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Abstract

In the processes of Carbon Capture and Storagensudnd nitrogen oxides ($@nd NQ) would be possibly
injected with CQ depending on the origin of COThe thermodynamic properties of these gaseslimesa
aquifer are poorly known. Solubility is one of tkey parameter to be implemented in geochemicalsode
modeling long-term evolution of the aquifer aftgjecction. The solubility of NO is known only at atspheric
pressure. In this study, the solubility of NO intarseand NaCl solutions was measured by Raman sisecipy

in the ranges 295-373 K and 2-60 MPa using a Higlsstire Optical Cell and after calibration on a fata
from molecular simulations. The results show a e&se of solubility when temperature increases dmehw
salinity increases. No modification of NO speciatwas observed.
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| ntroduction the geochemical codes in order to predict the ghaysi

In the context of Carbon Capture and Storage (CS8gmical evolution of the storage and the possible
the role of impurities likely injected with Gas to ch_emlcal 13r]eactlons occurring between fluids and
be tackled in order to assess the long term bebajBinerals . , ,

of the storagd™. As a function of the industriall "€ High Pressure Optical Cell (HPOC) is an
process releasing GOn the fumes (power plant€XPerimental — device — combining —a  silica
cement plant, glass industry...) and depending on'tHgrocapillary, a  heating-cooling ~ stage, a
capture and purification processes, the compositioR"€Ssurization olg}wce cand a  Raman
the CQ-rich stream injected in geological Storagggcrospectrometéf" . The microcapillary is used as
can vary significantly. If gases such as Argon ®Fample cell whose pressure and temperature can be
Nitrogen can dominate the composition of impuritiéé_mtm“ed accurately. As silica is transparenthe
other gases such as SOx or NOx can be minor but$iR€ range, Raman spectra can be recorded throug
cause the system to be chemically reactive. In i capillary. This device has been widely used in
presence of water such gases can dissolve andqeroff|fl® range of applications, mainly L solubfty
strong acids that could react with storage comptsnen + 92s diffusion in N A solutigfs™, gas phase
such as reservoir and caprock, or well materi%?é'”pos't'%n and densl§"! or to follow reaction
(cement and steel casing). If the thermodynamicé)(ﬂce_ssé% . Raman spectroscopy is a semi-
CO. under the pressure and temperature conditiond4ntitative technique that requires to calibrate t

a storage (>7.4 MPa and >304.25 K, over the ctititdensity of the S|gna}I_t_o a standard_. Previouslist
point of CQ) is well known, this is not the case & CQ or CHs solubilities were calibrated on yvell-
sulphur and nitrogen oxides ($@nd NQ where x established thermodynam_lc quels and experimental
stands for the stoichiometric coefficient). As &gta. Unfortunately there is neither data nor eaeur
example, the solubility data for NO are sparse éharmodynamlc models for NO solublllty_. This isals
only atmospheric pressure is documefitédl not possible to prepare standard solutions at known

However the solubility data are essential for the of NO concentration as there is no stable salt species
giving dissolved NO with a known equilibrium
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constant. In some previous studies, a Hg-plug weseord Ne emission line for wavelength calibration
used to put water and gas inside the capillarp@tr time to time. Neon reference lines were taken ftioen
temperature and pressure. The number of moleNIST Atomic Spectra Databad® The Raman
each species was evaluated by measuring volumespedtra were acquired at e& step after 20-30 min
using densities at rooP?8-3% However, it was notof equilibrium checked by a constant Raman signal.
possible to use the Hg-plug method in our lab beealis previously done in our work on the solubilitydan
of safety policies regarding Hg. Moreover, thififfusion of CQ% and CHI*l, measurements were
method is questionable with highly soluble gasesdahe very close (< 50um) to the liquid-gas intezfac
room temperature (SO H.S, etc.) because th&ach spectrum was the mean of 10 accumulations of
agueous phase can contain a large amount of desbd@v10 s. Six spectra were collected at eReh step.
gas at room conditions, affecting liquid densityd afihe intensity of the signal of2Nrom the atmosphere
global molal composition. was checked by recording a defocused Raman
In this study we propose an original combination ggectrum with the same parameters (laser power,
HPOC and Raman spectrometry with molecutjective, acquisition time).
simulation to determine NO solubility in water and
1M-NaCl solutions from 2 to 60 MPa and from rooBata processing
temperature to 373 K.

