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1. Introduction 

1.1 General context  

 
Gas adsorption in porous solids, such as rocks, is associated with the presence of micropores 
that contribute to large surface areas available for physical interactions with the reservoir 
fluids. In practice, gas adsorption results in the creation of high-density, liquid-like phase on 
the pore walls of the solid. The presence of such dense phase can have important implications 
for the storage of gas in the pore-space of the rock as well as for its transport [1]. In the 
context of S4CE, geologic porous media will include both natural (rocks) and man-made 
(cement) materials. Understanding the fundamental properties of fluid transport and 
reactivity in these systems is key towards assessing the sustainability of sub-surface geo-
energy operations, which represents one of the main objectives of S4CE.  
 
Pores are conventionally classified according to their size [2] and include micropores (width 
below 2 nm), mesopores (width between 2 and 50 nm) and macropores (widths exceeding 50 
nm). Without loss of generality, in this document we will refer to “microporosity” as the 
fraction of porosity occupied by pores with width below 50 nm, thus lumping together 
contributions from both micro- and meso-pores. As discussed below, rocks that possess 
microporosity are quite widespread in the subsurface and will be the subject of Task 4.2 
“Sorption properties of rock samples at sub-surface conditions” in S4CE. Outcomes from this 
task will complement observations of other rock properties from Task 4.1 “Characterisation 
of geologic formations and of rock samples extracted from them” and will directly feed into 
Task 5.1 “Development of fluid pathway models for complex pore networks” and Task 5.3 
“Fluid transport pathways and failure processes of cements” with the aim of developing tools 
to predict fluid behaviour and transport in geologic systems. Observations of transport (and 
adsorption) of water and supercritical CO2 in cement-based materials will also be tackled in 
Task 3.3 “Electrical imaging of fluid flows on cement-based materials”. 
 
Experiments aimed at quantifying the extent of gas adsorption in microporous rocks abound 
in the literature and have been largely focusing on shale and clay-rich systems, thus reflecting 
the increasing interest in technologies, such as the geological storage of CO2 or the 
exploitation of unconventional reservoirs. However, gas adsorption experiments at reservoir 
conditions still represent a technical challenge, due to the elevated pressures and 
temperature attained in the subsurface. Despite significant advances have been made in the 
accuracy of the most common measuring techniques and data are becoming more available, 
the actual mechanism of adsorption at high pressure is still far from being understood [3]. 
Most gases (such as CH4 or CO2) are supercritical at these conditions and therefore do not 
undergo a well-defined (e.g., vapor-liquid) phase transition. In practice, the size (or density) 
of the adsorbed phase cannot be determined accurately and adsorption is reported as an 
incremental rather than an absolute quantity, whatever technique is used. This incremental 
quantity is the surface excess amount adsorbed and remains the common standard for 
reporting adsorption at high pressures [4]. As an example of general validity, in Figure 1 are 
reported excess adsorption isotherms measured with CO2 on a dehydrated Na-
Montmorillonite clay using both manometric [5] and gravimetric methods [6,7]. The 

measurements have been carried out at a temperature of 45 – 50 C̄ and up to 25 MPa. The 
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samples in these studies have been sourced from the Source Clays Repository 
(http://www.clays.org). These source clays are derived from large, reasonably homogenized 
stocks and are therefore considered as excellent reference materials. Nevertheless, the 
disagreement between the adsorption isotherms plotted Figure 1 is quite significant: at a 

pressure of 8 MPa variations are as large as 40% (250 – 650 mmol/g) and they increase to 

about 70% at 13 MPa (-740 – 350 mmol/g). In the latter case, one study reports negative 
amounts of excess adsorption; while the definition of surface excess does not impose a 
constraint on the sign of the increment, negative values contradict the common perception 
that the adsorbed phase is denser than the bulk gas. We attribute such discrepancies to the 
challenges associated with the measurement of supercritical gas adsorption in microporous 
solids, which are exacerbated when working with weakly sorbing materials, such as rocks. 
Similar issues have been recently raised with regards to high-pressure adsorption 
measurements on carbonaceous shales [8]. 
 
