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Abstract

Radon gas is considered a significant hazard to human health due to its radio-

active character and its relationship with lung cancer. In response, national

and international organizations have developed regulations to reduce radon

exposure in indoor environments. In this study, novel nanocomposites based

on styrene–butadiene–styrene (SBS) copolymers and bitumen were developed

by incorporating two-dimensional (2D) nanomaterials to create effective physi-

cal barriers against radon gas. The resulting materials were evaluated for

potential application in the building sector to mitigate radon permeation. The

best-performing formulations achieved radon diffusion coefficients on the

order of 10�12 m2/s, below the limit established by European Directive

2013/59/EURATOM for radon barrier materials. Mechanical and physical

characterization confirmed that the incorporation of nanofillers did not signifi-

cantly alter the properties of the SBS–bitumen matrix. Overall, the developed

nanocomposites exhibit promising performance as functional barrier materials

for reducing indoor radon exposure and improving building health safety.
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1 | INTRODUCTION

Radon (222Rn) is a naturally occurring radioactive gas
generated from the decay of radium (226Ra), commonly
present in granitic soils. Due to its gaseous nature, radon
can migrate through porous media and enter buildings
through cracks, joints, and other discontinuities, accu-
mulating in poorly ventilated indoor environments.
Long-term exposure to elevated radon concentrations is
associated with an increased risk of lung cancer, and
radon is currently recognized as the second leading cause
of lung cancer overall and the primary cause among non-
smokers.[1–5]

In response to these health risks, regulatory frame-
works have been established to limit indoor radon

exposure. In Europe, Directive 2013/59/EURATOM
requires Member States to define national reference
levels and implement mitigation strategies.[6] In Spain,
this Directive has been partially transposed into national
legislation through the Technical Building Code (CTE),
which establishes a reference level of 300 Bq/m3 for
indoor environments and recommends the use of radon
barriers with diffusion coefficients below 10�11 m2/s and
a minimum thickness of 2 mm.[6–8]

Mitigation strategies for radon ingress in buildings
include soil depressurization systems, sealing of entry
pathways, and the use of barrier materials. Among these,
passive barrier systems are particularly attractive due to
their ease of implementation in both new construction
and retrofitting applications. However, the development
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of materials with sufficiently low radon permeability
remains a challenge.

Recent research on radon barriers has primarily
focused on the evaluation of commercial materials and
the development of measurement methodologies for
radon diffusion coefficients.[9–11] Although some coating
systems have demonstrated high efficiency in reducing
radon levels,[12] the design of advanced materials specifi-
cally tailored to limit radon transport remains limited. In
particular, the application of nanocomposite materials
for radon barrier purposes has not been extensively
explored.

In the field of polymer nanocomposites, the incorpo-
ration of two-dimensional (2D) nanomaterials such as
clays and graphene nanoplatelets has been widely
reported to improve gas barrier properties. These
improvements are generally attributed to the high aspect
ratio of the fillers, which increases the tortuosity of diffu-
sion pathways within the matrix. In addition, other
mechanisms may contribute to gas transport reduction,
including reversible physisorption on the surface of nano-
materials and changes in gas solubility within the com-
posite system. The relative contribution of these
mechanisms depends on factors such as filler type, dis-
persion, orientation, and concentration.[13–25]

Styrene–butadiene–styrene (SBS) copolymers are
commonly used in bitumen modification for waterproof-
ing membranes due to their flexibility and mechanical
performance. The combination of SBS and bitumen pro-
vides a suitable matrix for the development of barrier
materials with enhanced functional properties.

In this work, novel nanocomposite materials based
on SBS and bitumen matrices incorporating 2D nanoma-
terials (clays and graphene nanoplatelets) have been
developed as radon barriers for building applications.
Advanced dispersion techniques, including three-roll
milling, were employed to ensure adequate nanofiller dis-
tribution. The resulting materials were comprehensively
characterized, with particular emphasis on radon diffu-
sion behaviour, as well as mechanical, thermal, and
physical properties.

