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Introduction

In the context of Carbon Capture and Storage (CCS), the role of impurities likely injected with CO2 has to be tackled in order to assess the long term behaviour of the storage [START_REF] Ieaghg | Effects of impurities on geological storage of CO[END_REF][START_REF] Sterpenich | [END_REF][3][START_REF] Seevam | 2008 7th International Pipeline Conference[END_REF][START_REF] Liu | [END_REF][6][START_REF] Creton | Thermodynamic Study of Binary Systems Containing Carbon Dioxide and Associated Gases Using Molecular Simulation Techniques[END_REF] . As a function of the industrial process releasing CO2 in the fumes (power plant, cement plant, glass industry…) and depending on the capture and purification processes, the composition of the CO2-rich stream injected in geological storages can vary significantly. If gases such as Argon or Nitrogen can dominate the composition of impurities, other gases such as SOx or NOx can be minor but can cause the system to be chemically reactive. In the presence of water such gases can dissolve and produce strong acids that could react with storage components, such as reservoir and caprock, or well materials (cement and steel casing). If the thermodynamics of CO2 under the pressure and temperature conditions of a storage (>7.4 MPa and >304.25 K, over the critical point of CO2) is well known, this is not the case for sulphur and nitrogen oxides (SOx and NOx where x stands for the stoichiometric coefficient). As an example, the solubility data for NO are sparse and only atmospheric pressure is documented [START_REF] Armor | [END_REF][9][START_REF]Lange's handbook of chemistry[END_REF][START_REF] Zacharia | [END_REF][12] . However the solubility data are essential for the use of the geochemical codes in order to predict the physicalchemical evolution of the storage and the possible chemical reactions occurring between fluids and minerals [3,[START_REF] Corvisier | Considering Non-Ideal Gas Mixtures in Geochemical Modeling of Gas-Water-Salt-Rock Interactions: Application to Impure CO2 Geological Storage[END_REF] . The High Pressure Optical Cell (HPOC) is an experimental device combining a silica microcapillary, a heating-cooling stage, a pressurization device and a Raman microspectrometer [START_REF] Chou | Raman Spectroscopy Applied to Earth Sciences and Cultural Heritage[END_REF][START_REF] Chou | Advances in High-Pressure Technology for Geophysical Applications[END_REF] . The microcapillary is used as a sample cell whose pressure and temperature can be controlled accurately. As silica is transparent in the visible range, Raman spectra can be recorded through the capillary. This device has been widely used in a wide range of applications, mainly gas solubility [16- 18] , gas diffusion in aqueous solutions [19][20][21] , gas phase composition and density [22][START_REF] Le | XIII GeoRaman[END_REF][START_REF] Fall | [END_REF][25][26] or to follow reaction processes [27] . Raman spectroscopy is a semiquantitative technique that requires to calibrate the intensity of the signal to a standard. Previous studies of CO2 or CH4 solubilities were calibrated on wellestablished thermodynamic models and experimental data. Unfortunately there is neither data nor accurate thermodynamic models for NO solubility. This is also not possible to prepare standard solutions at known NO concentration as there is no stable salt species giving dissolved NO with a known equilibrium constant. In some previous studies, a Hg-plug were used to put water and gas inside the capillary at room temperature and pressure. The number of moles of each species was evaluated by measuring volume and using densities at room TP [28][29][30] . However, it was not possible to use the Hg-plug method in our lab because of safety policies regarding Hg. Moreover, this method is questionable with highly soluble gases at room temperature (SO2, H2S, etc.) because the aqueous phase can contain a large amount of dissolved gas at room conditions, affecting liquid density and global molal composition. In this study we propose an original combination of HPOC and Raman spectrometry with molecular simulation to determine NO solubility in water and 1M-NaCl solutions from 2 to 60 MPa and from room temperature to 373 K.

Materiel and methods

Pressurization device and Fused Silica Capillary

The determination of NO solubility was performed acquiring Raman spectra of aqueous solutions loaded in silica capillaries using the same device as in previous studies [START_REF] Caumon | [END_REF]17,31,32] . The experiments were performed at 295 K, 298 K, 308 K, 323 K, 333 K, and 373 ± 0.1 K and pressures ranging from 1 to 30 MPa (up to 60 MPa at 295 K), using a High Pressure Optical Cell. Experiments were performed in pure water (deionized water, 18.2 MΩ.cm) and at 298 K, 323 K and 373 K in 1M-NaCl solutions. After burning the polyimide coating, one end of the Fused Silica Capillary (FSC) tube was welded. The FSC was then filled with water or NaCl solution. It was then connected to the stainless tube of a pressurization device using epoxy glue. The FSC was gently evacuated under vacuum to be purged from atmospheric gases. The FSC was then filled with NO and then closed with a valve. Finally, the FSC was connected to the High Pressure device. Pressure was controlled to ± 0.1 MPa. The FSC was placed in a heating-cooling stage (CAP500, Linkam) under the microscope of the Raman spectrometer. Temperature was controlled to ± 0.1 K.

