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Predictive Modeling of Gas Diffusion and Solubility in Polymers for Offshore 

Pipelines 
 

Abstract  
The transport of carbon dioxide (CO2) between the capture and storage point is matter of great importance for the oil 
and gas industry, although it is not as often debated. National Oilwell Varco (NOV) manufactures flexible pipelines 
for offshore transport of fluids in deep water conditions. Flexible pipelines are a good alternative to fixed 
installations, mainly because of the advantages of easier storage and transport, lower operating costs, simpler 
maintenance and higher chemical and mechanical resistance [1]. A flexible pipeline consists of several layers, where 
the so-called inner polymer liner provides the barrier to the egress of the gas being transported. Inside the pipeline 
the gas is often transported at extreme conditions of temperature and pressure, for a gas often well beyond 
supercritical. 
 
Introduction 
Flexible pipes are used as a key component in the oil 
and gas industry, especially for offshore applications. 
The design of a flexible pipeline consists of different 
layers of material, most of them metallic. But there are 
two types of polymeric materials of crucial importance, 
the first located at the outer-shell of the pipe which has 
the main function of protecting from sea water corrosion 
the inner metallic surfaces; the second polymeric layer 
is in permanent contact with the transported fluid and 
therefore reinforces from the inner side the isolation of 
the metal layers. Moreover, this polymeric inner layer 
needs to have special mechanical and chemical 
properties compatible with the transported fluid to avoid 
leakages and guarantee high safety levels. Due to its 
critical importance to effective transport, the inner 
polymer is the main object of this study. Inside the 
pipeline the gases are transported at high temperature 
and pressure, well above supercritical [2]. The critical 
properties of CO2 are: Tc = 30.98 °C and Pc = 73.77 bar 
[3]. There are two main issues regarding the contact of 
supercritical fluids with polymers: a swelling 
phenomenon of the polymer of variable extension 
depending of the type of polymer used, which could 
lead to rupture of the pipeline; and the gradual 
degradation of the polymer that can lead to a loss of 
some key barrier properties of the polymer. 

The study and optimization of the transport 
properties of supercritical fluids in these pipeline 
systems is an experimental challenge that requires the 
acquisition of some thermodynamics and transport 
properties, such as solubility and permeability. This can 
be achieved using equipment, such as a Magnetic 
Suspension Balance (MSB) and a 2-D permeation cell 
for measuring the solubility and the permeability, 
respectively. These properties are dependent on 
pressure, temperature, and composition of the gas, but 
also on the interactions with the chain group in the 
polymer. Also, a particular matter to take into account is 
the change of the polymers physical properties during 
the transport at extreme conditions, such as the density, 
diffusivity, swollen volume and even the free volume of 
the polymers [2].  
 
Transport Phenomena 
The phenomena of gas transport through a polymer can 
be decomposed into 5 steps, which can be summarized 
as follows:  

• Diffusion through the limit layer on the side 
corresponding to the higher partial pressure 
(upstream side); 

• Absorption of the gas (mainly due to chemical 
affinity or solubility) in the polymer;  

• Diffusion of the gas inside the membrane polymer;  
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• Desorption of the gas at the side of lower partial
pressure;

• Diffusion through the limit layer of the downstream
side [4].
The transport phenomena can be grouped into three

transport coefficients: diffusion, solubility, and 
permeability, where the permeability coefficient is 
obtained by multiplying the other two coefficients. 
Another important factor for gas transport in polymers 
to be taken into account is the crystallinity. The 
crystallinity fraction of polymer is attributed to the 
region where the molecules are well arranged, in a 
regular order. If in one hand the sorption and diffusion 
phenomena take place in the amorphous regions, on the 
other hand the crystalline regions act as barriers for 
diffusion and are not included in the sorption process. 
However, the existence of crystalline regions seems to 
not influence the sorption mode in the amorphous 
regions [2]. 

