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ABSTRACT
Carbon capture, utilization, and storage is a crucial short-term strategy to mitigate climate change. Once captured, CO2 needs to
be transported to storage sites, and to ensure efficient transport, it is typically compressed into a liquid or supercritical fluid. These
conditions can alter the properties of materials used during the transport stage. A HNBR, a commonly used elastomer in oil and
gas applications, is investigated in this work in terms of its CO2 permeation properties. The plasticization effect of CO2 plays a key
role, as it can shift the glass transition temperature, leading to peculiar permeability behavior at high-pressure. Thermodynamic
modelling is also effectively applied, describing the observed trends.

1 Introduction

Global warming, primarily driven by greenhouse gas (GHG)
emissions, is an urgent issue. Climate change has caused sig-
nificant damage, including reduced resource availability and
increased frequency and severity of extreme weather events. The
Intergovernmental Panel on Climate Change (IPCC) has set a
target to limit GHG andCO2 emissions in the atmosphere, aiming
to cap the global temperature rise at 1.5◦C by 2050 [1]. Carbon
capture, utilisation and storage (CCUS) has emerged as a crucial
short-term strategy for reducing CO2 emissions and mitigating
climate change [2]. In CCUS processes, CO2 is captured from
large point sources and transported via ships or pipelines to
underground storage sites or storage tanks for reuse. To make
the transport process efficient, CO2 needs to be compressed
and transported as a liquid or supercritical fluid [3]. These

severe conditions may alter the properties of materials employed
throughout the transport supply chain.

Polymers are widely used in CO2 transportation infrastructure as
materials for pipeline coatings, liners, gaskets, O-rings, and pack-
ings, thanks to their low density and high corrosion resistance.
Selecting proper polymeric materials, compatible with the dense
CO2 stream, is essential to achieve reliable and safe modalities of
carbon transport [4, 5].

CO2 absorption may cause plasticization, which can alter the
polymer’s glass transition temperature, thereby affecting its
mechanical properties. Under supercritical conditions, CO2 can
show extraction capacities, potentially removing additives and
plasticizers in a de-plasticizing effect. Furthermore, CO2 uptake
is likely to determine relevant swelling in polymers, eventually
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FIGURE 1 HNBR chemical structure.

leading to geometrical mismatches due to volume expansion,
changes in long-term performance, and altered CO2 transport
properties across the polymer phase.

Understanding the effects of CO2 on polymeric materials under
high-pressure and cryogenic liquid conditions is critical to assess
their suitability for such demanding applications.

2 Materials andMethods

2.1 HNBR

Hydrogenated nitrile butadiene rubber (HNBR) is a synthetic
rubber known for its excellent mechanical properties (Figure 1).

HNBR consists of both saturated and unsaturated monomers
of butadiene and acrylonitrile (ACN) monomers. Showing good
chemical resistance and low cost, HNBR was one of the most
commonly used elastomers in the oil and gas industry. In this
work, theHNBR polymer samples usedwere characterized by the
presence of 35% carbon black, a common filler used to enhance
mechanical performance and durability.

2.2 Glass Transition Temperature Change

Glass transition of the polymeric sample was determined by
differential scanning calorimetry (DSC), using the equipment
DSC2500 (TA Instruments). To account for the shift in the glass
transition caused by CO2 uptake, the sample was exposed to
CO2 until complete saturation. Subsequently, the sample was
removed from the CO2 atmosphere and desorption begins: DSC
analysis was performed at different times, weighing the sample
beforehand. The glass transition was thus determined for each
CO2 concentration datapoint.

2.3 Sorption Test

Experimental analysis of CO2 sorption was conducted according
to the pressure decay method using the BELSORP machine as
the analytical instrument. A known mass of polymer sample was
evacuated to remove gas residues, and then placed in a sample
holder of calibrated volume, immersed in a thermostatic bath to
control the temperature. Upon exposure to CO2, a pressure sensor
monitors the pressure variations caused by CO2 sorption into
the polymer. After a sharp initial pressure drop, which gradually
leveled off, the equilibriumwas reached. Solubilitywas calculated
through the application of amass balance and the Peng-Robinson
equation of state to account for the deviation from ideal gas
behavior.

2.4 Permeation Test

The permeation of carbon dioxide in the polymer was assessed
using the constant pressure technique in compliance with ASTM
D3985-17 [6], in a setup developed in-house at SINTEF. In this
setup, the polymer sample was placed between two compart-
ments of a permeation cell with a diameter of 47 mm. The
upstream side was exposed to a constant pressure of CO2, while
the downstream side was maintained at atmospheric pressure,
and argon was used as sweep gas. The gas supply on both
sides was controlled by means of mass flow controllers. The
gas composition on the permeate side was measured using a
micro-GC (Agilent 990) equipped with a thermal conductivity
detector (TCD). A thermostatic bath (Julabo FP50) was employed
to maintain a stable and uniform temperature throughout the
experiments.

