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Abstract

The offshore exploitation of petroleum fluids in normal conditions of pressure and temperature of
transport and in presence of salt water is concerned with the prevention of gas hydrate formation,
generally thanks to continuous injection of inhibitors, or punctual injection of methanol in start-up
and shut-down operations. Hence, models of interest should provide both, satisfactory phase
equilibrium estimations of hydrocarbon and alcohol mixtures with water and reliable predictions of
their behavior in presence of salts.

In this work, the NRTL-PRA EoS is extended to the prediction of phase equilibria in mixtures
containing strong electrolytes. The proposed model assumes tlaaatkdd parameters of the cubic

EoS only depend on the solvent mole fractions (salt-free), whilegﬁag excess Gibbs energy

describes all the interactions between solvents and ions with only two contributioB81fheerm,
specific of "Short and Middle Range" interactions between solvents and salts, dril rislation
proposed by Pitzer-Debye-Huckel, for the description of "Long Range" electrostatic interactions. The
proposed electrolyte version of the NRTL-PRA model was successfully extended to the modeling of
phase behavior of mixtures of light gases at high pressures (methane, carbon dioxide, nitrogen anc
hydrogen sulfide) and alcohols (methanol, ethanol and 1-propanol) with water and salts (mainly,
ternary mixtures containing sodium chloride). As far as possible, results were compared with those
provided, for the same systems, by other literature models (cubic Eos, SAFT and CPA equations).
Keywords: Phase equilibria; EoSiGapproach; NRTL-PRA EoS; Electrolytes; Group
contributions.

1. Introduction

Formation of gas hydrates leading to pipeline plugging risk is a major problem in offshore
petroleum exploitations in transport conditions of pressure and temperature. Their apparition being
commonly solved by injecting inhibitor, particularly methanol during transient operations of start-up
or shut-down of the transport facilities, an accurate prediction of phase equilibria in mixtures
containing hydrocarbon and methanol with salt water is of great interest for petroleum industry.

Many models were proposed in literature for this purpose, which all consist in introducing
additional terms to account for the presence of salts in aqueous phases. Among them, the mos
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popular derive from the SAFT Eo0S, such as the ePC-SAFT of Cameretti et al. [1] and SAFT-VRE of
Galindo et al. [2], or from the CPA equation, as the eCPA model of Courtial et al. [3]. The extension
toward electrolytes mainly consists in introducing a specific term for ions directly in the expression

of the global residual Helmholtz energyA™®s= A®>. ..+ ASS; the additional term usually

accounts for both "long range” and "middle range" interactions respectively: by means of the Debye-
Huckel term of Pitzer [4], MSA [5] or SR2 [6] equations and the Born model [7].

Regarding models based on cubic EoS, most of them derive from two possible approaches, all of
them assuming that the salt is not present in the vapor phase: the "homogeneous approach” (LIQUAC
equation of Yan et al. [8] or PSRK-LIFAC model of Li et al. [9] and VTPR-LIFAC equation of
Collinet and Gmehling [10]), where a classical EoS is associated with a specific expression of the

exaess Gibbs energgEoS taking ionic species into account. The second technique, initially proposed

by First and Renon [6], is an "intermediate approach” which consists: first, in estimating the
compressibility factor Z (without taking account salts) and then, in introducing the previous
additional "long range" and "middle range" interactions in the derived residual Helmholtz energy (Vu
et al. [11] or Sieder and Maurer [12]); we can only regret that "ionic" interactions are not considered
for the estimation of the compressibility factor.

Another approach proposed by Masoudi et al. [13] with cubic E0OS assumes that salts are present ir
all phases; even if this assumption allows much more classical "flash” calculations, it usually leads to
hard convergence problems, mainly due to the problematic representation of the "unknown" critical
parameters of ions.

The purpose of the present work is to extend the fundamental bases of the NRTL-PRA EoS [14]
to the prediction of phase equilibria with mixtures containing strong electrolytes. The proposed
model is based on the "homogeneous approach” described previously, assuming also that salts are n
present in the vapor phase. Tdhandb parameters of the cubic EoS only depend on the solvent mole

fractions (salt-free), while thegE,s excess Gibbs energy describes all the interactions between

solvents and ions with only two contributions:

- the SMR term, specific of "Short and Middle Range" interactions between solvents and salts,

- the LR relation proposed by Pitzer-Debye-Hickel [4] for the description of "Long Range"
electrostatic interactions.

The proposed electrolyte version of the NRTL-PRA model was applied to the modeling of light
gases at high pressures (methane, carbon dioxide, nitrogen and hydrogen sulfide) and alcohols
(methanol, ethanol and 1-propanol) with water and salts (mainly, ternary mixtures containing sodium
chloride).As far as possible, results were compared with those provided, for the same systems,by
other literature models (cubic Eos, SAFT and CPA equations).

2. Extension of the NRTL-PRA Eo0S to mixtures containing electrolytes

The presence of electrolytes in a mixture does not only require a new modelinggéggmxcess

Gibbs energy, as in the case of associating compounds, like methanol, for the development of the
NRTL-PRA model [14] from the original NRTL-PR equation [15]. Indeed, in addition to the fact that
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critical parameters of ions are unknown, itc@nmonly assumed that salts are not present in the
vapor phase, so that great attention must be paid to the calculation of phase equilibria.

For this purpose, it is worth recalling the general conditions of the modeling of mixtures
containing salts:

* Preliminary to the introduction of saliall phases considered (liquid or vapor), are described by
means of theame number of compounds, usually called “solvent” or “salt-free” components,

with the corresponding mole numbeng; , and fractionsxgy. :

Pse
Xsp = Nsp/ Nsk nSI—:é N gr 1)
Phase equilibrium conditions at given temperature and pressure satisfy the systeegahtions
(3) described in paragraph 2.1.
* The introduction of salts in the previous mixture always follows the same procedure (Appendix
B): awell known amount, ¢ of salt is introduced in a well known amountmaf moles of the
initial solvent(such as, for instance, the mole numingof a given salt per kilogram of water, of
solvents, ..). The dissociation of salts inp, ions leads, obviously, to the increased total
componat number, p,:= Pse + Pion, @nd mole numbers; nand fractions,;x of the liquid phase:

piOI"I
X =N/Not , Mot=Te+ Non  aNA: Mgy = D Mign, )
k=1

However, thanks to this procedure, the additignal variablesny,, are only functions of the
Psp mole numbersnge of the “salt-free” components. Hendee real number of independent

variables is still equal tpge. Consequentlyequilibrium conditions at given temperature and
pressure must still satisfy the system gf @quations (3)The introduction of salts in the liquid

phase“only” modifies the expressions of the excess Gibbs eng@é model and the derived
fugaaty coefficients.

2.1- Phase equilibria calculation with mixtures containing salts

First of all, the assumption that salts are not present in the vapor phase meaagsiititaium
conditions at given temperature T and pressurerst be restricted to tI‘lltbS,;I mole fractions of the

salt-free componentsresent in all phases. In the case of vapor-liquid equilibria (VLE), this leads to
solvethe following equilibrium conditions:

BN =gxY (1= 1psp) )

where ¢; is the fugacity coefficient of componentderived, for the NRTL-PRA EoS, from the
compessibility factor of the Peng-Robinson EoS [16]:
1

1 _ ih: =P
Z=go,mma, Q= g with =y )



in which, the attractive term is estimated in the EoS/dormalism using the generalized reference
stae [17]:

a Psk a 1 gEEoS Psk
o=——= X - , b: X 5
bRT zl SF pRT 0.53{ RT E F 0 ©)

where,a andb; are estimated from the critical temperature and pressyrandP.; (Appendix A).
Herce, salts, the critical parameters of which are unknown, are excluded from the estimation of this
part of the compressibility factar.

