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Abstract1

Thanks to its hygroscopic properties, raw earth can passively buffer indoor humidity. The high2

sorption properties of clay minerals present in earth also attract other molecules, such as carbon3

dioxide (CO2), this can potentially lead to indoor CO2 buffering. It would improve air quality in4

buildings and their resilience towards mechanised ventilation systems. However, there is currently5

no protocol to evaluate this potential. This paper aims to present a innovative methodology based6

on thermogravimetric (TG) and calorimetric (DSC) analysis to characterise the interactions between7

clay and CO2 at the microscopic scale by focusing on the dry state. Results show a CO2 adsorption8

capacity of 134 mg/kg at 5000 ppm at 35°C associated with a reversible physisorption process and9

provides first evidence of a passive CO2 regulation capacity of the indoor air. Determination of the10

adsorption enthalpies as a function of the amount adsorbed revealed high values (from -74 kJ/mol11

to -40 kJ/mol) which are characteristic of a strong energetic heterogeneity of the material.12
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1 Introduction17

Indoor Air Quality (IAQ) has become an issue of concern in the building and construction sector for18

several years [1]. This has resulted in an increase in the number of scientific publications on the subject19

[2], but also in the recognition in the UN Agenda 2030 as one of the 17 Sustainable Development Goals.20

It has been shown that poor indoor air quality can have negative health effects, ranging from simple21

discomfort to severe pathologies [3]. However, in the context of climate change and resource depletion,22

significant changes have taken place in the way buildings are designed [4], making them more airtight23

than older buildings in order to improve their energy efficiency [5]. This air-tightness, coupled with the24

widespread use of synthetic building materials, contributes to higher pollutant concentrations indoors25

than those found outdoors [6]. This is of particular concern in high-income countries where people26

spend more than 90% of their time indoors, increasing exposure time to pollutants and associated health27

risks [7]. Thus, while buildings are primarily intended to enhance the well-being of occupants, they28

are associated with a range of hazards, which may be exacerbated by climate change [8]. It is therefore29

necessary to recognise the strong interdependence between indoor environmental quality, energy efficiency30

and health.31

Among the many pollutants present in indoor air, carbon dioxide (CO2) has been the subject of32

numerous recent studies. The presence of this gas in indoor air is mainly due to human metabolism33

and its concentration is therefore strongly related to occupancy levels. While it used to be considered34

harmless to health, several studies have shown that even at concentrations considered to be low, CO235

can have a harmful impact on health, particularly on fragile populations (children, elderly, people with36

chronic illnesses) [9] [10]. These effects can range from cognitive impairment to chronic disease depending37

on the concentration and time of exposure [11] [12]. While the proposed limit for indoor air is 1000 ppm38

[13], in inadequately ventilated areas its concentration often exceeds this threshold, which has been39

measured in schools in Europe [14] [15].40

One of the strategies being considered for the regulation of CO2 in air is the buffering of these concen-41

trations through the adsorption of CO2 on adsorbent surfaces [16] [17]. Adsorption is the accumulation42

of particles (adsorbate, here CO2) at a surface (adsorbent, here earth-based construction material) due43

to the operation of surface forces. The reverse process is called desorption. Adsorption can be of two44

kinds: physisorption in which the forces involved are intermolecular forces (van der Waals forces) and45

chemisorption which results from chemical bond formation [18].46

By addressing indoor air quality through a passive strategy, buildings could provide healthier envi-47

ronments for their occupants, while also reducing their energy consumption and improving their overall48

resilience [19]. The difficulty in implementing this technique lies in the fact that indoor air concentrations49
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are very low, that the material must be able to regenerate and thus release all or part of the CO2 when50

the concentration drops and finally the presence of humidity in the air must not hinder the stability51

of the material. Several materials have been studied for this purpose, including: amine-impregnated52

silicas [20] [21], metal organic frameworks [22], zeolites [23] [24] and activated carbons [25]. However,53

the difficulty of preparing these materials, their cost, as well as their stability at high humidity could54

compromise their widespread use.55

On the other hand, raw earth, a material widely used in particular for interior plastering, could present56

ideal characteristics for this type of application. Earthen materials are known for their hygroscopic57

properties on the regulation of indoor humidity and their thermal inertia for heat storage [26] [27].58

Through the presence of clay minerals and their microstructure they could regulate the concentration of59

CO2 on the same principle as humidity. In addition, they are fulfilling a truly circular economy approach60

without affecting natural resources, the earth being sourced from waste (mainly excavation works) from61

the construction sector and can potentially be infinitely reused [28]. Some relevant publications on indoor62

air pollutants retention had already concluded that one of the most promising passive removal materials63

for indoor ozone control are clay-based plasters and clay paints [29] [30]. However, there is currently no64

protocol for determining whether raw earth could passively regulate CO2 even though some research is65

ongoing [31][32][33].66

In this context, the objective of this paper is to present a new experimental methodology, based on67

thermogravimetry (TG) and differential scanning calorimetry (DSC), to evaluate the potential of raw68

earth to buffer CO2. The experimental set-up, consisting of the TG-DSC apparatus, a gas mixer and a69

wet gas generator, allows the representation of a wide range of indoor environments. The measurement70

of the mass and heat flow variations enables the characterisation of the process taking place. As a first71

step in the understanding of this phenomenon are the interactions between the injected gas and the clay72

material, therefore only the dry state of the material will be presented and discussed in this paper.73