Experimental data were processed using Labspec 6

Materiael and methods software (Horiba). A third-order polynomial baselin
Pressurization device and Fused Silica Capillary ~ WaS subtracted between 1200 and 200¢.cwiater

The determination of NO solubility was perform&$nding vibration peak (~1640 c¢n and NO

acquiring Raman spectra of aqueous solutions loatiggfching vibration peak (~1867 cinwere fitted
in silica capillaries using the same device as N9 Gaussian-Lorentzian function to determin&kpea

previous studid®173132 The experiments werdosition, intensity (height), width (FWHM), and are

performed at 295 K, 298 K, 308 K, 323 K, 333 K, aﬂ'ategrat.ed intensity}. Data acquisjtion and data
373 + 0.1 K and pressures ranging from 1 to 30 MPgcessing were carried out by two different opmat
(up to 60 MPa at 295 K), using a High Press@edifferent times (over more than 1 year) to easur

Optical Cell. Experiments were performed in pdr%oroducibility. No difference between operators fo
water (deionized water, 18.2@icm) and at 298 K data at similaP-T conditions was observed. The ratio
323 K and 373 K in 1M-NaCl solutions. After burnin%smée_eg thE [')A\eak aFgea of NO angf)l—Raernan S|hgnal
the polyimide coating, one end of the Fused SillE4'\R: Peak Area Ratio) was selected as the most

Capillary (FSC) tube was welded. The FSC was t urate parameter to follow NO solubility in water
' xperimental uncertainty was calculated from the

filled with water or NaCl solution. It was the t the 6 ted ts. U taint
connected to the stainless tube of a pressuriza[t‘ﬂ?r"fln of he © repeated measurements. Uncertainty
s expressed avl

device using epoxy glue. The FSC was genff : :
evacuated under vacuum to be purged fr lecular simulation data sets at 295 K, 333 K and

atmospheric gases. The FSC was then filled with RE K (see below for simulation method description)
and then closed with a valve. Finally, the FSC w¥g® €ach fitted using a second-order polynomial
connected to the High Pressure device. Pressure 454 Weighted Least Squares method to interpolate
controlled to + 0.1 MPa. The FSC was placed ifhg data simulated at 4 different pressures to any
heating-cooling stage (CAP500, Linkam) under tRggSSure up to 60 MPa (LNE-RegPoly 1.0

I 4] . -
microscope of the Raman spectrometer. Tempera aré*l). Data from molecular simulations were
was controlled to + 0.1 K. then used to calculate the molar fraction of NO@N

at all P steps of the experimental data in pure water at

the same temperatures using LNE-RegPoly to
Raman spectra acquisition ropagate uncertainties.

Raman spectra were acquired using a LabRAM Rfinear correlation between PAR and xNO was then
spectrometer (Horiba Jobin-Yvon) equipped withegic\ated using GLS-GGMR method to determine
600 gr.mm" grating. Excitation was done by using thge fitting function considering uncertainty fro!\R
514.53 nm line of an Arlaser at about 200 MWeypherimental Raman uncertainty) and xNO
(Stabilite 2017, Spectra-Physics) and focused ésigmylation uncertainty). The experimental datthat
the capillary tube using a 20objective (Olympus,same temperature as simulation (295 K, 333 K, and

N.A. = 0.4). Spectral resolution was about 1.6'ct 373 K) were selected for calibration. The two data
neon (Ne) lamp was positioned below the capillary t
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points at higher pressure at 295 K were not incdudierived by calculating appropriate averages over

in calibration because of higher experiment@nerated configurations.