On the other hand, tth()S excess Gibbs energy Eq. (3)only accounts for components really
present in each phase:

vapor phase : gE,s(T, nsp) . 0V =ng =ngp) (6)
liquid phase: ggos(T, Nsp Nigd + (T =Ry = B+ Hop) )

The general expression gEOs proposed in this work for mixtures containing salts is described in

the next section. However, it can already be evidenced with the above relations, especially for the
aqueous liquid phase that contains both solvents and ions, that the estimation of fugacity coefficients
from Eq. (3) (it means from only salt-free components) shoulaghblertaken very carefullyndeed,

their right thermodynamic expression derived from the Peng-Robinson EoS (Eq. (4)) is described by
the following relation:

Ing =H(Z-1)-In2(1-/7)-Q(f7)£anS—FaJ IRT ®)
b INsr Nsr. T

in which the derivatives of the term (Eg. (5)) must be expressed[ﬁﬁnSFgE)S/ RT)/0 rg,:l}

ns,:j T
Appendix B presents, for the aqueous liquid phase, the main steps of the calculation of this derivative

starting from the classical derivativEé(ntotggos/ RT)/0 ﬁl]n. ; of 9E.s(T.Nsk Nign) (Eq. (7).
Jv

2.2- Excess Gibbs energy gE()S for electrolyte mixtures

The NRTL-PRA excess Gibbs energy proposed for the simultaneous prediction of LLE, VLE and
hF of hydrocarbon mixtures with associating compounds [14] is extended to mixtures containing salts
by modifying the residual excess Gibbs energy as follows:

gIIEEoS: glrzes+ g%iss ) gEreE gESMF'E QFL 9)

where gr'zs and 9535 represent respectively thresidual term taking account for all component

interactions, and thdissociation ternrelative to the decrease of interactions between associating
components during mixings. As outlined in the introduction, the residual term is expressed with

respect to two contributions only: trﬁMRterm, specific of "Short and Middle Range" interactions



between solvents and salts, and tgéQ contribution for the description of "Long Range"
electrostatic interactions.

The key point of th&hort-Middle-Rangexcess Gibbs energy proposed in this work:

Prot Pot X G;
E _ | B —
OsMR= 2. XiGi 2. i Gj=exp([ IRT (10)
i=1 | Ij:l mequmi ! ! ( ! )
m

is the representation dll interactions involving "solventsby means of only onsingle term.
Indeed, the residual terrgr'ﬁJs of the original model [14,15] was already consistent with the virial

expressions considered in literature [8-10,12] for the description of the "Middle-Range" interactions
between solvents and ions.

The expressions of surface area factafs of pure components and binary interaction

parameters”;; between componentsandj with respect to the model group contribution parameters

Q¢ and / |k are recalled in Appendix C. The introduction of salts requires the following

modifications:

» Surface area factors}. They are estimated thanks to Eq. (C2), using for solvents the group
parameters of UNIFAC [21, 22]. Regarding ions: we have first selected, fqrté values of
parameters), andRy proposed by Larsen et al. [23] and deduced "realistic" estimations for Na
(abaut half of CI parameter values). Then, accounting for the evolution of the "ionic raldius"
(published by Shannon [24] and reported in Table 1), the group interaction parametsinsf
and cations were estimated as follows, for instance for the surface area factors:
Qanion = ch( Iranion/ II‘CI_) ’Qcation = QNa* ( Ircation/ |I‘Na+) :

Thevalues of all subgroup paramete&@gz and Ry are reported in Table 1.

* Binary interaction parameterg”;; . The estimation of the new interaction paramet®€tgyent ion

was performed, assuming for a given safy{ Ac), the rather usual assumptions: (1) no

interactions between water and ionr's#| =r =0, (2)no interactions between ions:

,0/C* H,O A

r =0.

c'IAN
The dependence of interaction parameters with respect to temperature is described in Appendix C;
corresponding values of parameter: ?3 s ElK) and /I~ Ef() are reported, respectively, in Tables

2a, 2b and 2c.

For the Long Range" electrostatic interactiqngER, we have considered the modeling proposed
by Sieder and Maurer [12] based on the original work of Pitzer-Debye-Hiickel [4]:

ok =—RT{%In(1+xE>} (11)

where, |, is the ionic strength :



on

o
|z:|z(xion):%2

k=1

Xionk ZI% 12)

with, Z, the charge number of iok and y an empirical parameter depending on the solvent
properties and expressed with respect to the salt-free mole fractions:

Psk

X=x(xsp)=2IWM" M= 3 % M (13)
i=1
The electrostatic properties of the solvent mixture are characterized by means of parymeter

A= AT, %) =L (ZNayz € o

14
3' vO ATEEKT (14)

with, Na the Avogadro's numbex,[ the molar volume of the salt-free solvestthe charge of one

electron, &ythe vacuum permittivity of vacuurnsrD the relative permittivity of the salt-free solvent
mixture andk the Boltzmann's constant.

The molar volumevand the relative permittivitysrD of the salt-free solvent mixture are expressed
according to [12], as:

Psk 0 Psr

V=Y xgeh . &=) X he /VE (15
i=1 i=1

The method considered in this work for the estimation of the relative permigjvitycompound

is dscussed in paragraph 3; estimated values, @f) required for the modeling of mixtures studied
in this work are reported in Table 3.

Theexcess Gibbs energyf. was specially introduced in the NRTL-PRA model [14] in order to

allow the simultaneous representation of LLE, VLE, afidfdr mixtures containingassociating
compounds(such as methanol) in presence hefavier non associating compoun¢leng chain
paraffins, cycloalkanes, ...). During such mixings, the decrease of interactions between the
associating componentgasso) leads to a significant variation of the global mole fraction of

polymers: from Xi(é"l;;%, for the pure associating component, towakg,ss, . for the global mole

fraction X, = Xiassoy The NRTL-PRA model proposed the following expression of dissociation
excess Gibbs energy

05es= Y X - X)Ehssy «  Eifassg =4G —(2/2) (=10 (16)

i=i(asso
where, the association energﬁ-,(zassq, only depends on the experimental value of the hydrogen

bond free enthalpyAGi0 and the estimation of the energfg;, thanks to the model group
contribution parameters (Appendix C).

The global mole fractiorX; of polymers is expressed from the knowledge of the "pseudo

equilibrium constant"K; = exp(—AGi0 /RT)/ gam usingthe following equilibrium relations:



Xi = %1 /(1=K X2, Xig =] 1+ 2K)— T+ 4% | /[ 262 (17)
andthe estimation of the mixture parameter:

gam = x+ > ¥(onil o) (18)

m#i(assq

which accounts for the polarity®, => v, P« and structural parametensg,; characterizing the
k

mixture componentso,,; =1 i(Pi=Pr) . i = 2 VmR Sk the values of corresponding parameters
k

R, § and R, are reported in Table 1.

It should be recalled that mixtures containing only associating compounds (as methanol, water or
other alcohols) are assumed torbscible mixturesit means withouphase splittingIn this case, it
was shown [14] that parameter valuesf fixed to 1 in Table 1, for these compounds, lead to

g5 =0; in this work, the same conditiof,,=1, was extended to ions.

Until now, the dissociating term of the NRTL-PRA model wa$y taken into consideration for
mixtures containing methanosince only them required the simultaneous representation of LLE,
VLE, and f [14]. Consequently, for all solvent mixtures studied in this work (except for methanol

with carbon dioxide in presence of water) the estimation ogﬁygterm (EqQ. (16)) was not required;

for this reason, no value of hydrogen bond free enthaﬂp}ﬁ, was reported in parameter tables.

3. Results and discussion

3.1- Preliminary modeling: mixtures with water and permittivity of pure compounds

The modeling of light gases and alcohols with water and salts required the following preliminary
studies.

* Mixtures of light gases with watefhe VLE of mixtures of light gas and water was revisited in
view of a better representation of high pressure data, taking into account [14] the dependence of
group contribution parameters with respect to temperature (Eqg.(C-3)). Fig. 1 shows the rather
good predictions obtained for methane, carbon dioxide, nitrogen and hydrogen sulfide with water.

» Alcohol-water and alcohol-paraffin mixtureshe NRTL-PRA model was also extended [25] to
the modeling of VLE and excess enthalpiésoh alcohol-water and alcohol-paraffin mixtures
from ethanol to pentanol. It is worth recalling that, like for methanol [14], higher alcohols were
modeled by means of one hydroxyl gro@H" and paraffinic main group$AR" (Table 1). As
expected, methanol, ethanol, as well as primary and secondary alcohols, were described with
specific groups in Tables 2.

