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Abstract

Calculations on solid (S)-liquidl(, )-gas (G)-phase equilibria of selected ternary fwat
salt + gas} and quaternary {water + saltsalp + gas} systems (salt = NaCl, KCl, CaCl
gas = CH, CQ,) comprising a gas clathrate hydrate phase K§ have been performed. The
thermodynamic description of the liquid phase rigalities observed in these systems has
been provided by means of the semi-empirical edgdtr NRTL (eNRTL) excess Gibbs
energy model. Multicomponent expressions for irdlial as well as mean ionic activity
coefficients as defined by both, a previous andntlost recent version of the eNRTL model,
have been implemented in a computer programmeewritt the Java programming language.
Basic model parameters are provided by means atalthnk set up in the xml file format.
The correctness of the programme implementatiorthef eNRTL expressions has been
verified by comparing the results of selected exangalculations with corresponding results
given in the original literature sources. The pemgme code of the model implementation has
been incorporated into a previously developed inseoprogramme enabling to perform
equilibrium calculations on non-electrolyte aquesystems involving gas hydrate phases. In
the H-L,-G calculations, fugacities in the gas phase wateutated by means of the Soave-
Redlich-Kwong (SRK) equation of state (EOS), wherea Henry's law approach in
combination with the eNRTL model has been appl®dharacterise the liquid phase. The
van der Waals and Platteeuw model has been usdgbtoibe the gas clathrate hydrate phase.
A satisfying predictive description of the expermrted p-T-H-L,,-G phase equilibrium data is
achieved with average absolute relative deviatigh8RD) between experimental and
calculated pressures ranging from 1 % to 15 %.
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1 IntroductionFormelabschnitt 1

Gas clathrate hydrates are mixed solid crystajiihases which are built up by a network of
hydrogen bonded water molecules comprising cagesikéctural units, each of which can
encapsulate a single appropriately sized guest aqulgle The guest species, generally
molecules of low molecular weight gases and orgaoimpounds [1], stabilise the solid
solvent, the thermodynamically metastable hosticittby interacting with the water

molecules of the cavities through van der Waalxder[2]. Gas clathrate hydrates are
thermodynamically stable in regions of ambient awér temperatures (near the normal
freezing point of water) and elevated pressurepid@yly more than 0.6 MPa) [3,4] and

crystallise in the two cubic structures | (sl) dhdsll), and the hexagonal structure H (sH).
Besides having the potential for numerous appboatiin the oil and gas industry and the
energy sector (e.g. in gas storage and separadiorgonditioning systems and water
desalination and treatment [5]), gas hydrates dao @ause problems in the oil and gas
industry (e.g. pipeline blockages by hydrates iflinly applications or gas pipelines) [6].

Species being capable of forming hydrogen bonds thi¢ water molecules like methanol or
ethylene glycol as well as water-soluble polymerslectrolytes are known for acting as
thermodynamic inhibitors with respect to the forimatof gas hydrates [3]. These additives
can prevent the formation of hydrate plugs by adtethe state of the liquid phase [3] and
thereby changing the phase transition conditiohs [7

Due to the electrostatic forces acting between ithes thermodynamic description of
electrolyte solutions is significantly more difficuthan the treatment of non-electrolyte
systems [8,9]. To model electrolyte solutions, dacteolyte equation of state (EOS),
especially useful at high pressures, an excess @idagy model [8] or a combination of the
two strategies is usually employed. Several elgggdEQOS, like e.g. the Furst-Renon EOS
[10,11], the electrolyte modification [8] of theéhble-Bishnoi EOS [12,13], or the statistical
associating fluid theory with variable range fagattolytes (SAFT-VRE) EOS [14] have been
developed. Besides, numerous semi-empirical ex¢&fds energy models have been
proposed [15], as e.g. the model of Bromley [16¢ ibn-interaction model of Pitzer [17,18],
the model of Cruz and Renon [19], the eNRTL-modElGhen et al. [15,20-23], the
LIQUAC- model of Li et al. [24] and the MSA-model Bapaiconomou et al. [25].

To model the Hydrate (H)-Liquid ()-Gas (G)-phase boundary in systems containing
electrolytes, an equation of state and/or actiegfficient approach for the fluid phases is
combined with the hydrate model of van der Waald Rlatteeuw (vdW-P) [26]. Englezos
and Bishnoi [27] e.g. presented an approach to grdbe thermodynamic gas hydrate
formation conditions in aqueous systems contaitigigt hydrocarbon gases and single or
mixed electrolytes using Pitzer’s [17] and Meis&§8] activity coefficient models. Clarke
and Bishnoi [8] have developed an electrolyte EQSrfixed salt and mixed solvent systems
to describe the Liquid-Vapour- (L-V-) equilibrium these mixtures. The EOS was also used
to model the H-L-V-equilibrium obtained in systecmntaining additionally one or more of
the gases CH CO, H,S and/or GHg [8]. Hsieh et al. [7] presented an approach for
modelling the change in hydrate forming conditiamsnixtures containing electrolytes and
molecular inhibitors. They combined the vdW-P modaih the Peng-Robinson-Stryjek-Vera
EOS [29], using the first order modified Huron-ViddMHV1) mixing rule [30] with two
activity coefficient models, the UNIQUAC [31] anldet COSMO-SAC [32,33] model.

Prior to initiating the current modelling work, ipeent gas hydrate forming conditions in
non-electrolyte aqueous systems were modelled imem@arch group. The calculations were
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performed with our in-house programme named “GaspiyDwhich was created and
described earlier [34] using the object orienteolgprmming language Java. The programme
has been based on the algorithm proposed by SB&Enmahd its code is available from the
second author on request. The need for extendisgirichouse programme to enable the
treatment of electrolyte systems originated froméatiempt to model the thermodynamics of
so-called (gas-)semiclathrate hydrates ohibutylammonium bromide (TBAB), the results
of which will be dealt with in a forthcoming artec[36]. Since TBAB dissociates into ions in
aqueous solution, an electrolyte model was requoetescribe the liquid phase non-idealities
in this system with sufficient accuracy. Belvezeakt[37] showed that the eNRTL-model
[20,21] does an excellent job in describing experital data on the mean molal activity
coefficient of TBAB, } gas ., IN @queous solution at 298.15 K [38] over a widege of
TBAB concentration (maximum overall moIaIitk_JTBABymax=27 mol kg™, residual standard
deviation of o =0.038 with respect to calculated and measured resultSngn s . )-
Moreover, only two parameters are required for teethermal description of single
electrolyte solutions with this model [20,21] (ethe famous Pitzer model [17] needs three).
Therefore we decided to use the eNRTL-model toridesehe isobaric H-J. equilibrium in
the system {HO + TBAB} and H-L,-G-equilibria in the corresponding gas semi-cla#ra
hydrate systems. In this preliminary study the &@nto test the suitability of the model to
describe systems with conventional gas hydrate gshas the presence of electrolytes.
Therefore, a Java implementation of both the previf21] and the updated version of the
single-solvent multicomponent eNRTL-model [23] waseated initially. After having
thoroughly tested the correctness of the eNRTL-ctlike programme was incorporated into
our previously existing in-house programme for nilmg H-L.-G-phase equilibria.
Subsequently, by means of the new programme, Eiggas hydrate formation conditions
were modelled in systems with sodium chloride (Na&id potassium chloride (KCI) or
calcium chloride (CaG) and the gases methane (LHr carbon dioxide (Cg).