Temperature dependence 
A common approach in the literature is to use an 
Arrhenius equation as a descriptor of the temperature 
influence in the different coefficients. For example, for 
permeability the equation should be: 

0 exp PE
Pe Pe

RT

−
= (1) 

Where 
0Pe  represents the limit value of permeability for 

the infinite molecular agitation (T → ∞ ), 
PE  is the 

apparent activation energy of permeation, T  is the 
absolute temperature and R  is the universal gas 
constant. Through a linearization of Eq. 1 is possible to 
obtain the unknown variables using the slope and the 
ordinate from the trendline of the experimental data [4]-
[7] 

Specific Objectives 
The purpose of this study is: 

1. Experimental measurements of solubility and
permeability of pure CO2 and its mixture with methane 
(90/10) in different types of polymers – PVDF, XLPE 
and PA11 - up to 110 °C and pressures up to 650 bar; 

2. Modelling the above properties based on the
equation of state sPC-SAFT. It is an objective the 
inclusion of the volumetric properties of the polymer 
(such as polymer swelling) in the model. 

Measurements and Modeling of Solubility 
The MSB can be simply described as a balance that 
enables the weighing of the samples in almost all 
environments at controlled temperature and pressure 
conditions. The operational conditions can go up to 
350 bar and 200 °C. The sample is placed in a sample 
container which is connected to a permanent magnet. 
Under the balance there is an electromagnet that attracts 
the magnet whenever there is an electric current passing 
through it. Thus, is possible to find the mass of the 

polymer with the absorbed gas. The density of the gas at 
the current pressure and temperature conditions is 
acquired by MSB and after a buoyancy correction the 
solubility coefficient is obtained. A scheme of the set-up 
is represented in Figure 1. 

Figure 1: Schematic diagram of the MSB set-up. 

The most versatile and successful models for 
predicting and correlating the thermodynamic properties 
(solubility and swelling) of gas/polymer mixtures, 
especially at elevated pressures, are equations of state 
[8]. In particular, the equation of state sPC-SAFT, 
suitable for polymers and developed at DTU [9] has 
been successfully applied to these and other similar 
systems– see Figures 2 and 3. 

As a main conclusion, it was observed that the 
solubility is higher while increasing pressure and 
temperature parameters, for both polymers.  

Figure 2: sPC-SAFT correlations for CO2 solubility in 
PVDF at 45, 60, 75 and 90 °C. The crystallinity of the 
polymer used in the model prediction was estimated to 
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be 45%. The binary interaction parameter needs to be 
temperature dependent in order to capture the 
experimental data. 
 

 
Figure 3: sPC-SAFT correlations for CO2 solubility in 
XLPE at 45, 60, 75 and 90 °C. The crystallinity of the 
polymer used in the model prediction was estimated to 
be 50%. The binary interaction parameter reveals to be 
temperature dependent. 
 

Around 80 bar a significant increase of the solubility 
is observed; one possible explanation for this 
phenomena is that the swelling of the polymer (caused 
by the passage of CO2 from gas to supercritical stage) is 
more affected – the volume of the sample contributes 
for the buoyancy correction to the solubility calculation 
– than the change in weight caused by the gas solubility 
itself. 
 
Measurements and Modelling of Permeability 
As already mentioned, the permeability is obtained from 
a 2-D permeation cell. The high pressure 2-D 
permeation cell was designed and manufactured by the 
Department of Chemical and Biochemical Engineering 
at Technical University of Denmark. The operating 
conditions of the cell are up to 150 ˚C and 700 bar. The 
set-up of the equipment is shown in Figure 4. The cell 
consists of two stainless steel chambers: a high-pressure 
chamber – or primary chamber – and a low pressure 
chamber – or secondary chamber. 

Predictive theories for diffusion in polymers are 
rare, although Vrentas and Duda [5] have proposed a 
model based on the concept of free volume in a 
polymer, where the free volume is divided into 
interstitial free volume and “hole” free volume, where 
only the hole free volume is available for solvent 
diffusion. This is usually taken from a model such as 
Flory-Huggins, although an equation of state such as 
sPC-SAFT can also be used [6].  

