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Abstract

In this work, the molecular based Variable Range Statistssociating Fluid Theory
(SAFT-VR) has been used to estimate the global phase egmititagram of the ternary mix-
ture water+ carbon dioxide+ methane, over a wide pressure and temperature range. An
accurate determination of the phase equilibria of this un&tis relevant in Petrophysics, as
for instance in enhanced natural gas recovery from low pability reservoirs (the so called
tight gas reservoirs), or in geology, as it is the basic caitjpm of many geological fluids. A
previous study on the phase behaviour of the binary mixtumedved is presented, using in a
transferable manner the characteristic molecular pasemé&tr the three molecules involved.
The ternary mixture presents a very rich and complex phabaviomur, with a wide region
of the thermodynamic space of phases (at higher pressuesgriing a large gap of ternary
liquid—liquid equilibria, that upon descending on pressures léadke transition to a three
phase liquid- liquid—vapour equilibria region, and both regions are separatea dgntinu-
ous critical endpoint line. The ability of the theory to delse this complex multicomponent
mixture phase transition with a reduced and physically daet of characteristic parameters

must be underlined.

| ntroduction

Natural gas extraction from the so-called non conventisoalces is gaining a remarkable rel-
evance due to the increasing global demand of gas supplyseTdigernative sources include gas
hydrates, coalbed methane, shale gas, and the tight-gasois (TGRs):?> TGRs are low perme-

ability reservoirs, where the usual extraction techniquesguce low gas yields. The global amount
of natural gas that has been located trapped in this typesefveirs undoubtedly points to TGRs
as one of the main natural gas sources in the near future rieless, the optimal fracturation and
extraction method for these reservoirs has not been detedhyet, and it constitutes a challenging
topic in Petrophysics. One of the key points in the extracpoocess commonly employed is the

injection of an external aqueous based fluid, with the aim a@dify the natural gas adsorption on



the solid substrate, enhancing fluid recovery. Apart frommfacroscopic engineering concerns,
the interfacial phenomena occurring at molecular levehis scenario are poorly understood de-
spite their important role in the process. Interfacial @ies and fluid-substrate interaction at this
scale determine the behaviour of the transport propertiggediuid, and contributions in this field
are essential in order to gain insight into the involved mmeena. In particular, the modification
of the original fluid-substrate reservoir conditions afte injection of the external fluid needs to
be precisely described.

But before considering the effects induced by the presehaesolid substrate on a fluid mix-
ture, it is essential to have, as starting reference, arvaiecguantitative description of its global
phase equilibria in bulk conditions, at temperature andguree ranges close to those that are pres-
sumed to be found in real reservoirs. This picture of the by#item phase equilibria scheme is an
essential information to guess which among the possibégfattial scenarios are bound to occur,
and how the concentration, for instance, will modify the tane behaviour to improve extraction
conditions. Thus, the preliminary study of thermodynamioperties for bulk multicomponent
mixtures that include methane, water, and other polar com@® plays a central role in this con-
text. As an example, the importance of the watenethane binary mixture in the characterization
of aqueous fluid inclusions in petroleum basins may be dit€arbon dioxide is a molecule that
may be considered as well in the composition of these geochdynrelevant mixtures, because
its geologic sequestration is envisaged as a potentialetbbenefit of the extraction processes. In
fact, a combination of carbon dioxide and water is alreadyped into depleted oil wells to re-
pressurize them and enhance oil recovery. Another apicatvolving carbon dioxide, water and
methane is the injection of Cnto deep sea methane hydrate reservoirs, with the doujdetole
of releasing methane and capturing carbon dioxide in thegtigdtructuré’. Due to the complexity
of the phase behaviour that may occur when considering coatjponent fluid mixtures, the se-
lection of a physically sound and versatile theoretical elpdith demonstrated predictive ability
for the estimation of complex phase equilibria diagramgpkcentral role in the process.

In this paper, the objective is to estimate the ternary plegsdibria diagram of the watef



carbon dioxide- methane mixture, over the whole composition range, andasgure and temper-
ature ranges close to those that are supposed to exist in. Tkhiesnodel used for this study is the
Variable Range Statistical Associating Fluid moleculasadipn of state (SAFT-VR Ec%).

In previous works’ 8 the same approach has been used to accurately determinetietw
carbon dioxide binary mixture phase diagram, using thenmbéecular interaction parameters de-
termined by Galindo and BI&s? and Clarket al.l1* This binary mixture exhibits type Il phase
behaviour, according to the classification of Scott and vanyenburgt®13and due to its practi-
cal relevance, a large number of papers has been devotetetondiee experimentally their phase
equilibria, with special focus on the mutual solubilitids.is beyond the scope of this paper to
present an exhaustive review of experimental data, butapemof Spycheet al.1* may be cited
as an example, because it considers the pressure and t&un@eemnges of interest involved in
carbon dioxide sequestration. Vakt al.l® determined experimentally vapour liquid equilibria
for this binary, using SAFT-VR Eo0S as estimation tool. Othethors have tried different theo-
retical approaches to estimate the phase equilibria oftinisure. As recent examples, Papgia
al.1® have modelled the VLE of this mixture using a cubic EoS (PRotyinson), and Sun and
Dubessy’ considered a SAFT Lennard-Jones EoS version that includéiti@nal dipolar and
quadrupolar terms to describe the intermolecular intevast Recently, Lafittet al.!® used the
so called SAFT VR Mié® approach to describe the VLE of this mixture, and used tHutation
as starting point, coupling it to an inhomogeneous mediarth@sradient Theory) to describe the
fluid-fluid interfacial phenomena, including wetting andsarption, ocurring for this binary mix-
ture. This latter application emphasizes the need of anrateethermodynamic model describing
both phase equilibria and thermophysical properties ofsthdied mixture, as a tool to further
studies concerning, for instance, interfacial phenomehah play a crucial role for the practical
applications envisaged. From another perspective, Kemgset al.?° have recently used the
CPA EoS to analyze the behaviour of this binary, among ots®r@&ating systems, with the objec-
tive to discuss several formulations describing the efféctossed interactions between molecules

and a feasible way to relate characteristic molecular patars through an homomorph approach.