2 Modelling approach Formelabschnitt (nachster)

2.1 Hydrate-liquid-gas equilibrium

Thermodynamic equilibrium between the gas hydratsp (H) and the agueous liquid phase
(L, ) under incipient hydrate formation conditions, wHheeing in simultaneous equilibrium
with a gas phase (G), can be expressed by

Apu, =D, 1)

where AZ/JW =4 -2 denotes the difference in the chemical potentiabater in the gas
hydrate phase and the pure (indexsolid solvent phase, i.e. the empty metastabtidig
lattice (index 8). Similarly, A;W,uw = v - u2” designates the chemical potential difference
of water in the liquid and the empty hydrate phdisehould be pointed out that the way for
expressing the equilibrium condition in eq. (1)eli$ from the way it is usually found in the
literature, firstly because minuend and subtraleedreversed as it was also done by Ballard
and Sloan [39] (i.e.u” — £ * instead of > ” -y with 77=H,L,), and secondly, because
the nomenclature is adopted from the notation esmenended by the IUPAC Commission
[.2. [40]. Since the presence of water in the dassp was neglected in a good approximation,
the condition involving the chemical potential chter in this phase was not considered.



2.2 The thermodynamic description of the hydrate phase

The clathrate hydrate phase is described by mdahg @eal solid solution theory of van der
Waals and Platteuuw [26]. In this statistical thedynamic model, the chemical potential
differenceA;,uW, expressed on a molar basis, is given by

Zuln(l Z J )

IDS)EV

In eq. (2),R denotes the universal gas constant [&], ={1,...,N_} the set of indices of

cayj

the N, different types of cavities, anf§, ={1,... ,Ng} the set of indices identifying thi,
different types of guest speciag. is the number of typeé cavities per water molecule, and
671.”i the fractional occupancy of guegtin cavity i in the hydrate phasﬁj”i can be expressed

in terms of the Langmuir consta@; of guestj in cavityi, and the fugacityf; of j as

g = St (forall jOS, andidS,,) (3)
ji 1+ z C f 9 cav

JRsY

The expression in eq. (3) resembles the well knosletion describing the two dimensional
adsorption according to the Langmuir model. AtL -G -equilibrium, the isofugacity
criterion, implicitly incorporated into eq. (2) [Rdoes hold. The latter states the equality of
the fugacitiesf; throughout the co-existing phases, ifé‘. = ijW = ij(E f;) . Hence, any of
the f,’s in one of the three phases may be employeddieutating f, . For practical reasons,
the gas phase fugacitidf, obtained from the SRK-EQOS [42], were used fos fhurpose.

The Langmuir constants were calculated from an esgon proposed by Parrish and
Prausnitz [43] describing the cell potential eneofjguest j within the spherically assumed
cavity i of water molecules. The latter in turn is basedtlma Kihara core potential [44]
which accounts for the single interactions betwdenguest and each of the water molecules
constituting the cavity [1]. In that way;,; is given in terms of the Kihara parameterg, ,

&,, and a;, the core distance at which attraction and repnlsif a guest host-pair balance
each other, the corresponding characteristic enargy the core radius of the guest molecule,
respectively, and the lattice specific quantitesand R, the coordination number and the
radius of the cavity, respectively [1]. The relation§;, = f(a,,0,,¢;,,2,R ) in which the
water molecules are assigned a zero core radeisd]. =0 = 2a,, =a;) [45] are compiled

in appendix A.1. The values fa, 0,, and¢,, used in this study are Iisted in Table 6 along
with literature data ow,;,, and¢,,, . The values forz and R were taken from [35].

2.3 Dependence of the liquid phase chemical potentialfterence on the state variables

The model description foAﬁ MU, as function of temperature, pressurep and the vector of
independent mole fractior& , was provided by the following equation

B 4, (T, P, R) _ A 1 (T, o) | BTo +85°C 1 (T P ( j+£(T—TO)

RT RT, R
1(AyH, (TP (T j
+= oY -0y To» =2 - 4
R( T Co mw(Tor Po) == = (4)
AV (T,
+ 28 VDo pO)(p—po)—InV;WW(T,p,XLW)—In&VW

RT



where x;* and y.%, denotes the mole fraction and the activity cogffit of water in the
liquid phase, respectively. Ay i (To, o), Ag'Hp W(ToiPo), ACo o w(TePe)  and
A;anjvw(To, p,) are the difference in chemical potential, molathafpy, isobaric molar heat
capacity and molar volume between water in the pgued and the pure metastable hydrate
phase under reference conditions for temperatu@ pressure ofT,=273.15K and

P, =0 MPa [34], respectively. Along with the empirical coast b, these quantities are
regarded as parameters determined by using vaexperimental and calculation techniques
[35]. EqQ. (4) is derived from an empirical expressfor AZWC;,m,W, which was e.g. also used

by Holder et al. [46], via classical thermodynama@tationships (Appendix A.2).

The reference parameters describing the phase ehgngL, were taken from different
literature sources [35,47-49] as compiled in Tallle Since the data available for
A;W/,JV"V (Ty, P,) show strong variations among different labora®fg], this parameter needs
to be selected with precaution when being usedlcutations ofC;; along with a given set
of Kihara parameters [34]. A great variation isoafletected among the values published for
AgH; . (To, Po)- In contrast, literature data dk*C_ (T, Po), b and AV, (T, p,) are
less numerous. Based on the conclusions drawrdin ff3e data of Handa and Tse [49] were
used forAz 44, (Ty, p,) and Ay H, , (To, Py) - The value ford V. | (T,, p,) Was taken from

John et al. [48], while the values fﬂ'ZWC;,m,W(Tm p,) andb were taken from Sloan [35].

Table 1 Parameters characterising the phase change betiveeempty” hydrate phase
B and the pure liquid water phake,

sl sl
ALwlu\‘/’v (T P ) J mo[’l a —1263 —8838
4 Ho (T Po)/ _1207 _937
-1126 -93f
1287 -1068
Ay H; L (To py)/Imol &P 4622 4986
Mo (Mo Po)/ 4627 4986
4297 4617
5080 5247
AZCo o w(To Po)/IK™ mor™? 38.12 38.12
b/JK™2 mol™? —0.141 -0.14f%
D; Ve (To, Po)/c’ mol ™2 —4.5959 —4.99644

% The numerical values for the parameters compilea: fare the negative values of the values givethén
original sources due to the inversely defined déffeces as outlined in the text.

® Since the original data are given B8H; (T, p,). the Ay H. | (T,, p,)-values presented here are derived by
adding the molar enthalpy of fusian H; (T, p)=AH;, (T, P =6011Imof [48] to -AH. (T, p,)-

2" ed. of the monograph of Sloan [35].

YDharmawardhana [47].

¢ John et al. [48]. Since the authors presgfit’  (T,, p,), the value the molar volume of fusion of ice,
AN (T P =LYV, (Tep)=-1.6cni mol', as determined from X-ray diffraction data of von
Stackelberg and Mdiller [50], has been addedAgV," (T, p,) for obtainingAzV" (T, p,)-

"Handa and Tse [49].



2.4 The solubility of the gases in the aqueous liquidhase

The solubility of gasj (j =CH,, CO,) in the liquid phase, expressed in terms of théemo
fraction x].LW , Is estimated via a Henry’s law approach. Herdg,assumption was made that
the activity coefficient ofj, jLW , I.e. the so-called salting-in or salting-out efff9], can be
neglected. Setting, J.LW =1 and assuming that the partial molar volum%jLW of j atinfinite
dilution is independent of pressure, the phaselibgum condition reads [35]

Vo
£O = fhv =xbuk, (T, p;'v)ex;{—p - J (5)

where ij is the fugacity ofj in the gas phase which is calculated by meankeoSbave-
Redlich-Kwong EOS [42] andk, , (T, p;) denotes Henry's constant at the saturation
pressurep; of the pure solvent, i.e., at infinite dilution gf. The lower integration limit in
the Poynting correction has been approximatelysgh =0 MPa, as it was done by Sloan
[35]. Like in our previous work [34], an averagdueaof V' =32 cni mol* [51] was used
for both gases. Henry's constantlatand p; was calculated from the empirical relation [35]

k, . (T,pS )
g (T P) exp(——4 185 JLaO +a1?K+a2 In(lg +a31}gj (6)

1.01325¢ 10 Pa Rx Km

The numerical values of the constanjs a,, a, anda, are listed in Table 2.