2 Material and Methods74

2.1 Earth characterisation75

A single earth was selected for this study coming from the “Auvergne Rhône-Alpes” region in south-76

eastern France. It was collected from a centenarian rammed earth construction located in the city of77

“Dagneux” [34] and referenced as DAG. This earth was selected for this study because it has been78

extensively studied in previous work ([35] [36]) and its properties are well known. Furthermore, coming79

from a real construction, this earth is suitable to be used as a building material. The selected earth was80
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crushed and sieved at 5 mm. Its particle size distribution was determined according to the French Norms81

NF EN ISO 17892-4 [37]. The different properties determined are presented in table 1, in particular it82

revealed that the earth contains 18% of clay (particles lower than 2 µm). As clay minerals play a key83

role in adsorption mechanisms, to get more information about the activity of this clayey fraction the84

methylene blue value (MB) was used as an indicator since methylene blue is preferentially absorbed by85

clays and organic materials. The methylene blue tests were carried out on the fraction below 80 µm of86

this earth following the French Standard NF P 94-068 [38]. The ratio between MB and the clay content87

in the 0-80 µm fraction of the earth enables the deduction of the clay activity index (Acb). Results given88

in Table 1 indicate that the clay fraction of DAG has normal activity.89

Then, powder X-ray diffraction (XRD) was used to identify the mineralogical composition of the90

earth. It was performed on oriented aggregates using two preparations: air dried or natural and after91

glycolation. Swelling clay minerals were detected in DAG. This seems in accordance with the measured92

clay activity index. The detected swelling clay minerals were characterized as interlayered illite/smectite93

minerals.94

Finally nitrogen adsorption/desorption was performed to investigate the small pores. Approximately95

3 g of earth (fraction below 2mm) was subjected to one nitrogen intrusion-extrusion cycle at a constant96

temperature of 77 K. This cycle consisted in the pressurisation of gaseous nitrogen up to the saturation97

value followed by depressurisation back to the initial value. Throughout the cycle, the amount of intruded98

nitrogen was continuously measured to determine the isothermal adsorption and desorption curves (see99

Fig.1). The BET theory in the range of 0.05 to 0.35 p/p0 was applied to determine the specific surface100

area of the 0-2mm fraction which is found to be 13 m2/g, typical values for pure clay minerals are in101

range of 5-20 m2/g for kaolinite, between 100 and 200 m2/g for illite and less than 1000 m2/g for semctite102

[39]. The shape of the isotherm corresponds to a type II according to the IUPAC classification [40] which103

represent a non-porous or macroporous material. The presence of a type H3 hysteresis is usually given104

by non-rigid aggregates of plate-like particles such as clay minerals that expand during the cycle. It is105

therefore difficult to asses the pore size distribution since there is no rigid skeleton, the interlayer space106

of clay minerals can expand and adopt various size.107

4



Figure 1: Nitrogen adsorption desorption isotherm at 77 K for 3 g of DAG earth

Table 1: Main properties of DAG earth

Properties Values

Geotechnical properties Sand and fine gravel (5-0.06mm) [%] 27

Silt (60-2 µm ) [%] 55

Clay (< 2µm ) [%] 18

Methylene Blue value (MB) 1.8

Clay activity index (Acb) 9.4

Main clay minerals Smectite [%] 17.5

Kaolinite [%] 10.1

Specific surface 0-2 mm fraction [m2/g] 13

108

Throughout the study, it is assumed that it is mainly the clay minerals in the earth that interact109

with the CO2, as is the case with water. To maximise the phenomena, the choice was made to focus on110

the fine fraction of the earth, below 80 µm which presents the highest surface area. The properties of111

the fraction below 80 µm are very similar to the total fraction: the 0-80 µm fraction contains 22% of112

sand and fine gravel, 59% of silt and 19% of clays. The nitrogen adsorption/desorption on that fraction113

and the application of the BET theory reveals a specific surface of 15.5 m2/g. Therefore, to work on this114

fine fraction, the earth was sieved at 80 µm with the help of water. It was then heated to a maximal115

temperature of 95 °C for drying until constant mass was reached. Until testing, dried samples were116

stored in a box with silica gel.117
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2.2 Experimental set-up for carbon dioxide retention measurement118

The general principle of the device is based on the coupling of a simultaneous thermal analysis with a119

wet gas generator and a CO2/air mixer. It allows the study of materials in a wide range of indoor like120

conditions by precisely controlling the relative humidity and CO2 concentration. The general objective of121

the experiment is to qualify and quantify CO2 and water retention capacities of an earthen material. For122

that purpose mass variation and heat flow of samples are measured as a function of the CO2 concentration,123

relative humidity and temperature. The set-up is composed of: gas cylinders, gas mixer to select the124

desired CO2 concentration, pressure regulator, wet gas generator, TG-DSC apparatus, CO2 sensors as125

shown in Fig.2. The operation and role of each device is detailed below.126

Figure 2: Schematic view of the experimental set-up for carbon dioxide retention measurement

The experimental set up starts with a gas mixer. It was designed using two Burkert® Mass Flow127

Controllers (MFC), one for the CO2 supply and one for the dry air. It allows a mixture of dry air128

and CO2 to be produced by precisely controlling the two flow rates and thus the CO2 concentration in129

the mixture. The flow range for the CO2 MFC is 0 to 0.25 ml/min and the flow range of the dry air130