2 | MATERIALS AND METHODS

Graphene nanoplatelets Av-PLAT-40 was purchased
from Avanzare Innovaci�on Tecnol�ogica S.L. and gra-
phene platelets CP-0081-HP were purchased from IoLi-
Tec Ionic Liquids Technologies GmbH. Clay Cloisite 20A
and BYK-MAX CT 4260 were purchased from BYK-
Chemie GmbH. The properties of the nanofillers are
reported in Table 1. Brugues S.A. was the supplier of
cyclohexane. Nynas supplied Nyflex 223, a naphthenic oil
with a kinematic viscosity of 0.88 cm2/s. Calprene
411 (C411) is a 70/30 radial butadiene/styrene block
copolymer from Dynasol Elastomers. Bitumen with pene-
tration 160/220 from Repsol is a soft bitumen commonly
used in the roofing market, alongside hard bitumen
70/100 from Repsol. The bitumen penetration grade indi-
cates the range of penetration, expressed in tenths of a
millimetre (dmm), of a standard needle under standard-
ized conditions at 25�C. The availability of soft bitumens
may decline in the forthcoming years, which could neces-
sitate its substitution with harder bitumens.

Three mixing strategies were implemented to develop
new nanocomposites. The first mixing strategy (E1)
involved dispersing nanomaterials into C411. In this
approach, formulations were prepared by combining the
selected nanomaterials (graphene G1 or G2 and clay Ar1
or Ar2) and dispersing them using the three-roll milling
technique. First, 100 g of C411 was dissolved in 1 L of
cyclohexane under magnetic stirring for 1 h. Once dis-
solved, the graphene and clay were added to the mixture
and manually stirred for 5 min. This mixture was then
processed using the three-roll mill technique to ensure
uniform dispersion. The gap between the rolls ranged
from 120 μm (first pass) to 5 μm (final passes) with an
apron roll speed of 300 rpm. After 40 min, the dispersed
product was collected, and the cyclohexane was allowed
to evaporate over several days to obtain a solid mixture
for characterization testing. Subsequently, the samples
were evaluated through radon diffusion tests, mechanical
testing, colorimetry, and thermal conductivity measure-
ments. Figure 1 presents a schematic diagram depicting

TABLE 1 Properties of the nanomaterials used.

2D Nanomaterials

Nomenclature Commercial name Thickness (nm) Specific surface (m2/g) Lateral size (μm)

G1 Graphene platelets CP-0081-HP 2 750 1–2

G2 Graphene nanoplatelets Av-PLAT-40 10 28 40

Bulk density (kg/m3) Particle size D50 (μm)

Ar1 Clay Cloisite 20A 350 <10

Ar2 BYK-MAX CT 4260 400–600 <20

2 MANTECA-MARTÍNEZ ET AL.
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the mixing process used to obtain the E1 samples:
M1–M4.

Following the completion of characterization tests,
the sample exhibiting the lowest radon diffusion coe-
fficient was chosen for implementation in strategies
2 and 3.

In strategy 2 (E2), nanofillers are mixed into bitumen
heated to 180�C. The hot bitumen is manually stirred
with the nanofillers, then blended with C411. The proce-
dure for mixing C411, both with and without nanofiller,
with bitumen is as follows: first, place the bitumen in an
oven set at 180�C to bring it to the required temperature.
Subsequently, the bitumen sample should be placed on a
hot plate within a cabinet equipped with an extraction
system. Insert a temperature probe into the bitumen and
activate the Silverson Mixer®. Once the bitumen’s tem-
perature exceeds 170�C, incorporate C411. Maintain the
mixing temperature at 180 ± 5�C with a rotational speed
of 3500–4000 rpm. After blending for 50 min, distribute
the bituminous blend into various instruments for final
tests. Final tests include softening point temperature,

penetration tests at 25�C, dynamic viscosity, and
conducting cold bending tests. Figure 2 presents a sche-
matic diagram depicting the mixing process used to
obtain the E2 sample: M5.

In strategy 3 (E3), the nanofillers are incorporated into
the oil using the three-roll milling technique to achieve
uniform dispersion. Once we have the bitumen heated at
170�C, C-411 is incorporated into the bitumen with a high
shear mixer and when the product is properly blended, we
add the oil with nanofillers to the sample. The samples are
subsequently prepared for characterization tests. Figure 3
presents a schematic diagram depicting the mixing process
used to obtain the E3 sample: M6.

Table 2 presents the formulation matrix. Strategy
1 (E1) incorporated C411, graphene, and clays in samples
M1 through M4. Strategy 2 (E2) produced sample M5
using these nanomaterials with bitumen and C411. Sam-
ple M6 was produced according to Strategy 3 (E3), which
uses nanomaterials, oil, bitumen, and C411.