Given the evident lack of experiment reproducibility affecting supercritical adsorption 
isotherm measurements on geologic samples, Task 4.2 aims at (i) developing an appropriate 
experimental protocol for adsorption measurements at subsurface conditions to achieve the 
required measurement reproducibility and at (ii) providing fresh measurements on a selection 
of geological samples, including natural (rocks) and manmade (cement) materials. This report 
addresses the first objective, namely to define a “Workflow for adsorption experiments on 
samples at geologic temperature and pressure conditions” (D4.1).  
 
 

 
 

Figure 1 – CO2 excess adsorption on the Source Clay Na-Montmorillonite as a function of bulk gas density. 
Empty symbols refer to measurements reported in the literature, while the filled symbols are fresh 

measurements from this study. The reported data cover the pressure range 0 – 25 MPa and have been 

collected in the temperature range 45–50 C̄.  
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1.2 Deliverable objectives 

 
Because of the relatively weak affinity of gases to geological samples (natural and man-made) 
as compared to commercial adsorption materials, Task 4.1 will initially focus on the 
development of an appropriate experimental protocol to achieve the required measurement 
reproducibility. Specifically, the objectives of this deliverable are: 
 

(a) to identify a suite of rock samples for adsorption studies (Section 2.1); 
 

(b) to develop an integrated workflow for the characterisation of microporous rock 
samples for subsurface applications (Section 2.2);  
 

(c) to apply the workflow on one of the samples identified in (a) (Section 2.3) 
 

 

2. Summary of activities and research findings 

2.1 Geologic samples for adsorption studies 

 
Rocks that possess microporosity are quite widespread in the subsurface. Adsorption 
phenomena in these rocks are associated to key reservoir processes addressed in S4CE, 
including the trapping of gas in both gas reservoirs and seals. The following relevant cases 
have been identified:  
 
- Sandstone reservoirs; in the context of geological CO2 storage, it has been estimated that 

sorptive trapping on clay minerals may be of the same order of magnitude as dissolution 
trapping [9].  
 

- Carbonate/Limestones; these often contain a non-negligible amount of microporosity that 
further contributes to a large surface area for the sorption of hydrocarbons [10]. In this 
context, Enhanced Gas Recovery (EGR) schemes have been proposed where desorption of 
natural gas is promoted through the adsorption of a different gas, such as CO2 [11].  

 
- Coal seams; with analogy to the previous case, the recovery of coalbed methane can be 

enhanced by injecting CO2 in the coal seam at supercritical conditions. Through an in-situ 
adsorption/desorption process the displaced methane is produced and the adsorbed CO2 
is permanently stored. This is called enhanced coalbed methane recovery (ECBM) and it is 
a technique under investigation as a possible approach to the geological storage of CO2 in 
a carbon dioxide capture and storage system [12]. 

 
- Mudrocks; these are largely microporous and form most of the seals above potential CO2 

sequestration sites. Permeability to gases varies depending on the phase of the pore fluid, 
such as in the presence of significant adsorption on the pore walls [1]. Accordingly, 
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diffusion through seals may be limited by adsorption reactions, which may therefore 
further reduce likelihood of leakage. 

 
- Organic-rich gas shales; these are commonly referred to as unconventional reservoirs. 

Because of their microporous nature, the adsorbed phase represents the main contributor 
to the Original Gas-In-Place (OGIP) [8,13]. 
 

- Cement paste; most cements used in the oil industry are a type of Portland cement. The 
hardened cement paste is not a compact solid mass, but a porous material with a very 
large internal surface characterised by a wide range of pore sizes [14]. Because of the 
contact with reservoir fluids and gases, a proper understanding of the pore structure of 
cement and its interactions, including fluid adsorption, is required.   

 
Based on this rather generic list of geologic materials, samples will be selected for adsorption 
studies that have specific relevance to the field sites within S4CE. This selection will be 
finalised together with partners involved in Task 4.1 “Characterisation of geologic formations 
and of rock samples extracted from them”. 
 