Table 2 Parameters appearing in the correlation (eq. (8)Henry’s law constant

% & Er 8
CH/® —365.183 18106.7 49.7554 —0.000285
COf -317.658 17371.2 43.0607 —-0.002191

42" ed. of the monograph of Sloan [35].

2.5 The eNRTL-model

For the case of a single solvent, agueous multicorapt electrolyte system considered here,
the eNRTL model [15,20] describes its molar exd@gshs energy by referring to the basic
microscopic characteristics of electrolyte solusiomhe model accounts for the long ranging
inter-ionic forces (subscript LR) and the shortgarorces (subscript SR) acting between the
various species by splitting up the molar excedsb&ienergyG-" into the sum of the two
corresponding contribution8: |, and G,z [20], respectively, according to

GED = GnEELR +GE,SR’ (7)

where G stands for the long-range ar@f; for the short-range contribution 3.
The asterisk denotes the unsymmetric reference &ae further below). From an expression
for G5 or GE", expressions for the symmetrically referencedvigticoefficients Y, ; and
the unsymmetrically referenced activity coeffic'ﬂal}yﬁ ; can be derived in the usual way via
the thermodynamic relationships given in Appendi8.At follows from eq. (7) that for all
speciesjUS[1 & S, (see explanations below) y, ; (as well asn yfj) is given by

Ny, =Ny = +IN ¥ s (8)



where y, ; r and J, ; s are the respective contributions g ,. The presentation of the
model in the following sub-sections is mainly basadthe modification published by Bollas
et al. [] of the multicomponent version of the eNRModel of Chen and Evans |

2.5.1 The description of the composition of the system

In the most general case the system is a multicoemgoglectrolyte solution consisting of
N,, +1 molecular componentsn,, m,...,m, , N; cationic speciesC,,...,G,_ and N,
anionic species\,, ..., A, , respectlvely Wherealsb stands for the molecular solvent (here
water, i.e.m,=w), m,...,m, designates the set of possible additional molecsddute
species, respectively. The corresponding setsesfiep are denoted Iy, S. and S, , i.e.

:{m), m,... ,mNm}
s.={C......G} )
S, ={A. ... A}
The systems treated here contain strong electeol@e A, (abbreviated as CA)

which dissociate completely intg. ., cationsC*" andv, ., anlonsA'ZA

Ve cafWacn VC,CACZC+ +VA,CAA|ZA|_ (10)
The composition of the system might either be attarssed by means of the mole fraction
x; of speciesj, calculated from the complete set of mole numiversf species according to

X =— i (foral jOSO § S.), (11)

J
> oo
jOSH S S,
or in terms of the amounts of the chemical comptmesgardless of what happens to their
particles when being dissolved. These quantities called here “overall” or “apparent”
quantities. For example, the overall molaligyof componenk is defined as

:ﬁ:ﬁwM (forall kO{SP Sca} \{w}), (12)

where i, is the overall mole number of compondntand m, and M, are the overall mass
and the molar mass of water, respectivedy, designates the set of salts used for preparing
the respective solution, which in combination witte condition of complete dissociation
determines unambiguously the mixture compositioteims its species.

2.5.2 The long-range interaction contribution

In the framework of the eNRTL model the long-raegetribution toG:", G-\, =G oo, IS
modelled by a Debye-Hiickel term as modified by étit@ndicated by subscript PDH), in
which the solvent is treated as a dielectric cantm [17,18]. The set of independent
variables for representings; .., consists of temperature, molar volume, the cheimica
potential of the solvent and the mole numbers b$alute species, corresponding to the so-
called McMillan-Meyer-framework [52]. Therefore theitzer-Debye-Huckel equation is
based on an unsymmetric reference state whe@hy,,, vanishes when the mole fraction of
the solvent specieg, approaches unity.



lim GE%,,, =0, (13)

Xy -1
X, — 1 is equivalent to the conditiori:j#W X; —» 0, explaining the term “unsymmetric”.
Gi +on Vanishes if the pure component state is approafdrethe solvent, but the state of
infinite dilution is approached for the solute spsc

Since G, 4, accounts for the long-range Coulomb forces betwbencharged species
only, its composition dependence can be represaritikly by means of the ionic strength.
The ionic strength, expressed with respect to tlodenfraction concentration scalé, , is
defined through the relation

l, =1 > Zx (14)
2057 s,
where z; is the positive or negative charge number of jarWith 1, , the defining equation
for G, oy [18] reads
GE,DLR C;rE:,’PDH —

|
= = 4AM V2= In(1+p1}? 15
RT  RT Y p (1011 (15)

In eq. (15),T denotes the absolute temperatuvk, the molar mass of the solvent water and
p the closest approach parameter, respectivglyis the so-called Debye-Huckel-parameter
which for aqueous electrolyte systems can be egpdesy

1(2N,, 0 ) e )"
ATS ar ( 3 } -
7| &8 kT

where N,,, k;, e, and g, stands for the Avogadro constant, the Boltzmanmstmt, the
elementary charge and the permittivity of free spaespectively [41]£,, is the relative
permittivity and p;, the density of water, respectively. Since the micaevalue for each of
the quantities in eq. (15) and (16) depends onréspective unit employed, the numerical
factor 1000 given in the original publications (€l.47,18,53]) has been omitted in both eq.
(15) and eq. (16)A, is based on molality as the underlying composisoale and has the
dimension mas$®x (amountof substanc€. Numerical values of the Debye-Hiickel
parameter are usually given ky*> mol'*? and at298.15K A,=0.391kd* mal*?. In case
of water being the solventy, is provided as an empirical function of temperaty Chen et
al. [20], which was also used here. It should meanied that the expression given in [20] has
to be multiplied bykg?? mol'*? to give the correct results. The closest apprgpechmeterp
has been set to a value of 14.9 in accordancethgtivork of Chen and co-workers [20,21].

The general expression for the long range intevaatontribution to the activity coefficient
yXD’J.'LR, valid for all types of species, ionic as wellraslecular solute and solvent species,
Le.,, JOSH & S,, is derived from eq. (15) by using eq. (A.8) ipapdix A.3.

z?|12—2|32J

27°
= - -y2 V2 X
In yXD,j,LR - A/’Mw (( p] jln (1+ plx ) +—Jl+p|>1(/2 (17)

2.5.3 The short-range interaction contribution

A modified version of the Non-Random-Two-Liquid nebdof Renon and Prausnitz [54]
(indicated by subscript mod-NRTL) which is basedtloa local composition concept (index

9



LC) is used to describe the short range contribuj s, = GF, osnrr =G ic t0 G5 In
contrast to the Pitzer-Debye-Hiickel model, the rinedi NRTL model is based on a
symmetric reference state, i.e., it provides anresgion for G ¢, the symmetrically
referenced molar excess Gibbs energy rather tha®fa. In other words, the model uses
the pure liquid solvent, the hypothetically purguid molecular and the hypothetically pure
liquid homogeneously mixed electrolyte solutespeesively, as reference states.

im G, ¢ =0

1imlGnE =0 (forallmOs, \{w}) (18)
Am S,

JimlGnE =0 (forallCAOS.,)

Xca -~ '

whereX,, X, and X., denote the overall mole fractions of the solvémt, molecular and the
electrolyte solute components, respectively.