The radon diffusion coefficient[26] was determined
using the method described in ISO/DTS 11665-13.[27]

FIGURE 1 Schematic illustration of first mixing strategy (E1) samples preparation.

FIGURE 2 Illustration showing the preparation of strategy 2 (E2) samples.

MANTECA-MARTÍNEZ ET AL. 3
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This method consists of positioning the sample specimen
between two airtight chambers, referred to as the
“source” and “receiver” containers. Radon concentrations
on both sides of the sample are continuously monitored
with two radon monitors. The radon diffusion coefficient
D (m2/s) is obtained by solving Fick’s second law for
one-dimensional transient diffusion through a plane
membrane, which accounts for radioactive disintegration
during transport:

∂C x, tð Þ
∂t

¼D � ∂
2C x, tð Þ
∂x2

� λ �C x, tð Þ ð1Þ

where C (x, t) the radon concentration within the sample
(Bq/m3), x the distance from the surface exposed to radon
(m), λ the radon decay constant (s�1) and t the time (s).
Boundary conditions are defined by the radon concentra-
tions measured in the source and receiver chambers. The
numerical solution, implemented through the IterRn
software, iteratively determines the value of D that best
fits the experimentally measured temporal evolution of
radon concentration in the receiver chamber.[28]

The experimental set up consists of two cubic cham-
bers with an inner volume 25,672 cm3 (29.5 cm geometri-
cal side), and the sample to be tested must have a square
surface of 784 cm2 (28 cm geometrical side) which is

adhered and sealed with acrylic putty on the top of the
source container. The thickness of the sample is mea-
sured at least in four points with a calliper. The radon
source used in the source container is natural soil with a
high 226Ra content confined in a radon diffusive 125 mL
plastic container. The availability of several sources with
different 226Ra allows to reach radon concentrations in
the source container of the order of MBq/m3.[26]

The measuring devices are radon monitors of the Radon
Scout type (SARAD, Germany), periodically calibrated in
the ISO/IEC 17025 accredited radon chamber available at
LaRUC, and placed on each container to minimize randon
leakage from the experimental setup schematically illus-
trated in Figure 4.

The data acquisition method aligns with ‘Method C’
as outlined in the ISO reference standard. To achieve a
steady state in the concentration profile within the mate-
rial’s thickness, the source and radon monitor are placed
in the source container with the sample positioned on
top. After 10 days, the receiver container is added, fol-
lowed by a measurement period of another 10 days.

The IterRn (Version 2016) is a specific software devel-
oped by Zbynek Svoboda and Martin Jiranek (Czech
Technical University in Prague, Czech Republic) and it is
used for the calculation of the diffusion coefficient. The
software computes the temporal evolution of the radon

FIGURE 3 Schematic representation of the procedure for preparing strategy 3 (E3) samples.

TABLE 2 Matrix formulation of mixtures.

Component (wt.%) E1 control M1 M2 M3 M4 E2 control M5 E3 control M6

C411 100 84 84 84 84 10 9.8 10 9.8

Bitumen 160/220 - - - - - 90 87.9 - -

Bitumen 70/100 - - - - - - - 85.9 84

Naphtenic oil - - - - - - - 4.1 4.0

Ar1 - 15 - 15 - - - - -

Ar2 - - 15 - 15 - 2.2 - 2.1

G1 - 1.0 1.0 - - - - - -

G2 - - - 1.0 1.0 - 0.1 - 0.1

4 MANTECA-MARTÍNEZ ET AL.
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exhalation rate from the analyzed sample, as well as the
radon concentration within the receiver chamber.
Through an iterative numerical process, the radon diffu-
sion coefficient is subsequently determined, as illustrated
in Figure 5.[29]

A C-Therm TCi thermal conductivity analyzer,[30]

employing the modified transient plane source (MTPS)
technique, was used to determine the thermal conductiv-
ity and effusivity of the samples. The device utilizes a
one-sided, interfacial heat reflectance sensor that applies
a brief, constant heat input to the sample. Both thermal
conductivity and effusivity are measured directly and rap-
idly, providing a comprehensive characterization of the
thermal properties of the material. Figure 6 illustrates
the types of samples used for these measurements.