uncertainty and the absence of such high-pressure

points at other temperatures. XNO for all experitaken nter action potentials and energy calculation

data in the fitting range (PAR range = 10 %) we\gric oxide and water molecules were represented

finally determined using LNE-RegPoly to propagaising models proposed by Lachet éé4land Abascal

uncertainties. xNO values from PAR out of theriigti and Veg&®, respectively. In these models, molecules

range were estimated simply applying the fittimgere considered to be rigid, thus no intramolecular

function with no possibility to propagate uncertgin energy was accounted for. Intermolecular energy was
calculated with the two following contributions:

Simulation method dispersion-repulsion and electrostatic. Dispersion-
repulsion energy between two force centres was
Monte Carlo method represented as a function of their separation ntista

The solubility of NO in water was also investigatsd With @ Lennard-Jones (LJ) potential. In the case of
means of molecular simulation techniques which h&lfgry interactions involving different force cesgy
been proven as valuable complementary approadisLorentz-Berthelot combining rules were used.
to experimental measurements, especially wifdfctrostatic energy was computed from the Coulomb
hazardous compounds and/or extreme pressuré"’“’éﬂr assuming that the molecules bear electrostatic
temperature conditions are considered. Monte CQ&‘P@} charges. In the model proposed by Lachet et
(MC) simulations were performed in the GibgeT @, NO was treated as a single LJ sphere and the
ensemble (constant number of particresconstantd'pc"e moment of the molecule was neglected, tlous n

pressureP and constant temperatuf® using the partial charges were considered for this molecule.
GIBBS Monte Carlo cod®. In such simulations,HzO,Was represented using the TIP4P/2005 madel,
coexisting phases (in this study, a NO-rich phage & Single LJ sphere located on the oxygen atom

a HO-rich phase) were simulated in individual boxiJ€ther with a distribution of three partial chesg

without an explicit interface, and particle transfdWO Of them being located on the hydrogen atoms and

between boxes were performed in order to endfigthird one being shifted (0.1546 A) from the gay
phase equilibrium. The following three MC mo\;éJcIeus toward an intermediate axial position. The
types were used in order to sample the configuratidiStance between oxygen and hydrogen atoms was
space of the studied systems: (i) internal movigi(r0-9°72 A, and the HOH angle was 104.52 degrees.
body translations and rotations of a molecule), (i’ force field parameters corresponding to these t
volume changes, (iii) transfers between phasegu&ji?dels are presented in Table 1.

a pre-insertion bi&%). This pre-insertion biasCaIchatlon of thI.S intermolecular energy was dbyle
algorithm, used to improve the efficiency of tPPIYing periodic boundary conditions, following
sampling, involved two steps. The first step carsisc/assical procedures of molecular simulatiths

in the selection of a suitable location for ingegtia L€nnard-Jones interactions were computed by
new molecule by testing several places with a smPPIYing & cut-off distance set to half of the box
Lennard-Jones particle. The second step involved ®§79th- A standard long distance correction wasi use
test of several orientations with the centre of snafs [0 @ccount for interactions beyond the cut-offaise.

the inserted molecule at the location selectechin 1€ calculation of electrostatic interactions wasel

first step. The selected probabilities for the efight USING the Ewald summation method with 7 vectors in
MC move attempts were 0.3 for translations, 0.3 f&ch space direction and a Gaussian width sefto 2
rotations, 0.395 for transfers, and 0.005 for vatuinere L was the size of the simulation box.