The binary mixture watet methane exhibits as well type 1l phase behaviour, as desdiin
the review of the phase equilibria of the series of water-alkane mixtures presented by Galindo
et al,?! and finally the mixture carbon dioxide methane presents type | behavidf?? The
references gathered in the cited articles show the extemsiperimental and theoretical studies
carried out for these three binary mixtures, but the tersgstem has received much less atten-
tion due to the complexity of its phase diagram, that will lhestrated by the results shown in
the present work. The scarce experimental works concemhiisgternary mixture phase equi-
libria?3-2% are mainly focused on solubilities and VLE. Seo and ®egetermined experimental
phase equilibria considering the presence of solid hydrdteom a modelling perspective, Duan
et al?’ presented an EoS for the ternary mixture based on the vifsresion, for an extended
temperature and pressure range, justifying the study oprésence and relevance of this ternary
mixture in many geological fluids. Austegard et&iconsidered also this ternary mixture, focus-
ing on the estimation of mutual solubilities of water in camldioxide and water in solutions of
methane and carbon dioxide. For these purpose the autretsaseral cubic EoS approaches, as
Soave-Redlich-Kwongf with different combining rules and the so-called Cubic PAssociation
(CPA30) EoS. This paper tests various parametrization schemedisousses the influence of the

combining rules selected on the correlation of the expertaielata.

Molecular Model and Theory

In the SAFT-VR approach, molecules are modelled with a stnoplited atom approach as chains
composed ofmn tangentially bonded segments of equal diametewhich interact through a po-
tential of variable range, typically the square-well (SWtgntial. The interactions in the SW

potential between segmerntand j separated by a distancg is given by,
+oo if 1jj < Gjj

Uij(rij) =9 —&; if aij <rij < Ajjoij (1)

0 ifrij > Ajjgjj
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wheregjj defines the contact distance between spheres)ar@de;j; are the range and depth of
the potential well for the-j interaction, respectively.

In this work we are considering three types of molecules:ewgt,O), methane (Cl) and
carbon dioxide (CQ). The model for HO molecules is based of the four-site model proposed by
Bol3! and Nezbedat al. 32 where each molecule is represented as a hard sphere of diamgt
with four off-centre short-range attractive sites that mezithe hydrogen-bonding interactions.
Two associating sites (of type H) represent the hydrogemsin the HO molecule and the other
two sites (of type O) represent the lone pairs of electrotb@bxygen, where only HO site-site
interactions are allowed, i.e. no-HH or O—O interactions are permitted. The associating sites are
located at a distanag,, from the centre of the sphere and have a cut off rangg, pfso that when
the site-site distance is less thap a hydrogen-bonding energy of interactidl?f is realised. We
use the optimal intermolecular parameters fgOHoreviously determined by Clarit al The
CH, molecule is represented by an spherical segment of haersphameteo,,, whose inter-
molecular parameters were determined in the work of Rat@l33 The third molecule considered
here, CQ, is modelled as two tangentially bonded hard-sphere segnoérequal diameteoss,
with molecular parameters obtained from the work of Galiadd Blas1°1t is important to men-
tion that the polar and quadrupolar interactions gb-and CQ are treated in an effective way via
the dispersive interactions. Although, it is worth to mentthat CQ—-CO, and CGQ—H,0O asso-
ciation interactions have been discussed by previous ejteach as Jet al.,3* who treated the
quadropular moment of COand H,O molecules via association, and Vadizal., 15 who has sug-
gested that the unusual large interaction parameters thueglffor the HO + CO, mixture is due
to the lack of a cross-association scheme. However, él&t. realised that when incorporating
this kind of unlike interactions the bonding energy valubtamed were close to zero and as such
they rejected the idea. Therefore, we have considered bidtha@d CQ to be non-associating
molecules and thus no unlike association was considered.

We examine the phase equilibria of the®H- CH, + CO, ternary system using the SAFT-VR

approach. Since this theory has already been presentedsaddgreviously:® here we only give



an brief overview of the main expressions. As any other SAEfBion, the SAFT-VR approach is

written in terms of the Helmholtz free energy, which can bgregsed as a sum of four microscopic
contributions: an ideal contributioAPEAL), a monomer termAMONO) that takes into account the

attractive and repulsive forces between the segmentsdimatthe molecules, a chain contribution
(ACHAINY that accounts for the connectivity of segments within thieoules, and an association
contribution AASSOY that accounts for the hydrogen bonding interactions betwaolecules.

Then, the Helmholtz free energy is written as,

A AIDEAL AMONO ACHAIN AASSOC

NkeT  NkT + Nks T + Nks T * Nks T 2)

whereN is the total number of molecules,is the temperature, anig is the Boltzmann constant.

The Helmholtz free energy of an ideal mixturerofomponents is given b3?

ADEAL .
=9 xInpA?—1 3)
NeT — &P

wherep; = % represents the molecular number density of componeNt, %, and/\; are the
number of molecules, the molar fraction, and the thermal deglgz wavelength of specias
respectively; an¥ is the volume of the system.

The monomer free energy is given by a second-order highgemtyre expansion of Barker

and Henderson perturbation theory for mixtu?&ss®

AMONO AHS A A,
= + + (4)
NksT NksT ~ NksT = NksT

where% is the free energy of reference hard-sphere mixture, wtaabbtained from the ex-

A2_ are the first-

pression of BoubliR® (equivalent to that of Mansooet al.*%); while N’*ﬁ and gi2r

and second-order perturbation terms associated withtitaete interactionsij (rij) given by Eq.
(1), where the former is treated in the context of the M1Xbimigxule® and the latter is obtained

using the local compressibility approximation.



The contribution to the free energy due to chain formatioagpfare-well segments for a mix-

ture of chains is given b§!

ACHAIN n

KT = in (m —1)Iny;Y(i) (5)

wherem; is the number of segments of componErﬂndyﬁW(aii) is the background correlation
function ,y?W(ai) = g°W(ai) exp(—Beii ), which is given in terms of the contact pair radial dis-
tribution function for a mixture of square-well segmentsresponding to the — i interaction.
g>"(aii) is obtained from a first-order high-temperature expaniiofi (see referencés for fur-
ther details). Note that in our system, the only chain foramato account for in the free energy
is due to the CQchain model molecule, since both,& and CH, are modelled as spherical seg-
ments.