2.2 Development of a workflow for adsorption measurements 

 
The workflow depicted in Figure 2 has been developed for the adsorption studies within S4CE 
to be conducted in Task 4.2. The workflow combines (i) low-pressure cryogenic (BET) 
adsorption experiments and (ii) high-pressure, reservoir conditions adsorption experiments. 
These measurements will be complemented by (routine) characterisation experiments, 
including Helium pycnometry (for skeletal density measurement) and Mercury Intrusion 
Porosimetry (MICP, for bulk density and Pore Size Distribution).  
 
The workflow aims at characterizing the rock samples in terms of both structural and 
operational parameters. Structural parameters include: bulk and skeletal density, porosity, 
pore size distribution and (accessible) surface areas (which may be fluid dependent). 
Operational parameters include estimates of Gas-In-Place as a function of reservoir pressure 
and temperature, so as to estimate volumes of stored and of recoverable gas. As seen from 
Figure 2, contributions from both low- and high-pressure techniques are needed to obtain 
this information.  
 
Experimental protocols will be deployed that are at the forefront of current physisorption-
based methods: for the low-pressure adsorption measurements, nitrogen (N2) at 77K will be 
used, but will be complemented by measurements with argon (Ar, 87K) and carbon dioxide 
(CO2, 273K), as the latter are considered to be more reliable, particularly for micropore size 
analysis [15]. Water will also be considered for these experiments, due to the its unique 
interactions with clays and cement-based materials [14] (see also Task 3.3). For the 
measurements at high-pressure, a Rubotherm Magnetic Suspension Balance will be deployed, 

which enables such experiments to be conducted up to 150 C̄ and 25 MPa. Operating gases 
will be carbon dioxide (CO2), methane (CH4) and ethane (C2H6), thus addressing technologies 
of for the recovery of hydrocarbons with and without simultaneous injection of CO2. We also 
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anticipate performing structural analysis of the samples prior and after exposure to the high-
pressure gases, so as to assess any permanent structural changes. As anticipated in Section 
1.1, source clays have been selected for testing and validating the workflow presented in 
Figure 2. The measurements collected so-far are presented in the next sections.  
 
 

 
 

Figure 2 – Workflow for adsorption studies in geologic samples, including both natural (rock) and man-made 
(cement) porous materials. 

 

2.2 Adsorption experiments on clays at low pressure 

 
Two source clays have been used for low pressure adsorption studies with N2 at 77K. In Figure 
3 are shown results on Kaolinite (a) and Montmorillonite (b). Prior to the experiments, each 

sample was dried under vacuum at 200 C̄ for over 12 hours before entering the measuring 

chamber. The sample was further degassed in situ at 120 C̄ under vacuum for over 4 hours. 
This regeneration procedure was established based on thermo-gravimetric analysis (TGA) and 
differential thermal gravimetry (DTG) measurements reported in [16]. As shown in Figure 3a, 
four repeated experiments were carried out on Kaolinite and a very good agreement was 
observed between the different runs. The obtained specific surface area (SSA) takes a value 
of 19.4 m2/g with a variation of about 1 m2/g (5%rel.). The value is also reasonably close to 
estimates reported by the Clay Mineral Society (23.50 m2/g). For the experiment carried out 
on Montmorillonite (Figure 3b), the results from this study are directly compared to 
measurements reported in the literature [16]. Again, a very good agreement is observed: the 
SSA takes a value of 32.0 m2/g, which compares well with values reported by the Clay Mineral 
Society (31.8 m2/g) and the literature (31.1 m2/g [16]). As anticipate above, these experiments 
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with nitrogen will be complemented by measurements with Ar and CO2, so as to evaluate 
more precisely the extent of microporosity in these clays.  
 
 

 
 

Figure 3 – Nitrogen adsorption isotherms measured on two different clays, namely (a) Kaolinite (KGa-1b) and 
(b) Na-Montmorillonite (SWy-2), at 77K and plotted as a function of the reduced pressure (p0 = 1 atm). Empty 

and filled symbols refer to measurements in adsorption and desorption mode, respectively, while colours 
indicate different repeats.  

