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Abstract 

The production of experimental data for CO2 solubilities in the H2O-CO2-NaCl is of first importance to constraint thermodynamic 
modelling of CO2 geological storage. Here a mcirocapillaries device is coupled to a Raman microspectrometer to measure CO2 
solubility as a function of pressure, temperature and NaCl concentration. The results show an excellent correlation with the equation 
of state of Duan and Sun [1] and with previous works [2]. 
  
© 2017 The Authors. Published by Elsevier Ltd. 
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1. Introduction 

 
The knowledge of the solubility of CO2 in water and saline solutions is crucial to model the behavior of CO2 after 

injection in an aquifer for CO2 storage purpose. Over the last decades, numerous experimental data have been acquired, 
mostly at low pressure (< 200 bar, Fig. 1) and in pure water but data at higher pressure or in saline media are sparse. 
In the present study, a micro-reactor was used, coupled with a Raman microspectrometer to measure solubilities in the 
CO2-H2O-NaCl system. The optical device made possible to measure CO2/H2O concentrations without sampling, i.e. 
without perturbation of the system after calibration. Moreover, the micro-reactor reduced equilibration times and heat 
and mass transfers contrary to classical batch reactor [3]. 
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The objective of this study was to define the relevant parameters to be used to draw calibration curves correlating 
the dissolved CO2 concentration with the Raman signal of CO2 and H2O at any salinity and temperature. The Raman 
signal of CO2 and water were acquired as a function of pressure, temperature and NaCl concentration. The ranges were 
5-500 bar, 25-250 °C, and 0-4 M NaCl. The peak areas (A) and peak intensities (I) were measured for the HOH bending 
vibration (~1640 cm-1, noted b) and the OH stretching vibration (~3350 cm-1, noted s) of H2O, and for the Fermi 
doublet of CO2 (both peaks or only the + peak at ~1380 cm-1). The following peak intensity and area ratios were 
plotted as a function of CO2 solubility: ACO2/AH2Os, ACO2/AH2Ob, ACO2-1380/AH2Os, ACO2-1380/AH2Ob, ICO2-1380/IH2Os, and 
ICO2-1380/IH2Ob. The CO2 solubility was calculated using the model of Duan and Sun [1] at the pressure and temperature 
of each steps. 

 
 

 

Fig. 1: literature review of the PT conditions of CO2 solubility data in H2O. 

 
Nomenclature 

ACO2 Area of the + and - Raman peaks of CO2 (1380 and 1273 cm-1) 
ACO2-1380 Area of the + Raman peak of CO2. 
AH2Ob Area of the bending vibration band of H2O (1640 cm-1) 
AH2Os Area of the stretching vibration band of H2O (2800-3850 cm-1) 
ICO2 Intensity of the + Raman peak of CO2. 
IH2Ob Intensity of the bending vibration band of H2O (1640 cm-1) 
IH2Os Intensity of the stretching vibration band of H2O (2800-3800 cm-1) 
QF (ICO2-1380/IH2Os)/sCO2 

sCO2 solubility of CO2 (mol.kg-1
H2O) 

 

2. Material and methods 

2.1. Experimental device and procedure 

The experimental device is a High Pressure Optical Cell (HPOC) [4] which consists of a pressurization system 
connected to a fused silica capillary tube. The capillary tube is placed on a customized heating-cooling stage (CAP500, 
Linkam) (Fig. 2). Temperature and pressure measurements were calibrated before experiments. Temperature is 
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controlled to ± 0.1 °C. Pressure is controlled to ± 0.3 bar. Measurements are done at 25 °C in pure water and 1, 2, 3, 
and 4 M NaCl up to 500 bar, and at 25, 100, 200, and 250 °C in pure water, up to 500 bar. The solubility of CO2 is 
calculated at each pressure-temperature-mNaCl step using the equation of state of Duan and Sun [1]. 

The fused silica tube is first filled with about 0.5 cm of water or of a NaCl solution. It is then glued to a stainless 
steel tube and connected to the pressurization device. The solution is frozen and all the system is evacuated under 
vacuum. A few bars of CO2 are loaded in the tube before unfreezing the solution. CO2 is added step by step up to 500 
bar. The Raman spectra are acquired near the gas-solution interface once the Raman signal and pressure stabilize. 

 

 

Fig. 2: the HPOC system after Caumon et al. [5]. HPP: high pressure pump; P: pressure transducer; V: valve; VP: vacuum pump; FSC: fused 
silica capsule. 

2.2. Raman analysis 

Raman spectra are recorded suing a LabRAM HR microspectrometer (Horiba Jobin Yvon) equipped with a 600 
gr.mm-1 grating and an x20 objective (Olympus). The laser is an Ar+ laser (Stabilite 2017, Spectra-Physics) operating 
at 514.53 nm and 200 mW. The acquisition time is generally of 10 to 30 s with 10 accumulations. Each measurement 
is repeated 10 times. Peak areas and intensities are measured using Labspec software (Horiba Jobin Yvon). A straight 
baseline is subtracted.  