Finally, the contribution to the free energy due to the asdimn of 5 sites on a molecule of

species can be obtained from the theory of Werthéamf®as,

(6)

AASSOC n . S - Xa7i S
T — 2% [Z ('”Xa='— 2 )*5

a=1

where the first sum is over componerand the second over &l sites of typea on a moleculae.

The fractionXyj of moleculed not bonded at sita is given by the mass action equation’&s?’

1
xa7i - Sj (7)

n

Here,A, i j characterises the association betweenait@ molecule and siteb on moleculej
and can be written as,

Dabj = Kap,j fabi,jg5" (1)) (8)

where the Mayerf-function of thea — b site-site association interactio(,; j) is given by

fabij = exp(—"’f;;{"') —1, andKy); j is the available volume for bonding, whose expression can




be found elsewhere®46:47Since there is only one associating component in the mixtieethe
H,O molecule) that is only allowed to form one type of hydrogend(i.e. H—O), with no unlike
association interactions betweeg®-CO, and H,O—-CH,, the association contribution can be
greatly simplified, and the fraction&,j of H,O molecules not bonded at any of the four sites are
equivalent.

The study of phase equilibria in mixtures also requires #temnination of a number of cross
interaction parameters, which account for the interastioetween unlike components in the mix-

ture. The Lorentz arithmetic mean is used for the unlike ‘tam@& diameter,

Oii + 0jj
== (9)
and the unlike square-well potential range parameter sy,
__Aiigii +Ajj 0jj (10)
! Oii + 0jj

The unlike square-well dispersive energy parameter isngoyea modified Berthelot rule as fol-

lows,

&ij = &ij\/Ei &jj (11)
whereé;jj describes the departure of the system from the geometrin;ntea usually determined
by comparison with mixture data and then used to predictenags at different conditions.

Other thermodynamic properties, such as the chemical pakémn), compressibility factorZ),

and other thermodynamic derivatives needed in our caloulgaican be easily obtained from the

Helmholtz free energy using standard thermodynamic welati

Results and discussion

The SAFT-VR approach requires the determination of a nurobertermolecular parameters to

describe the thermodynamic properties of real substart@@sthe non-associating GHind CQ
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molecules, four parameters are needed to characteriseoithel namely the chain lengthy), the
hard-core diameter of the segmentg ), the depth &) and range 4;;) of the SW potential. In
the case of HO (associating), apart from they, 011, €11 andA1; set of parameters, additional
parameters are necessary to describe the hydrogen bomdéngations such as the number and
type of associating sites, the site-site energy parame{t%)rand the volume available for bonding
(Kﬂ’, which is given in terms of,,, rq,, and 011*8). These parameters are usually obtained by
fitting the theory to the experimental values of the vapoespure and saturated liquid densities.
In this work, we use the set of parameters obtained prewidnshe work of Clarket al.l! for
H,O, Patelet al.3® for CH, and work of Galindo and BI&s'° for CO,, as reported in Table 1.
This set of parameters has been shown to provide an excd#saotiption of the phase behaviour
at a wide range of temperatures, except the area near timlcpoint. It is known that SAFT,
as any other classical equation of state or mean field apipraies not consider the density
fluctuations that occur near the critical point and hencectireect physics of the problem is not
described and an over-prediction of its coordinates is eégoe This can be easily addressed in
an effective way by re-scaling the conformal parametegsand ;) to the experimental critical
temperature and pressure. The re-scaled parameters @a@edented in Table 1. The remaining,
non-conformal parameters, are kept fixed in reduced unitstheir corresponding values in real
units are also presented in the table for clarity. It is obsithat use of the re-scaled parameters
produces a detriment in the calculated saturated liquidideof pure components, as it has been
shown in previous work&-11 However, these sets of parameters provide a good descrigitibe
coexistence compositions and critical curves. A more featisry description of these systems
could be obtained using the new version of SAFT-VR proposeBdteet al.*® in combination
with the renormalization-group theory.

A summary of the results obtained for the three binary medunvolved will be presented
before discussing the phase equilibria diagram obtainedhi ternary mixture. As mentioned
before, the two binaries containing water exhibit type Hbage behaviour. The most representative

feature of this type of mixtures is that, in a PT projectiontloé phase diagram, the gas-liquid
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Table 1: Optimised and Rescaled Square-Well Intermolecular Potential Parametersfor Wa-

ter,11 Methane33 and Carbon Dioxide®0
Molecule Water  Methane CO

m 1 1 2

o (A) 3.033 3685 2786
€/ks (K) 300.43 16730 17927
A 1.718 1448 1515

e"B/kg (K) 13369
KHB (A3  0.89369
oc (A) 3.470 4058 3136
g¢/ks (K) 27624 15646 16884
eHB/kg (K) 1229273
KEB (A3) 1.33791

critical line is discontinuous and presents two branches @Qf them, starting at the critical point
of the less volatile compound, moves towards higher presswith negative slope, goes through
a temperature minimum, and then continues with positiveesteaching temperatures higher than
the one corresponding to the initial critical point. Duelte bccurrence of this temperature min-
imum, this particular case of type Il is also denoted as tifpme, or alternatively it is referred
to as well as type lllb. The existence of phase equilibriadpelythe critical temperature of the
heaviest compound is characteristic of this type of systenfg and is commonly referred to as
gas-gas inmiscibility of second kind, although the deasibtf the coexisting phases in the higher
pressure and temperature ranges are typically liquid Tike. other branch of the gas-liquid critical
line starts at the lightest compound critical point, and iery short, ending at a upper critical end
point (UCEP), meeting there a three phase (liquid-liquagraur) equilibrium line coming from the
low temperature and pressure region. This global behawmans that there is a continuous tran-
sition from liquid-vapour to a wide region of liquid-liqueluilibria for the mixture, which added
to the temperature minimum of the high pressure critica &nd the three phase line constitutes a
remarkably complex scenario representing a demandingeciga for any EoS. This type of phase

behaviour is typical of mixtures with a large degree of incthgity between the pure compounds.
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H>O + CO; binary mixture

For the HO + CO, binary, the calculations performed in this paper repeatedstheme pro-
posed in earlier work$:2 so only a brief description wil be presented here. Figurecalle the
estimated PT phase diagram, exhibiting the distinctiveufes described above, and let us just
recall that a single binary unlike dispersive energy patam@i, = 0,9742), was fitted to im-
prove the description of the experimental temperature mim of the high temperature branch
of the fluid-fluid critical line. This model represents adatgly the whole phase diagram, with
a satisfactory quantitative agreement with experimerilature data. Figure 1 plots available
vapour pressure experimental data for pure wdtéf and CQ,%%%4as well as data on the high
pressure branch of the liquid vapour critical 8% and three phase lin®, showing remarkable

guantitative agreement in all cases.