The reference value used for defining the shorgeacontribution to the excess molar
Gibbs energy is the residual molar Gibbs energhefpure molecular component/species for
each mOJS,. The hypothetically homogeneously mixed completéigsociated liquid
electrolyte mixture [21] is used as reference di@t¢he residual molar Gibbs energy of ionic
speciesC0S. andA S, respectively.

Grs rr$1fcell Grlr:\:c;n -cell gmm (for a” mD Sm) (19)

Gn St =2¢ ), YaGac (forall COS,) (20)
AOS,

Gr et =124 1D YeGca  (forall AOS,) (21)
CO.

In egs. (19)-(21),9,,,» 9.c and g., denote the energies of interaction betweem, A-C
and C-A species, respectively. With regard to the indigidionic activity coefficients, the
symmetrical reference frame implies that the aistigoefficients approach unity only if for a
given COS. (or AIS,) all other ions vanish except for another singlanter ionA S,
(or CUS.). This corresponds to the state of the pure, ihgiatally homogeneously mixed
liquid pure electrolyte componer@A . In egs. (20) and (21)Y, and Y. are the so-called
ionic charge fractions defined according to [15]

Y, = Xc (forallCOS.) (22)

&
X

Y, = <=2 (forall AOS,) (23)

z X,
A'0S,

In egs. (22) and (23)X; is the effective mole fraction of speci¢swhich is defined by [21]

< = h o = 1 for jOS, ”

PG WG T2 for jOsD s, (24)

The symmetric reference frame leads to the follgvarpression fOGnE,SR [21]

10



z XiGiml jm Z XGjcacljcac

JOSH & Sa X Y jOSH Sa
RT % > X6, % mz " Y XGicac
i'0SP & Sa JURSINRC (25)

Z XGjACA iA,CA
+Zx ZY oSk & XG

ATS,
I'0Sp &

E
c-:'m SR _

i'A.CA

whereG,,, G,c,c andG;, ., are the Boltzmann kind factors ang,, 7, ,c and7;, ., the

jm?

corresponding dimensionless interaction energympeters [15,21]. The quantitieS,, for
j=m’, C andA, respectively, are calculated for am{1S according to [15,21]

Gym= exp( —a,ﬁmrm,n) (foralms,, mds,) (26)
=Y Y,Gepn (forallCOS., mOS,) (27)
AOS,
Gam= D, YeGean (forall AOS,, mOS,) (28)
COS:

Geam inturnis given by [55]
Genm =6XP(~Tennlcan) (orall mOs,, COS., AOS,), (29)

where a., ,, andr., ., are basic model parameters. The Boltzmann kintbfa¢, . .. for
j=m A", andG,, ., for j=m,C, are defined similarly to eq. (26) and eq. (2%9)][By

Gicnc =€XD(~Acadjcnc) (orall jOSH S,, COS., ADS,) (30)

Gipca =€XP(~Tjacalinea) (orall jOSH S, COS., AOS,) (31)

In egs. (26) and (29-31), the dimensionless questi,; , @;c,c and a;,., are the so-
called nonrandomness factors.

The interaction energy parametets, andr,,, are obtained from [15]

InG
Ie,=———= (forallCOS., mOS,) (32)
aCm
InG
Tam =~ AT (forall ADS,, mOS,) (33)
Am

where thea,,’s are obtained from the independent nonrandonfeessrsa., ., =a,, ¢, Via
the same type of mixing rule as the one being émecalculating the quantitgs, | [15,21].

=Y Yilcan (foral COS., mOS,) (34)
ADS,

T = > Yelcpn (forall AOS,, mOS,) (35)
s
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Whereas o ac =Qpcnc AN Aopca =0caca @S WEll @ST,c pcy Tac acr Toaca and
Tca.ca Delong to the set of basic parameters of the magel,. and7,, ., are composition
dependent quantities which are derived by meatiseofollowing relations [15,23]

a,
A (rCA,m _Tm,CA) (forallmOs,_, COS., AOS,) (36)
amC,AC
— aCA,m
Tonca =Tam =" (Toam Tmea) (orallmos,, COS,, ACS,) (37)
amA,CA
Like 7., and 7., ., T, ca IS yet another independent model parameter. Itr@8sNa, . ,c
anda,, ., are setto [15,23]
e ac =g, (forallmids,, COS., AOS,) (38)
Auaca =0, (forallmds , COS., AOS,) (39)

Since the solvent activity coefficieny;vgv, is of fundamental importance in modelling the
H-L -G -equilibria treated in this study, the expressionthe short range contribution to the
symmetrically referenced activity coefficieny, . ., of molecular speciesn is explicitly
presented at this stage. Partial differentiatiomefGnE’SR-expression defined in eq. (25) with
respect ton; for j=m (mOS) according to eq. (A.8) leads to the equationifoy, . o

XiGimT jm X G Y XGiuTjm
|ny — (0SH & Sa + z m mni __jOsp & S,
X, m, SR mm’
Y %G @, 2 XGp 2 XG4
j0SH & S Di0SH & Sa 0 0jUS, % S
Y .X.G z ijjC,A’CTjC,A’C
A" ~mC,AC jDSnD S,
+z z Tncac ™ = (40)
COS; AT S, Z X;Gjcuc Z XiGjcac
JOSP S, JOSE S
Y.X G Z XjGjA,C’ATjA,C’A
+ cMAPmACA _i0SE &
2. 2 X .G fma.cn X .G
ADS, @ & Z i"~i'ACA Z i"CjACA
0SS 0SH S

Eq. (40) holds for almdS, and thus also fom=m, =w. Since ), , s iS normalised in
line with the unsymmetric convention according te pure component reference frame, no
further adjustment of the value derived from e®) (3 needed for this case. Contrary, for
deriving the activity coefficients of molecular std speciestS,“\{w} , Which in
accordance with the unsymmetric convention are llyseapressed within the Henry's law
reference frame, normalisation of the activity €icednt to the infinite dilute state is required
for obtainingIn yXD’m’SR. Even though the presence of molecular solutesollied in the liquid
phase was neglected in this work, the corresponftingula for In y; s [15], derived by
means of eq. (A.3), is mentioned here for the sdla®mpleteness.

IN Y sk = Tum TGmulmw  (for all mOS, \{w} ) (41)

In contrast toy, ,, sz, the expressions for the activity coefficientstiod ionic species are
not required for the exclusive modelling of theiment gas hydrate formation conditions.
Nevertheless, they are also discussed in the framkewf this study for two reasons (see
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appendix A.4): Firstly sincény, ; (along with InyXD'j , the mean ionic activity coefficients
Ny, ca. andIny, .., as well as the infinite dilution activity coefiémts In )% ;) for all
j0SH S,, as given in both eNRTL model versions [21,23] evalso incorporated in the
model implementation of this work. Secondly, sittee most general expression fary, . .

in the refined eNRTL-model [23] does contain a mgperror, while the expressions for both,
Iny, < sr @ndIn ), sg Presented in [23], respectively, are erroneous.

2.5.4 On the basic model parameters and their temperatureependence

The basic model parameters to be adjusted to b{maater + electrolyte} systems at constant
temperature are the nonrandomness faotpr, and the dimensionless energetic interaction
parameters,, ., and ., ,. The latter are weak but well behaved functionseaiperature.