changes. A total number of 1000 water molecules and | ) _ o

100 NO molecules were considered in our M¥Iricoxidedimerization study o
simulations. For some conditions, simulations ugingP€cial attention must be paid when studying nitric
bigger system with 5000 water molecules were g€ containing systems because this compound can
performed in order to ensure that no size eff&{St as a mixture of monomers (NO: nitrogen
occurred. Three temperatures were investigdig@ioxide) and dimers @0 dinitrogen dioxide).
(295.15 K — 323.15 K — 373.15 K) for pressurEEe composition of the NO-4D. equilibrium mixture
ranging from 5-60 MPa. For each studied conditi@§Pends on pressure and temperature conditions: the
a total number of at least 68BIC iterations weredimer is favoured at high pressures and low

performed.  Macroscopic fluid properties Wepgmperaturééo]. In order to assess the state of nitric
oxide that must be considered in this study, a
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monophasitNPT simulation of the reacting NO-R), S EEEE——
system was first conducted at 295.15 K and 60 M
using reaction ensemble Monte Carlo (ReMC). Tt 30 MPa
ReMC metho*#? allows the study of chemically
reacting mixtures. During this simulation, ar 25 MPa
additional MC move, the reaction move, was used

order to account for the possible dimerizationvedt 2

NO molecules into BD,. This move consisted in & 21 MPa

firstly choosing a direction to perform the reantio =

second in deleting a set of reactant moIecuI§ 15 MPa
©

randomly chosen in the system, and finally insegrtir $
product molecules. In our case, the reaction mo 10MPa

was:

2NO — N20Og, 7.5 MPa

where two randomly chosen NO molecules we!

deleted and one 49, was inserted, or 5 MPa /N N
N20 — 2NO, e e

where one MO, molecule randomly selected was
deleted and two NO molecules were inserted. ~
model NO. molecules, we used two NO LJ sitec
separated by 2.237 A; the individual LJ parame®rSrigure 1. Raman spectra of NO dissolved in liquittes at 298
each NO site in the dimer being the same as tlayséas a function of pressure. I¢ from the air. * Ne lamp

the monomer. No detailed description of these

calculations is proposed here and we invite intetes

T T T T T
1200 1400 1600 1800 2000 2200 2400

Wavenumber / cm™

readers to investigate the two articles cited aBbte ]

for more details and the study of Lachet ét7lfor

specific application of this method to nitric oxide °*7

study. %0.05— .S H,0 (standard series)| |
The simulation performed at 295.15 K and 60 MF £, 1 o7 g e

(i.e. the lowest investigated temperature and ti g S ho X
highest investigated pressure of the present wo: <°%] NS I o el
showed a mole fraction of dimers of 280 his result o0 aoe et « 333K

is consistent with our previous results conducted .. o : Hz.()"iag?K

lower pressuré¥l which showed that, for temperature 3 :ii:;:’ 2 T =K
above the critical temperature of the NQ@X system LR, 1 p o

(Tc = 180.15 K), associations fully disappeared. On Pressure / MPa

the monomer form of the nitric oxide (NO) was thus

accounted for in this work. Figure 2. PAR as a function of pressure, at diffetemperatures

for NO in pure water (standard series used fobcation based
on simulation data) and brine (1M-NaCk®). Error bars are not
RGSU'tS shown because they are smaller than symbol size.

The Raman spectra of NO dissolved in water We§g, intensity of the signal of NO increases when
reporded step by step at e?‘Ch pressure and temEErA ssure increasesErreur ! Source du renvoi
(Figure 1). The bending vibration mode of watea ig,ir o ,yable). Peak position and shape are constant.

Iqrgelband aroynd_l_GTfO CHFL. The drrgain peak_OfTemperature does not affect band shape and band
dissolved NO is visible at 1868 cm(symmetric , qiiion (not shown here). Traces of the oxidized

stretching). No literature data refereeing to tlaean pecies were detected in some cases at the ehd of t

spectrum of dissolved NO was found so tQ€,qiments, with signals corresponding to nittate

assignment was done by comparifon ‘é\]’ith the posiiefly oyt and 1410 cm). The PAR calculated from
of the gaseous species at 1877 ¢ff®. The only paman data were plotted as a function of pressure,