H>O + CH4 binary mixture

The H,0O + CH, mixture behaviour is similar to the previous case, as nofed@omprehensive
review of the global phase equilibria of the watem-alkane mixtures series has been presented
by Galindoet al.?! For this homologous series, the influence of the strong gefrdoonding
between water molecules is one of the main causes thatsasulype Il behaviour, up ta-
eicosane. Nevertheless, it is necessary to keep in minddtrattly speaking, the 5O + CH,
mixture can not be regarded as the first member of this fachilg,to the particularities exhibited
by CH, if compared with other linear alkanes, as for instance itsmamlous critical pressur®.

For this reason, this binary mixture deserves an individegiled study and parameters obtained
from other mixtures of the same family do not yield accuratgngations if they are applied in

a transferable manner to this particular solution. In tlaiss; the computed PT phase diagram is
presented in Figure 2 . Experimental & of the temperature minimum of the high pressure
branch of the LV critical line have been plotted also in thigife, showing good agreement with
the SAFT estimated curve. The inset of this Figure reprasera Tx projection of this branch

of the critical line, and this view of the estimated curvewba@ shift of the calculated minimum
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Figure 1:PT projection of the phase diagram for the water(1) + carborid&(2) binary mixture.
The circles correspond to the experimental vapour presatee of pure wate?%—>8 the squares
to the experimental vapour pressure of pure carbon dio¥d¥,the star8® and pluse® to the
experimental gas-liquid critical line, and the trianglesthe three-phase lin€. The continuous
curves are the SAFT-VR predictions for the vapour-pressufree dashed curves for the critical
lines and the long-dashed curve for the LLV three-phase llile inset shows the region close to
the critical point of pure C@
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towards higher water content compositions. Despite trspldcement, it must be recalled here
that for the calculations presented here, no binary mixirg parameter was determined, and the
results shown arise directly from the use of the pure compioctgaracteristic parameters listed in
Table 1. The reason why in this case t&is parameter is not necessary may be connected with the
fact that methane is a non polar molecule, so the repregamtzitthe molecule as a single sphere
interacting through a square well potential is rather stialiwhile on the other hand the use of two
tangent spheres for carbon dioxide appears not to sufficts, gadrupolar nature is not explicitly
accounted for, and this entails the need of a correctingfdotimprove the representation of the
mixture behaviour. In this case, the magnification of theaeglose to the Clicritical point has
not been shown as an inset in the Figure, as we did in the cabe @irecedent binary mixture,
because the LLV three pase line is virtually superposedd@tite compound saturation curve, so
this representation would be worthless here.

Figure 3a shows Px projections of the phase diagram, at teyses ranging from 350 to
550 K, together with the experimental data of Fletcheral.”® This range of temperatures lies
above the UCEP, so no three phase equilibria appears, aod bet temperature minimum of
the high temperature branch of the liquid vapour criticagli The trend shown in this case by
the coexistence envelope is the typical 1l phase equiliibriype transition from vapour liquid
equilibrium at low pressures to liquid liquid equilibriunt ligh pressures. Figure 3b plots Tx
projections of the phase diagram at pressures ranging freol80 MPa, showing the estimated
high pressure liquid liquid equilibria of the system, tdg&twith the corresponding experimental
points of the LV critical line for the higher pressures ofsthalculation (30, 50 and 100 MPa). The
correspondence between these experimental points anstimated high pressure LL coexistence
curves is very good, and it must be taken into account thatahge of pressures here is very
far from the one where the pure compound experimental dagd fes characteristic parameter
fitting were placed, ensuring a remarkable extrapolatiolityabor the theory over wide ranges of

temperature and pressure, which is essential for the pahegpplication that justifies this analysis.
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Figure 2:PT projection of the phase diagrama for the water(1) + mettZri®ary mixture. The
circles to the experimental vapour pressure data of puren®@t°8the squares to the experimental
vapour pressure of pure methaffeand the diamond$-"1to the experimental gas-liquid critical
line at high temperature. The continuous curves are the SARPpredictions for the vapour-
pressures, the dashed curves for the critical lines andoting-dashed curve for the LLV three-
phase line. The inset shows tR& projection of the gas-liquid critical line at high tempenag of
the mixture.
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Figure 3: (a)Pxand (b)Tx projection of the phase diagram for the water(1) + methgra(ary
mixture at different temperatures and pressures, respéctilhe symbols correspond to the exper-
imental data taken from the literature and the curves totéeigtions obtained from SAFT-VR (a)
at 42315K (circles™® and continuous curves), 415K (square§® and dashed curves), 513K
(diamond<?® and dot-dashed curves), and 6IBK (triangles® and dash-dash-dotted curves) and
(b) at 100 MPa (circlé®-"and continuous curve), 50K (squéfe’! and dashed curve), 30MPa
(diamond®-"tand dot-dashed curve), 10K (dot-dot-dashed curve), andeb(d&h-dash-dotted

curve).
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CH4 + CO2 binary mixture

The CH, + CO, binary mixture exhibits type | behaviour, with a continudigsiid vapour critical
line connecting both pure compounds critical points, asvshim Figure 4. This critical locus
presents a maximum, indicating large positive deviatiomsifRaoult's law, a characteristic feature

of binary mixtures presenting weak intermolecular intéoars.

10 I T I T I b | b |

P/MPa

! !
200 250 300
T/K

Figure 4:PT projection of the phase diagram for the methane(1) + carbmade(2) binary mix-
ture. The circles correspond to the experimental vapousspire data of pure methaf@the
squares to the experimental vapour pressure of pure caibgite, %~ and the diamonds to
the experimental gas-liquid critical line. The continuausves are the SAFT-VR predictions for
the vapour-pressures and the dashed curves for the gag-digtical line.