After preparing test samples with 2 mm thickness and
6 mm width, we use a dynamometer to evaluate them.
This equipment calculates the following properties:

Tensile strength is the amount of force
required to stretch a test sample to the point
of failure. This test is performed placing a
dumbbell shaped part into the grips of
a dynamometer. The dynamometer pulls the
grips apart steadily until the dumbbell
breaks. The force at rupture is known as ulti-
mate tensile strength.

Strain is measured by stretching the sample
same as above and measuring the change in
length from original. Strain is expressed as a
percentage of the original length. Ultimate

strain is the percentage change in length
from original to rupture.

Modulus is the force at a specific strain, such
as 100%, 200%, or 300%. Modulus is utilized
for comparison purposes at different strain
levels, such as 100% strain, which is referred
to as ‘M100’.

The softening point specifies bitumen properties at high
service temperatures and represents a conventional,
approximate upper limit of the viscoelastic consistency.
The test involves determination of the conventional tem-
perature at which bitumen acquires a specific consis-
tency. Bitumen softening point testing is usually
performed by the ring and ball method (R&B in short).
Two bitumen samples placed in metal rings are heated in
controlled manner in a liquid (glycerin for R&B higher
than 80�C), placed in a glass beaker, with each bitumen-
filled ring supporting a steel ball. The softening point is
indeed the average temperature at which both bitumen
rings soften to the extent that each ball, covered in bitu-
men, travels 25.0 mm ± 0.4 mm. The R&B softening
point test is performed according to PN-EN 1427: Bitu-
men and bituminous binders. Determination of the soften-
ing point.

The primary method for bitumen classification in the
European standardization framework is the penetration
test at 25�C. The test involves determination of bitumen
consistency expressed as the distance that a standardized
steel needle penetrates vertically into a bitumen sample
at a specific temperature. The needle load is 100 g, and

FIGURE 4 Schematic and photography of the experimental setup.
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the loading time equals 5 s. The penetration unit is
0.1 mm, which corresponds to the needle penetration
depth in the bitumen sample.

The interpretation of penetration test results is
straightforward: for instance, bitumen with a penetration
of 200 dmm is softer than bitumen with a penetration of
100 dmm because the needle penetration depth is 20 mm

in the former case, compared to 10 mm in the latter. Gen-
erally, greater penetration indicates softer bitumen. The
test can be performed at different temperatures; however,
25�C is typically used for bitumen classification purposes.
The penetration test is conducted according to PN-EN
1426: Bitumen and bituminous binders-Determination of
needle penetration.

Viscosity testing can be performed using different
methods and instruments, and at various temperatures.
For highly modified bitumen, viscosity testing is typically
conducted at 180�C, using a Brookfield rotary viscometer
to measure dynamic viscosity. Dynamic viscosity testing
is conducted according to PN-EN 13302: Bitumen and
bituminous binders. Determination of dynamic viscosity of
bituminous binder using a rotating spindle apparatus.
Brookfield dynamic viscosity testing applies the differ-
ence in the resistance of a rotating spindle immersed in
bitumen with different viscosity. Resistance increases as
bitumen viscosity increases, while the spindle’s torque
remains within the appropriate pre-set range. Dynamic
viscosity testing involves the determination of the rela-
tionship between relative resistance to the rotation of the
spindle in a special container holding the tested sample
at the pre-set spindle rotational speed. Dynamic viscosity
of the tested liquid is read out directly on the viscometer,
whose spindle torque must be within a specific range. If
the condition is not met, the spindle is replaced with
another one, having a different shape coefficient.

Through compression moulding at high temperature,
sheets of bituminous membranes are produced from which
test specimens measuring 170 � 25 mm are cut. In the cold
bending test apparatus, five test specimens are placed
around a cylindrical bending mandrel, and the elevation
system is connected. The test begins at �10�C, with the
temperature being decreased by 2� incrementally. At each
temperature level, the test specimens are folded 180�

FIGURE 6 Sample examples for

diffusion and thermal conductivity tests.

FIGURE 5 Typical shape of data obtained following method C

of ISO/TS 11665-13: 2017.
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around the central mandrel. The cold bending temperature
of the bituminous membrane is identified when three test
specimens crack or fracture.