Permeability is calculated as follows:

℘𝑖 =
𝑛̇𝑝𝑦𝑖,𝑝𝑙

𝐴Δ𝑓𝑖
(1)

where
.
𝑛𝑝 is the molar gas flow permeate side, yi,p is the gas

concentration in the permeate flow, A is the sample area, l is
the thickness of the polymer, and Δfi is the driving force of
the process, defined as the difference in fugacity between the
upstream and downstream side.

2.5 Permeability Modelling

Permeability analysis was also conducted, making use of ther-
modynamic modelling. Based on prior solubility estimates and
modelling, the standard transport model was here applied [7].

The diffusive mass flux across the membrane can be written as
follows:

𝐽𝑖 = −𝜌𝐿𝑖𝜔𝑖∇
( 𝜇𝑖
𝑅𝑇

)
𝑇,𝑃

(2)

where ρ is the polymer density, ωi is the mass fraction of the gas
Li is a kinetic factor that depends on CO2 concentration in the
polymer, µi is the chemical potential of the penetrant.

Permeability of species i in a polymeric phase is defined as:

℘𝑖 =
𝐽𝑖𝑙

𝑝𝑢
𝑖
− 𝑝𝑑

𝑖

(3)

Where 𝑝𝑢
𝑖
− 𝑝𝑑

𝑖
is the partial pressure difference between the

upstream and the downstream of the polymer.

By combining Equations (2) and (3), one can write:

℘𝑖 =
1

𝑝𝑢
𝑖
− 𝑝𝑑

𝑖
∫

𝑝𝑢
𝑖

𝑝𝑑
𝑖

𝐿0𝑒
𝛽𝜔𝑖 𝑆𝑖𝑧𝑖𝑑𝑝𝑖 (4)

Si is the solubility and zi is the compressibility factor of the
gas. The only two adjustable parameters are the infinite dilution
mobility coefficient L0, that is linked to the polymer fractional free
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FIGURE 2 (a) CO2 solubility at −15◦C, 5◦C, and 20◦C; (b) Glass transition temperature as a function of the CO2 concentration in a HNBR; (c)
Permeability trend as a function of temperature; (d) Permeability description by means of Standard Transport Model.

volume, and β, the plasticization factor that accounts for polymer
swelling induced by the gas penetrant.

In the tested polymer, carbon black (CB) was present as a
reinforcing agent. Being a non-permeable solid filler, CB typically
decreases both the solubility and diffusivity of the gas within the
polymer. To account for its effect, the permeability of the pure
polymer is estimated using the following correction:

℘𝐻𝑁𝐵𝑅 =
℘𝑝𝑜𝑙+𝐶𝐵

(1 − 𝜔𝐶𝐵) (1 − Φ𝐶𝐵)
(5)

where ωCB is the weight fraction and ΦCB is the volume fraction
of carbon black in the polymer.

3 Results and Discussion

The solubility of CO2 in this HNBR at different temperatures is
reported in Figure 2a, showing a linear increase with pressure, as
it is typical of rubbery polymers. Figure 2c shows the permeability
of CO2 as a function of temperature at two different upstream
pressure conditions: 20 and 5 bar. A significant difference in
behavior is observed between these conditions, likely to be
attributed to the effects of plasticization.

Focusing on the data at 20 bar, the permeability trend is non-
monotonic and three distinct regions may be identified:

- From 20◦C to 0◦C: the values of permeability stabilize due to
a balance between the effects of diffusivity and solubility. At
these temperatures, the polymer is in an equilibrium rubbery
state, and neither parameter dominates.
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- From 0◦C to −18◦C: Permeability increases, primarily due
to an increase of CO2 solubility (and density). Being still a
rubber, in this range, solubility becomes the dominant factor
in determining permeability.

- From −22◦C to −40◦C: permeability decreases again as the
polymer transitions to a glassy state, at least partially. This
transition is characterized by a significant reduction in CO2
diffusivity, as indicated by an increase of the time required to
reach steady-state conditions.
○ At the beginning of the test, no CO2 molecules are inside

the polymer matrix, and the material is below its glass
transition temperature. The reduction of the diffusion
coefficient (or the increase in the time lag) outweighs the
contribution of solubility, which levels off.

○ Over time, CO2 molecules diffuse into the matrix, and
after reaching a critical concentration [8], plasticization
occurs, converting the polymer back to a rubbery state.
Indeed, as one can see in Figure 2b, the glass transition
temperature is decreased by the presence of CO2 inside the
polymericmatrix.However, at the downstream side,where
CO2 concentration is still negligible, the polymer remains
glassy, and this portion governs the overall permeation
process.