The effect of the temperature was studied in the 
permeability coefficient between 45 and 90 °C and a 
significant variation of the permeability is observed 
with the increasing of temperature. These results are 
expected because the increase of temperature causes 

mobility of the polymer chain, resulting in an 
enhancement of the gas molecules diffusion [6]. 

 
Figure 4 - Schematic diagram of the 2-D permeation 
cell set-up 
 
Figures 5, 6 and 7 present the permeability of CO2 in the 
three studied polymers as function of temperature and 
pressure, which allows to apply the Arrhenius equation 
linearization. 
 

 
Figure 5 – Logarithm of the permeability coefficient as 
function of the inverse of the temperature for CO2 in 
PVDF and respective Arrhenius equation for the 
different studied pressures. 
 

The variation of permeability with pressure was 
observed to be dependent of the type of polymer – for 
instance PVDF has higher permeability while increasing 
the pressure (Figure 5); contrarily to this, XLPE shows a 
lower permeability with the pressure increase (figure 6), 
this former behavior can be explained by a compression 
of the polymer chains at higher pressures, decreasing 
the free space and thus limiting gas passage. PA11 
shows a peculiar behavior (see Figure 7), attributed to 
the loss of mass that polymer experienced along the 
measurement due to the release of the plasticizer. The 
loss of mass was even more significant for higher 
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pressures and temperatures were it reached a decrease of 
3.5%. 

 
Figure 6 - Logarithm of the permeability coefficient as 
function of the inverse of the temperature for CO2 in 
XLPE and respective Arrhenius equation for the 
different studied pressures. 
 

 
Figure 7 - Logarithm of the permeability coefficient as 
function of the inverse of the temperature for CO2 in 
PA11 and respective Arrhenius equation for the 
different studied pressures. 
 
Future Work 

• Further experiments with MSB and 2-D permeation 
cell to measure the solubility and permeability, 
respectively, at different temperatures, pressures and 
gases mixtures; 

• Determination of the polymer swelling at different 
temperatures and pressures; 

• Investigate the change of the crystallinity fraction in 
the studied pressures and temperatures; 

• Develop of a model that combines a SAFT model 
for solubility with a novel model for transport 
phenomena of gases in polymers integrating the 
work done before. 
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Biorefining of Wheat Straw: Distribution of mineral element deposits in 

pretreated biomass 
 

Abstract  
Mineral elements present in lignocellulosic biomass feedstocks may accumulate in biorefinery process streams and 
cause technological problems. Si is of particular interest due to its high abundance in lignocellulosic plant biomass. 
A better understanding of the distribution of mineral elements in biomass in response to pretreatment parameters is 
therefore important in relation to development of new biorefinery processes. This study showed that for some 
mineral elements, the amount ending up in the solid fraction could be controlled by varying pretreatment 
parameters. Other mineral elements, such as Si, are an integral part of the biomass, which will always remain in the 
solid insoluble fraction.  
 
Introduction 
In second generation bioethanol production, 
lignocellulosic agricultural waste streams are utilized as 
carbohydrate feed stocks instead of sucrose and starch, 
hence the ethical issues of turning food into fuel is 
avoided. A generalized linear process for producing 
second generation bioethanol involves pretreatment for 
opening up the biomass structure, enzymatic hydrolysis 
of the cellulose and hemicellulose to glucose and 
xylose, and fermentation of glucose and xylose into 
ethanol [1]. However, increasing interest has been on 
expanding the concept from production of bioethanol to 
biorefineries, where the co-processing streams are used 
for production of various chemicals, building blocks, or 
functional products and/or other energy carriers [2].  
Biomasses containing high amounts of mineral elements 
(especially Si) are being increasingly used in the field of 
biorefinery, where agricultural waste products, such as 
wheat straw, corn stover and rice straw, are converted 
into valuable products [3]. Mineral elements therefore 
end up contaminating solid and liquid products, and it is 
important to learn how varying parameters in 
biorefineries affect distribution of mineral elements in 
the liquid and solid product. 
 
Specific objectives 
The objective of the current study was to examine 
mineral elements deposits in pretreated wheat straw and 
how they behave in response to a systematic 
pretreatment campaign. 