» Correlation of the relative permittivig/(T). A first study of mixtures containing respectively

water and methanol with sodium chloride was performed using classical correlations proposed in
literature [26-28]; as illustrated in Figs. 2a and 2b, respectively for these two solvents, a "strange"
behavior ofe, (T) was observed, especially for water, at temperatures greater than 350 K.
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Taking into consideration “data” generated from various literature correlations (Chunxi and Furst
[26] for water, Dannhauser and Bahre [27] for methanol and CRC tables [28] for other solvents of
interest) a generalized function has been proposegubfar compound§29]:

& =A+BT+CT+ D T+ Bn( T (19)

with two objectives: first, to obtain the best representation of the "experimental domain” defined
by the CRC tables (as illustrated, for instance, in Fig. 2a for water and in Fig. 2b for methanol);
second, to allow a reasonable extrapolation of the reduced permittjiatyhigh temperatures, it

means up to 600 K (as required for the modeling of methane or carbon dioxide mixtures with
water and salts in Figs. 1 and 4); values of paraméteBs C, DandE for all polar compounds
considered in this work are reported in Table 3.

Concernindight gasesfor which values of, are known to be "small" and "rather constant" with

respect to temperature, we have adopted, as described in Table 3, the values proposed by the CR
tables at a given reference temperature.

3.2- Modeling of mixtures containing sodium chloride

Sodium chloride being the main seawater salt (at around 85% of all salts), a large amount of
experimental VLE data was available in literature, especially with methane, carbon dioxide,
hydrogen sulfide and methanol. Data referenced in Table 4 only concern the experimental data at
pressures up to 600 bar considered for the estimation of the group contribution parameters

r E?Q (1) and /7 (2) (Eq. (C-3)) required for the calculation of the binary interaction parameters

ro . and /. inthe g5y Gibbs energy (Eq.(10)).

Na’ / solven Cl" /solvent
The objective functiofro, minimized was:

FobijzE:(AP/PeXp) ZT(AT/TeXp) b3

i=1

y

(v 29); (20)

=1

where4P, AT and Ay, are, respectively, the deviations between experimental and calculated values
on bubble points and vapor mole fractiofy, Nt and Ny are the corresponding number of data
points. This led to the following mean deviations reported in Table 4:

AP/P"/-@ Z‘AP/PEXP ) AT/T%_@ Z‘AT/TeXp ) Ay/y%—— Z‘Ay /yeXp

p|1 T|1 y|1

(21)

Resllts of the correlation reported in this table evidence that standard deviations must be
considered veryarefully for VLE dataat high pressuresgspecially for mixtures containinigght
gases.For mixtures withalcohols at low pressuse deviations are more reliable and the model
provides rather good estimations of VLE data. At the end, these global results led us to consider that
the proposed data set was significant enough to provide reliable estimations, especially for the

I~/ solvent values; hence the estimated group contribution pass)€ | , reported in Tables 2a,

2b and 2c, will remain unchanged for the modeling of other salts in section 3.4.



Finally, global results were illustrated with figures 3 to 6, where phase diagrams are represented
with respect to the salt-free mole fractiqrof the solvent componef(it). The analysis of the various
predictions calls the following remarks.

* Methane:Figs. 3a and 3b illustrate the modeling proposed with the NRTL-PRA model at 408 K;
the prediction of VLE data up to very high pressures, about 1400 bar, appears to be rather reliable.
The representation proposed by Courtial et al. [3] with the eCPA equation at the same temperature
is presented in Fig. 3c ; both models lead to quite similar results.

» Carbon dioxide Fig. 4a presents the NRTL-PRA predictions of VLE from 323 K to 450K, for a
molality my=1.0 mol.kg"; very good results were thus obtained in these conditions, up to 500 bar.
It should be pointed out that similar results are also previously obtained, for the same range of
temperatures and pressures, with other literature models, such@shitoEoSthe PSRK-LIFAC
[9], VTPR-LIFAC [10] and the extension of the PR EoS to electrolytes proposed by Sieder and
Maurer [12]; and, folSAFT equationsthe SAFT1-RPM (Ji. et al. [30]) and SAFT-LJ (Sun and
Dubessy [31]) models.
Results obtained at 572 K are illustrated in Fig. 4b; for the same amount of salt, the NRTL-PRA
equation predicts a closed phase envelope, in agreement with results obtained without salt;
however, in this case, this behavior does not agree with the experimental data of Takenouchi and
Kennedy [32] which suggest, in the same conditions, an open phase envelope with pressures up t
1500 bar. For this purpose, a comparison with the eCPA model [3] was also performed in Fig. 4c;
it can be observed that this modeling follows the tendency suggested by Takenouchi and
Kennedy, but, however, with a less favorable behavior of the vapor phase beyond 500 bar.

* Nitrogen and hydrogen sulfideesults presented in Fig. 5 deal with more moderate pressures;
even if less meaningful, the proposed correlations are still reasonable. Results obtained with
hydrogen sulfide in Fig. 5a are still in agreement with those proposed by Li et al. [9] with the
PSRK-LIQUAC model in the same domain.

* Methanol and ethanolas usual for mixtures containing alcohols, results presented in Fig. 6
correspond to a fixed mole fractioRg: , of sodium chloride. Calculations of VLE under 1.0 bar
are quite satisfactory. It should be also noted that curves presented in Fig. 6a for methanol, under
atmospheric pressure, are in complete agreement with those proposed, in the same conditions, b
Sieder and Maurer [12] by means also of a cubic PR EoS "extended" to electrolytes.

3.3- Prediction of system carbon dioxide-methanol-water-sodium chloride.

* Prediction of VLE data

In order to check the limits of the proposed method, we have considered the quaternary system:
cabon dioxide — methanol — water — sodium chloride, with the experimental data of Pérez Salado
Kamps et al. [33], not included in our data base. The authors have performed various sets of
measurements corresponding to different values ofstileent compositiorand amount of salt
introduced in the mixturehe following characteristic parameters were considered:

2=n®(n®+n®)  and m = ny,q/ kg methanot  watg (22



p, represents the “so called” solute-freesolvent mixture compositiom andm is the molality of
sadium chloride with respect to (methanol+water) mixtures.

Predictions presented in Fig. 7 are also quite good and agree with the curves proposed by Siede
and Maurer [12] for the same system, in the same experimental conditions. Results seem therefore
very encouraging for further extensions of the NRTL-PRA model.

» Detailed example of the VLE method.

This quaternary system was also considered in Appendix D for illustrating the calculation method
described in section 2. It should be mentioned that, contrary to all other mixtures considered in this
work, the system methanol with carbon dioxide in presence of water is the only one which requires

the estimation of th@&ssterm (paragraph 2.2).

3.4- Mixtureswith other salts

Besides sodium chloride, other salts containing mainly magnesium, calcium and potassium
associated with chlorine were also considered as representative of seawater properties. As can be
seen in Table 5, which details the VLE data available in literature: the information concerning
mixtures of methane with all salts, is rather reasonable; however, for carbon dioxide, ethanol and 1-
propanol, experimental data are limited to only two or three salts.

As suggested previously, the modeling of these data only consists in the estimation of the

interaction parameters/_Mg2+'Caz+’K+’Li+ accounting for the values of

or Br /solven’

I o 1sovend?@r@meters previously determined in section 3.2. Data were regressed in the same way as

for mixtures with sodium chloride (Eq. (20)); deviations thus obtained (Eq. (21)) are given in Table 5
and the corresponding group contribution parameters are reported in Tables 2a, 2b, 2c.

Even if the results presented in Table 5 concern a mesteicted range of pressuresimilar
conclusions to those of Table 4 can be drawn: deviations corresponding to mixtures with methane
and carbon dioxide should still be considecadefully; for mixtures withalcohols,results are more
significant and satisfactory.

The major results obtained with the various salts are also illustrated with some meaningful figures
(Figs. 7-10) and the following remarks.

» Methane:data of methane-water with MgCind LICl, respectively at 298 K (Fig. 8a) and 313 K
(Fig. 8b), focus rather on moderate pressures (up to 100 bar), compared to those presented in Fig. .
with sodium chloride. Hence, results are rather good and deviations are similar to those obtained in
literature with other salts: Cag£in the case of the PSRK-LIFAC [9] model, or LiBr and KBr, my
means of the VTPR-LIFAC [10] equation.

» Carbon dioxide pressures considered in Fig. 9a, for mixtures containing KCl at 313 K, are much
higher (up to 400 bar); the estimation of VLE with CGaFig. 9b) at 298 K is still limited at 60
ba. In both cases, the model leads to rather good representétidhis case, we also observed,
with CaCl, that both NRTL-PRA and PSRK-LIFAC [9] models lead to the similar modeling.