MFC is 0 to 0.5 l/min. This system can produce a mixture of air and CO2 between 0 and 50000 ppm.131

It is particularly stable in producing low concentrations of CO2, around 1500 ppm, representative of132

those found in indoor air. The desired CO2 concentration is calculated from the respective flow rates of133

the two mass flow controllers, which are themselves controlled via the associated Communicator Burkert134

software. At the outlet of the mixer, a controlled leakage flow generated by a manual flowmeter allows the135
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flow rate to be reduced from 200 ml/min to 50 ml/min for the wet gas generator inlet while maintaining136

a sufficient inlet pressure. Part of the gas flow leaves the circuit and ends up in the beaker, allowing137

the flow to be reduced without changing the concentration of the mixture. A wet gas generator is then138

connected to carry out experiments in a humid environment. Inside the apparatus: the dry inlet gas is139

splitted in two lines, one remaining dry and the other one saturated with water. The two gas streams140

are mixed in a chamber. To reach the desired relative humidity, the respective flow rates are adjusted141

to obtain the required gas mixture. However, as we only consider the dry state in this study, the wetsys142

is programmed at 0%RH and only the dry line is opened. The gas is then transferred to the TG-DSC143

device with a flow rate of 50 ml/min.144

The Setaram® SENSYS Evo TG-DSC is a thermal analyser used for thermogravimetric (TG) and145

differential scanning calorimetry (DSC) measurements. The TG part is composed of a symmetrical146

beam balance connected to two columns, one for reference containing either nothing or an inert material,147

the other one containing the sample to be measured. The alumina crucibles containing the sample148

and the inert material are hung on each side and introduced in the columns. The symmetrical balance149

compensates the buoyancy effect, resulting in a very sensitive TG determination. The calorimetry part is150

a Tian–Calvet calorimeter which is a heat-flow type with a differential assembly. Heat-flow calorimeters151

use several thermocouples connected in serie (e.g. a thermopile) insuring thermal conduction between152

the calorimetric cell and its surroundings to measure the heat flow. Here each column (reference and153

measure) is surrounded by a thermopile. Heat is measured in all directions. The differential assembly154

eliminates the effect of residual thermal disturbances when they arrive in phase on the two thermopiles155

connected in opposition. This type of apparatus possesses high sensitivity, which is particularly suitable156

for microcalorimetric measurment (energy ≤ 110 mJ). In addition, to avoid steam condensation, a157

programmable thermostatic bath keeps the oven walls at a temperature above the dew point of the158

water vapor. For temperature conditions close to ambient, the experiment cells is regulated with this159

thermostatic bath.160

Finally, a Vaisala® CO2 sensor is used to measure the CO2 concentration of the gas mixture. Here161

it is placed at the outlet of the TG-DSC device.162

2.3 Test procedure163

For this study, it was chosen to work with the driest material possible in order to focus on the interactions164

between CO2 and earth only, without water. The humidity of the experiment is set at 0.5%RH, the lowest165

possible value for the wet gas generator. The CO2 concentration is chosen between 1500 ppm and 10000166

ppm. The temperature of the experiment (inlet gas and measuring cell) is set at 35°C, the oven needs167
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a sufficient temperature delta from the ambient to keep the heating power stable. This value may be168

considered high for the temperatures encountered in indoor air and knowing that adsorption is favoured169

at low temperatures, this choice will have an impact on the adsorbed CO2.170

At the beginning of each experiment, the material is collected in the silica gel box in which it171

was stored. Then, the desired sample mass is introduced into the apparatus (usually 110 mg if not172

specified). The tests are divided into three stages. The first stage consists of a minimum of three days173

of stabilisation, the sample being swept by an air flow without CO2 at 0.5% RH. Then, successive CO2174

concentration levels of 5 hours minimum are applied. Finally, to observe the reversibility of the process,175

the concentration is reduced to its initial state and applied for a minimum of 5 hours. The duration of176

5 hours was chosen on the basis of preliminary studies. During this study, another protocol was also177

used, consisting of successive cycles of adsorption at CO2 concentrations of 5000 ppm and desorption in178

between. The tests are carried out in steady state, the measuring cell is considered as an open system179

and is continuously swept by the gas mixture. The balance is itself swept by a protective gas (dry air).180

Throughout the experiment, the acquisition time is set to 1 point every 2 seconds for the first and third181

stage and 1 point every 0.2 seconds for the second stage.182

3 Results183

3.1 Carbon dioxide adsorption and desorption results184

Results are presented for a single sample, subjected to eight concentration steps of 12 hours: four steps185

of increasing CO2 concentrations (1500, 3000, 5000, 10000 ppm) and the same steps with decreasing CO2186

concentrations. The temperature was maintained constant at 35°C. The results will be presented in two187

parts: the Thermogravimetry (TG) results and the Differential Scanning Calorimetry (DSC) results.188

3.1.1 Thermogravimetry results189

The Fig.3 shows the recorded TG signal in µg and the corresponding CO2 concentrations in function of190

time.191

For each increase of concentration, a rapid gain in mass is observed, followed by a slower gain until192

stabilisation of the mass signal. This mass gain reflects the retention of CO2 in the material. For each193

concentration level, a relatively stable mass is reached after about 10 hours. When the concentration194

is decreased, a similar phenomenon is observed: a quasi-instant loss of mass followed by a slower loss195

trending towards a stabilisation of the mass. It denotes the release of the retained CO2, which would196

indicate that all or part of the process is reversible. The reversibility of the process is characteristic of197
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Figure 3: TG signal of the sample exposed to successive levels of CO2 : 1500, 3000, 5000, 10000 ppm,
35°C and 0.5%RH

physisorption: the physical adsorption involving Wan der Waals type interactions. On the opposite, a198

irreversible process would be an indication of chemisorption where chemical reactions are involved [41].199