 
Results and discussion 
Wheat straw was hydrothermally pretreated at 1 kg-
scale on the Mini-IBUS located at Risø campus. pH, 
temperature and holding time were varied to produce 
the samples presented in Figure 1. 
 

 
Figure 1: Composition of wheat straw solid fraction 
after pretreatment on Mini-IBUS (Risø campus) 
 
The mineral composition in the solid fraction of the 
biomass after hydrothermal pretreatment was modelled 
using an empirical factor, denoted cpH, in an extended 
severity equation, Eq. 1. cpH was optimised in the 
interval 0 to 1 for obtaining the best linear or 
exponential fit to the data. 
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, (1) 

 
where Re is the pretreatment severity, t is the holding 
time in minutes, T is the temperature in K, and pHinitial is 
the initial presoaking pH. 

The contents of some mineral elements in the solid 
fraction followed this relation with the empirical factor 
cpH describing the pH sensitivity of the given mineral 
elements (Figure 2). In all these cases, increasing 
pretreatment severity (higher temperature, longer 
holding times, and higher pH) resulted in less mineral 
elements in the solid product. Others (Si, Al, Fe, Cu) did 
not show any dependency with the pretreatment 
parameters and therefore did not follow Eq. 1.   

 
Figure 2: Content of some mineral elements vs. 
pretreatment severity calculated by the extended 
severity equation. 
 
Of the mineral elements not depending on pretreatment 
parameters, Si is of particular interest, since it is present 
in high concentrations in many biomasses, where it is 
deposited either as SiO2 incrustations of cell walls, as 
infillings of the interior of cells, or in intercellular 
spaces [4]. In wheat straw, Si deposits are located all 
over the straw, but are especially present in high 
concentrations in the outer cell layers of the straw 
(Figure 3). These deposits alleviate plants from abiotic 
(e.g. heavy metal toxicity and salinity) and biotic (e.g. 
fungi and insects) stresses [5]. Silica acts as a physical 
barrier protecting the plant from enzymatic degradation 
during fungal attacks. It is therefore an integral part of 
the biomass that cannot readily be separated from it. 
 
Conclusions 
The pretreatment conditions, especially pH, 
significantly influenced the levels of P, Mg, K, Mn, Zn, 
and Ca in the resulting solid fractions. A new expanded 
severity equation was proposed to model and predict 
mineral composition in pretreated wheat straw biomass. 
The level of Si in the solid fraction did however not 

depend on pretreatment conditions. This is because it is 
a highly abundant, integral part of the biomass and very 
insoluble in water. 

 
Figure 3: Structure of wheat straw and location of silica 
deposition are based on microscopy images from 
literature [6,7,8]. 
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μ-Tools for Development of -Transaminase Processes
Abstract  
The overall aim of the EU project is to accelerate biocatalytic process development. It is intended to show how the 
combination of chemical engineering, biotechnology and μ-technology can aid to this objective. The project will use 

-transaminase as this catalyst has shown challenging difficulties in relation to thermodynamics and economic 
feasibility. It can therefore be used to display the developed principles. This project in particular will focused on 
kinetic characterization of the enzyme. It is hypothesized that the use of μ-technological methods will contribute to 
the speed and quality of -transaminase characterization. μ-technology will also reduce the quantity of expensive 
and/or scarce resources needed for evaluation.  
 
Clearly, it would be good to accelerate the development 
of biocatalysis for industrial use and one way to do that 
is by rapid characterization. The case used in the project 
is the enzyme -transaminase ( -TA), which facilitates 
the exchange of an amine- and keto-group, 
stereoselectively, see Figure 1, [1].  