In practice, the nonrandomness factor is ofteni@ripset to a fixed value. Hence, only two

parameters are needed to describe an isothermaiosobf a single electrolyte [21]. For the

general case of a multicomponent system underasoidl conditions, containing besides the
solvent additional molecular solutes as well asci@pecies, combinatorial considerations
lead to the number of eNRTL model parameters reduor its description (Appendix A.5).

In multicomponent systems the independent modeimpeaters arex, ., @, ca» Tcpca s
aAC,AC" Tmm” Z-m'm’ Tm,CA’ TCA,m’ Z-AC,AC” TAC’,AC’ TCA,CA” and z-CA',CA' Z-n‘rn" Tm’m (and
possibly a,,,) are adjusted to molecule-molecule binary systéhese values can be taken
from data sources for the NRTL-modet), oo Tacacr Toacar @A Tea cn (@nd possibly
Ocpcn and a,. o) are adjusted to ternarysolvent+ salt + salf =~ systems involving
electrolytes having one ion in common. Actuallycian be setr,. ,o =T c ac and
Teacn = Tea ca [21]. Good results are even obtained by settirggehparameters to zero
[21]. This is an example for demonstrating the tace capabilities of the model.

The non-randomness parameters are usually sefaoltdealues, as it was also done in this
work. Whereasr,,, = 0.3 is typically used for describing the molecule-nuole interactions
(parameter was not used in these calculations siocenolecule-molecule interaction was
taken into account), a value of 0.2 is usually aeéddor a,, .., Qcp cp AN Ay oo [53]
Confining to this procedurey,, ., was set to 0.2 throughout in this study.

The parameters, ., T.car Tcamr Tcaca anNd T,cac, respectively, are functions of
temperature. Their dependence on temperature @ibed by means of empirical functions.
The molecule-molecule interaction parameters aserdeed by [53]

A‘nm’,l

Tmm’(r):Anm,O-l_?-l-Anm,Zln(%j +Anm,3T (42)

whereas the following functions are proposed facdeing 7, ., (T) andz, .(T)

Bm, , T-T" T

Toca (T) = Bi.cao +% +B,ca 2( T +In (Tref jj ' (43)
Beam T-T T

Z-CA,m(T) = B(:A,m,O +% + BCA,m,Z( T +In (Tref j) ! (44)

Similarly, 7., «,(T) and7,. ,(T) are modelled by
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Beac T-T T
TCA,C’A (T) = BCA,CA,O +M + BCA,C A,2(T +In (_jj (45)

T T
Brc T-T° T
Tpc,ac (T) = BAC,A’C,O +% + BAC,A’C,Z( T +In (Tref jj (46)

In the expressions for., «,(T) and 7,. ,c(T), the values forB., ¢, Beaca: and
Bea.cazr @A Buc ac o0 Bacac: @nd By 4c ,, respectively, are often set to zero, like it was
also done in this study."™ is set to 298.15 K [53].

2.6 The thermodynamic description of the gas phase

An equation of state (EOS) approach was used tridesthe vapour phase throughout in the
calculations while a cubic equation of state, tlma&-Redlich-Kwong (SRK) EOS [42],
served for calculating the fugacities of the gasemmponents in the gas phase. The presence
of water in the gas phase was neglected, i.e.,ag assumed thai.‘HG20 =0. Like in our
previous work [34], the values for the SRK-EOS-pagters were taken from Danesh [56].

2.7 Details on the eNRTL model implementation and ovedamodelling procedure

The modelling of the incipient hydrate forming cdiwhs in systems comprising one of the
guest components GHr CO, and an aqueous solution of one or two strong religtes was
performed by means of our updated in-house progementioned earlier. As the main part
of this work, both the previous version of the eNlRfiodel by Chen and Evans [21] as well
as the more recent version of the model by Bollaale[23] were incorporated into the
previous programme designed for gas hyadrate modelif systems without electrolytes.
The newly implemented eNRTL routines (called “cé&ssin the object oriented Java
language) provide expressions for treating multiponent systems composed of the solvent
water and any number of molecular, cationic anddrani solute species. Mixed solvent
systems as included through the model extensidvicak et al. [57] were thus not taken into
account. In particular, the eNRTL implementatiomteans functions (called “methods” in
Java) for the calculation of individual ionic andlecular species’ activity coefficients, mean
ionic activity coefficients, both with respect toetmole fraction and molality concentration
scale, and the osmotic coefficient, respectivekpressions for the different types of activity
coefficients at infinite dilution were also provleThe unsymmetric convention was adopted
for normalising the activity coefficients, i.e.etidenry’s law reference frame was used for the
solute species, whereas the Lewis-Randall referraoge was applied in case of the solvent
species. The basic eNRTL model parameters userkfoesenting the energetic interaction
parameters as function of temperature were reuliéi@m the Aspen Propertiésiata bank
and provided to the programme by means of an xnal-fila.

The algorithm presented by Sloan [35] was usedcfdculating the incipient hydrate
formation conditions at H+\-G-phase equilibrium. Its central element is thietsan of eq. (1
) for the unknown state variables. In calculatihg factivity of water, the influence of the
dissolved gases on the liquid phase non-idealii&s neglected. The mole fraction of the gas
dissolved in the liquid phase was thus estimatedn@ans of the Henry’'s law approach
presented in section 2.4 by assuming tfiaty, = J; ¢ =1. In the calculation ofy, " , the
influence of the dissolved gases oyEVLVW was neglected by setting, ; =7, , =0
(j =CH,, CO,). The gas-salt-interaction parameters were alstoseero. With regard to the
Kihara parameterg,, and¢,,, (j =CH,, CQ,) it turned out that it was sufficient to use the
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set of values obtained in our previous study [®a¢thieve a good overall description of the
incipient hydrate formation conditions at fixedtsaincentration in the initial solutions.

3 Modelling Results and Discussion

3.1 Verification of the correctness of the eNRTL modeimplementation

Initially, in view of the quite lengthy multicompent eNRTL-expressions for the activity

coefficients, the correctness of the model impletaigon was thoroughly examined. For that
purpose, calculated results of numerous selectathpbes were compared to corresponding
experimental data. Mean molal activity coefficierdsmotic coefficients and solubilities were

investigated for single and mixed aqueous eledeaplutions.

3.1.1 Osmotic coefficient of binary {solvent + salt} systems

The calculations carried out for checking the odmess of the code were inspired by the
systems treated in the publication of Chen and &yah]. In the first examples the osmotic
coefficient @ was modelled at 25 °C and ambient pressure fgiessalt aqueous solutions of
alkali metal chloridesMCI (M =Li, Na, K, Rb) and alkaline earth metal halidedX,

(M =Mg, Ca; X=ClI,Br, 1), respectively, using data for the solvent-salternaction
coefficients reported in [21]. The quantity is derived by means of eq. (A.13) using
calculated results foy, . eNRTL-model parameters were taken from [21]

Root mean square relative deviations between tloellaged results and the experimental
data of Robinson and Stokes [58], defined accortiing

2
1 Nexpdata wex ’ —_ %ac
Oy = [ 3 | 200 Han (47)
Nexp data 9=1 (oequ

are compiled in Table 3. As can be verified in BaB the values o&, ., generated in this
work reproduce the correspondiog ., -values of Chen and Evans [21].

Table 3 Comparison of valuedor the root mean square deviatio, . between
calculated and experimental results [58] on theatentoefficient at 25 °C and
ambient pressure obtained in this study and by @menEvans [21], respectively,
for selected alkali chloride and alkaline earthahbtlide aqueous solutions

Salt J(p, rel : aw, rel ° bCA, max
LiCl 0.0227 0.024 6
NaCl 0.0118 0.012 6
KCI 0.0023 0.002 4.8
RbCI 0.0015 0.002 5
CaCb 0.0238 0.025 2.5
CaBp, 0.1235 0.13 6
Cab 0.0220 0.024 2
MgCl, 0.0838 0.09 5
MgBr» 0.0896 0.09 5
Magl, 0.1036 0.11 5

&This work.
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® Results of Chen and Evans [21].

