from the best fitting of the experimental data obtained in this work (T.W.),
compared to the literature references. The materials were produced using different processes (E: Extrusion; I: Injection Mold; IV: Cut from a type IV tank; L: Separated
from laminated tube; C: Compression Mold).

Mat. Ref Proc. p [bar] P at 20 ◦C [Barrer] Ep [kJ/mol] D at 20 ◦C [107 cm2/s] ED [kJ/mol] Tmin [◦C] Tmax [◦C]

PA [23] – – 0.45 26 ​ ​ − 10 30
PA6 [24] E 132 0.45 30 ​ ​ − 30 85
PA6 [9] I 250 1.45 21.4 ​ ​ − 15 85
PA6 [9] I 350 0.76 22.6 ​ ​ − 15 85
PA6 [9] I 500 0.39 23.2 ​ ​ − 15 85
PA6 [25] IV 150 0.26 37.7 2.59 52.1 35 85
PA6 [25] IV 437.5 0.16 41.7 2.21 34.8 35 85
PA6 [25] IV 875 0.11 45.6 1.82 33.4 35 85
PA6 T.W. C 6 0.23 41.2 1.83 23.8 20 40
PA6 T.W. I 700 0.22 30.3 2.90 ​ 20 40
PA11 [28] L – 1.17 31.6 6.52 29.7 20 60
PA11 T.W. C 6 0.99 36.8 4.54 24.6 20 40
PA6I T.W. C 6 0.53 29.0 2.23 22.8 20 40
PA6I T.W. I 700 0.37 43.5 3.40 ​ 20 40
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of the less dense impact modifier in PA6I reduces significantly the
overall density and PA6I has a higher hydrogen uptake and diffusion
coefficient compared to the pristine PA6. As a consequence, PA6I has
higher permeability with respect to PA6, showing that the high impact
of solubility on the barrier performance, especially at low temperatures.
The PA6 and PA11 sorption coefficients evaluated with ADVA equip-
ment agree well with the ones from the low-pressure permeation tests,
even though some underestimation is visible for the case of PA11. On the
other hand, the sorption coefficient estimated from the permeation tests
on the slabs at 700 bar are consistently lower and that may be attributed
to the fact that the amorphous matrix free volume decreases with
pressure. However, the diffusion coefficients obtained at high pressures
on slabs are higher than the ones of the films in the low-pressure regime:
such result indicates that the microstructure plays a relevant role in
determining the diffusion coefficient, as the lower tortuosity in the slabs
overcomes the effect of the free volume reduction resulting from the
high pressure. While the free volume acts on both solubility and diffu-
sivity, the tortuosity affects mostly the kinetic factors, namely the
diffusivity, which is consistent with the observed results.

3.4. Activation energies

The activation energies of permeation and diffusion calculated in this
work are summarized in Table 3, showing that all results lie between the
ones reported in the literature by other authors. Different values arise
from the different forming process, which ultimately should lead to
negligible variations of crystallinity and thus solubility, but significant
variations of final microstructure, which affect diffusivity and
permeability.

Our results suggest that the activation energy of permeation for PA6
ranges between 41.2 and 30.3 kJ/mol, considering low- and high-
pressure permeation tests respectively. Sun et al. [25] estimated lower
values for injection molding samples, namely 21.4, 22.6 and 23.2
kJ/mol at pressures 250, 350, and 500 bar respectively in the temper-
ature range − 10 ◦C–85 ◦C. Humpenoder [23] calculated a value of 26
kJ/mol for a generic polyamide between − 10◦ and 20 ◦C without
specifying the forming process. The results presented in this work at 6
bar are consistent with the value of 30 kJ/mol reported by Smith et al.
[23] at 132 bar which refers to an extruded PA6 sample, while the re-
sults at 700 bar are consistent with the one reported by Dong et al. [25],
namely, 37.7, 41.7, and 45.6 kJ/mol at pressures 150, 440, and 870 bar
respectively, in the range 30–80 ◦C. The same authors identified a
diffusion activation energy of 48.3, 29.9, and 29.8 kJ/mol in the same
conditions, which are higher than our results at 6 bar, equal to 23.8
kJ/mol. The enthalpy of sorption of PA6 has positive values (17.5
kJ/mol), as it was also observed by Dong et al. [25], at the same con-
ditions, even if their values change sign with pressure namely, − 14.4,
6.87, and 12.2 kJ/mol. No other data regarding activation energies of
hydrogen in PA6 were found in the literature. The activation energy of
permeation and diffusion in PA11 calculated in this work, 36.8 and 24.6
kJ/mol, is comparable with the findings of Ash et al. [28] who reported
values of 31.6 and 29.7 kJ/mol. As a result, the enthalpy of sorption
calculated in this work is equal to 12.2 kJ/mol, higher with respect to
the one reported by the same authors (1.88 kJ/mol). The sorption heat
behavior can be explained considering gas sorption as a two-step process
which involves the condensation of the gas and the mixing of the
condensed penetrant within the polymer phase. Consequently, the
sorption enthalpy can be expressed as the sum of two contributions: the
enthalpy of condensation (ΔHcond) and the mixing enthalpy (ΔHmix)
which is related to the non-ideality of polymer–penetrant mixture:

ΔHS = ΔHcond + ΔHmix Eq. (15)

The heat of condensation is always negative while the mixing
enthalpy can be either positive or negative depending on the gas-
polymer interactions. In general, the heat of condensation represents
the main contribution, thus, gas sorption is commonly an exothermic

phenomenon. However, for the gases with low critical temperature, a
positive enthalpy of mixing may overcome the low heat of condensation
thus leading to an endothermic process. Such a behavior has already
been reported for hydrogen sorption in PA11 [23], LDPE [52] and PDMS
[53].

3.5. Minimum thickness

To give a more comprehensive and intuitive description of the
different expected performances of PA6 and PA6I tested samples as type
IV tank liner materials, the minimum thickness required LR to keep the
leak per unit volume of the tank lT within a given threshold has been
calculated as proposed in Eq. (16):

LR =
P Δp AT

VTlT
Eq. (16)

Where P is the hydrogen permeability measured at Δp = 700 bar and T
= 20 ◦C, AT is the surface area of the tank and VT is the volume of the
tank. The required mass of liner, therefore, is:

m= ρSC AT LR Eq. (17)

Considering a cylindrical tank with a certain tank diameter DT and
length LT, assuming a storage volume of VT = 249 L (typical of a large
car) with an aspect ratio LT/DT = 2.8, and using high pressure hydrogen
permeability in PA6 (0.25 Barrer) and PA6I (0.39 Barrer) at 700 bar and
20 ◦C reported in Table 2, eq [16]. and eq [17]. lead to the trends re-
ported in Fig. 10.

As displayed in the chart, the use of PA6 as liner material requires a
smaller thickness and less mass to meet a given leak per unit volume
compared to PA6I. In particular, the safety threshold of 6 cm3(STP)/(h
L) fixed by (EU) No 406/2010 [6,7] is accomplished using 2.01 kg (0.78
mm) of PA6 or, alternatively 3.14 kg (1.21 mm) of PA6I. Considering
that the mass of hydrogen stored at T = 20 ◦C and 700 bar in the case
study reservoir volume is approximately 10 kg, this translates in having
a mass percentage of liner equal to 17 % and 24 % respectively, which
outperforms the typical value of around 50–60 % characteristic of HDPE
liner [54].

4. Conclusions

An experimental campaign on hydrogen permeability, sorption, and
diffusion in PA6, PA11 and PA6I samples has been carried out using both
sorption and direct permeation tests, leading to results in substantial
agreement with each other and literature references, considering the
deviation of the results caused by different hypothesized microstruc-
tures resulting from different thicknesses and forming technologies.
Besides the experimental uncertainties, the discrepancy between the
results obtained by the two techniques is expected to be ascribed mainly
to the dependence of the diffusivity, i.e. the kinetics of the permeation
process, to the crystalline morphology, which affects the tortuosity of
the diffusive path. PA6 exhibited a permeability coefficient around three
times lower than the one of PA11, and that is associated to its higher
amorphous density. In general, some differences between data obtained
with different techniques are due to the fact that the samples used have
different shapes and have been obtained with different processes, and
they thus have a different crystal morphology, e.g. powder or pellets
versus films or slabs. In this respect, the sorption test is more versatile as
it can be performed on any type of solid sample, while the permeation
test is bound to the film/slab morphology to ensure isolation between
the upstream and downstream side. The solubility value is less affected
by microstructural differences with respect to diffusivity and perme-
ability, as it is an equilibrium value independent of the time needed to
reach it, and thus it does not depend on geometric factors such as tor-
tuosity, but it can offer only an indirect estimate of permeability. It is
observed, in this work as in previous ones, that hydrogen solubility
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increases with temperature, albeit slightly: such a behavior is not usual
for gas sorption in polymers, but it has often been observed for hydrogen
and other low critical temperature gases, and was explained considering
its peculiar thermodynamic behavior. The presence of the impact
modifier in PA6I led to a slightly lower barrier performance of the
pristine PA6, which is substantially caused by the higher free volume of
this material. Nevertheless, the slightly worse barrier performance of the
PA6I sample is counterbalanced by its superior impact resistance which
still makes it a promising alternative for high-pressure hydrogen storage
type IV tanks. The threshold leak per unit volume set by EU regulations,
in fact, can be met with a thickness of 1.2 mm which for the case study
considered translates into the 24 % of total weight of the tank.
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