Waterproofing sheets or roofing sheets are typically
tested for water penetration resistance, vapour durability,
or moisture resistance. The samples are exposed to high
humidity conditions for an extended period to determine
whether these conditions affect the mechanical and phys-
ical properties of the formulations. The test involves
exposing the samples for 1 month at a temperature of
23 ± 1�C and relative humidity of 75% ± 2% in an envi-
ronmental chamber. Figure 7 shows an image of the test.

3 | RESULTS AND DISCUSSION

Table 3 shows the results of the tensile test performed on
the nano-additivated C411 samples prepared in strategy
E1. Sample M1 shows the highest values of breaking
strength and modulus, as well as the lowest elongation.
This was attributed to the very high aspect ratio of the
graphene filler[31] and the high distribution of graphene
layers in the polymer matrix as well as interfacial bond-
ing between the graphene layers and polymer matrix.[32]

Samples M2 to M4 display comparable values for these
parameters.

Table 4 shows the thermal conductivity and effusivity
of mixtures using strategy E1. The values for nanocompo-
sites do not vary significantly with different fillers. Sam-
ples M1–M4 have uniform thermal conductivity.

Table 5 presents the radon diffusion coefficient results
for E1 samples, including the measurement uncertainty
and the improvement relative to the E1 control. The pre-
pared films measured 280 � 280 mm, and one film per
sample was tested.

The results for strategy E1 show that the addition of
nanofillers reduces the diffusivity of radon gas through the
matrix of C411. Samples M1 and M4 exhibit the lowest dif-
fusion coefficients, with reductions of 77% and 80%, respec-
tively. This behaviour is primarily attributed to the high
aspect ratio of the nanoclay and graphene nanoplatelets,
which increases the tortuosity of the diffusion pathways
within the polymer matrix.[22,23,33] However, additional
mechanisms may also contribute to the observed reduction
in radon transport. Reversible physisorption of radon on
nanofiller surfaces and changes in gas solubility within the
composite matrix may occur. The impact of these mecha-
nisms likely depends on nanofiller dispersion and their
interaction with the polymer matrix. The nanomaterials
used in M4 were BYK MAX CT4260 clay and av-PLAT-40
graphene. These nanofillers were also utilized to prepare
samples M5 and M6 for strategies E2 and E3, respectively.

The results of the tensile test, conducted following the
environmental degradation test, are compiled and shown
in Table 6.

The mechanical properties observed after environ-
mental aging indicate a reduction in elongation and
breaking strength, alongside an increase in elastic modu-
lus across all samples. This outcome suggests that the
samples exhibit increased stiffness and diminished elas-
ticity. This phenomenon is likely due to crosslinking
reactions taking place within C411.

Table 7 presents the results of tests conducted on
samples with C411/bitumen prepared using strategy E2
or E3. The data indicates that the softening point R&B

FIGURE 7 Samples in the environmental chamber during the

degradation test.

TABLE 3 Tensile test results for E1 mixtures.

Sample
Strain
(%)

Breaking
strength
(MPa)

Elastic
modulus
100
(MPa)

Elastic
modulus
300
(MPa)

Elastic
modulus
500
(MPa)

M1 800 31.5 5.0 7.0 10.4

M2 840 26.3 4.0 5.7 8.4

M3 850 25.2 4.1 5.5 7.8

M4 890 23.7 4.1 5.3 7.2

MANTECA-MARTÍNEZ ET AL. 7
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remains constant in the samples, unaffected by the addi-
tion of nanofillers, which is a crucial parameter for the
final application. Regarding cold bendability, it also
remains stable, while penetration at 25�C decreases

slightly with the inclusion of nanofillers, indicating a
slight increase in hardness of the sheet. This improve-
ment is advantageous for the application, considering the
consistency in cold bendability.

Following the environmental degradation test, the
physical properties of the nano-additivated bitumen sam-
ples are presented in Table 8.

Figure 8 compares bitumen samples before and after
aging, showing changes in softening point, penetration,
and dynamic viscosity.