Raman spectra acquisition

Raman spectra were acquired using a LabRAM HR spectrometer (Horiba Jobin-Yvon) equipped with a 600 gr.mm -1 grating. Excitation was done by using the 514.53 nm line of an Ar + laser at about 200 mW (Stabilite 2017, Spectra-Physics) and focused inside the capillary tube using a 20× objective (Olympus, N.A. = 0.4). Spectral resolution was about 1.6 cm -1 . A neon (Ne) lamp was positioned below the capillary to record Ne emission line for wavelength calibration time to time. Neon reference lines were taken from the NIST Atomic Spectra Database [START_REF] Kramida | NIST Atomic Spectra Database (ver. 5.7.1)[END_REF] . The Raman spectra were acquired at each P-T step after 20-30 min of equilibrium checked by a constant Raman signal. As previously done in our work on the solubility and diffusion of CO2 [19] and CH4 [START_REF] Caumon | [END_REF] , measurements were done very close (< 50µm) to the liquid-gas interface. Each spectrum was the mean of 10 accumulations of 6-10 s. Six spectra were collected at each P-T step. The intensity of the signal of N2 from the atmosphere was checked by recording a defocused Raman spectrum with the same parameters (laser power, objective, acquisition time).

Data processing

Experimental data were processed using Labspec 6 software (Horiba). A third-order polynomial baseline was subtracted between 1200 and 2000 cm -1 . Water bending vibration peak (~1640 cm -1 ) and NO stretching vibration peak (~1867 cm -1 ) were fitted using Gaussian-Lorentzian function to determine peak position, intensity (height), width (FWHM), and area (integrated intensity). Data acquisition and data processing were carried out by two different operators at different times (over more than 1 year) to ensure reproducibility. No difference between operators for data at similar P-T conditions was observed. The ratio between the peak area of NO and H2O Raman signal (PAR: Peak Area Ratio) was selected as the most accurate parameter to follow NO solubility in water. Experimental uncertainty was calculated from the mean of the 6 repeated measurements. Uncertainty was expressed at 1σ. Molecular simulation data sets at 295 K, 333 K and 373 K (see below for simulation method description) were each fitted using a second-order polynomial using Weighted Least Squares method to interpolate the data simulated at 4 different pressures to any pressure up to 60 MPa (LNE-RegPoly 1.0 software [START_REF] Yardin | 16th International Congress of Metrology[END_REF] ). Data from molecular simulations were then used to calculate the molar fraction of NO (xNO) at all P steps of the experimental data in pure water at the same temperatures using LNE-RegPoly to propagate uncertainties. A linear correlation between PAR and xNO was then calculated using GLS-GGMR method to determine the fitting function considering uncertainty from PAR (experimental Raman uncertainty) and xNO (simulation uncertainty). The experimental data at the same temperature as simulation (295 K, 333 K, and 373 K) were selected for calibration. The two data points at higher pressure at 295 K were not included in calibration because of higher experimental uncertainty and the absence of such high-pressure points at other temperatures. xNO for all experimental data in the fitting range (PAR range ± 10 %) were finally determined using LNE-RegPoly to propagate uncertainties. xNO values from PAR out of the fitting range were estimated simply applying the fitting function with no possibility to propagate uncertainty.