3. Results and discussion 

3.1. Raman spectra of dissolved CO2 and liquid water 

Some examples of the Raman spectra of CO2 and water are presented in Fig. 3. The Raman signal of dissolved CO2 
consists of a doublet at 1273 cm-1 and 1380 cm-1 (Fig. 3a). The Raman signal of water is presented here as the bending 
vibration band around 1640 cm-1 (Fig. 3a) and the stretching vibration band in the range 2800-3800 cm-1 (Fig. 3b). 
The Raman signal of dissolved CO2 only changes in intensity with concentration. On the contrary, the shape of the 
Raman vibration bands of water evolves with salinity (Fig. 3a and Fig. 3b), pressure, and temperature, especially the 
stretching vibration band around 3500 cm-1. This modification is due to changes in hydrogen bonding between H2O 
molecules in liquid water and is widely discussed in literature (e.g. [6] and ref. therein). 
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a b 

Fig. 3: Some Raman spectra of (a) dissolved CO2 and the bending vibration band of water and (b) the stretching vibration band of water, as a 
function of NaCl concentration. P = 100 bar, T = 25 °C. Spectra are normalized to the area of the bending (a) or stretching (b) band of water and 

Y-shifted for clarity. 

3.2. Effect of salinity 

Raman spectra of dissolved CO2 and water were recorded at 25 °C at various salinity (0-4 M NaCl) and pressure 
up to 500 bar. The effect of salinity is presented in Fig. 4. Six different ratios are calculated and plotted as a function 
of CO2 solubility (mol.kg-1

H2O) and salinity (NaCl molality, mol.kg-1
H2O): ACO2/AH2Ob (Fig. 4a), ACO2/AH2Os (Fig. 4b), 

ACO2-1380/AH2Ob (Fig. 4c), ACO2-1380/AH2Os (Fig. 4d), ICO2/IH2Ob (Fig. 4e), and ICO2/IH2Os (Fig. 4f). A linear regression line 
is calculated for each data set (fixed intercept = 0). All data sets yield a satisfactory correlation between Raman peak 
ratios and CO2 solubility, with a R² better than 0.98. Salinity affects the slope of the correlation line in all cases, with 
various intensity (Fig. 5). The ratio calculated to the bending vibration band of water are more sensitive to salinity 
than the one calculated to the stretching band water. The less sensitive to salinity is ACO2-1380/AH2Os. The most sensitive 
to salinity is ACO2/AH2Ob. 
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Fig. 4: peak area and peak intensity ratios as a function CO2 solubility and NaCl concentration (M, mol.kg-1
H2O). (a) ACO2/AH2Ob, (b) ACO2/AH2Os, 

(c) ACO2-1380/AH2Ob, (d) ACO2-1380/AH2Os, (e) ICO2/IH2Ob, (f) ICO2/IH2Os. Temperature: 25 °C; pressure: 3-500 bar. 
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Fig. 5: evolution of the slope of the correlation curves in Fig. 4 with salinity, after normalization to the slope in pure water. 

3.3. Effect of temperature 

Raman spectra of dissolved CO2 and water were recorded at four different temperatures (25, 100, 200, 250 °C) at 
pressure up to 500 bar. The same peak area and intensity ratios are calculated and plotted in Fig. 6: ACO2/AH2Ob (Fig. 
6a), ACO2/AH2Os (Fig. 6b), ACO2-1380/AH2Ob (Fig. 6c), ACO2-1380/AH2Os (Fig. 6d), ICO2/IH2Ob (Fig. 6e), and ICO2/IH2Os (Fig. 
6f). A linear regression line is calculated for each data set (fixed intercept = 0). As the data set at 250 °C has only two 
data points, this correlation must be carefully considered. 

 
The effect of temperature on the correlation between Raman peak ratios and temperature is weak between 25°C 

and 100 °C but becomes intense at 200 and 250 °C. The only ratio that remains coherent over the whole temperature 
range is ICO2 / IH2Os. This discrepancy between ratios might be due to a slow evaporation of the liquid phase, and so 
leads to difficulty to reach equilibrium. 

 
The ICO2 / IH2Os ratio, normalized to CO2 molality (QF), is plotted as a function of temperature, and compared to 

the data of Guo et al. [2] (Fig. 7). Despite a small shift of our data toward higher values, the trend is very similar. The 
difference between the two data sets may be due to a difference of baseline subtraction, of the spectrometer response, 
or in equilibrium procedures. 
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Fig. 6: peak area and peak intensity ratios as a function CO2 solubility and temperature in pure water. (a) ACO2/AH2Ob, (b) ACO2/AH2Os, (c) 
ACO2-1380/AH2Ob, (d) ACO2-1380/AH2Os, (e) ICO2/IH2Ob, (f) ICO2/IH2Os. Pressure: 3-500 bar 
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Fig. 7: QF (= to (ICO2/IH2Os)/sCO2) as a function of temperature in pure water. Comparison of this study (Fig. 6f) with the study of Guo et al. [2]. 

4. Conclusion 

Microcapillaires, connected to a pressurization device, have been used to determine CO2 solubility in saline water 
at 25 °C in the range 0-4 M NaCl, and in pure water as a function of temperature in the range 25 °C-250 °C. This 
device makes possible fast and reproducible measurements, in a large range of pressure, temperature and salinity that 
covers the range of interest of CO2 geological storage. 

 
The linearity of the response as a function of salinity, whatever which ratio is calculated (intensity or area, to the 

bending or stretching vibration band of water), confirms the validity of the equation of state of Duan and Sun [1] in 
this range of experiment (25 °C, 0-4 M NaCl).  
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