» Ethanol and 1-propanoldata presented in Table 5, respectively for ethanol with LiBr and 1-
propanol with KBr, correspond to experimental measurements performed, at each pressure
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(Fig. 10a) or temperature (Fig. 10b), for variable values of the molajityHence, both figures

only present the calculated properties with respect to the experimental values. Results remain,
however, quite meaningful (less than 2%, even for 1-propanol with KBr). We can also note that
other literature results presented with VTPR-LIFAC [10] for ethanol and 1-propanol, with LiCl
and LiBr, but under atmospheric pressure, were also rather satisfactory.

4. Conclusion

The purpose of the present work was to extend the fundamental bases of the NRTL-PRA EoS [14]
to the prediction of phase equilibria in mixtures containing electrolytes. However, it should be
recalled that the presence of electrolytes in a mixture doesnly require a new modeling of the

gEos excess Gibbs energy; indeed, not only critical parameters of ions are unknown, but it is

commonly assumed that salts are not present in vapor or hydrocarbon liquid phalkas gseat
attention must be paid to the calculation of phase equilibria.
In the proposed modeling, tleeandb parameters of the cubic EoS only depend on the solvent

mole fractions (salt-free), while thgg,s excess Gibbs energy is still described with: risidual

term, grEes, taking account for all component interactions, anditegociation term 9553, relative to

the decrease of interactions between associating components during mixings; nevertheless, as pointe
out in paragraph 2.2, for all solvent mixtures considered in this work (except for methanol with

carbon dioxide in presence of water) the estimation ofgﬁi'@term was not required. The presence

of electrolytes leads to a major modification g,FeS; contrary to other cubic EoS, the proposed

version describes all the interactions between solvents and ions with only two contributi@Rthe
term, specific of "Short and Middle Range" interactions between solvents and salts, ail the
relation of Pitzer-Debye-Huckel [4], for the "Long Range" electrostatic interactions.

The main interest of the proposed method is not only the reduction of the interaction parameters in

the SMRterm; in fact, the key point of the modeling is trﬁMR is simply expressed with the

original grEes of the NRTL-PRA model [14,15], since it was already consistent with the virial

expressions considered in literature [8-10,12] for the description of the "Middle-Range" interactions
between solvent and ions. Thanks to these theoretical bases, it was expected that the modeling ¢
mixtures containing salts would lead, with a lower numberstimated parameters) more reliable
predictions

The purpose of this work was, therefore, to verify these assumptions. The following mixtures
were considered: light gases at high pressures (methane, carbon dioxide, nitrogen and hydroger
sulfide) and alcohols (methanol, ethanol and 1-propanol) with water and salts. The VLE in presence
of sodium chloride and other strong electrolytes (mainly, magnesium, calcium and potassium
associated with chlorine) were modeled with the proposed electrolyte version of the NRTL-PRA
model. The rather satisfactory modeling obtained using a large data base from open literature can be
considered as significant tests for the capacity of the NRTL-PRA equation to represtmes
containing light gases and alcohols with water and sdlke analysis of results obtained with other
literature models has also shown that:

11



- concerningother cubic EoSquite similar results were obtained, at moderate temperatures, for all
mixtures investigated. The main interest of the proposed version is, probably that: first, the modeling
requires less regressédmodel parameters; second, that it allows ratlsafépredictions” at high
temperatures and pressures, as for methane and carbon dioxide with water and sodium chloride.

- regardingnon cubic EoSas SAFT and CPA versions, rather few papers could be found for the
representation of systems considered in the present study, except for carbon dioxide with water anc
sodium chloride: SAFT [30, 31], in the subcritical domain of salt-free systems, and eCPA [3], at high
pressures and temperatures; other papers concerning aqueous mixtures with carbon dioxide (witt
Brine and sodium chloride [34]) or hydrogen sulfide (PVT properties of imidazolium based ionic
liquids [35]) were, obviously, not considered herewith. Nevertheless, with respect to cubic EoS, the
great advantage of SAFT versions (SAFT-VRE [2] or ePCA-SAFT [1,36]) is the capacity of
predicting a wide field of physical properties (vapor pressure and liquid densities of agueous
solutions with salts, activity coefficients, osmotic pressure ...).

In the present state, results obtained in this work seem very encouraging for further extensions of
the NRTL-PRA model. Until now, we have only focused on the representation of VLE with a single
electrolyte; the next work will be dedicated: first, to the modeling of LLE and SLE, and then, to the
representation of mixtures containing several salts.

The extension of the proposed model to weak electrolytes, would require, for instance with acetic
acid, the introduction of an ionization constant [37], but also of chemical equilibrium of dimerization
[12, 38], as with associating compounds. Therefore, this development could only be considered in
future works.
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objective function

pressure, temperature, vapor mole fraction
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number of salts

salt-free

Short-Middle Range interaction

total number of components : SF (solvents) + ions

€excess property at constant pressure

APPENDI X A. EoS pure component parameter estimation

The attractive terna; and the covolume; in Eq. (5) are estimated from the critical temperature and

pressure]l. andP. respectively, by the formulae:

q RT,
& =0.45723553 = 1 (T,) , h = 0.07779607 =

2T2

g g



whereT, is the reduced temperatuig, = T/'I;i , andf(T;) is the generalized Soave function [18]:

() =[1em(1- )T (A-2)

For hydrocarbons and non associating compoumesstill consider the original Soave function [19]
corresponding toy = 0.5 with the parametam correlated to the acentric factar through the
generalized expression proposed by Robinson and Peng [20]:
m=0.37464+ 1.54226— 0.2698% if w<0.49 (A-3)
m=0.379642 1.48503- 0.164428 + 0.016666 > 0.49

On the other hand, for associating compoundand m parameters are estimated with the values
previously proposed in [18] to improve vapor pressure representafien®.65, m = 0.6864 for
water and) = 0.9,m = 0.6969 for methanol).

APPENDIX B. Calculation of partial derivativesin variables (T,nse) from g€,s(T, Nsg Nigp)

The modeling of phase equilibria in mixtures containing strong electrolytes assumes that a given
amount,Ng,y, Of a salt Ci+ A), leading ton,,g of each type+ andk-, is introduced inngg moles

of the salt-free solvent. The partial derivatives are estimated as described below.

(1)- Properties of the "solvent+salt” mixturi. nsy; is the mole number of salt introduced per mole

of component of the solvent (mainly water, in classical applications), the total mole numbers of salt
and ions are:

Psk Pion Psk
Nsalt = D Nsaif NsF + Mion = > Mon, ~ With T Mgy =K Ngge = k>, Nsalr Nsfp (B-1)
i=1 k=1 i=1
Thus, the excess Gibbs energy, (T, Nss Ny Proposed in Eq. (7) by the NRTL-PRA model
depends onp,,: = Psg + Pignvariables representing the mole numbers of “solvemy) (and “ions”
(nion). Nevertheless, as shown in the last term of (B-l)pi;ma/ariablesnionk are only functions of
the psr variablesngg ; hence the real number of independent variables is fhig- mole numbers

ngr of the “salt-free” components.
However, the classical estimation of the partial derivatiw?%mtot ggos)/ani] L with respect to
nj,
all the mole numbers really present in the liquid phase, does not represent the required derivatives
expressed in Eq.(8). The following calculations should be performed for this purpose.

(2)- Derivatives of(n;gg,s) With respect to the salt-free mole numbregs. For the first derivative

we get:

[ 0(NaGEe9)/0nsE] =[N GEog)/Ony]

SFJ'v i
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+ g[a(nmgéos)/aniom} (0 on, /0 1) (B-2)
n]- T

with, according to Eq. (B-1) :aﬁionk ()/nspI 3 k Nsalf (B-3)

(the same procedure is applied to the second derivatives)

(3)- Derivatives of(nSFgEos) with respect to the salt-free mole numbegg . This function is first

expressed asnsegE,s= (Nsd Nt (NG Eck IN Order to account for the derivatives previously
estimated :

[0(nsr9Eed /0N se| = (s /Mo [ A(ModEd /0|
|

S
* Ofos Nio (Nse/ N} /0N sF}nSF_ (B-4)
]
With : e[ 0(nge/ M) /9N | = 1= (Nsp /Mior) @Nior/ONsE) (B-5)
J
) Psr
and according to Eq. (B-1) :(dn/dngg) = 1+ 3 K ngy (B-6)

i=1
Hence, Eq. (B-4) leads to the rigorous derivatives to use in Eq. (8) for the fugacity coefficients.
It is also obvious that, for the vapor phase where the lack of salts leagg tongg, the calculation
of above formulae (B-2) and (B-4) is unnecessary, since they are strictly equivalent to the partial

derivative[a(ntotggos)/a ni}n.
JV

; required in Eq. (8).