Figure 8 shows that samples exposed to 75% relative
humidity for a month exhibit change in their properties.
For soft bitumen 160/220, which corresponds to samples
E2 control and M5, the softening point remains nearly
unchanged, with a slight increase (1%) for the sample
with nanoparticles (M5) compared to its undegraded
sample. Penetration measurements decrease for both
mixtures, indicating that the samples become stiffer or
harder after exposure to humidity. Viscosity measure-
ments show an increase, more pronounced for the sam-
ple with nanoparticles. This is due to the high dispersion
of the nanoparticles in the polymer matrix by the three-
roll mill process, which breaks up agglomerates and dis-
tributes individual nanoparticles in the polymer, thereby
increasing the mixture’s viscosity. This effect was
observed in previous studies.[33]

For hard bitumen 70/100, corresponding to sample
E3 control and M6, the softening point decreased by
approximately 5% for the sample containing nanoparti-
cles (M6) compared to the sample without degraded
nanoparticles. For the reference sample (E3 control),
measurements were not obtainable. Regarding penetra-
tion measurements, both mixtures showed a decrease in
value, with the reference sample exhibiting a more signif-
icant reduction. The viscosity of the E3 control sample
increased significantly from 1810 to 4775 cP. The lower
viscosity in M6 can be attributed to the shielding (barrier)
effect of graphene platelets, which can hinder oxygen
transport and thereby slow down thermo-oxidative aging,

TABLE 4 Thermal conductivity and effusivity results of M1–
M4 samples.

Sample
Thermal conductivity
(W/m�K)

Thermal effusivity
(Ws½/m2K)

M1 0.23 574

M2 0.23 571

M3 0.22 559

M4 0.22 562

TABLE 5 Radon diffusion coefficient measurements of the E1

samples.

Sample D (m2/s) � 10�11
Uncertainty
(m2/s) � 10�11

Reduction
(%)

E1
Control

9.2 2.6 -

M1 2.1 0.6 77

M2 2.6 0.7 72

M3 2.4 0.7 74

M4 1.8 0.5 80

TABLE 6 Tensile test results of E1 samples after aging.

Sample
Strain
(%)

Breaking
strength
(MPa)

Elastic
modulus
100
(MPa)

Elastic
modulus
300
(MPa)

Elastic
modulus
500
(MPa)

M1 610 26.6 6.3 11.7 19.5

M2 590 24.5 6.2 11.6 19.1

M3 550 21.3 6.2 11.1 18.8

M4 560 21.8 6.3 11.2 18.6

TABLE 7 Results of physical tests on unaged bitumen for E2

and E3 samples.

Sample

Softening
Point
R&B (�C)

Penetration
at
25�C (dmm)

Dynamic
viscosity
(cP)

Cold
bending
test (�C)

E2
control

113 51 1650 �30

M5 112 42 1850 �28

E3
control

116 50 1810 �32

M6 117 46 1460 �28

TABLE 8 Physical test results for aged bitumen samples E2

and E3.

Sample

Softening
Point
R&B (�C)

Penetration
at
25�C (dmm)

Dynamic
viscosity
(cP)

E2
Control

112 41 2166

M5 113 39 2590

E3
Control

N/A 40 4775

M6 110 42 1692

8 MANTECA-MARTÍNEZ ET AL.
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as reported by Yang et al.[34] In our study, this interpreta-
tion is supported indirectly by the smaller viscosity
increase observed for the graphene-containing sample
(M6) after the environmental degradation test, compared
with the E3 control under the same conditions.

Both modified bitumens with C411 become harder
after high humidity exposure, with a slight change in soft-
ening point. However, variations are less pronounced
when nanoparticles are used, suggesting that plate-like
nanofillers may contribute to aging resistance mainly
through a physical shielding (gas-barrier) effect that
reduces oxygen diffusion into the binder. In addition,
graphene-based fillers have been reported to exhibit
radical-scavenging (antioxidant) behaviour; however, this
contribution was not directly assessed in the present work.

Table 9 presents radon diffusion coefficients for mix-
tures E2 and E3, categorized by mixing strategies. It
includes diffusion coefficients, measurement uncer-
tainties, and improvements compared to control samples.
The tests involved one 280 � 280 mm film per sample.

In strategy E2, both E2 Control and M5 samples show
a low diffusion coefficient. The inclusion of nanofillers
(M5) results in a 29% reduction in the diffusion coeffi-
cient. Although the nanofiller content is relatively low,
an improvement in barrier performance is observed. This
behaviour is mainly associated with the homogeneous
dispersion of high-aspect-ratio fillers, which promotes
the development of tortuous diffusion pathways.[31,35]

Nevertheless, other contributions, such as reversible
physisorption on the nanofiller surface and modifications
in radon solubility within the matrix, may also play a
role. Due to the limitations of the present study, these
effects could not be independently quantified.