At 5 bar, the lower CO2 uptake led to limited plasticization effects,
and permeability follows a monotonic decreasing trend with
decreasing temperature, as one would expect in the ideal case
(no plasticization). Such a phenomenon can be attributed to the
significant reduction in mobility (i.e. diffusivity) that prevails on
the change in solubility. The standard transport model has been
applied and tuned to describe the different behaviors. Figure 2b
illustrates the model’s description and prediction of permeability
at 20◦C. By appropriately selecting the parameters β and L0, the
model allows for a good representation of permeability.

4 Conclusions

The reported activity presents experimental and modelling find-
ings on the permeation properties of CO2 in one type of HNBR
under different conditions. These results reveal critical insights
into material performance, especially under challenging operat-
ing conditions relevant to CO2 transportation, laying a foundation
for optimizing the use of suchmaterials in industrial applications.
While these results show how an example HNBR has performed,
the properties of HNBRs can be tailored by varying parameters
such as filler content, crosslink system, and acrylonitrile content,
as these parameters are likely to impact the behavior of the
material in CO2 applications. Future investigation will further
explore the underlying mechanisms and broaden the scope to
other elastomers.

Acknowledgements

The authors acknowledge the financial support of the Research Council
of Norway and the CLIMIT programme, under grant 308765 (CO2 EPOC
project) and grant 245822 linked to the European Carbon Capture and
Storage laboratory Infrastructure (ECCSELCCSRI, SINTEFMLAB). This
research was funded under the National Recovery and Resilience Plan,

Mission 4 Component 2 Investment 3.1 “Fund for the realisation of an
integrated system of research and innovation infrastructures”- Call for
tender No. 3264 of 28 December 2021 of the Italian Ministry of University
and Research funded by the European Union — NextGenerationEU —
PNRR IR0000020,ConcessionDecreeNo. 244 of 8August 2022 adopted by
the Italian Ministry of University and Research, CUP F53C22000560006,
ECCSELLENT — Development of ECCSEL-R.I. Italian facilities: user
access, services, and long-term sustainability.

Open access publishing facilitated by Universita degli Studi di Bologna,
as part of the Wiley - CRUI-CARE agreement.

Conflicts of Interest

The authors declare no conflict of interest.

References

1. K. Calvin, D. Dasgupta, G. Krinner, et al., IPCC, 2023: Climate Change
2023: Synthesis Report Contribution of Working Groups I, II and III to
the Sixth Assessment Report of the Intergovernmental Panel on Climate
Change [Core Writing Team, H.Lee and J. Romero (eds.)]. IPCC, Geneva,
Switzerland., First., Intergovernmental Panel on Climate Change (IPCC)
2023.

2. E. Hanson, C. Nwakile, and V. O. Hammed, “Carbon Capture, Uti-
lization, and Storage (CCUS) Technologies: Evaluating the Effectiveness
of Advanced CCUS Solutions for Reducing CO2 Emissions,” Results in
Surfaces and Interfaces 18 (2025): 100381, https://doi.org/10.1016/j.rsurfi.
2024.100381.

3. U. Berge, M. Gjerset, B. Kristoffersen, et al., Oslo: Zero Emission
Resource Organization 2011.

4. L. Ansaloni, B. Alcock, and T. A. Peters, “Effects of CO2 on Polymeric
Materials in the CO2 Transport Chain: a Review,” International Journal of
Greenhouse Gas Control 94 (2020): 102930, https://doi.org/10.1016/j.ijggc.
2019.102930.

5. V. Signorini, L. Ansaloni, T. Peters, B. Alcock,M.Giacinti Baschetti, and
M. Minelli, “Characterization and Modeling of CO 2 Transport Through
Fluorinated Thermoplastics,” ACS Appl Polym Mater 6 (2024): 379–389.
6. F02 Committee, Test Method for Oxygen Gas Transmission Rate
through Plastic Film and Sheeting Using a Coulometric Sensor, ASTM
International.

7. M. Minelli and G. C. Sarti, “Permeability and Diffusivity of CO2 in
Glassy Polymers With and Without Plasticization,” Journal of Membrane
Science 435 (2013): 176–185.
8. A. Bos, I. G. M. Pünt, M. Wessling, and H. Strathmann, “CO2-induced
Plasticization Phenomena in Glassy Polymers,” Journal of Membrane
Science 155 (1999): 67–78.

4 of 4 Macromolecular Symposia, 2025

 15213900, 2025, 6, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/m

asy.70239 by C
ochraneItalia, W

iley O
nline L

ibrary on [23/12/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1016/j.rsurfi.2024.100381
https://doi.org/10.1016/j.ijggc.2019.102930

	CO2 Permeability in HNBR: Insights for CO2 Transport Applications
	1 | Introduction
	2 | Materials and Methods
	2.1 | HNBR
	2.2 | Glass Transition Temperature Change
	2.3 | Sorption Test
	2.4 | Permeation Test
	2.5 | Permeability Modelling

	3 | Results and Discussion
	4 | Conclusions
	Acknowledgements
	Conflicts of Interest
	References