Simulation method

Monte Carlo method

The solubility of NO in water was also investigated by means of molecular simulation techniques which have been proven as valuable complementary approaches to experimental measurements, especially when hazardous compounds and/or extreme pressure or temperature conditions are considered. Monte Carlo (MC) simulations were performed in the Gibbs NPT ensemble (constant number of particles N, constant pressure P and constant temperature T) using the GIBBS Monte Carlo code [START_REF] Ungerer | Applications of molecular simulation in the oil and gas industry: Monte Carlo methods[END_REF] . In such simulations, coexisting phases (in this study, a NO-rich phase and a H2O-rich phase) were simulated in individual boxes without an explicit interface, and particle transfers between boxes were performed in order to ensure phase equilibrium. The following three MC move types were used in order to sample the configurational space of the studied systems: (i) internal moves (rigid body translations and rotations of a molecule), (ii) volume changes, (iii) transfers between phases using a pre-insertion bias [START_REF] Bourasseau | [END_REF] . This pre-insertion bias algorithm, used to improve the efficiency of the sampling, involved two steps. The first step consisted in the selection of a suitable location for inserting a new molecule by testing several places with a simple Lennard-Jones particle. The second step involved the test of several orientations with the centre of mass of the inserted molecule at the location selected in the first step. The selected probabilities for the different MC move attempts were 0.3 for translations, 0.3 for rotations, 0.395 for transfers, and 0.005 for volume changes. A total number of 1000 water molecules and 100 NO molecules were considered in our MC simulations. For some conditions, simulations using a bigger system with 5000 water molecules were also performed in order to ensure that no size effect occurred. Three temperatures were investigated (295.15 K -323.15 K -373.15 K) for pressures ranging from 5-60 MPa. For each studied condition, a total number of at least 6.10 8 MC iterations were performed.

Macroscopic fluid properties were derived by calculating appropriate averages over generated configurations.

Interaction potentials and energy calculation

Nitric oxide and water molecules were represented using models proposed by Lachet et al. [37] and Abascal and Vega [38] , respectively. In these models, molecules were considered to be rigid, thus no intramolecular energy was accounted for. Intermolecular energy was calculated with the two following contributions: dispersion-repulsion and electrostatic. Dispersionrepulsion energy between two force centres was represented as a function of their separation distance with a Lennard-Jones (LJ) potential. In the case of binary interactions involving different force centres, the Lorentz-Berthelot combining rules were used. Electrostatic energy was computed from the Coulomb law, assuming that the molecules bear electrostatic point charges. In the model proposed by Lachet et al. [37] , NO was treated as a single LJ sphere and the dipole moment of the molecule was neglected, thus no partial charges were considered for this molecule. H2O was represented using the TIP4P/2005 model, i.e. a single LJ sphere located on the oxygen atom together with a distribution of three partial charges: two of them being located on the hydrogen atoms and the third one being shifted (0.1546 Å) from the oxygen nucleus toward an intermediate axial position. The distance between oxygen and hydrogen atoms was 0.9572 Å, and the HOH angle was 104.52 degrees.

The force field parameters corresponding to these two models are presented in Table 1.

Calculation of this intermolecular energy was done by applying periodic boundary conditions, following classical procedures of molecular simulations [START_REF] Allen | Computer simulation of liquids[END_REF] . Lennard-Jones interactions were computed by applying a cut-off distance set to half of the box length. A standard long distance correction was used to account for interactions beyond the cut-off distance. The calculation of electrostatic interactions was done using the Ewald summation method with 7 vectors in each space direction and a Gaussian width set to 2π/L, where L was the size of the simulation box.

Nitric oxide dimerization study

Special attention must be paid when studying nitric oxide containing systems because this compound can exist as a mixture of monomers (NO: nitrogen monoxide) and dimers (N2O2: dinitrogen dioxide).

The composition of the NO-N2O2 equilibrium mixture depends on pressure and temperature conditions: the dimer is favoured at high pressures and low temperatures [START_REF] Snis | [END_REF] . In order to assess the state of nitric oxide that must be considered in this study, a monophasic NPT simulation of the reacting NO-N2O2 system was first conducted at 295.15 K and 60 MPa using reaction ensemble Monte Carlo (ReMC). The ReMC method [41,42] allows the study of chemically reacting mixtures. During this simulation, an additional MC move, the reaction move, was used in order to account for the possible dimerization of two NO molecules into N2O2. This move consisted in firstly choosing a direction to perform the reaction, second in deleting a set of reactant molecules randomly chosen in the system, and finally inserting product molecules. In our case, the reaction move was: 2NO → N2O2, where two randomly chosen NO molecules were deleted and one N2O2 was inserted, or N2O2 → 2NO, where one N2O2 molecule randomly selected was deleted and two NO molecules were inserted. To model N2O2 molecules, we used two NO LJ sites separated by 2.237 Å; the individual LJ parameters for each NO site in the dimer being the same as those for the monomer. No detailed description of these calculations is proposed here and we invite interested readers to investigate the two articles cited above [41,42] for more details and the study of Lachet et al. [37] for specific application of this method to nitric oxide study.