3.1.2 Ternary {solvent+salt, +salt} systems

Calculations onsolvent+ salt+ salt systems were performed in order to provide evidenc
for the correctness of the programme implementdtothe general case of multicomponent
electrolyte solutions. In each of these selecteslesys, the two different salts have one of
their ions in common, i.e., they are either of tigpe {HO+CA+C,A} or

{H O +CA, +CA } . Osmotic coefficientsp, mean molal activity coefficienty; , ., and
salt solubilities were derived and compared toltedaund in the literature.

At first, in an attempt to reproduce Figure 2 given21], ¢ was calculated for the system
{H O +NaCl+LIiCl} atT =298.15K, p=0.1MPa and constant overall electrolyte molality
of by =2molkg™ as function of the relative amount of LiCl in tsalt mixture (Figure
1). The latter was expressed in terms of the olverale fraction of LiCl in the solvent-free
binary sub-systeiNaCl +LiCl} , i.e., X ¢, naciiicr = B /(alaCI +h,c,). ¢ was modelled for
three different values of the salt-salt-interactparameters. Chen and Evans claimed that the
curves B, C, and D in Figure 2 of their article [2lould correspond to parameter values of
Taarer e = Tl na‘or =0, 1 and 2 andr =0.2. The curves B-D given in Figure 2 of the
original publication along with the linear interatibn line A betwee(X ¢ yacisLics =0) and
A Xici naciiuicr =1) are reproduced from [21] by means of the programipietdigitizer”
provided by the Physics Department of the UnivgrmsitSouth Alabama, USA [59]. They are
represented as red lines in Figure 1 a) and bho#ijh Chen and Evans do not explicitly
mention the numerical valueg.,, and 7, ., used for creating the curves gf against
Xic nacisLicl It €Can be assumed that they used the data prélsemt€able 1 of the same
publication [21]. The latter are compiled in theveolabelled as “Figure 1 a)” in Table 4.
Using these values for.,, andr, .., and O, 1, 2 for the salt-salt parameters, theesur
published in [21] could not be reproduced. Howewenen incrementing the values of the
latter by one, and hence settimg . _ =T g navor- =1, 2,3, the curves B-D could at
least be reproduced qualitatively (see Ilght blueves of Figure 1 a)). Nevertheless, the
values of X i, naciiicr =0) between this work and [21] do still not match. ndgfor 7., ,
andr, ., the values provided by Chen et al. [20] and listethe last two rows of Table 4
again together With’Na"CI‘,Li"CI' =T e nar- =1, 2, 3results in the turquoise curves in Figure
1 b). Although the values oAX ¢ yaci:ic =0) do almost coincide, a deviation can be
detected forAX ¢, yaciric =1) between this work and [21].

Since the correctness of the Java implementatisrbban checked independently through
the same calculations performed by using the coemmalgebra software Mathcadversion
14), it is believed that the results calculatedthis work are correct. This conclusion is
additionally supported by the fact that the chamgslope of the curve D generated in this
work (light blue and turquoise curve D in Figurejland b)) is smoother than it is for the
corresponding curve presented by Chen and Evads(iree D).

Table 4  Binary water-salt interaction coefficients used fmnerating the light blue and
turquoise curves in Figure 1 a) an b), respectjvafyy for {H O +NaCl + LiCl}

CA TW,CA TCA,W
Figure 1 a) NacCl 9.0234 -4.5916
LiCl 10.1242 -5.1737
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Figure 1 b NaCl 8.885 —4.549
LiCl 10.031 —5.154

&Chen and Evans [21].
® Chen et al. [20].

Calc., this work with parameters

7, cas Tca, w Of Chen and Evans (1986),
Calc., Chen and Evans (1986) Calc., Chen and Evans (1986)
— — — - A: Linear interpolation, lin. interpol. —_—— A , lin. interpol.
______ B: 7goer o = b e uar =0 -————- B: » Tnaer,uitar = 0
—re C: Tcr,vier = 2 Taer, Lier = 1 e C: s Taer,Li'er = 1
— D: Wna‘er, Lier = 3 Wna‘er, Licr = 2 D: s Ina‘ar, Licr = 2
1.25 T T T T T T T T T 1.25 T T T T T T T T
1.20 E 1.20 .

S 110

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

- _= - _=
a) XLic1 =~ *Licl, NaCl LiCl b) XLic1 =~ *Licl, NaCl LiCl

Figure 1 Osmotic coefficient of the systeftd O +NaCl +LiCl} at constant total overall
molality by, =2molkg™, T =298.15 K and ambient pressure as function of
the salt mole fractior ¢, naciiiar = Ric /(e +Ria ) - Light blue curvesn a) and

in b), this work with solvent-salt parameters givia [21] and
[20], respectively, and salt-salt-parametegs, i = 7Tcnac =1, 2, 3 for curves
B-D, respectivelyRed curvedn a) and b) reproductions of the curves presented
in Figure 2 of the original publication of Chen akstlans [21] with supposed
valuesT.q e = Tucnae =0, 1, 2. Curves A: linear interpolation.

As a further example for verifying the correctne$ur eNRTL model implementation,
the mean molal activity coefficientg ., ., of NaCl and KCI in the{H O +NaCl +KClI} -
system have been modelled at 25 °C (Figure 2) usig (A.9)-(A.12) along with egs.
(A.15)-(A.18). For the expressions fgr ; and y;’; (jUSL S,) in the older model version,
the reader is referred to [21] and [15], respetfivEhe calculations were inspired by Figure 1
presented in the article of Bollas et al. [23] ihigh the authors have performed calculations
ON V) nacie @Nd )y o . Using values for the salt-salt-interaction pararsebf Twcr kor =
prTN— =0, 0.25,0.5( to compare the performance of the simplified [PRigure 2 a))
and the refined eNRTL model version (Figure 2 B¥pectively [23]. The reproducibility of
the curves given in [23] (reproduced from [23] &l rand orange lines in Figure 2,

respectively, using the freely available programtpitdigitizer” [59]) by means of our

17



programme in both model versions (blue and turcubres in Figure 2, respectively) serves
as a further evidence that both the new [23] ardpttevious model equations [21] had been
correctly implemented in our programme.

Ig 7, s« for CA = Ig 7, cx. . for CA =
NaCl (this work, Bollas et al. (2008)), NaCl (this work, Bollas et al. (2008)),
KCI ( 5 ) KCI ( 5 )
according to the model version of according to the model version of
Chen and Evans (1986) Bollas et al. (2008)
—— = A fyaka =0 —— - Aok =0
—————— B: 7 kor = 0.25 —————= B ko =025
—ree C: myer, ke =050 —re C: yer, ke =050
-0.05 T T T T T T T T T -0.05 T T T T T T T T
0.10 E -0.10 [ -
\:\\\b ~. \\
H \"*-“ H :
g \t\ \:‘“\.-\.,‘ g \"\_\\\
R B N T C ] S OIS E \\\\\\\\\ i
) - ) N
"B S~ \\\:\t\
B N NNA
020 - Seal T 020F 8 BN
\ . C o
C T ™
0 25 1 1 1 1 1 1 1 1 1 0 25 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
a) Xka = Xkal, aci kel b) Xka = Xkal, aci kel

Figure 2 Prediction of the mean molal ionic activity coeiiiots of NaCl and KCly; .c,
and ) ., of the systen{H O +NaCl+KClI} at 298.15K and a total overall
molality by, =4molkg™ with various salt-salt energy parameters using the
equations fory, . and y,, of a) Chen and Evans [21] and b) Bollas et al].[23
Comparison between the results of the eNRTL impteat®n for ), ... and
in this work and the results on’ ., . and given in [23].