]
0 150

Figure 5a shows the Px projection of the phase diagram, gigetures ranging form 170 to

300 K, compared with the experimental dafa/° and the experimental critical line. Finally, the

17



Tx projection has been plotted in Figure 5b, together withakperimental data of Donnelly and
Katz.?? In both cases the theory reproduces accurately the vagpiid lequilibria of the binary,

without considering any crossed interaction charactenstrameter.

H,O + CO, + CHg4 ternary mixture

Once we have analyzed the phase behaviour of the three imaiyres forming the HO + CO,
+ CHjy ternary system, we have applied the SAFT-VR approach tarotita phase behaviour of
the ternary mixture at different thermodynamic conditions

We first consider the phase behaviour of the mixture at sirndaditions at which the system
is found in tight-gas reservoirs. Figure 6a and Figure 6wsti@ triangular phase diagram of
the mixture at 375 and 3245K, and different pressures, respectively. At these thegmamic
conditions, the Chl+ CO, binary mixture exhibits a single fluid homogeneous phasedthical
point of CH; is located at 19K and 461 MPa, and that corresponding to €& 304K and
7.3MPa). On the other hand, at 38:and 3245K and the pressures considered in Figure 6a and
Figure 6b , the other two binary mixtures of the ternary systee., HO + CO, and CH; + H20,
exhibit the characteristic LL immiscibility of type III plsa behaviour.

The theoretical predictions obtained from the SAFT-VR apph are compared with experi-
mental data taken from the literature at different thernmashgic conditions. As it is shown, the
theory is able to provide an excellent description of thesehaehaviour. It is important to recall
here that the results presented in Figure 6a and Figure 6puaeepredictions, since no further
fitting has been performed. As it has been already explamedhave fitted the unlike binary inter-
action parameters associated to th@®H- CO, dispersive interactions to experimental data taken
from literature. Apart from that, no further experimentaiarmation from the ternary system has
been used in the calculations presented in this work.

From the point of the phase envelopes of the binary mixturasived it is easy to understant
the phase diagrams shown in Figure 6a and Figure 6b, whesyshem exhibits large two-phase

LL immiscibility regions. As previously mentioned, the @H CO; binary mixture is completely
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Figure 5: (aPxand (b)Tx projections of the phase diagram for the methane(1) + catlmxide(2)
binary mixture at different temperatures and pressurapeaively. The symbols correspond to
the experimental data taken from the literature and theimoots curves to the predictions ob-
tained from SAFT-VR: (a) at (from bottom to top) 170, 185, 2280 (circleg?), 250 (square¥),
270 (diamond&*79), and 300K; (b) at 2MPa (continuous curve)]1 37 MPa (circle$? and dotted
curve), 4930 MPa (square€ and dashed curve),B6 MPa (diamond® and dot-dashed curve),
and 6895 MPa (triangle®® and dot-dot-dashed curve).
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Figure 6: Ternary phase diagram of the mixturgtl) + CO,(2) + CHy(3) at different temper-
atures and pressures. The symbols correspond to the exgmeaindata taken from the literatiffe
and the curves to the predictions obtained from SAFT-VR pB#b.5K and 105MPa (pluses
and continuous curves), ZMPa (crosses and dashed curves)38@Pa (stars and dotted curves),
40.2MPa (open squares and dot-dashed curvesp) MPa (filled square and dot-long dashed-
dashed curves) and (b) 33K and 305MPa (open circles and continuous curves) and MPa
(filled circles and dashed curves).
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miscible at these thermodynamic conditions, and this explahy the coexistence envelopes do
not cut the CH—CO; axis of Figure 6a and Figure 6b. &t¢n, ~ 0, which corresponds to a nearly
pure HO + CO, binary system, the mixture exhibits LL immiscibility beterea water-rich liquid
phase X4,0 ~ 0.98) and a carbon dioxide-rich liquid phasg, ~ 0.95). As the composition of
the methane is increased, the relative composition of @@e CQ-rich liquid phase decreases
(the composition of the water-rich liquid phase is nearlgstant and only varies fromy,o ~ 0.98
inthe HO + CG; binary system tay,0 ~ 0.99 in the CH, + H,0 binary mixture, approximately)
and changes continuously to a methane-rich liquid phadé &aiy, ~ 0.95 whenxco, ~ 0).

In order to explore in more detail the complex topology of firase diagram of this ternary
mixture, we have performed some additional calculatiordifegrent thermodynamic conditions,
close to those at which the tight-gas reservoirs exist. Wisider the effect of pressure on the
phase behaviour of the system at the high-temperaturerregigigure 7a. Since the vapour
pressure of pure water at 500K ig13/Pa, the ternary mixture exhibits LL immiscibility at aiet
pressures considered here. It is important to remembeathaous mixtures of carbon dioxide
and methane exhibit type Il phase behaviour, and consélguete corresponding ternary diagram
should present at least one region of two-phase LL separatio

Figure 7a, shows the composition of one the liquid phases,the water-rich liquid phase,
which is nearly constant as the pressure is reduced from p@6 GMPa &+,0 ~ 0.92 at all the
pressures). The composition of the other phase variesfisgmily as the pressure is decreased,
from xp,0 ~ 0.2 — 0.3 at the highest pressures (2000 MPa), up toH,0 ~ 0.4 — 0.5 andxn,o ~
0.7—0.8 at 10 and 5MPa, respectively. It is obvious from the ensdisgussion that the size of
the LL immiscibility region should decrease as the pressilewered, an expected behaviour in
systems including one associative compounsqH

We have also considered the effect of the temperature, ataanpressure, on the phase be-
haviour of the ternary mixture. As can be seen in Figure 7lhasemperature is reduced from
500 up to 300K approximately, the phase envelope correspgtalthe water-poor liquid phase is

shifted towards regions of lower compositions of® from xy,0 ~ 0.45 up toxy,0 ~ 0.99. This
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Figure 7: Ternary phase diagram of the mixturgll) + CO»(2) + CHy(3) at different tempera-
tures and pressures predictions obtained from SAFT-VRI @) phase liquid-liquid coexistence
at 500K and 5MPa (continuous curves), 10 MPa (dashed cy2@b)Pa (dotted curves), 30 MPa
(small-dotted curves), 50 MPa (dot-dashed curves), 100{#Pe-dot curves), and (b) two-phase
liquid-liquid coexistence at.3MPa and 300K (continuous curves), 310K (continuous cyyves
320K (continuous curves), 350K (continuous curves), andkdQcontinuous curves), and (c)
three-phase liquid-liquid-vapour coexistence &MPa and 275K. The dot-dashed lines in all
parts of the figure correspond to the two-phase tie-line@tMPa in (a), at 300K in (b), and
275K and /5MPa in (c). The triangles correspond to the compositiorte@three-phase liquid-

liquid-vapour in coexistence in (c).
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is a result of the increasing of the LL inmiscibility as thenigerature decreases, as expected. On
the contrary, the phase envelope corresponding to the wakeliquid phase remains essentially
at the same position in the triangular phase diagram as thpature is decreased. This effect
can be understood clearly from a molecular perspectivehaseimperature decreases the associ-
ation due to hydrogen bonding between water moleculesaser® and as a consequence of this,
the mutual solubility of water with carbon dioxide and metbalecreases, resulting in larger LL
immiscibility regions.