From these results, the maximum CO2 retention capacity Q of the material can be calculated for each200

concentration, expressed in mg of adsorbed CO2 per kg of material. It is calculated from the relative201

mass variation of the sample after and before the concentration step and divided by the initial reference202

sample mass. According to the curves, the results are: 60 mg/kg for 1500 ppm, 97 mg/kg for 3000 ppm203

132 mg/kg for 5000 ppm and 214 mg/kg for 10000 ppm.204

3.1.2 Differential scanning calorimetry results205

The DSC being a heat flow type the analysed results are heat flows. Results associated to the previous206

experiment are shown in Fig.4. The figure shows the recorded heat flow signal with time and the respec-207

tive carbon dioxide concentration of the gas injected. Upward peaks corresponding to an increase of CO2208

concentration are exothermic while downward peaks corresponding to an decrease of CO2 concentrations209

are endothermic. For the sake of clarity, only a close-up of 2 hours around the change of concentration210

level is represented in order to highlight the beginning of the process.211

The exothermic peaks associated with a mass gain seem to increase in intensity with higher CO2212

concentration. Adsorption is an exothermic process [42], making it thermodynamically favorable which213

is consistent with these results. These heat flows correspond to the physisorption of CO2 on the surface214

of the material. For each decrement of CO2 concentration we observe an endothermic peak associated215
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Figure 4: Heat flow signal of the sample exposed to successive levels of CO2 concentrations: 1500, 3000,
5000, 10000 ppm, at 35°C and 0.5% RH

with a mass loss corresponding to a desorption of CO2. The response in heat flows is very fast. While the216

mass continues to increase for several hours after the injection of CO2, the heat flow variation is hardly217

perceptible after one hour. To go further on that point, the associated enthalpies will be calculated in218

section 4.2.219

3.1.3 Reversibility between adsorption and desorption cycles220

Previous experiments seem to indicate a reversible physisorption process. In order to confirm this221

hypothesis, a cyclic variation of CO2 concentration was applied three times, each cycle corresponding222

to 9 hours at 5000 ppm and then 9 hours without CO2. The TG results are presented in Fig.5. The223

maximum retention capacity, Q, is found to be 128 mg/kg for the first cycle, 110 mg/kg and 108 mg/kg224

for the second and the third cycle respectively. Despite a slight decrease, over the 3 cycles, the adsorption225

capacity remains high and we will assume here that this decrease is negligible. Thus, these results tend226

to support the hypothesis that the adsorption is mainly driven by reversible physisorption of CO2 on227

the clay minerals. However, a clear distinction can not always be made between chemisorption and228

physisorption as intermeditate cases may exist such as adsorption involving strong hydrogen bonds or229

weak charge transfer.230

3.2 Validation of the experimental procedure231

3.2.1 Comparison with a modified Dynamic Vapor Sorption instrument232

In order to confirm the robustness of the experimental set-up developed with respect to the measured233

mass gains, the thermal analysis was coupled to a DVS (dynamic vapour sorption). It will allow the234

comparison of the mass variations due to CO2 adsorption/desorption data measured simultaneously on235
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Figure 5: TG signal of the same sample exposed to three CO2 cycles of (0 - 5000 - 0 ppm) at 35°C and
0.5%RH

two different devices. The DVS device, traditionally used to perform water sorption and desorption236

isotherms, consists of a microbalance and a sample holder in the form of a tray allowing larger sample237

masses to be tested which increases the apparent exchange surface (300 mg of sample tested inside the238

DVS compared to 40 mg inside the TG-DSC device here). The coupling was made by connecting the239

outlet of the gas mixer at the inlet of the two apparatus so that two samples of the same earth can be240

tested simultaneously. The humidification phase of the gas is managed separately for the two devices.241

As the minimum in the DVS is 1%RH then it is a limiting factor for the Wetsys, which is then set to242

1%RH and not 0.5%RH as before. The protocol applied was 5 hours of exposition at 5000 ppm and 5243

hours of exposition at 0 ppm. The results are given in Fig.6. The graph shows the relative mass gain in244

mg per kg for the TG-DSC (black) and the DVS (grey) as a function of time. The two samples in the two245

devices appear to behave exactly the same way. It should be noticed that this behaviour appears slightly246

different from the one observed in the previous section. Indeed, there is a rapid gain in mass followed247

by a small loss of mass before reaching equilibrium, which was not present in the previous results. This248

difference can be explained by the presence of water on the adsorption sites, which has an impact on the249

quantity and kinetics of CO2 adsorption. The mass measurements are similar between the devices and250

confirm the validity of both the TG-DSC device and the use of the DVS device.251

3.2.2 Repeatability of the experiments252

In order to confront the repeatability of the measurements, the same protocol was repeated on 3 different253

samples of DAG earth with the same initial mass (110mg). The protocol consist of 5 days of stabilisation254

at 0 ppm, 5h of exposition to CO2 level at 5000 ppm and a return to 0 ppm during 5h. The results are255

shown in Fig.7, the graph a. shows the mass variation versus time of the three tested samples and the256
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Figure 6: Mass uptake of the samples inside the TG-DSC apparatus (black) and DVS apparatus (grey)
when exposed to 5000 ppm, 35°C and 1% RH.