The simulation performed at 295.15 K and 60 MPa (i.e. the lowest investigated temperature and the highest investigated pressure of the present work) showed a mole fraction of dimers of 2.10 -6 . This result is consistent with our previous results conducted at lower pressures [37] which showed that, for temperature above the critical temperature of the NO-N2O2 system (Tc = 180.15 K), associations fully disappeared. Only the monomer form of the nitric oxide (NO) was thus accounted for in this work.

Results

The Raman spectra of NO dissolved in water were recorded step by step at each pressure and temperature (Figure 1). The bending vibration mode of water is a large band around 1640 cm -1 [43] . The main peak of dissolved NO is visible at 1868 cm -1 (symmetric stretching). No literature data refereeing to the Raman spectrum of dissolved NO was found so the assignment was done by comparison with the position of the gaseous species at 1877 cm -1 [44,45] . The only other species is N2 with a signal of the same intensity as the one found in the atmosphere (2331 cm -1 ). The intensity of the signal of NO increases when pressure increases (Erreur ! Source du renvoi introuvable.). Peak position and shape are constant. Temperature does not affect band shape and band position (not shown here). Traces of the oxidized species were detected in some cases at the end of the experiments, with signals corresponding to nitrate (at 1041 cm -1 and 1410 cm -1 ). The PAR calculated from Raman data were plotted as a function of pressure, temperature and salinity (Figure 2). The PAR increases when pressure increases. PAR decreases when temperature increases. It means that NO solubility decreases from 295 K to 373 K. For the same temperature and pressure, PAR decreases when NaCl is added, i.e. NO solubility is affected by a salting out effect.

To calculate solubility from PAR, the experimental PAR data are calibrated on simulation data giving NO solubility as a function of pressure at 295 K, 323 K and 373 K (Figure 3) as there is only a few experimental data available in the literature and only at atmospheric pressure [START_REF] Armor | [END_REF][9][START_REF]Lange's handbook of chemistry[END_REF][START_REF] Zacharia | [END_REF][12] . As observed on Raman data, the solubility of NO increases when pressure increases and decreases from 295 K to 373 K. Molecular simulation data of xNO in pure water (Table 2) were interpolated by a polynomial function for each temperature in order to determine NO solubility at any pressure. A unique linear correlation

(1) was established between simulation data and all experimental Raman data at 295 K, 323 K and 373 K in pure water (Figure 4) as no temperature effect can be observed in the investigated ranges of P and T conditions. Based on previous studies, it was also supposed that low salinity (1 M) does not significantly affect the calibration line slope [17,[46][47][48] below 373 K. xNO = 0.09927 PAR R² = 0.999 (1)

Based on the relation derived from Figure 4, the Raman data in Figure 2 were then converted into molar fraction scale at all temperatures in pure water and in saline solutions (Figure 5). All numerical data are gathered in Table S1. S1.

Discussion

The Raman peak area of one vibration mode of a molecule is proportional to the number of molecules in the analysed volume [START_REF] Placzek | The Rayleigh and Raman Scattering[END_REF] . It means that the peak area ratio is proportional to concentration (moles per litre of solution). The linearity of this relation may be affected by a variation of the refractive index of the solution or of the cross-section (efficiency) of the considered vibration mode [START_REF] Schrötter | Raman Spectroscopy of Gases and Liquids[END_REF] . The linearity observed in Figure 4 demonstrated that these effects can be neglected in the PTX range of these experiments. The dissolution of NO in an aqueous solution follows the same rule as other non-polar gases (CH4, N2, O2, CO,…), i.e. an increase of solubility with pressure, a decrease of solubility with temperature between 295 K and 373 K then solubility increases at higher temperature [START_REF]Lange's handbook of chemistry[END_REF][START_REF] Zheng | [END_REF] . Solubility decreases when salinity increases [12] (salting out effect). This last point is in agreement with literature at room pressure [12] . No other species than dissolved NO was detected in the Raman spectra. Despite careful preparation of the samples and evacuation under vacuum of all the experimental setup before loading gas, oxidized ions (nitrate) appear in some cases at the end of the experiments. It could be due to the reaction of NO with residual gaseous O2 in the experimental device or dissolved O2 in water or due to NO disproportionation. Disproportionation reactions of NO to give NO2 and N2O were described at high pressure [52] or in the presence of catalyser [53] but should not occur in the investigated ranges of pressure and temperature. It was therefore considered that the main process generating oxidized species in these experiments was oxidation by residual O2.