As we have seen in the previous figures, the phase behavitha efstem is dominated by rel-
atively large LL immiscibility regions. The topology of tiphase diagram at these thermodynamic
conditions is characterized by a two-phase LL coexisteag®n, with one water-rich liquid phase
and one water-poor liquid phase (which can be,&@i©h or CH,-rich liquid phase depending on
composition). The phase envelope associated to t}@tth liquid phase (close to the pure wa-
ter corner of the triangular diagram) connects thes€EH,0 and HO—-CO,, whereas the other
phase envelope, associated to the water-poor liquid padeon dioxide- or methane-rich phase)
connects the same axis in the opposite side of the phaseadiagm addition to the two-phase co-
existence region, the phase diagram at high temperatise®shibits a one-phase homogeneous
region. As the temperature of the system decreases an@/qrélssure is increased, the phase
envelope associated to thg®Hpoor liquid phase approaches to theLSH O, axis, as it has been
shown previously in Figure 7a and Figure 7b. As a consequénedwo-phase LL immiscibility
region increases, as expected, and the one-phase homageagmn becomes smaller.

As we have discussed previously, the topology of this phasgraim (at these conditions) is
a consequence of the,@ — CO, and H,O — CH, immiscibility. However, the ultimate reason
why a one-phase homogeneous phase exists in the phasentiggiae to the miscibility at all
proportions of CH and CG, i.e., the CH + CO, mixture does not exhibit LL neither VL phase
separation. But, what does it happen if the temperatureeo$yistem is decreased, at the appro-
priate pressure, so that we ensure that the thermodynaatécaftthe mixture is located inside the

VL coexistence region of the CH+ CO; binary mixture?
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2 phases

Figure 8: Schematic diagram of a hypothetical ternary mecthat exhibits three-phase separation
(triangular region) and three two-phase regions assattat¢he binary mixtures 1-2, 2-3, and
1-3 of the ternary system. The red triangules representdimpasitions of the three phases in
coexistence, the red dashed lines the boundaries of thisnregnd the blue, green, and violet
dashed lines the coexistence envelopes of the two-phasasegf the diagram. The dot-dashed
lines inside of the three two-phase regions are the correlpg tie-lines. The zones located
between the axis of the triangular diagram, the two-phasgistence envelopes, and the three red
triangles represent the one-phase regions of the phasaiag
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Figure 7c shows the triangular diagram of theQ+H+ CO, + CHj ternary mixture at 275K
and 75MPa. As it can be seen, the topology of the phase diagrammgpletely different than that
shown in Figure 7a and Figure 7c, since it displays one cenitfathree-phase region, three LL
two-phase coexistence regions (two LL zones and one VL ni¢gamd three monophasic homoge-
nous phases. Figure 8 shows a schematic diagram with thetspalegy than that exhibited by
the mixture in Figure 7c.

One of the two-phase regions can not be distinguished dus pyoximity to the CH—CO,
axis of the diagram. The three one-phase homogenous redomased near the vertexes of the
triangular diagram, can not be seen neither due to the saamerngetheir very small size.

In the triangular central region two liquid phases coexisequilibrium with a vapour phase.
The compositions of each phase are defined by the coordiofties central triangle in the phase
diagram: the HO-rich liquid phase is composed by nearly pureCH(xy,0 ~ 0.996), with a
liquid-like packing fractionn_, ~ 0.49, the second liquid phase is formed by a mixture of,CO
(Xco, ~ 0.778) and CH (Xch, ~ 0.210), with a liquid-like packing fractiom_, ~ 0.22, and the
vapour phase, with a compositionxdo, ~ 0.647 andxcn, ~ 0.351), and a vapour-like packing
fractionny ~ 0.11.

This behaviour can be explained from a molecular perspectike HO — CH, and HO
— CO, interactions are very unfavourable due to self-associdigtween HO molecules (these
mixtures exhibit LL immiscibility). At high temperaturesxd pressures, since the gH CO,
mixture exhibits only a homogeneous liquid phase, the tgreystem minimizes its free energy by
segregating the system into a water-rich liquid phase, datad by hydrogen bonding interactions,
and a second water-poor liquid phase, dominated by therdispenteractions. This second liquid
phase changes its methane-rich to carbon dioxide-ricractaraccording to the relative,B —
CO, and H,0 — CH, affinity at the corresponding pressures and temperaturegietr, at low
temperatures and pressures, the;,GHCO, mixture exhibits VL phase separation. This region
eventually interacts with the LL two-phase region domidatg hydrogen bonding, resulting in

the new topology shown in Figure 7c.
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Due to the proximity of the LLV three-phase region to thertgalar axis of the diagram it
is difficult to distinguish clearly the exact location of theexistence regions. Figure 8 shows a
schematic diagram with the same topology than that exliliitethe mixture presented in Fig-
ure 7c. As can be seen, the system has a central three-pleasstence region. Each of the sides
of the triangular region connects three two-phase regiatistive corresponding two-component
coexistence axis, indicating that the three binary middnat form the ternary system exhibit two-
phase separation at these thermodynamic conditions. Ipdttieular case of the mixture shown
in Figure 7c, the HO + CO, and + CH, binary mixtures exhibit LL separation and the last mixture
(CO, + CHy) presents VL coexistence at the particular thermodynauondlitions.