(a) TG signal (b) Heat flow signal

Figure 7: TG (a) and heat flow signals (b) with time of 3 samples exposed to the same conditions (5000
ppm, 35°C and 0.5% RH)

graph b. is a 1h zoom on the associated heat flow around the concentration change.257

The tests were carried out on the 6th of May 2022 (test 1), the 4th of July 2022 (test 2) and the258

26th of August 2022 (test 3) and will be compared with the experiment presented in section 3.1. Fig.7259

highlights a very similar behaviour for the three tests, especially test 1 and test 3 being almost identical.260

The slight difference with test 2 can be explained by the intrinsic variability of the material, as earth is a261

natural material and the composition of this sample may have differed slightly from the other two tests.262

However, the overall behaviour of the sample 2 remains similar in all respects, with a slight increase263

in mass variation, that is reflected in the heat flow. The values of the maximum retention capacity Q264

are: 132 mg/kg for test 1, 146 mg/kg for test 2, 128 mg/kg for test 3, which is similar to the value265

(132 mg/kg) determined for the previous test in the same conditions in section 3.1. From these results266

the mean value of Q can be calculated as: m = 1
n

∑n
i=1 mi with mi being the experimental data of the267
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(a) TG signal (b) Heat flow signal

Figure 8: TG (a) and heat flow (a) signals with time of 3 samples with different initial mass exposed to
the same conditions (5000 ppm, 35°C and 0.5%RH)

four experiments it results in m = 134 mg/kg. For the measurement uncertainty, the Student coefficient268

is taken equal to 1.20 corresponding to 4 experiments, the standard deviation can be calculated as:269

s =
√

1
n−1

∑n
i=1(mi −m)2 and results in: Q = m± st√

n
= 134 ± 5 mg/kg270

3.2.3 Influence of the sample mass271

The previous experiments were all carried out with 110 mg of material in the crucible of 170 µL, corre-272

sponding to a full crucible. Given the low density of the material in the crucible (ρd = 0.64g/cm3), the273

hypothesis was made that the CO2 diffused perfectly inside the crucible and thus that the whole material274

reacts. In order to confirm this hypothesis experiments were repeated with different initial masses in the275

crucible: 40 mg associated with a nearly empty crucible, 60 mg associated with a slightly more than half276

filling and 110 mg for a full crucible. The results are given in Fig.8.277

Figure 8 a. presents the TG signal and figure 8 b. the corresponding heat flows (with a 1h-zoom278

around the concentration change) for the three initial masses of material tested. As expected, Fig.8279

shows that the greater the initial mass of the sample is, the greater the mass gain is. This means that280

more CO2 is adsorbed when more adsorption sites are available. This indicates that the CO2 is diffusing281

within the porous material and that most of the volume of material is active. However, when analysing282

the results in mg of adsorbed CO2 per kg of material it can be seen that the maximum adsorption283

capacity seems to increase while there is less sample in the crucible. Indeed, for 110 mg Q = 132 mg/kg,284

for 60 mg Q = 142 mg/kg and for 47 mg Q = 155 mg/kg. This can lead to three hypotheses:285

• Either when the crucible is full, the lower part of the material at the bottom of the crucible does286

not react because the CO2 does not diffuse to the bottom.287
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• Or when the crucible is full, drying is not complete in 5 days and water remains in the pores,288

blocking adsorption sites that are therefore not available. Whereas when the crucible is not full,289

the whole material is dried.290

• Or we are in the uncertainty range of the measurements and this difference is only a measurement291

artefact.292

Anyway, the difference remains quite small, and it will be assumed to be negligible. Therefore, thanks293

to the comparison with the DVS, the methodology for the determination of the mass of CO2 adsorbed294

on DAG was validated. The repetition of the experiments made it possible to calculate the errors in the295

uptake capacity measurements and to prove the repeatability. Finally, the robustness to the initial mass296

of material was tested. The whole experimental protocol is validated.297

4 Discussion298

4.1 Carbon dioxide adsorption isotherm299

4.1.1 Carbon dioxide uptake capacity300

The results of section 3.1 concerning the CO2 retention capacity Q in mg/kg and CO2 concentration in301

ppm can be converted into mmol/g and kPa to allow an easier comparison with literature data. This302

results in: at 0.12 kPa (1500 ppm) the amount of CO2 adsorbed is 0.001 mmol/g , at 0.3 kPa (3000303

ppm) the amount adsorbed is 0.002 mmol/g, at 0.5 kPa (5000 ppm) it is 0.003 mmol/g and at 1 kPa304

(10000 ppm) it is 0.004 mmol/g. The uncertainty calculated before of 5 mg/kg becomes 0.0001 mmol/g.305

To the best of our knowledge, no study has yet investigated the behaviour of raw earth and clay306

minerals with CO2 at the usual CO2 pressures of indoor air. The studies we found fall into two categories:307

studies on pure clay minerals at high pressure of CO2 (usually for carbon capture and storage) and studies308

on transformed materials at low pressure representative of indoor air.309

As expected, the results found here are much lower than those of the first group of papers, mainly310

because our material is less pure (only 19% of clay minerals in DAG) and the pressures investigated311

are lower. For example, Chen et al. [43] [44] mentioned an adsorption capacity for raw kaolinite at312