3.1.3 Skx-Lw and ci-Ski-Lw equilibria encountered in the system{H O + Kl + KCI}

As an example for equilibrium calculations perfochweith the eNRTL model, the solubility
curve of the systerfH O +KI +KCI} atT =298.15 K angb = 0.1 MPa is shown in Figure 3.
To model the solubilties in this ternary electrelglystem, values for the solubility products of
the salts,K and K, (¢, are needed in addition to the eNRTL model pararsetWith

sp, KlI
Kep. i = 4 2p346 and K, ¢, = —5.9695 [21] gained from a data regression of the soltybili
data of Linke [60], the salt-solvent interactiomgraetersr, , W s -4.1217, 1 Wk =7.940¢,
Teogrw = 4 1341 and 1 wK'Cr =8.1354 [21] and the salt salt parameter§ oo q- = 0-109
andr,. - =0.124 [21] the solubility curves (Figure 3) were repuodd well. However,

since the visibility of the respective curves iguiie 5 a) of [21] is restricted, no attempt was
made to reproduce the fragments of the curve. ddstenly the experimental data compiled
by Linke [60] are shown in Figure 3 for comparison.
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Figure 3 Salt Precipitation in the systefid O +KI +KCI} at T =298.15 K and ambient

pressure.-¢) S L, - (®) S L - and ) S L, -equilibrium, this work.
(O) experimental data [60] (data point&, -S, -L, equilibrium is the averaged

value over the data points given in [60]).

3.2 Application of the eNRTL model to the description & gas hydrate equilibria

Four different aqueous ternary or quaternary edgdtr systems of the typel,O+ CA +gas

or H,O0+ C,A+C,A +gas have been modelled. The influence of the stroagtellytes NacCl,
KCI and CaC{ on theHL G -phase equilibrium obtained in mixtures containihg hydrate
forming gases methane (G@Hand carbon dioxide (C{) respectively, was investigated.
Values of the eNRTL solvent-salt paramete8s, , ,, B, ; and B.,, , and B, ., o,
B, ca: and B, ., , for CA=NaCl, KCl, CaC] were retrieved from the Aspen Propeflies
data bank of the Aspen Engineering Suite and atediin Table 5. Salt-salt-parameters were
set to zero. The influence of the amount of gasal®d in the liquid phase on the activity
coefficient of the solvent speciqé,jww was neglected. With the eNRTL expression ;{m
(eg. (8) in combination with eq. (17) and eq. (4&) j =w), modelling calculations have
been carried out on the three-phdsd. -G -boundaryp-T-lines of ternary and quaternary
mixtures at different values of the ionic strengthslving gas hydrate phases.

Table 5 lon-pair-water eNRTL paramete., ., o, B.,, . and B.,, ,, and water-ion-
pair eNRTL parameters, ., o, B, ca1 and B, ., , for CA =NaCl, KCI, CaCl

w

required for obtaining, ,(T) andr, .,(T) according to egs. (43) and (44).

Parametér NacCl KCI CaCl,
Beaw.o —-3.789168 -4.060085 —5.06
Beaw:/K  —216.3646 —30.93534 0.0
Beaw,2 -1.100418  1.42956 0.0
Bu.cao 5.980196  6.849537  10.472
B, ca1/K 8415181  402.9818 0.0
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By.ca2 7.4335 0.206522 0.0

2 Retrieved from the data bank provided by Asperperiies .

The Langmuir constan€;; was expressed by means of egs. (A.1)-(A.3) in eofthe
microscopic quantitiesr,,,, €;,,, @, z and R. The Kihara parameters;, and ¢,,, were
taken from our previous study [34], whereas the erical values for the hard core radias
were taken from [35]. The complete set of Kiharaap@eters, including a comparison with
values published in the literature for,, and¢,, [1,35], is compiled in Table 6. With regard
to the radiusR of the cavity of typei, R =395pm was used for the small*s and
R =433 pm for the large 56°-cavity of sI hydrates, respectively, whereRs= 391 pm was
used for the small’s- and R =473 pm for the large §6-cavity of sll hydrates, respectively
[35]. For the coordination numbez, the value 20 and 24 was employed for the small an
large cavity of structure |, respectively, wher#as value of 20 and 28 was used rof the
small and the large cavity of structure Il, respety [35].

Table 6 Kihara parametersz,,, - and g, -values obtained from a previous regression [34]
along with corresponding literature datg:values taken from [1,35]

aj/pm Jjw/pm gjw/(kBK)

CHq 38.34 315.03 158.77F
314.39% 155.593
316.56 154.54

CcO, 68.05 298.30) 171.47
297.638 175.408
298.18 168.77

32" ed. of the monograph of Sloan [35].

® Used in this study. Taken from our previous puilin (data set of “Model 3”) [34].
3" ed. of the monograph of Sloan and Koh [1].

3.2.1 H-L,-G-equilibrium in aqueous electrolyte systems containg methane

Modelling calculations on the incipient hydrate nfong in the electrolyte systems
{H O +NaCl+CH,}, {H O +NaCl+KCI+CH,} and {H O +NaCl+CaCl, + CH,} were
carried out for mixtures of given initial salt camtration in the liquid phase. The modelled
results are presented in Figure 4 in termg-0f H-L -G -phase boundary lines along with
corresponding experimental data of Dholabhai gf18191) [61].

For the systemgH O +NaCl+CH,} and{H O +NaCl+KCI|+CH,} (Figure 4 a)), the
model shows a good overall performance despite rtHatively high pressure range
(2< p/MPa< 1() covered. The values for the Average Absolute fRedeDeviation (AARD)
between the experimental [61] and calculated pressiefined as

Nexp data —_
<|Ap |> = 1 z | pexp,q pcalcq | (48)
p Nexp data 9=1 p expg

range from 2.8 % for the mixtufgd O +NaCl+CH,} with X, =0.0094 to approximately
7.0 % for the two salt-system witk,,, =0.0367 and X, =0.0354. The curves show the
potential of the salts for acting as inhibitorshwieéspect to the formation of gas hydrates since
at T = const the pressure rises with increasing salt conceairat
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While for the system{H O +NaCl+CaCl, + CH,} (Figure 4 b)), the temperature and
pressure range265<T/ K< 281, 2< p/MPa< 1() as well as the AARD values relative to
the data of Dholabhai et al. (1991) [61] are corapkr with those of the previous mixtures
(between 2 % and 6 %), the overall electrolyte eotration is smaller. However, since the 2-
1-electrolyte CaCl, possesses a bivalent cation, the ionic strengtberas not smaller. Not
only doesCacCl, release three ions in solution, but tge* -ion does also have a higher
charge and charge density than #&-ion, leading to an increased hydration of th&* -ion
[62]. Nevertheless, the performance of the eNRTIdehdor this mixture is still very good.
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— R alc. Calc.
B _<Q> - léy;;l)c.; Xnacr = 0-0097; X, = 0.0076 EXP'; Xyac = 0.0198; xcml =0.0052
- = alc.
A Exp.; X, =0.0166; x,. ., = 0.0131 — —
A Cale, @ L8 ExXp.; Xy,¢) = 0.0340; X, = 0.0054
° Exp.; Xy, = 0.0173; X, , = 0.0271 Cale.
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v ExpiTe = 0.0367; T, = 0.0354 o nace * Feacy,
——y-—- Cale. = =
o Exp.; Xy, = 0.0552; X, ., = 0.0231 gxf'; Fnacr = 002115 X, ¢, = 0.0185
— —0-—- Calec. alc.
R+—rrr+r———r 12 T . T
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0%l
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Figure4 H-L,-G-p-T equilibrium data in a) the system@gi O +NaCl+CH,} and
{H O +NaCl+KCI +CH,} and inb) thesystem{H O +NaCl+CaCl, + CH,} at
given overall mole fractions of the electrolytesnds and hollow symbols:
modelling, solid symbols: experimental data of Ritblai et al. (1991) [61].