As we have mentioned, the proximity of the three-phase retpathe triangular axis of the
phase diagram, which is a consequencie of the large LL imiibi$g regions exhibited by two
of the three binary mixtures that form the system@+# CO, and + CH, binary mixtures) and
the low mutual solubilities between water and carbon diexattd methane, makes really diffi-
cult to see if the system really exhibits three-phase séparaWe have included two additional
figures that help to understand the phase behaviour exthibjteghe same at the same thermody-
namic conditions presented in Figure 7c. Figure 9 showsdheon dioxide composition and the
water compositiorversusthe methane composition at the same conditions as thosenpeesin
Figure 7c. As can be seen, the blue, red, and violet curvetharnghase enveloped associated to
the two-phase coexistence regions previously shown irridoegular diagram of Figure 7c, which
end at the vertex of the triangular region (red triangleshis figure) and at the three axis of the
triangular diagram.

We have also analized the phase behaviour of the ternaryraigt low temperatures, with
particular emphasis on the effect of temperature and pressuthe three-phase LLV immiscibil-
ity region. Figure 10 shows the effect of pressure, at sifetBht temperatures on the three-phase
triangular region. The three two-phase regions and the thne-phase homogenous phases have
not been displayed in these representations for the sakarafcHowever, all the phases involved

at each temperature and pressure shown in this figure aregppally equivalent to that of Fig-
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Figure 9: (a) Carbon dioxide and (b) water compositions astfans of the methane composition
of the ternary mixture BO(1) + CO(2) + CHy(3) at 75MPa and 275K. The blue dot-dashed
curves represent the LL phase envelope associated to thgp@Qd two-phase region, the green
dot-dashed curves the LL phase envelope associated to the@ two-phase region, and the
violet dotted curves the VL phase envelope associated tbliepoor two-phase region. These
three two-phase regions are associated to the regions @omgéhe CQ—-CH,, H,O-CH;,, and
the CQ—-CH,; axis in Fig. 7c. The red triangles are the compositions ofttinee-phase LLV in
coexistence and the red dashed lines are the boundaries tifrde-phase region in the diagram.
We have used here the same colours and symbols than in Fig. 7c.
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ure 8. As it can be seen in Figure 10a, at 275K, the LLV thre@splregion decreases in size as
the pressure is increased, as expected from the previoussdien. In particular, the two phases
near the ClH—CO;, axis of the phase diagram, i.e., the water-poor liquid plaaskthe CG-rich
vapour phase, become more similar as the pressure is iedre&s860 MPa approximately, both
phases become critical in the presence of the second (welt¢diquid phase. At pressures above
8.60 MPa approximately, the system exhibits LL two-phase 1isgjmen, as we have seen previously
in Figure 7b.

When the temperature is raised, the same qualitative balvaigiobserved. However, the LLV
three-phase region becomes smaller as temperature iasressexpected. At the lowest pressure
(7.5MPa), the triangular region of coexistence becomes namrawthe temperature is near 300K.
In addition, the range in pressures at which the LLV threasghregion is stable decreases as
temperature increases. For instance, at 295K, the preaswiich the three-phase coexistence
vanishes is below 8 MPa, whereas at 300K, the pressure \mk@qial to 166 MPa, which means
that the range at which the three phases coexist is smadie@d MPa.

All the plots shown in Figure 10 have a common feature: whenptessure is increased,
the system exhibiting three phases in coexistence evotvehdw two-phase equilibrium phase
behaviour, or in other words, the system crosses a critia@p@int. In binary mixtures (of fluids),

a critical endpoint is the endpoint of a three-phase linehictvtwo of the phases become critical in
the presence of the third phase in coexistence. For instamgtires exhibiting LL immiscibility
(types II, 1lI, 1V, V, and VI) have at least one critical endpb(mixtures of type VI have two
critical endpoints and mixtures of type IV have three). Ehexist two different natures of critical
endpoints depending on the two phases that become cri{fatritical endpoint of naturé; =
L>+V, in which the two liquid phases are critical in the preserf@\v@pour phase; and (2) critical
endpoint of naturé; =V + Ly, i.e., the liquid phase 1 and the vapour phase V are critictie
presence of the liquid phase 2. In particular, the second tfritical endpoint appears as an
upper critical endpoint in mixtures that exhibit type Illage behaviour, as in the,B + CO, and

H>0 + CHg4 binary mixtures studied in this work.
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Figure 10: Tridimensional view of the ternary diagram, asuaction of pressure, of the mix-
ture HO(1) + CO,(2) + CHy(3) as predicted from SAFT-VR at 275K (a), 275K (b), 280K (c),
290K (d), 295K (e), 300K (f). The dashed lines represent ithessof the triangles that bound the
three-phase LLV coexistence region and the circles thenesponding compositions. The exist-
ing two-phase liquid-liquid and two-phase vapour-liquakgistence curves, as well as the their
corresponding tie-lines are not included to clarify theptis
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According to the rule phase, critical endpoints are staifis zero degress of freedom, which
means that they are fixed points in the corresponding phagessin. However, in ternary mixtures,
due to the presence of an additional component, the thragepstates lie on a surface (in the
multidimensional thermodynamic phase space), insteadinédas it occurs in binary mixtures),
and consequently, the critical endpoint states are no#lofixed points in the phase diagram, but
lie along a line, i.e., along critical endlines.

We have determined from SAFT-VR the upper critical endpt@Entperatures and pressures, as
function of the CQ mole fraction on a KO free basis, i.exgo, = Xco,/(Xco, +XcH,). As can
be seen in Figure 11 , a continuous critical endpoing loaugh@Px" andT X" projections of the
phase diagram) of nature = V + L1 separates the three-phase surfade)V (lower temperature
part of the diagrams) from a two-phase regiop 4 (higher temperature part of the diagram). It
should be noted that the limit,,, = O represents the upper critical endpoint of the binary néxtu
H,0(1) + CHy(2) and the Iimitxg":02 = 1 the upper critical endpoint of the binary mixture®{(1)

+ CO,(2). In fact, this figure can be understood better in the cdrdépseudobinary mixtures,
i.e., the BO(1) + CHi(2)+ COx(3) ternary mixture can be viewed as a binary mixture gOHand
a second pseudocomponent, which is a mixture of @ CH, controlled by the mole fraction
Xco,- Under this point of view, the upper critical endpoint of tHgO(1) + CHu(2) real binary
mixture, atxco, = 0, 1906 K, and 46 MPa, changes continuously to the secon®f1) + CGx(2)
real binary mixture, atco, = 1, 3054 K, and 746 MPa, as the mole fractiotf, is increased.