other species isi\Withasignal of the same intenSi%mperature and salinity (Figure 2). The PAR
as the one found in the atmosphere (2331)cm 1 reases when pressure increases. PAR decreases
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when temperature increases. It means that (pwas established between simulation data and all
solubility decreases from 295 K to 373 K. For tkeeperimental Raman data at 295 K, 323 K and 373 K
same temperature and pressure, PAR decreases wmhaure water (Figure 4) as no temperature effant ¢
NaCl is added, i.e. NO solubility is affected byl observed in the investigated rangesPodnd T
salting out effect. conditions. Based on previous studies, it was also
To calculate solubility from PAR, the experimentailipposed that low salinity (1 M) does not signifiitya
PAR data are calibrated on simulation data givii@ Nffect the calibration line slopé**8pelow 373 K.
solubility as a function of pressure at 295 K, 323

and 373 K (Figure 3) as there is only a festdO = 0.09927 PAR
experimental data available in the literature anty o

at atmospheric pressifié?. As observed on RamaBased on the relation derived from Figure 4, the
data, the solubility of NO increases when pressB@man data in Figure 2 were then converted into

Rz =0.999 (1)

increases and decreases from 295 K to 373 K.

molar fraction scale at all temperatures in puréewa
and in saline solutions (Figure 5). All numericaktal

0.007 l : : ' ' are gathered in Table S1.
] g
0.006 o 295K o R
] o 323K J Lossiassns | PR Lissvassns | I Lisss
0.005 £ 33K A 0.007 o
005 a ]
i 0.006 B -
o 0-004 ]
< ] ] T
1 0.005 | -
0.003 1 38 H,O (standard series)
] ] s I 5 295K
0.002 4 =9 O 0.004 Ts I . g o 323K
1 & < ] 7 uE 4 373K
0.001 4 8 0.003 Tz § e - H,0
: ] A ] o] g . ™ o 298K
4 1 2 | 3B
] - O gEE 4 . & v 308K
""""" R e T T e T 0.002 A s T x * 333K
0 10 30 40 50 60 1 oSBT e g, : * H,0-NaCl
4 Rz =
Pressure / MPa 1 ?ggff.'f e 3 * = 208K
0.001 \/gi 24
I S e 323K
. . , - . 1] ajet? 4 373K
Figure 3. Simulation data of NO solubility (molaaétion, xNO) 0.000 J- A2 R —— N— R —
in pure water as a function of pressure and tenpera 0 10 20 30 40 50

Pressure / MPa

! ! ! ! ! Figure 5. Solubility of NO (molar fraction, xNO) iwater
0 205K (standard series are the ones used for calibritiom molecular
00051 © 323K [ simulations, Figure 4) and brine (1M-NaC}®) as a function of
A 373K -0 pressure and temperature, from Raman data. Ermsr Jeere
] calculated by propagation of PAR uncertainty anamfrthe
0.004 T A,»? [ uncertainty of the GLS-GGMR fitting in Figure 4. 2grovided
] e in Table S1.
] B /}, Af
% 0.003 ;t’S L
] o Discussion
0.002 P L
] e
0001 1 & . The Raman peak area of one vibration mode of a
] molecule is proportional to the number of molecules
e in the analysed volurffél, It means that the peak area
" 0.00 0.01 0.02 0.03 0.04 0.05 ratio is proportional to concentration (moles pgel
PAR of solution). The linearity of this relation may be

Figure 4. NO solubility (molecular simulation dateg. PAR

(Raman).

affected by a variation of the refractive indextioé
solution or of the cross-section (efficiency) ofth
considered vibration mo88. The linearity observed

Molecular simulation data of xNO in pure watét Figure 4 demonstrated that these effects can be
(Table 2) were interpolated by a polynomial functi®eglected in th@TXrange of these experiments.

for each temperature in order to determine N®be dissolution of NO in an aqueous solution fokow
solubility at any pressure. A unique linear cortiela the same rule as other non-polar gasess(GH O,