 

2.3 Adsorption experiments on clays at high pressures  
 

The same Montmorillonite sample used in the low-pressure adsorption experiments has been 
used for the experiments at elevated pressures and temperatures, thus following the 
workflow depicted in Figure 2. The same degassing procedure was followed as for the low-
pressure experiments, except the ex-situ degassing condition was not under vacuum.  
 
Prior to exposure to the adsorbing gases (CO2 and CH4), an experiment with Helium was 
carried out, so as to measure the skeletal volume of the clay mineral. This experiment was 

performed at 115 C̄, so as to minimise the possibility of helium adsorption, and over the range 
of pressure from vacuum to 13 MPa. Additional measurements were performed following the 
CO2 experiment to examine whether the adsorbent material experienced any structural 
change. The values obtained from the two runs differed only by 0.3%, which is within the 
uncertainty of the measurement itself. The skeletal density of SWy-2 was calculated to be 
2.709 g/mL; this value compares well with the apparent density of 2.694 g/mL reported for 
sodium Wyoming bentonite determined via pycnometry with hydrocarbon liquids as the 
displacement fluids [17]. This agreement supports the reliability and accuracy of the skeletal 
volume estimated via a gravimetric method. Obtaining accurate estimate of the skeletal 
density of the porous solid is key to obtain reliable adsorption measurements at high 
pressure. We note in fact that a small change in the value of the skeletal volume can lead to 
an appreciable change in the excess amount of adsorption. For example, an increase in the 
value of the skeletal volume by 2% in this study would increase the amount of CO2 excess 

adsorption at 50 C̄ by 5% at 4 MPa and by 139% at 25 MPa. 
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Excess adsorption isotherms measured at 50 C̄ with CO2 and CH4 on SWy–2 are shown in 
Figure 4 as a function of pressure. Measurements are reported in terms of mg of adsorbed 
gas per unit mas of solid. The experiment with CO2 has been carried out using two different 
gravimetric systems, namely a IsoSORP HPII (MSB–1 at Imperial College London) and a 
IsoSORP HPIII (MSB-2 at Rubotherm Gmbh) and show very good agreement. These initial 
observations are thus very encouraging, as they do not show the apparent lack of experiment 
reproducibility that was discussed in Section 1.1. It can also be noticed that CO2 adsorbs 
significantly more than methane, in agreement with previous modelling [18] and 
experimental observations [19]. These experiments are on-going and will include 

measurements at additional temperatures in the range 50-110 C̄ for both CO2 and CH4. 
 

 

 
 

Figure 4 – CO2 and CH4 high-pressure adsorption experiments on Na-Montmorillonite (SWy-2) as a function of 
pressure. Experiments have been carried out using two different apparatuses, namely a IsoSORP HPII (MSB–1 

at Imperial College London) and a IsoSORP HPIII (MSB-2 at Rubotherm Gmbh). 
 

3. Conclusions and future steps 

 
A workflow has been successfully developed for adsorption experiments on samples at 
geologic temperature and pressure conditions. The workflow includes (i) physisorption 
methods for the structural characterisation of microporous rock samples and (ii) supercritical 
gas adsorption experiments with CO2 and light hydrocarbons. Measurements on geologic 
samples have already begun by considering two clay minerals, namely Kaolinite and 
Montmorillonite. Progress towards future milestones associated with WP4 is therefore on 
track and no deviations are presently anticipated. Future steps will entail the selection of a 
suite of samples for adsorption experiments at sub-surface conditions with relevance to the 



Deliverable D4.1 
 

 

PU Page 11 of 12 Version 1.2 

 

 

field tests considered in S4CE. We anticipate that these samples will include carbonates with 
significant microporosity, organic-rich shales and cement-based materials.  
 
 

4. Publications resulting from the work described 
The following publication is in preparation: 
 
Hwang J., Joss L. and R. Pini (2018) Measuring and Modelling Supercritical Adsorption of CO2 
and CH4 on Na-Montmorillonite (SWy-2) Clay, to be submitted to Microporous and 
Mesoporous Materials. 
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