APPENDI X C. Group contribution parameter estimation

According to the NRTL-PRA model, binary interaction paramefgrandE; in Egs. (10) and
(16) are estimated with the original group contribution method:

/_ji:zguKZ(gjL‘QL)/_LK B =2k 2 ik ke =0 (C-1)
K L K L

wherefi is the probability that a contact from a moledulevolves a main grouf :

elK:ZVik(K)% CG =D k) (C-2)
k K

|
with vy the number of subgrouk belonging to the main groulg in a moleculei and ¢ its

corresponding surface area factor.

The dependence of group contribution paramefgis with respect to temperature recently
proposed [14] is considered for both solvents and ions:

ruc=r® + r(2-2) « (19 ©3
0
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APPENDIX D. Detailed example of the VLE method: system carbon dioxide™-methanol®-
water®-sodium chloride.

Table D details, for one "data point", the various steps of the phase equilibrium calculation
method proposed in paragraph 2.1. We consider one peit)(= 0.0130) of the prediction
described in Fig. 7a for the experimental data of Perez Salado Kamps et al. [31] at 313.66 K, with
the characteristic mixture parameters proposed by the authors (Eq.4220)049andms=1.74. The
exactcharacteristics of the "selected data poirgported in Table D, are therefore:

T=313.66 K , x{1) = 0.01300 , x(2) = 0.04830 andxe(3) = 0.93870 (D-1)

with, for one mole of solvenfjsz = 1, the following mole number of satt,,; = 0.03212, leading
thus to:

Nuas = = 0.03212 , ng. = 0.03212  and ny, = 1.06424 (D-2)

The first part of Table D presents the values of ghee compound parametergquired, at
temperaturel , for the modeling: EoS parameters, in Eq.(5), gﬁ;js properties, in Egs. (10, 15).
Only the non zero interaction parametgfsare reported in this table; the dissociation energy used in
Eqg. (16) for methanol is, as proposed in [1&&:&55@ =-9980.62- 6833.96(298.1%/-

The following part of the table details, for thiguid phase,the different steps required,
according to Appendix B, for the estimation of the partial derivative&gggs(T, Ngp Nigy With
respect to mole fractions.

A "bubble point" method is then considered for the estimation of the phase equilibrium

conditions described in Eg. (3). At the end of the iterative process, the final valuespoégbere
andsalt-free mole fractions of the vapor phase are:

P = 47.672 bar ,ys{1) = 0.99652 ,ys{(2) = 0.00112 andys{3) = 0.00235 (D-3)

The last part of Table D provides, both for the liqand vapor phases, all the details required for
the estimation of the fugacity coefficients in Eq. (8).

It can be seen in this table, that the equilibrium conditions (Eq. (3)) characterized by the
“equality”, for all the compounds of the productsp, xsz between the liquid and vapor phases, are
very well satisfied. This result is obtained thanks to a "reliable and fast" bubble point algorithm based
on the use of "analytical derivatives" (previously verified with numerical tests) and "strict"
convergence criterions£|¢;z)iLxSLFI - }’x‘éﬁ‘ <10719) for the resolution of Eq. (3).
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with number of temperatures {Nand deviationsAT/T%); vapor phase composition data, with
number of points ()y and deviationsAy/y%).

type* : salt molality(m), mole fraction of sal{x)

Table 5 Correlation of VLE data folight gasesandalcoholswith water and other saltd.iterature
data: intervals of experimental temperaturesifTTmax in Kelvin), pressures @, Pmax in bar),
amount of salt introduced in the solvenin(immmay, type* of measurements and references (Ref.).
Modeling: isothermal data, with number of pressureg @hd deviationsAP/P%); isobaric data,
with number of temperatures {Nand deviationsAT/T%); vapor phase composition data, with
number of points (Y and deviations4y/y%).

type* : salt molality(m), mole fraction of sal{x)

Table D. Systemcarbon dioxid&’-methandP-water®-sodium chloride. Detailed example of VLE
calculations at a given temperature and salt concentralior813.66 K, p=0.049,ms=1.74 mol-kg
L jons:Na"™® andcl~®.
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FIGURES CAPTIONS

Fig. 1. VLE of light gases with water. (a) MethdHd39]: (&) T=473 K, (A) T=573K, @), (®)
T=603 K, ) T=625 K, (V), (¥) T=633 K. (b) Carbon dioxid® [40]: (@) T=543 K, (A) T=548 K, @)
T=573 K, @) T=598 K, (V) T=623 K. () Nitrogef: (&) T=278 K[41], (A) T=288 K[41], (@) T=293 K
[41], (), (®) T=298 K[41, 42] (d) Hydrogen sulfid®: (&),(m) T=377 K[43], (A),(A) T=410 K[43],
(©), (@) T=444 K [43,44] (®) T=475 K [44]. Predictions with the NRTL-PRA modet—- colors
correspond to symbols).

Fig. 2. Relative permittivitys, with respect to temperature: (ag®and (b) methanol. Calculations:

(—) this work, (—) literature (a) [26], (b) [27], €—) CRC tables [28]. Limit of the
experimental domain-¢-) [28].

Fig. 3. VLE of methan&—watef? with sodium chloride [45] at 408 K for various molalities (a) :
(E) my=0.00 mol-kg, (A), (A) m=0.85 mol-kg, (®),(®) my=1.70 mol-kg, (©), (®), (%),
mo=2.50 mol-kg. (b): @), (M), (%) my=3.40 mol-kd, (A), (A), (%), (%), (+) mp=4.20 mol-kg.
Predictions with the NRTL-PRA model (— colors correspond to symbols).

(c): eCPA representation [3].

Fig. 4. VLE of carbon dioxid&—-watef’ with sodium chloride. (a) NaCl molality,=1.00 mol-kg
at: (@), (M) T=323 K [47,48], 1), (A) T=373 K [47,49], @) T=413 K [47], &) T=450 K [50]. (b)
T=572 K for: (&), (M) my=0.00 mol-kg [40,50], (A) my=1.03 mol-kg [40]. Predictions with the
NRTL-PRA model (— colors correspond to symbols).

(c): eCPA representation [3].

Fig. 5. VLE of (a) nitrogefi’-watef’ and (b) hydrogen sulfifée-watef’ with sodium chloride.
NaCl molalitymy=1.00 mol-kg- (a) [51]: @) T=325 K, (A) T=376 K, @) T=399 K. (b): @), (W)
T=323 K [52,43], ) T=373 K [52], @) T=423 K [52], €) T=473 K [52]. Calculations with the
NRTL-PRA model (— colors correspond to symbols).

Fig. 6. VLE of (a) methandP—watef? and (b) ethanfi-watef? with sodium chloride at 1.01 bar
with various NaCl molar fractionsyac. (2): ), (), (%) Xnaci =0.00 [53-55], AA), (A) Xnac1 =0.03
[56,57], Xnac1 =0.09 [56] ©). (b): @) Xnaci =0.00 [58], @) Xnaci =0.01 [56], A), (A) Xnaci =0.03
[56,57]. Calculations with the NRTL-PRA model (—— colors correspond to symbols).

Fig. 7. VLE of carbon dioxid&-methandP—watef® with sodium chloride. Data of Pérez-Salado
Kamps et al. [33] at:[{]) T=314 K, (A) T=354 K, ©) T=395 K for various solute-free solvent
mixture compositionp and molalitiesms. (a) p=0.049, m=1.74 mol-kg. (b) p=0.750, m=0.25
mol-kg". Predictions with the NRTL-PRA model (— colors correspond to symbols).