CO,...), i.e. an increase of solubility with pressiaemagnitude and thus is about 50 to 100 times more
decrease of solubility with temperature between Zaffuble than NO at low pressure (<1.7 MPa). There i
K and 373 K then solubility increases at higheo reliable solubility data of SO at higher
temperaturé®®l, Solubility decreases when salinitgressur€®>* in this range of temperature because of
increased? (salting out effect). This last point is isomplex phase changes.

agreement with literature at room pres8ate

No other species than dissolved NO was detecte@i§nclusion

the Raman spectra. De_splte careful preparatiohefd,, the first time, the solubility of NO under
samples and evacuation under vacuum of all Hag|qgical conditions of pressure and temperatae w
ex_perlmental setup before loading gas, oxidized iQRtermined using a coupled approach of Raman
(nitrate) appear in some cases at the end of dh€ometry and Monte Carlo molecular simulation.
experiments. It could be due to the reaction of NJe extrapolation of the range of calibration by
with residual gaseousyh the experimental device Ogjmjation was possible in the limit of the linegmof
dissolved @ in  water or due 10 NOgg correlation between Raman data and simulaion,
disproportionation. Disproportionation reactions @fst in the range 295-373 K, 2-60 MPa and 0-1 M-
NO to g|2\]/e NQ and NO were described at higl\ac)-H,0. No chemical reaction was observed, NO
pressur€? or in the presence of catalyS&r but being stable in the experimental rangesPond T

should not occur in the investigated ranges offus ., gitions for the time of the experiments. The new

and temperature. It was therefore considered teat ;4 of solubility in aqueous solutions can be used

main process generating oxidized species in thgsgiandard equations of state and to implemeat th
experiments was oxidation by residual O geochemical codes used to simulate water/gas/rock
interactions in the case of the geological storage

0.03 1 1 1 1 1 1

0024 ©

A 0.10
0.08

0.06

Molar fraction

v 0.04

i . y
0.01 A } 0.02{ ng’
v 0002 *"
0.0

0.00 ¥ e —— : .

S0,

v
xS0,

= 293K
° 313K
4 333K
v 363K
XS0,5%

293K
313k
333K
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COp with SOx-NOx impurities.

These reactive gases found as impurities in fuimas t
could be stored underground in CCS projects show
specific and different behaviours as a function of
pressure, temperature and salinity. The undersigndi
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 stud®s
measure solubilities in extended ranges of pressure
temperature and salinity for pure gases but alsgde
mixtures of non-reactive and reactive compounds

Figure 6. Comparison of NO, $@nd CQ solubility in water as such _a_s Ca NO, NQZ’ NzQ or SQ, c_ontrolllng p_hase
a function of pressure and temperature. Soluhiiita are from transitions by optical microscopic observations as

Rumpf et Maurd® and Zhou et df% for SO and from i iati ilibri
Convisier 6t ab and references therein for €0 well as chemical speciation and equilibria by Raman
spectroscopy.

The solubility of NO in pure water determined isth
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a change in the solubility slope curve is obserfeed Carnot Institute Iceel.
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far from the studied temperature range (180 K), Stbd 373 K by combining Raman spectroscopy and
is quite more soluble than G®y about one order ofnolecular  simulation.  Journal of Raman
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Table 1. Force field parametersgnde represent the diameter and the energetic paraietiee LJ potential, respectively and q
stands for the point charge) used to mimic NO agd kholecule’s behaviour.

Force
Molecule center or o (A) e (K) q (le]) Ref.
charge
Lachet,
NO NO 3.4000 130.0000 2012
“ 0 : o] 3.1589 93.1990 Abascal,
H 0.5564 2005
H * H q -1.1128

Table 2. Molar fraction of NO (XxNO) in water asumétion of pressure and temperature from molegaitaulation calculations

Temperature / K Pressure / MPa XNO (x 10°) u(xNO) (< 10°)

295 5 1.2 0.3
10 2.1 0.3
20 3.4 0.7
40 5.9 11
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

Table S1. NO solubility (molar fraction xNO) in uwater and 1M NaCl solution calculated from Ramata. Data in italic are
extrapolated out from the initial calibration range