In strategy E3, the incorporation of oil slightly
reduces the effective nanofiller content in mixture M6,
and no improvement in the radon diffusion coefficient is
observed relative to the control sample. This behaviour
may be associated with a nanofiller concentration below
the threshold required to generate a significant barrier
effect, as well as potential changes in filler dispersion or
matrix–filler interactions.

Overall, the reduction in radon diffusion observed in
the developed nanocomposites is attributed to a combina-
tion of mechanisms, including increased tortuosity of dif-
fusion pathways, potential reversible physisorption on
nanofiller surfaces, and possible changes in gas solubility
within the matrix. Further studies would be required to
decouple and quantify the individual contribution of each
mechanism.

According to the Spanish Technical Building Code
(CTE), an acceptable barrier is a foil-type barrier with a
radon diffusion coefficient of less than 10�11 m2/s and
a minimum thickness of 2 mm. Both samples M5 and
M6, along with their references, E2 control and E3 con-
trol, meet this requirement.

FIGURE 8 Comparison of the softening point of bitumen

samples before and after environmental degradation test: Softening

point, penetration, and dynamic viscosity.

TABLE 9 Radon diffusion coefficient results of E2 and E3

samples.

Strategy Sample
D (m2/
s) � 10�12

Uncertainty
(m2/
s) � 10�12

Reduction
(%)

E2 E2
Control

7.0 2.0 -

M5 5.0 1.4 29

E3 E3
Control

4.0 1.1 -

M6 6.6 1.8 �65
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4 | CONCLUSIONS

The radon gas barrier properties of various polymer- and
bitumen-based nanocomposite formulations were evalu-
ated to study the effect of nanofillers on gas permeability.
The results indicate that the incorporation of two-
dimensional nanomaterials, such as clay and graphene
nanoplatelets, effectively reduces radon diffusion, mainly
due to the increased tortuosity of diffusion pathways
induced by their high aspect ratio.

In addition to tortuosity effects, other mechanisms
such as reversible physisorption on nanofiller surfaces
and possible changes in gas solubility within the matrix
may also contribute to the observed behaviour, although
their individual contributions could not be quantified in
the present study.

In the case of polymer-based formulations, C411
matrix exhibited the lowest radon diffusion coefficient
when loaded with 15 wt.% of BYK-MAX CT 4260 and
1 wt.% of graphene nanoplatelets Av-PLAT-40, achiev-
ing a value of 1.8 � 10�11 m2/s. This demonstrates the
synergistic effect of combining organoclay and
graphene-based nanofillers to restrict radon transport
through the polymer matrix. Mechanical and thermal
analyses indicated that these nanocomposites exhibited
high tensile strength and elastic modulus values,
coupled with reduced elongation. After environmental
aging, all polymer-based samples showed a decrease in
elongation and tensile strength, along with an increase
in elastic modulus, suggesting increased stiffness and
reduced elasticity.

For bitumen-based formulations, the lowest radon
diffusion coefficients were obtained in Bitumen 160/220
combined with C411, 2.2 wt.% BYK-MAX CT 4260, and
0.1 wt.% graphene nanoplatelets Av-PLAT-40, reaching a
value of 5.0 � 10�12 m2/s, as well as in Bitumen 70/100
with C411 and oil without nanomaterials, showing a sim-
ilar diffusion coefficient of 4 � 10�12 m2/s. These results
suggest that nanomaterial incorporation can significantly
improve the radon barrier properties of bituminous
matrices, although certain formulations may inherently
offer low permeability even without nanofillers. Physical
properties were conducted to evaluate the overall impact
of nanofillers on nanocomposite performance. The inclu-
sion of nanofillers led to only minor changes in these
properties, indicating that the final mechanical and ther-
mal behaviour of the developed films remain largely
unaffected. Environmental degradation analysis showed
increased hardness in all bitumen-based mixtures after
exposure to high humidity conditions, with slight varia-
tions in ring-ball softening temperatures. These changes
were less significant for the mixtures containing nanopar-
ticles, which is consistent with a physical shielding

(oxygen-barrier) contribution of plate-like nanofillers that
can slow down thermo-oxidative aging by reducing oxy-
gen transport through the binder.

In summary, using high-aspect-ratio nanofillers rep-
resents a promising strategy for the development of effec-
tive radon barrier materials that meet the requirements
established by the CTE.
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