Fig. 8. VLE of methan&-watef’? with: (a) MgCh and (b) LiCl, for various molalitiesn,. (a)
T=298 K: (@), (M), (%) m;=0.00 mol-kg [59-61], (A) my=0.50 mol-kg" [62], (®)
mo=1.00 mol-kgt [62], (®) m=2.00 mol-kg [62]. (b) T=313K: (), (M), (¥), (X)
my=0.00 mol-kg [63,60,59,64], f\) my=2.49 mol-kg [62], (@) my=4.99 mol-kg [62], (©)
m=7.99 mol-kg [62]. Calculations with the NRTL-PRA model (— colors correspond to symbols).
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Fig. 9. VLE of carbon dioxid®—watef? with: (a) KCI and (b) CaGlfor various molalitiesny. (a)

T=353 K: (@) my=0.00 mol-kg [65], (A) my=0.50 mol-kg [66], (®) my=1.00 mol-kg [66], (&)

me=2.50 mol-kg [66], (V) my=4.00 mol-kg [66]. (b) T=298 K: (@) my=0.00 mol-kd [67], (A)

mo=0.437 mol-k{ [48], (®) my=0.879 mol-k{ [48], (&) my=1.349 mol-kg [48]. Calculations with
the NRTL-PRA model (— colors correspond to symbols).

Figl0. VLE of: (a) ethandP-watef” with LiBr and (b) 1-propan8f-watef? with KBr, for variable

values molalitiesmy. (a) Comparison of predicted pressures with experimental data [69[1at: (
T=298.15K, ©O) T=303.15K, @A) T=308.15K, ) T=313.15K, ¢) T=318.15 K. (b)
Comparison of predicted temperatures with experimental data [69] under P=1.01 bar. Calculations
with the NRTL-PRA model.
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Tablel
NRTL-PRA groups K and subgrouksssurface area gand volume RJRef.], stereochemistry &nd polarityPx.
(*) this work, with ionic radius ¥, [24]).

K K Qk Rk S( Pk Ref. Irion(pm)

CH, 0.848 0901 280 0.0 [21]
CH, 0540 0674 200 00 [21]
CH 0228 0447 565 00 [21]

C 0.000 0220 565 0.0 [21]

Paraffin PAR)

Methane CH.,) CH, 1.124 1.129 1.17 0.0 [22]
Carbon dioxide CO,) CO, 0.982 1.300 1.00 0.0 [22]
Nitrogen (\) N, 0.930 0.856 1.00 0.0 [22]
Hydrogen sulfideK,S) H,S 1.202 1.235 1.00 0.0 [22]
Water H,0) H,O 1.400 0.920 1.00 1.0 [21]
Alcohol (OH) OH 1.152 1.270 1.00 1.0 [21]
Sodium cationja") Na’ 0.360 0.400 1.00 1.0 * 99
Magnesium cationMg®)  Mg®*  0.245 0.274 1.00 1.0 * 65
Calcium cation Ca*") ca’ 0.375 0.417 1.00 1.0 * 99
Potassium catiork(") K* 0.500 0.560 1.00 1.0 * 133
Lithium cation (i" Li* 0.230 0.250 1.00 1.0 * 60
Chlorine anionCl’) cr 0.720 0.790 1.00 1.0 * 181
Bromine anionBr’) Br 0.780 0.850 1.00 1.0 * 195

*corresponding author: evelyne.neau@univ-amu.fr



Table2a

Values (in J/mol) of the NRTL-PRA group interaction paramel'q&% (ol1 = methano] ol2 = ethano] 1-ol = primary alcohql2-ol = secondary alcohpl

OH OH OH OH

L\K PAR CH, CO, N, H,S H,0O (ol1) (0l2) (1-0l) (2-0l)

PAR 0.00 147.46 866.64 523.57 733.34 2398.94 * 4521.85 4413.07 4413.07

CH, 147.46 0.00 748.07 231.80 1016.15 2306.71 1309.96 - - -

CcO, 866.64 748.07 0.00 743.75 743.35 2109.97 883.70 - - -

N, 523.57 231.80 743.75 0.00 1670.18 2503.54 2332.57 - - -

H,S 733.34 1016.15 743.35 1670.18 0.00 1931.51 -24948.45 - - -

H,0 3245.43 3369.09 2497.88 3443.88 2267.08 0.00 -1200.31 2561.45 2918.87 2843.36
OH(ol1) * 1880.11 729.89 2092.99 1434.23 -620.11 0.00 - - -
OH(ol2) 2932.98 - - - - -1422.14 - 0.00 - -
OH(1-ol) 3460.73 - - - - -969.98 - - 0.00 -
OH(2-ol) 3460.73 - - - - -1075.32 - - - 0.00

Na* - 6705.82 6232.45 5884.86 4754.60 0.00 4502.32 10617.77 17632.54 18943.19

M 92+ - 6621.06 - - - 0.00 - - - -
ca® - -8554.58 10046.34 - - 0.00 - - - -
K* - -1800.00 4329.42 - - 0.00 - - 18593.51 -

Lit - -1600.00 - - - 0.00 - -11213.68 - -

Ccl - 6727.03 5906.65 6401.88 5382.62 0.00 4502.32 10617.77 17632.54 18943.19

Br- - 6131.77 - - - 0.00 - 8727.83 18593.51 -

7O onons = 1535.09 @ crzion= -235.94
7O oncnz = 2185.15 7O crzion= 2220.91
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Table 2a (continued)

L\K Na* Mg ca* K* Li* cl Br-

PAR - - - - - - -

CH, 6705.85 6621.09 6419.95 -1800.00 -1600.00 6727.03 6131.77

co, 6087.69 - 9554.02  4329.42 - 4989.75 -

N, 5884.86 - - - - 6401.88 -

H,S 4754.60 - - - - 5382.62 -

H,O 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OH(oll)  3951.48 - - - - 3951.48 -
OH(ol2) 6544.03 - - - -15287.46 6544.03 4654.09
OH(1-ol)  12703.74 - - 13664.72 - 12703.74  13664.72
OH(2-0l) 14018.23 - - - - 14018.23 -

Na* 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Mg? 0.00 0.00 0.00 0.00 0.00 0.00 0.00

ca* 0.00 0.00 0.00 0.00 0.00 0.00 0.00

K* 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Li* 0.00 0.00 0.00 0.00 0.00 0.00 0.00

cl 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Br- 0.00 0.00 0.00 0.00 0.00 0.00 0.00




Table2b

Values (in J/mol) of the NRTL-PRA group interaction paramel'q_ﬂ% (ol1 = methano] ol2 = ethano] 1-ol = primary alcohql2-ol = secondary alcohpl

-4339.23

-4339.23

OH OH OH OH
L\K PAR CH, co, N, H,S H,O (ol1) (0l2) (1-ol) (2-0l)
PAR 0.00 13.31 609.92 59.69 -227.72 -3417.62 * -5087.56 -6467.13  -6467.15
CH, 13.31 0.00 308.54 -4.30 -166.44 -3717.59  -5857.32 - - -
CO, 609.92 308.54 0.00 165.41 -368.65 -4221.74  -10885.41 - - -
N, 59.69 -4.30 165.41 0.00 -171.30 -5321.74  -3933.10 - - -
H,S -227.72 -166.44 -368.65 -171.30 0.00 -2304.83  -26517.61 - - -
H,O -294.87 -896.83 -504.59 -1150.55  -1155.40 0.00 -1232.04461.58  -6350.58  -5370.02
OH(ol1) * 3503.52 10140.97 702.87 -963.83 -2731.35 0.00 - - -
OH(ol2) -2016.20 - - - - -2818.76 - 0.00 - -
OH(1-ol) -470.23 - - - - -1115.52 - - 0.00 -
OH(2-ol) -470.23 - - - - -2112.07 - - - 0.00
Na - 19877.62  -12350.30  -9540.70  -7309.49 0.00 -17960.41 -10378.43 -4342.61
Mg?* - 0.00 - - - 0.00 - - - -
cazt - 0.00 44978.06 - - 0.00 - - - -
K* - 0.00 -786.88 - - 0.00 - - -4342.61 -
Lit - 0.00 - - - 0.00 - -3881.90 - -
cl - 20333.42  -11304.57 -10224.46  -8571.65 0.00 -17960.41 -10378.43 -4342.61
Br- - 19860.67 - - - 0.00 - -3881.90  -4342.61 -
@ opcnz = 2629.81 D chzions= -6159.54
D opcnz = -37.35 D cpyone= -92.72
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Table 2b (continued)