Figure 6. Comparison of NO, SO2 and CO2 solubility in water as a function of pressure and temperature. Solubility data are from Rumpf et Maurer [START_REF] Rumpf | [END_REF] and Zhou et al. [30] for SO2 and from Corvisier et al. [START_REF] Corvisier | Rapport bibliographique pour les systèmes eau-gaz-sel d'intérêt pour le projet SIGARRR[END_REF] and references therein for CO2.

The solubility of NO in pure water determined in this study was compared to experimental data of CO2 and SO2 solubility from literature [30,[START_REF] Corvisier | Rapport bibliographique pour les systèmes eau-gaz-sel d'intérêt pour le projet SIGARRR[END_REF][START_REF] Rumpf | [END_REF] (Figure 6). NO is about 5-15 times less soluble than CO2 in pure water. The effect of pressure and temperature are similar but a change in the solubility slope curve is observed for CO2 at intermediate pressure (especially at low temperature). The CO2 behaviour could be linked to a change of CO2 from gas-like to liquid-like compound over critical temperature Tc whereas the Tc of NO is far from the studied temperature range (180 K). SO2 is quite more soluble than CO2 by about one order of magnitude and thus is about 50 to 100 times more soluble than NO at low pressure (<1.7 MPa). There is no reliable solubility data of SO2 at higher pressure [30,[START_REF] Corvisier | Rapport bibliographique pour les systèmes eau-gaz-sel d'intérêt pour le projet SIGARRR[END_REF] in this range of temperature because of complex phase changes.

Conclusion

For the first time, the solubility of NO under geological conditions of pressure and temperature was determined using a coupled approach of Raman spectrometry and Monte Carlo molecular simulation. The extrapolation of the range of calibration by simulation was possible in the limit of the linearity of the correlation between Raman data and simulation, at least in the range 295-373 K, 2-60 MPa and 0-1 M-NaCl-H2O. No chemical reaction was observed, NO being stable in the experimental ranges of P and T conditions for the time of the experiments. The new data of solubility in aqueous solutions can be used to fit standard equations of state and to implement the geochemical codes used to simulate water/gas/rock interactions in the case of the geological storage of CO2 with SOx-NOx impurities. These reactive gases found as impurities in fumes that could be stored underground in CCS projects show specific and different behaviours as a function of pressure, temperature and salinity. The understanding and thus the prediction of the behaviour of such complex mixtures will be addressed only if the thermodynamic properties of such gases are well known under the geological conditions of storage.

For that, the FSC technique appears as the more suitable technique to meet this challenge. The experimental device will be used in further studies to measure solubilities in extended ranges of pressure, temperature and salinity for pure gases but also for gas mixtures of non-reactive and reactive compounds such as CO2, NO, NO2, N2O or SO2, controlling phase transitions by optical microscopic observations as well as chemical speciation and equilibria by Raman spectroscopy.
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Table 1. Force field parameters (σ and ε represent the diameter and the energetic parameter of the LJ potential, respectively and q - stands for the point charge) used to mimic NO and H2O molecule's behaviour. 
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 12 Figure 1. Raman spectra of NO dissolved in liquid water at 298 K as a function of pressure. N2 is from the air. * Ne lamp

Figure 3 .

 3 Figure 3. Simulation data of NO solubility (molar fraction, xNO) in pure water as a function of pressure and temperature.

Figure 4 .

 4 Figure 4. NO solubility (molecular simulation data) vs. PAR (Raman).

Figure 5 .

 5 Figure 5. Solubility of NO (molar fraction, xNO) in water (standard series are the ones used for calibration from molecular simulations, Figure 4) and brine (1M-NaCl-H2O) as a function of pressure and temperature, from Raman data. Error bars were calculated by propagation of PAR uncertainty and from the uncertainty of the GLS-GGMR fitting in Figure 4. Data provided in TableS1.

Table 2 .

 2 Molar fraction of NO (xNO) in water as a function of pressure and temperature from molecular simulation calculations TableS1. NO solubility (molar fraction xNO) in pure water and 1M NaCl solution calculated from Raman data. Data in italic are extrapolated out from the initial calibration range.

	Temperature / K	Pressure / MPa	xNO (× 10 3 )	u(xNO) (× 10 3 )
	295	5	1.2	0.3
		10	2.1	0.3
		20	3.4	0.7
		40	5.9	1.1
		60	6.4	0.9
	333	5	1.02	0.12
		10	1.65	0.14
		20	3.1	0.4
		40	5.3	0.5
		60	6.1	0.9
	373	5	0.79	0.05
		10	1.53	0.07
		20	2.74	0.19
		40	4.8	0.3
		60	6.0	0.5
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