25°C and 1 bar between 0 and 0.07 mmol/g. Several authors also reported adsorption capacities for313

montmorillonite between 0.2 mmol/g at 45°C and 1 bar and 0.5 mmol/g at 10°C and 1 bar [45] [46].314

Although the test temperatures are different and known to affect adsorption, the range of variation can315

be considered small and does not affect the order of magnitude of the adsorption results. The trend316

should remains the same. The impact of temperature should be assessed to confirm this statement.317
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Our results are also lower than those found in the second group of papers. These studies mainly318

focus on materials transformed in laboratories such as zeolites, metal-organic frameworks (MOF) or319

activated carbons. The table 2 gathers the main results obtained. The highest adsorption capacities (2.8320

mmol/g for a MOF at 60%RH and 1000 ppm [22]) are found to be associated with materials with low321

regenerability (e.g the capacity to release the CO2 retained at ambiant condition of temperature and322

humidity). Rajan et al. [20] reported adsorption capacities ranging from 1.42 to 1.62 mmol/g at 0% RH323

and 3000 ppm for MOF, zeolite and silica-supported amine (PD-TEPA) powders, but their regeneration324

capacity was very low (30 % for the amines) or even nul for zeolite and MOF. According to the literature,325

it seems that some amines have a good regeneration capacity as analysed by Krishnamurthy et al. [21],326

but the cost as well as the stability of these materials to hygrothermal conditions of indoor air may be327

a limiting factor to their wide use as wall coating.328

Thus, the adsorption capacity of DAG earth at different CO2 concentrations is much lower than the329

capacities of other materials reported in the literature. It should be kept in mind that the material330

studied is a natural and unprocessed material and that it can be applied in large quantities on the wall331

and ceiling surfaces of a room, which would compensate for its relatively low adsorption capacity. For332

example, plasters made from the same earth in previous studies ([35] [36]) had an apparent density333

between 1.5 and 1.9 g/cm3 for a formulation containing 40% earth sieved at 2 mm. Reducing this334

percentage to the fraction studied here (< 80µm) and for a plaster thickness of 1 cm would give between335

5 and 7 kg/m2 of our material per square meter of wall.336
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Table 2: Confrontation between DAG CO2 uptake capacity and those reported in the literature
for porous materials at room temperature

Material CO2 uptake Desorption Exp. conditions Ref.

[mmol/g] capacity [%] [%RH, ppm]

DAG powder 0.003 100 0.5, 5000 This study

Latex+TEPA70 a powder 1.33 92 15, 3000 [21]

paint 1

Latex+PEI50 b powder 1.1

paint 0.8

epn-MOF@SBS c spray 2.8 0 60, 1000 [22]

PD-TEPA-25% d powder 1.36 30 0, 3000 [20]

MOF-74(Mg) e 1.62 0

Zeolite-13X 1.42 0

a Silica including amine (TEPA), 40 wt% b Silica including amine (PEI) 40 wt%

c Functionalized metal-organic-framework mixing with a hydrophobic polymer (SBS), 80 wt% MOF loading

d Silica including amines (TEPA) 25%wt e Metal-organic framework

337

4.1.2 Modelling the adsorption isotherm using Henry’s law338

As the experiments were carried out at low pressure (less than 1.2 kPa), the isotherm of CO2 adsorption339

on DAG can be analysed using Henry’s law. This empirical law translates the fact that at low pressure340

the adsorbed molecules are independent of each other. It can be expressed as: n = khp. Where n341

represents the specific surface excess amount and kh the Henry’s law constant. Thus, at sufficiently low342

pressures, n should vary linearly with the equilibrium gas pressure. It was originally defined to study343

the amount of gas dissolved in a liquid, but it reflects the general principle that can be applied to gas344

adsorption: when the adsorbate concentration tends to 0, the amount adsorbed also tends to 0.345

In figure 9a there is the fitting of the experimental data with Henry’s law, the results give a constant346

of 0.005 mmol/(g*kPa) with an R2 of 0.90. This value is very low compared to those reported for other347

adsorbents such as: modified zeolites [47] or pillared clays [48] which are in the range of 0.012 to 0.05348

at 293 K and 310 K respectively. These results are in line with the values obtained for CO2 uptake, i.e.349

much lower compared to chemically modified materials. Even though the experiments are carried out350

at very low pressures where Henry’s law should apply, from the figure it seems that the fitting is not351

very consistent. As stated in Rouquerol et al. [49], the hypothesis needed for the application of Henry’s352
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(a) CO2 adsorption isotherm and associate Henry’s law
fit

(b) CO2 adsorption isotherm in semi-log scale

Figure 9: Modelling of the adsorption isotherm using the Henry’s law (a) and evidence of non-consistent
fitting by plotting the adsorption isotherm in semi-log scale (b)

law can be easily verified by plotting the isotherm on a semi-logarithmic scale. In figure 9b one can see353

the isotherm plotted on a semi-logarithmic scale. It appears clearly that the plot is not linear. At the354

beginning of the curve, a convex deviation could be attributed to the effect of either surface heterogeneity355

or microporosity in the interlayer space of clay minerals. Indeed, some specific adsorbent-adsorbate356

interactions can be associated with energetic heterogeneity. This case was identified by Rouquerol et al.357