L\K Na Mg* ca™ K* Li* cr Br-
PAR - - - - - - -
CH, 19877.62 0.00 0.00 0.00 0.00 20333.42  19860.67
CO, -10489.43 - -2115.86 -786.88 - -9231.38 -
N, -9540.70 - - - - -10224.46 -
H.S -7309.49 - - - - -8571.65 -
H,O 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OH(ol1) -16493.06 - - - - -16493.06 -
OH(0l2)  -6496.54 - - - 0.00 -6496.54 0.00
OH(1-ol) 0.00 - - 0.00 - 0.00 0.00
OH(2-0l) 0.00 - - - - 0.00 -
Na’ 0.00 0.00 0.00 0.00 0.00 0.00 0.00
M g2+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K* 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Lit 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ClI 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Br- 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table2c

Values (in J/mol) of the NRTL-PRA group interaction paramel'q_?@ (ol1 = methano] ol2 = ethano] 1-ol = primary alcohql2-ol = secondary alcohpl

OH OH OH OH

L\K PAR CH., CO, N, H,S H,O (ol1) (0l2) (1-0) (2-0l)

PAR 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

CH, 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - - -

CO; 0.00 0.00 0.00 0.00 0.00 -309.72 0.00 - - -

N, 0.00 0.00 0.00 0.00 -320.07 0.00 - - -

H,S 0.00 0.00 0.00 0.00 0.00 -277.57 0.00 - - -

H.O 0.00 0.00 -465.81 -389.92 -319.08 0.00 -600.00-534.28  -1037.78  -5370.02
OH(ol1) 0.00 0.00 0.00 0.00 0.00 -370.03 0.00 - - -
OH(0l2) 0.00 - - - - -539.32 - 0.00 - -
OH(1-al) 0.00 - - - - -518.21 - - 0.00 -
OH(2-ol) 0.00 - - - - -527.76 - - - 0.00

Na* - 19778.56 -190.28 0.00 0.00 0.00 0.00 0.00 0.00 0.00

M g?* - 0.00 - - - 0.00 - - - -

ca* - 0.00 44978.09 - - 0.00 - - - -

K* - 0.00 8865.67 - - 0.00 - - 0.00 -

Lit - 0.00 - - - 0.00 - 0.00 - -

cl - 20600.39 208.56 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Br- - 23100.96 - - - 0.00 - 0.00 0.00 -
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Table 2c (continued)

L\K Na Mg* ca™ K* Li* cr Br-
PAR - - - - - - -
CH, 19778.56 0.00 0.00 0.00 0.00 20600.39  23100.96
CO, -551.04 - 9442.68 8865.67 - -666.11 -
N, 0.00 - - - - 0.00 -
H,S 0.00 - - - - 0.00 -
H,O 0.00 0.00 0.00 0.00 0.00 0.00 0.00
OH(ol1) 0.00 - - - - 0.00 -
OH(0l2) 0.00 - - - 0.00 0.00 0.00
OH(1-ol) 0.00 - - 0.00 - 0.00 0.00
OH(2-0l) 0.00 - - - - 0.00 -
0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na"*
Mg> 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ca* 0.00 0.00 0.00 0.00 0.00 0.00 0.00
K* 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Li* 0.00 0.00 0.00 0.00 0.00 0.00 0.00
ol 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Br- 0.00 0.00 0.00 0.00 0.00 0.00 0.00
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Table3

Parameter values of the relative permittivity(T) : CRC values at the reference temperaiiggk
for light gasesand estimations from Eq.(19) fpolar compounds

Components A B C D E Tred K
Light gases

Methane 1.00 0.00 0.00 0.00 0.00 93.15
Carbon dioxide 1.50 0.00 0.00 0.00 0.00 295.00
Nitrogen 1.50 0.00 0.00 0.00 0.00 63.15
Hydrogen sulfide 5.90 0.00 0.00 0.00 0.00 28351
Polar compounds

Water 5154.40 2.44666 -0.00095 -83627.21 -954.98
Methanol 2808.69 1.49172 -0.00063 -42566.65 -530.44
Ethanol -288.24 -0.06543 0.000012 18909.83 47.07
1-Propanol 2816.96 1.27803 -0.000463 -52163.46 -519.83
2-Propanol 2299.49 1.10833 -0.000413 -37195.05 429.93

*corresponding author: evelyne.neau@univ-amu.fr



Table4

Correlation of VLE data for light gasesd alcoholsvith water and NaClLiterature data:intervals of experimental temperatur@sif, Tmax, in Kelvin),
pressures Pmin, Pmax, in bar), amount of salt introduced in the solventif, mmay, type* of measurements and references (Reliodding: isothermal
data, with number of pressurdsp] and deviationsAP/P%); isobaric data, with number of temperaturls) (and deviationsAT/T%); vapor phase
composition data, with number of poind)X and deviations4y/y%).

type* : salt molality(m), mole fraction of salt (x)

Components Tmin— Tmax ~ Pmin—Pmax  Muin— Mhax ~ type Ref. Ne  AP/P% Nt ATIT% N  4ayly %
Light gases
Methane 298 - 513 24 - 70 0-5 m [45,51,62,70] 179  29.40 - - - -
Carbon dioxide 268 — 537 0 -400 0-6 m [46-49,66,71-82] 518 15.54 68 9.29 36 0.64
Nitrogen 323 -353 101 -616 1-4 m [51] 33 8.30 - - - -
Hydrogen sulfide 298 — 573 1-400 0-6 m [43,52,85-87] 233 1641 277 2.31 10 24.72
Alcohols
Methanol 298 — 397 0-5 0-7 m [69,88-93] 172 3.16 14 0.27 131 6.64
342 - 373 1 0.03-0.09 x [56,57] - - 17 0.42 17 6.28
Ethanol 298 — 367 0-1 0-1 m [94-100] 31 6.06 101 0.94 - -
306 — 367 1 0.01-0.05 x [56,57] - - 23 0.96 124 12.51
1-Propanol 333-382 0-1 0-7 m [91,101-104] 15 5.62 53 0.35 41 13.16
2-Propanol 353 - 363 0-1 0-6 m [105,106] - - 62 0.56 42 22.31

*corresponding author: evelyne.neau@univ-amu.fr



Tableb.

Correlation of VLE data folight gases an@lcohols with water and other saltsterature data:intervals of experimental temperaturd@sif, Tmax in
Kelvin), pressuresHmin, Pmax, in bar), amount of salt introduced in the solventif, "may, type* of measurements and references (Rkfodding:
isothermal data, with number of pressundg) @nd deviationsAP/P%y); isobaric data, with number of temperaturdsg) @nd deviationsAT/T%); vapor
phase composition data, with number of poihtg and deviations4y/y%).
type* : salt molality(m), mole fraction of salt (x)

Components Tmin— Tmax ~ Pmin— Pnax  Mmin— Mhax ~ type Ref. N APIP% Ny ATIT% Ny Ayly %
Methane

- MgCl, 298 24 -52 0-2 m [62] 9 9.90 - - - -

- CaC} 298 24 52 0-2 m [62] 9 10.48 - - - -

- KCl 313-373 0-98 1-4 m [66] 84 9.70 - - - -

- LiCl 313 - 353 0-75 2-5 m [66] 45 12.69 - - - -

- KBr 313 - 353 0-80 2-5 m [66] 35 6.30 - - - -

- LiBr 313 - 353 0-100 1-5 m [66] 45 3.71 - - - -
Carbon dioxide

- CaC} 298 - 423 16 - 712 0-4 m [48,105,108] 62 12.16 - - -

- KCl 313 -423 0-182 0-4 m [66,75] 126 14.88 - - 30 0.66
Ethanol

- LiCl 298 - 318 0-1 0-1 m [68] 55 8.36 - - - -

- LiBr 298 - 318 0-1 0-1 m [68] 55 4.70 - - - -
1-Propanol

- KBr 360 - 364 1 0-7 m [69] - - 36 0.46 36 13.06
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TableD
System carbon dioxide-methandP-watef®-sodium chlorideDetailed example of VLE calculations at a given temperature and salt concentfgion :
313.66 K, p=0.049, g1.74 mol-kg:; ions: Nd&® and CI®.