 

Figure 1: Asymetric synthesis of prochiral ketones [2] 

This transformation produces chiral amines of 99% 
enantiomeric excess (ee), which is essential for the 
production of pharmaceuticals [3]. Compared to 
traditional organic chemistry this feature is 
unprecedented, as it normally produces racemic 
mixtures. These mixtures are very difficult to separate 
due to the similarity between the two enantiomers. On 
top of that, the maximum yield is halved as one of the 
aminated enantiomers renders useless [4]. The 
unfavorable downstream processing and loss of product 
makes traditional amination less desirable. The big 
obstacle of -transaminase towards industrial 
implementation is the unfavorable equilibrium, as many 
reactions will be carried out reverse of their natural 
occurring one [7]. It will therefore be a requirement to 

shift the equilibrium as illustrated on Figure 2. Here it 
is also shown what chemical and protein engineering 
can do to overcome the obstacle. 

 

Figure 2: Engineering strategies for -transaminase [5] 

In the engineering of -TA it is desired to have an 
improved basis for selection. This can be fulfilled by 
characterization of the enzyme performance.  At this 
stage it is imagined that the selection will be between 10 
mutants. Each variation of the enzyme can display very 
different performance will hence require a full 
characterization. Al-haque et al. [6] from our group has 
suggested an efficient design for the collection of 
kinetic characterization data. Still, the relative high 
number of experiments can consume high substrate and 
enzyme quantities at labscale. However, conducting the 
experiments at μ-scale will reduce this significantly. 
This is especially suitable for characterization of 
biocatalysts, as newly expressed enzymes will only be 
available in small quantities. The developed method is 
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therefore envisaged to be very cost effective for 
biocatalyst evaluation.  
Batch experiments are traditionally seen as better suited 
for generating kinetic data because of the ability to 
collect data from many time points in a single 
experiment [7] Traditionally, using flow reactors for 
obtaining kinetic data requires the condition of steady-
state. This condition can though be avoided by 
operating the flow reactor as an ideal plug flow reactor 
(PFR). However, the PFR requires turbulent flow to be 
close to ideal, but obtaining this at μ-scale is quite 
difficult due to the large surface tension. It is though 
possible to operate the reactor where the radial diffusion 
across the channel is much faster than convective mass 
transfer down the channel, this is termed low-dispersed 
flow. At this condition, the flow profile will be similar 
to that of a PFR and the steady-state condition can 
therefore be evaded [8,9]. Operating the reactor in this 
window will be a cornerstone of this project. Figure 3 
displays the current experimental setup and the 
dynamics of it. The flow to the reactor is kept constant 
until a steady-state flow profile has developed, imagine 
the whole channel as dark green. Hereafter the flow rate 
is ramped down, and this is what the gradient of the 
figure shows. The first fluid elements exiting the reactor 
will have a small (green) residence time, which is 
gradually increased by ramping down the flow (gradient 
towards red). The fluid elements will therefore exit the 
reactor with longer and longer residence times. The 
measurement on the outlet will show the same dynamics 
as if you could probe directly in an ideal batch reactor.  
This analysis is only possible because a batch reactor 
and a plug-flow reactor have the same kinetics equation, 
they will have the exact same conversion as a function 
of conditions and time for any reaction, as time in the 
batch reactor corresponds to residence time in the plug-
flow reactor [10].  

 

Figure 3: schematic of experimental set-up 

A UV-detector has been chosen as it has high 
sensitivity, can detect aqueous mixtures and collect full 
spectra (190 to 900 nm) at rates of up to 20Hz. This 
type of detector is often used in connection with a 
HPLC system and is hence built for handling of small 

volumes. The communication for this unusual use is not 
commercially supported and a custom control has 
therefore been built with LabVIEW.  
 
Specific Objectives 

• Create protocols for experiments and kinetic 
data collection  

• Test and develop –TA kinetic modelling 
• Guidelines for application of kinetic enzymatic 

modelling in practice 
 
Conclusion 
The development of online analytical methods for 
aqueous systems is essential for the progress of 
enzymatic processes as these often start as aqueous 
catalysts. Herein is presented one such methods by UV-
VIS spectrophotometry coupled with chemometric data 
analysis. Applying chemical engineering to μ-
technology furthermore enables the collection of kinetic 
data from microfluidic flow reactors reducing the 
consumption of both substrate and enzyme. The 
collected data will be used to characterize the 
performance of the desired enzyme and form a better 
basis for selection.  
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