Finally, we have also considered the effect of temperatirsix different temperatures on the
three-phase triangular region. As can be seen in Figure B three-phase coexistence region
decreases in size as the temperature rises. As the pressige fvom 6 up to 5MPa, the same
qualitative behaviour is observed, although the tempezadti which the system passes from a
three-phase to a two-phase behaviour increases. Thisigetehrly reversed for the two highest
pressures, 8 and.BMPa. It should be noted that at pressure B5MPa the system does not
exhibits critical behaviour, i.e., the system passes frahmee-phase to a two-phase region without

crossing a critical endpoint, as can be seen clearly in Ei§br(close to thec, ~ 0 region). In
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other words, the critical endpoint pressures of the termaiture close to thexo, ~ 0 region,

or equivalently, close to the region of the upper criticalgoint of the BO(1) + CQ real binary
mixture, are always higher thambMPa. As a consequence of this, at pressures beloMPa, the
system passes from thqlL,V three-phase region to the L, surface without crossing a critical
endpoint. This change of behaviour is due to the presenéeaftpour pressure curve of pure £O

in this region: when the temperature of the system is deeckaisthe pressure is below7.5 MPa
(the critical pressure of COis 7.3MPa approximately), the system crossed the vapour peessur
curve of pure CQ and the ternary systems passes directly (not criticalynfthe three-phase to
the two-phase region. Although this mechanism might seesuljae, a similar scenario occurs in
binary mixtures when the system crosses the vapour presse of one of the components from

the two-phase to the one-phase region.

Conclusions

The results described in the precedent section, that irciudetailed description of the global
phase behaviour of this ternary mixture are a proof of thitpbif the SAFT—VR Eo0S to describe
remarkably complex phase equilibria using only a reducedber of molecular based character-
istic parameters. It has been shown that, for the set of pimaxtures involved, only the KD
+CO, one demanded the determination of an unlike interactiomggneombining rule parame-
ter, with the aim to improve the estimation of the minimum loé thigh temperature branch of
the discontinuous LV critical line, a feature that is ch&eastic of its type Il binary phase di-
agram. Nevertheless, the purely predictive results obthfor the other aqueous binary did not
need any supplementary mixing parameter determinatiahtl@calculations obtained from the
pure component parameters yielded fairly good resultsnigared with experimental data. The
same situation holds for the simpler type | £HCO, binary mixture.

Once these preliminary results on the constituent binamtures were obtained, it must be

recalled that the rest of the phase equilibria calculatfmesented here were performed without
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Figure 12: Tridimensional view of the ternary diagram, agrection of temperature, of the mixture
Ho0(1) + CO(2) + CHy(3) as predicted from SAFT-VR at 6 MPa (a)56/1Pa (b), 7MPa (c),
7.5MPa (d), 8MPa (e), 8MPa (f). The dashed lines represent the sides of the triaadhbat
bound the three-phase LLV coexistence region and the sgjtfzee corresponding compositions.
The existing two-phase liquid-liquid and two-phase vapaquid coexistence curves, as well as
the their corresponding tie-lines are not included to tfahe graphs.
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fitting any supplementary parameter. This fact underlihespredictive power of SAFT-VR EoS
when applied to the estimation of complex multicomponerasghequilibria landscapes, a matter
of primary importance for applied purposes that has notivedeenough attention in the literature
although it constitutes a demanding challenge for any tbdgmamic model.

Our attention has then been focused on the pressure andregomeeranges of interest in the
application that motivated this work, i. e., the thermodymaconditions that are presumed to
occur in tight gas reservoirs. The obtained phase equalibehaviour for the ternary mixture is
a result of the competition of the wide high pressure liquigiid separation regions, typical of
the binary aqueous mixtures, and the effect induced at |pnessures by the GH+CO, liquid
vapour critical curve. This combination of two type Il andeotype | binary mixtures led to
the appearance of two clearly differenced regions. At pnessabove the maximum of the GH
+CO, LV critical line, the ternary diagrams obtained show a wiegion of LL equilibria, and an
homogeneous phase close to the completely miscible (ire tbasditions) CH +CO, mixture.
This is a direct consequence of the well known high pressureduilibria obtained previously for
both aqueous binaries. The boundaries of this LL separatigion agrees well with the available
experimental data, and the effect of temperature and pe$as been shown and rationalized
according to the mutual interactions between the three entde present.

This first scenario of phase behaviour for the ternary metiranges abruptly in the tempera-
ture and pressure range where the,GHCO, shows LV equilibria. In this range of conditions, the
wide LL gap in the ternary diagram is transformed into a situewhere a central three phase LLV
equilibria region, three LL equilibria regions, and threg/tmonophasic regions placed closer to
each pure compound coexist. So, for these temperature assiyse combinations, a modification
in the mixture composition can lead to one, two or three phasequilibrium. The topology of
this LLV three phase equilibrium region has been then exglgdby performing calculations at dif-
ferent temperature and pressure values. The aim now wasdtelm every case the three phase to
two phase equilibrium transition coordinates, this is,¢hgcal endpoints for the ternary mixture,

that, contrarily to what happens in binary mixtures, liengl@ line connecting the upper critical
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endpoints of both aqueous binary mixtures. Thus, this tgroatical endpoint line, of nature
L1 =V + Ly, has been traced and its trend plotted against temperatdrerassure. Nevertheless,
this transition from ternary three phase to two phase dagialin the mixture may occur as well
directly (without crossing a critical endpoint), and thertsition is produced crossing the saturation
curve of one of the pure compounds, £i0 this case.

This final summary depicts a complex and rather unexpectadepbehaviour for this ternary
mixture, which emphasizes the need to handle versatileandt theoretical models when any re-
lated practical application is envisaged. SAFT-VR has shiere again its suitability to reproduce
the existing phase equilibria experimental data with réwlale accuracy, offering also estimations
of the phase equilibria trend of the mixture over wide rangidemperature and pressure. All this
is obtained on a molecular basis, with transferable parars¢tbat may be applied to estimate an

additional large ensemble of thermodynamic or even int@afgroperties if needed.
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