[49] and the adsorption energies should help to establish whether this bend is associated with adsorption358

on a small high-energy fraction of the surface or whether adsorbate-adsorbate interactions are detectable359

over the linear range. Anyway, this indicates the need for another form of approximation for the isotherm360

at low concentrations.361

Thus, modelling the adsorption isotherm with Henry’s law has shown the existence of non-linear362

phenomena at low pressures. These phenomena can be explained either by the entry of CO2 into the363

micropores of clay minerals (interlayer space for example) or by CO2-CO2 interactions or by a strong364

surface heterogeneity (presence of adsorption sites with more energy than others).365

4.2 Adsorption and desorption enthalpies366

4.2.1 Methodology for the determination of CO2 adsorption enthalpy367

Thermodynamically, enthalpy of adsorption (or desorption) is the heat released (or absorbed) during the368

adsorption process. The enthalpy of adsorption, ∆hads, was determined by calculating the area under369

the heat flow signal curve and dividing by the associated mass change during the adsorption phase. The370

same process was applied on the desorption phase to determine the desorption enthalpy. The baseline371

for the signal integration was chosen as the median of the points preceding the peak. In order to get rid372
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(a) Full heat flow signal for a given CO2 concentration (b) Extracted heat flow signal between the limits of in-
tegration for a given CO2 concentration

Figure 10: Limits of integration (vertical dotted lines) to determine CO2 adsorption enthalpy from TG
and DSC signals

of the background noise of the signal during integration, the choice was made to narrow the integration373

boundaries as much as possible while keeping the major part of the signal, this procedure is detailed in374

fig.10. To do this, the maximum value of HF was calculated (10a: ”HF max”). Then, 95% of this value375

was subtracted from the peak to reach the line ”95% HF max” (10a: ”95% HF max”). The intersection376

between this line and the HF curve determined the upper and lower boundaries for the integration.377

Finally, a time interval was subtracted to the lower boundary to include the beginning of the heat flow378

peak in the calculations. The signal obtained between the two boundaries corresponds to figure 10b.379

In other words, integration was performed between the beginning of the peak and 95% of its maximum380

value. The integration result (10b: ”
∫
HeatF low ”) was then divided by the corresponding mass uptake381

(10b :”na”). The same procedure was applied for the determination of the enthalpy of desorption.382

The enthalpies have been calculated for all experiments conducted between 0 and 5000 ppm and are383

given in Table 3. The enthalpy of adsorption is negative because the flow is exothermic and the enthalpy384

of desorption is positive as associated with an endothermic flow. Results indicate that ∆hads in found to385

be equal to approx. -60 kJ/kg and ∆hdes to approx. 55 kJ/mol for all experiments. The experiments are386

therefore perfectly repeatable in terms of energy. It can be noticed that the initial mass of the sample has387

little influence on the final adsorption and desorption enthalpy result. For the adsorption and desorption388

cycles, ∆hads decreases when the number of cycles increases which is in agreement with the results found389

for the CO2 uptake capacity and has to be further investigated. In general, the results of adsorption390

enthalpies found are quite high for physisorption which is generally around 20 to 40 kJ/mol which would391

indicate a strong energetic interaction between the adsorption sites and the CO2. Enthalpies above392

40 kJ/mol could indicate chemisorption, but the reversibility of the process, when the concentration393

decreases, seems to rule out this hypothesis. Moreover, chemisorption enthalpies found in the literature394
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for clay minerals are generally above 80 kJ/mol, which is far from being the case here [50].395

Table 3: Enthalpies of adsorption and desorption
of all experiments at 0.5% RH, 35°C 5000 ppm

Experiment ∆hads ∆hdes Section

[kJ/mol] [kJ/mol]

Test 1 -62 56 sec.3.2.2

Test 2 -60 60 sec.3.2.2

Test 3 -61 56 sec.3.2.2

110 mg -62 56 sec.3.1.1

63 mg -60 57 sec.3.2.3

47 mg -56 55 sec.3.2.3

Cycle 1 -61 56 sec.3.1.3

Cycle 2 -58 57 sec.3.1.3

Cycle 3 -54 56 sec.3.1.3

396

To our knowledge, no study has yet published data on the enthalpy of CO2 adsorption in raw earth397

or clay minerals. Hence, the results of this study are compared with those of processed materials (MOF,398

amines..) used for CO2 regulation of indoor air, in the same way as in previous sections (see table399

4). Two methods are mainly used to determine the enthalpy of adsorption of CO2 on materials, the400

”indirect” isosteric method based on CO2 adsorption and desorption isotherms at several temperatures401

and the calorimetric method (used here). The calorimetric method is the more accurate method as it402

provides a direct measurement. For silica-supported amines [51], pillard clays [48] and zeolites [52] values403

of the enthalpy of CO2 adsorption are ranging form -90 to -30 kJ/mol at low coverage (i.e. low surface404

occupancy, low amount adsorbed). Similarly, Wu et al. [53] has determined the enthalpy of adsorption at405

25°C by calorimetric measurment of a MOF, at zero-coverage an irreverisble event of -113 kJ/mol occurs406

which is followed by a reversible event of -65 kJ/mol and finally a plateau at -40 kJ/mol is observed407

as coverage is increased. Our results, around -60 kJ/mol at adsorption, are thus in the range of values408

found in other studies. This confirms both the robustness of the experimental set-up with respect to409

the analysis of heat flow and the determination of CO2 adsorption enthalpies. It also reinforces the410

hypothesis that the phenomena are mainly driven by physical interactions.411
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Table 4: Comparison of the CO2 adsorption enthalpy of DAG with those reported
in the literature for porous material at low adsorption site occupancy

Material Exp. conditions ∆Hads Ref.