Pure compounds
a(1)/RT(cn?) = 148.636:80 (2)= 613.70344 (3)= 363.91238
b(L)(cnf) = 26.653802 (2)= 40.952224 (3)= 18.971564
£ (1)= 1.50 2)= 29.78: @)= 72.21
I(1,2)/RT = 0.3120559 (1,3)= 0.8829396 (1,4)= 2.5222267 (1,5)= 2.0750717
I(2,1)/RT = 0.1864513 (3,1)= 0.9580893 (4,1)= 2.6202153 (5,1)= 2.4750943
I1(2,3)/RT = 0.3061197 2,4)= 1.0528834 (2,5)= 1.0528834
I(3,2)/RT = 0.1334675 4,2)= 1.0525640 (5,2)= 1.0525640
Liquid phase
nse = 1.0000000 Mot = 1.06423593
Xs(1) = 0.0130000 (2) = 0.0483000 (3)= 0.9387000
x(1) = 0.0122153 (2)= 0.0453846 (3)= 0.8820412 (4)= 0.0301793
(5)= 0.0301793
gEur/RT= 9.122628.12 gF. /RT= -5.080183-18 g5 /RT= 1.567221.1°
P E _+aE l/RT/0 n} _ _ . _ . (4)= 0.19122461
[ (ntot[gSMR gdlss] DICR e 3.3288526 (2)= 0.9605931: (3)= —7.159964- 18 (5)= 030082108
E E ] ]
[a(ntot[gSMR"' Jaiss|// RT)/0 R ()= 6.2808541 (2)= 1.8642006 3)= 1.559246-172
- - SFj!
E E ] ]
[0(n3F[QSMR+ Jaiss|// RT)/0 R ()= 59123174 (2)= 1.7439031 (3)= 1.490511-18
- —SFj
[a(nSF[gLER_/ RT)/OR: | (1)= -0.10632410 (2)= —0.16302469 (3) = —4.425858-18
- -NsF; »
P(bar) = 47.6718637 5 = 0.8801055 Q() = 0.5631337
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9E,5/(0.53RT)= 7.922957-12
Ing (1) = 4.1031945
@ (1) Xs1) = 0.7869336

a = 18.7332170
(2) = —4.28360608
(2) = 6.66199-10"

4.181647-18
(3) = —6.44795382
(3)= 1.486675-1°

N
1]

Vapor phase

Nsr = Nt = 1.0000000
Xs(1) = X1)= 0.9965222

gEyr/RT= 1.222597-17
[a(nSF[gEMR+ s/ RT)/ %EL (1) = 5.9123174
SF]' ’
P(bar) = 47.6718637
9E,5/(0.53RT)= 2.925276-12
Ing (1)= -0.23612751
@ (1) Xs(1) = 0.7869336

(2) = 0.0011245
gLER/ RT=0

(2)= 1.7439031

n = 6.533627-1°
o = 5.5899034

(2) = -0.52356152
(2)= 6.661939-1*

(3)= 0.0023532
g5/ RT= 3.277993.17

(3)= 1.490512-18

Q(y) = 6.148372-12
Z= 0.7456650
(3) = -0.45924944
(3)= 1.486675-1°
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Fig. 1. VLE of light gases with water. (a) MethdhRd39]: (E) T=473 K, (A) T=573 K, @), (®)
T=603 K, (@) T=625 K, (V), (¥) T=633 K. (b) Carbon dioxid® [40]: (&) T=543 K, (A) T=548 K, @)
T=573 K, @) T=598 K, (V) T=623 K (c) Nitrogef™: (B) T=278 K [41], (A) T=288K [41] , (®)
T=293 K [41], (®), (®) T=298 K[41, 42] (d) Hydrogen sulfid®: (@),(m) T=377 K[43], (A),(A)
T=410 K[43], (©), (@) T=444 K[43,44] (®) T=475 K[44]. Predictions with the NRTL-PRA model
(—colors correspond to symbols).
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Fig. 2. Relative permittivity & with respect to temperature: (a);® and (b) methanol.

Calculations: —) this work, (—) literature (a) [26], (b) [27],—) CRC tables [28]. Limit of
the experimental domainr<-) [28].
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Fig. 3. VLE of methan&—watef? with sodium chloride [45] at 408 K for various molalities (a)
: (1) my=0.00 mol-kg, (A), (A) m=0.85 mol-kg, (®),(®) my=1.70 mol-kg, (¥), (®), (%),
my=2.50 mol-kd. (b): @), (M), (%) mp=3.40 mol-kd, (A), (A), (%), (X), (+) m;=4.20 mol-kg
! Predictions with the NRTL-PRA model (— colors correspond to symbols).

(c): eCPA representation [3].
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Fig. 4. VLE of carbon dioxid&-watef” with sodium chloride. (a) NaCl molality,=1.00 mol- kg
at: @), (M) T=323 K [47,48], \), (A) T=373 K [47,49], ®) T=413 K [47], &) T=450 K [50].
(b) T=572 K for: (&), (M) my=0.00 mol-kg [40,50], (A) my=1.03 mol-kg [40]. Predictions with
the NRTL-PRA model (— colors correspond to symbols).
(c): eCPA representation [3].
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Fig. 5. VLE of (a) nitrogef’—watef? and (b) hydrogen sulfifé-watef?) with sodium chloride.
NaCl molality my=1.00 mol-kg. (a) [51]: @) T=325K, (A) T=376 K, @) T=399 K. (b): @),
(W) T=323 K [52,43], /) T=373 K [52], @) T=423 K [52], ©) T=473 K [52]. Calculations with
the NRTL-PRA model (— colors correspond to symbols).
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Fig. 6. VLE of (a) methanéP-watef” and (b) ethan8-watef” with sodium chloride at 1.01 bar
with various NaCl molar fractiongyaci. (a): @), (H), (%) Xnaci =0.00 [53-55], A), (A) Xnaci
=0.03 [56,57] Xnaci =0.09 [56] @). (b): @) Xnaci =0.00 [58], @) Xnaci =0.01 [56], A), (A) Xnaci
=0.03 [56,57]. Calculations with the NRTL-PRA model (— colors correspond to symbols).
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Fig. 7. VLE of carbon dioxid&—methandP-watef’ with sodium chloride. Data of Pérez-Salado
Kamps et al. [33] at:[{]) T=314 K, (A) T=354 K, ©) T=395 K for various solute-free solvent
mixture compositionp and molalitiesms. (a) p=0.049, m=1.74 mol-kg. (b) p=0.750, m=0.25
mol-kg*. Predictions with the NRTL-PRA model (— colors correspond to symbols).
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Fig. 8. VLE of methan&-watef? with: (a) MgCh and (b) LiCl, for various molalitiesn. (a)
(%) me=0.00 mol-kg [59-61],
mp=1.00 mol-kg [62], (®) my=2.00 mol-kg® [62]. (b) T=313K: (), (M), (%), (X)
my=0.00 mol-kg [63,60,59,64], £) my=2.49 mol-kg [62], (@) my=4.99 mol-kd [62], (©)

T=208 K: (@),

m=7.99 mol-kg [62]. Calculations with the NRTL-PRA model (— colors correspond to

symbols).

(H),

(AA) my=0.50 mol-kg [62],

©)
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Fig. 9. VLE of carbon dioxid&—watef” with: (a) KCI and (b) CaGlfor various molalitiesn, (a)
T=353 K: @) my=0.00 mol-kg [65], (A) my=0.50 mol-kg [66], (@) my=1.00 mol-kg" [66], (©)
me=2.50 mol-kg [66], (V) mp=4.00 mol-kg [66]. (b) T=298 K: @) mx=0.00 mol-kg [67], (A)
me=0.437 mol-kg [48], (®) my=0.879 mol-kg [48], (®) my=1.349 mol-k{ [48]. Calculations
with the NRTL-PRA model (— colors correspond to symbols).
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Figl0. VLE of: (a) ethandP-watef? with LiBr and (b) 1-propan&—watef? with KBr, for

variable values molalitiesy. (a) Comparison of predicted pressures with experimental data [68] at:

(O) T=298.15K, O) T=303.15K, (A) T=308.15 K, () T=313.15K, &) T=318.15 K. (b)

Comparison of predicted temperatures with experimental data [69] under P=1.01 bar. Calculations

with the NRTL-PRA model.
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Highlights:
* TheNRTL-PRA model is extended to the prediction of VLE in mixtures containing salts.

Contrary to other cubic EoS, the grE&s only depends on two contributions.

In equilibrium calculations, ions are supposed to be present only in the liquid phase.

Many VLE data of light gases and alcohols with NaCl and other salts were considered.

The rather satisfactory results thus obtained can be considered significant.