(method) [kJ/mol]

DAG 80µm 0.5%RH 35°C (calorimetric) -60 This study

SBA 15+ APS a 30°C (calorimetric) [-40,-90] [51]

Al-, Zr-PILC b [-10, 20]°C (isosteric) -30 [48]

Zeolite 13X 0°C (calorimetric) -55 [52]

CD-MOF-2 c 25°C (calorimetric) -113.5 (irreverible) [53]

-65.4 (reverible)

-40.1 (reversible)

a Mesoporous silica (SBA-15) support with amine (APS) loadings b Pillared clays

c Metal-organic framework synthesized from γ cyclodextrin (γ-CD)

412

4.2.2 Impact of the adsorbed quantity on the enthalpy413

In order to follow the evolution of the enthalpy as a function of the amount of CO2 adsorbed, the calcula-414

tion of the adsorption and desorption enthalpies were repeated between the successive CO2 concentration415

steps of the experiment in section 3.1 ( 1500, 3000, 5000 and 10000 ppm). The results are given in Figure416

11, the differential enthalpy of adsorption (left) or desorption (right) between two states was calculated417

for the successive CO2 steps.418

The covering can be defined as the surface occupation by the CO2 molecules. It increases with the419

amount adsorbed. From the graph it can be seen that ∆hads is higher for the first range of concentrations420

and progressively decreases towards -40 kJ/mol as the coverage increases. Theoretically, if the concen-421

tration of CO2 continues to increase, the values of adsorption enthalpy should tend towards the enthalpy422

of vaporisation of CO2 (-17 kJ/mol at 288 K), but this comparison is difficult to make at 35°C because423

the triple point of CO2 has passed and no change of state between the gas and liquid phase can take424

place. In all cases, the first values of -74 kJ/mol are very high and the last values of about -40 kJ/mol425

are in agreement with the values found in the literature for physisorption. The high initial values can be426

associated with the interaction of adsorptive molecules with highly active surface sites and/or their entry427

into narrow micro-pores. The reason that the enthalpy of adsorption decreased with increasing coverage428

is due to the progressive covering of the thermodynamically favorable sites, such that the most favorable429

sites are filled first, followed by the remaining sites. Going back to the Henry’s law analysis, it can be430
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Figure 11: Absolute values of enthalpies of adsorption (black) and desorption (gray) for successive CO2

concentration levels, at 0.5% RH and 35°C

deduced that the knee found at low pressures is more likely to represent a strong energy heterogeneity431

than interactions between CO2 molecules (adsorbate-adsorbate) which would have been represented by432

an increase of enthalpy with covering.433

All the analyses carried out in the discussion section show that the phenomenon is dominated by434

physical interactions (even if a sharp distinction is not possible and desired because intermediate cases435

exist). Secondly, at low pressures, the heterogeneity of the material surface leads to the adsorption of the436

first CO2 molecules on very energetic sites (or micropore), followed by the adsorption on less energetic437

sites.438

5 Conclusions and perspectives439

The aim of this paper was to present a new experimental methodology based on thermogravimetry440

coupled with calorimetric analysis to evaluate the CO2 retention capacities of raw earth. The coupling441

of the TG-DSC apparatus was done with a gas mixer capable of producing an air flow with low CO2442

concentration representative of indoor air and with a wet gas generator to represent several relative443

humidity. For the dry state: the set-up and experimental procedure were validated through repeatability444

testing and coupling to a DVS, while the robustness of the device was demonstrated with respect to445

the initial masses of materials tested. Considering the results obtained, at 5000 ppm the dry raw446

earth material has a maximum CO2 retention capacity of about 134 mg/kg and an almost complete447
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regeneration capacity at 35°C. The almost complete reversibility of the process shows that the CO2 is448

physisorbed, most likely on the surface of the clay minerals present in the material. The determination449

of the enthalpies of adsorption allowed to characterize precisely the processes involved. At 5000 ppm the450

enthalpy of adsorption is -60 kJ/mol and the one of desorption is 55 kJ/mol on average, the value we451

found is higher than the enthalpies associated with physisorption which are between 20 and 40 kJ/mol.452

However, when the enthalpies were examined as a function of the quantity adsorbed, it was found that453

∆hads varied from -70 kJ/mol to -40 kJ/mol when the quantity adsorbed was increased. This indicates454

the presence of a strong energetic heterogeneity of the material or the entry of CO2 in micropores, which455

is confirmed by the non-linearity of the isotherm at low pressures. These results are in agreement with456

the fact that raw earth is a natural and highly heterogeneous material.457

As indoor air also contains water vapour, it is crucial to determine the role of water in the CO2458

retention and release process. Research is underway to analyse the phenomena at at higher relative459

humidity (between 50%RH and 80%RH) in order to understand the possible competition between the460

water and CO2 molecules adsorbed. This work provides the first values of CO2 retention capacity for461

raw earth and thus provides first evidence of the potential passive regulation capacity of this material. A462

better understanding of the mechanisms will allow us to better understand the benefits of raw earth for463

using it in a passive strategy to improve IAQ and can therefore lead to its wider uses by the construction464

and building sector.465
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