3.2.2 H-L-G-equilibrium in aqueous electrolyte systems containg carbon dioxide

Incipient hydrate forming conditions have additibypdeen modelled for aqueous systems
containing the same electrolytes as the ones treatsection 3.2.1, but with carbon dioxide
instead of methane as the hydrate forming compqikégire 5).
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Figure 5 H-L -G -p-T-equilibrium in a) the system@d O +CO,}, {H O +NaCl+COQO,}
and {H O +NaCl+KCI +CO,}, respectively, and in b) the quarternary system
{H O +NaCl+CaCl, + CQ, } at given overall mole fractions of the electrogyte
Lines and hollow symbols: modelling, solid symbokxperimental data of
Dholabhai et al. (1993) [63].

As can be seen in Figure 5 a), for the single sgitem {H O +NaCl+CO,} the
maximum overall mole fraction of NaCl isX,.=0.04, whereas for the system
{HO +NaCl+KCI +CO,}  X.cr max T Xker max=0.07.  Within the pressure range of
0< p/MPa< 4 a very good performance of the eNRTL model is pleskfor this system with
AARD values varying mostly between 1 and 2 %. Litkéhe mixtures withCH, (Figure 4),
the curves in Figure 5 a) show that the strongteltes NaCl and KCl act as hydrate
inhibitors, causing the temperature (at a giversguee) to fall, or the pressure (at a given
temperature) to rise for hydrate formation withrgasing salt mole fraction.

Our study is completed by the results of the maatglbf the incipient hydrate forming
conditions in the quaternary mixtufel O +NaCl+CaCl, + CQ, }. The results (Figure 5 b))
reveal that on a similar pressure interval as i@ pimevious example, higher deviations
between calculated and experimental pressures laseneed than for the other systems.
Whereas the result for the two lowest concentratediures is fairly good with AARD values
with respect to the data of Dholabhai et al. (1983]) of 1.3 % and 4.2 % &k, = 0.026¢
and X.,q, =0.003%, and X, =0.009¢ and X, =0.005z respectively, the deviations
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increase up to values between 12 % and 18 % fohitjleer concentrated solutions. This is
most probably due to the influence of the signiiiba higher degree of hydration of the
Ca’' -ion rather than due to neglecting the solubilitytoé CQ in the liquid phase in
calculating ;/XLWW Moreover, since the salt-salt parameters betwéa@l and CaCl, were not
known, the interaction between the ions of the $alts had to be neglected as well.

4 Conclusion

In this article, it is demonstrated by numerousnepies that the eNRTL-model of Chen and
co-workers [15,20-23] has been implemented sucalgsh a Java programme. The eNRTL
model implementation in turn was incorporated inpeeviously developed in-house
programme enabling to perform, among other feafype=dictive calculations om-L -G -
phase boundaries of systems involving gas hydrates.

The correctness of the code has been verified loyleéions on osmotic coefficients and
mean ionic activity coefficients of binary soluteof strong electrolytes and ternary mixtures
of the type{water+ salt + sal} ] where the constituting salts have one ion in comnihe
examples selected for this purpose were taken fhenoriginal articles on the eNRTL model
by Chen and Evans [21] and Bollas et al. [23]. dasecof theH O +NaCl +LiCl} -mixture,
the shape of the osmotic coefficient curves cowtlraproduced with the salt-salt-parameter
values given in [21]. However, upon incrementingheaf them by one, it turned out that the
curves were reproduced at least qualitatively. &itihe results of that calculation had also
been checked independently by means of the com@aldgebra software “mathcad”, it is
suspected that the sequence of the salt-salt cmeffs given in [21] was reported
erroneously. The data of the remaining systemsdcbelreproduced from the original work.
The results reveal once more, that the eNRTL m@deVides an accurate description of
liquid phase non-ideality of the electrolyte systewwver the ranges of state conditions
investigated. The model does not only correlatentibelynamic data, but possesses also
predictive capability using model parameters deieech exclusively from data of the
constituting binaries and ternary salt-salt systetls a common ion [21].

The model was subsequently used in the purely giredimodelling ofH-L -G -hydrate
phase equilibria of mixtures with water, one or tefothe salts NaCl, KCI an€aCl, and
methane or carbon dioxide using a set of Kihararmpaters obtained in an earlier study [34].
In calculating VXLWW the presence ofCO, in the liquid phase was neglected. Salt-salt-
interaction parameters were also neglected. Degpitbese simplifications, thp-T-values
obtained reveal a good overall performance of teeehleading to average absolute relative
deviations ranging from 2 % to 7 %. Only at highemic strengths and when the bivalent
Ca™ -ion gets involved, the deviations increase remtagk reach approximately 20 %. In a
future work this deficiency may be overcome by iempénting a model version that takes
hydration into account [62]. Nevertheless, in viefathe simplifications introduced, it can be
stated that the results are quite satisfying fronergineering point of view.
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5 List of symbols

Normal symbols

a a) Spherical hard core radius in Kihara potenfgl=pm; b) coefficients in
Henry’'s constant correlation with temperature, disienless

A, Debye-Hitickel constant, dimensionless

A Coefficient used in the temperature correlationtfee eNRTL-parameters, .

andr,,. .[A]l =K, [A]=K™, A and A, dimensionless
AARD Average absolute relative deviation

a Nonrandomness factor, dimensionless

(e

Coefficient used in the correlation foA;WCSYm’W(T,pO) with temperature,
[b] =JK?mol™

b, Molality of a chemical specigs [b,] =mol kg™

EK Overall or apparent molality of componént [EK] =mol kg™

B Coefficient used in temperature correlation of @\Rparametersr., ., T ca
Tacacr Tacac: Teaca Teaca- [Bl =K, By andB,, dimensionless

c Constant used for calculating the effective madetions X in eNRTL equations.

¢, to be setto zero fojJS,, and to|z, | for jOSU S, , respectively
C a) Langmuir constanfC] =Pa™; b) heat capacity[C] =JK™
Finite difference between two values of a quantity

NP Finite difference between two values of a quarfotya process from initial state
a to final statefs

e Elementary charges=(1.602176 565 0.000 000 03%) 10 [41]

eNRTL Electrolyte Non-Random-Two-Liquid model for thecess Gibbs energy

EOS Equation of state

Eiw Characteristic energy between gug¢sand host water molecule , [£] =J

&, Permittivity of free spacdg,] =8.854187 81% 18 Fnt [41]

£ Relative permittivity, dimensionless

f Fugacity,[ f] =Pa

g Molar interaction energy in the framework of ti¢RTL model,[g] =J mol™

G a) Gibbs energy|G] =J ; b) Boltzmann kind factor, dimensionless

% Activity coefficient, dimensionless

I lonic strength, dimensionless

Ks Boltzmann constank, = (1.380648& 0.0000018) 10 J#t[41]

Ki jow Henry's constant of gag in water,[k, ; ,] =Pa

m Mass,[m] =kg

M Molar mass[M] =g mol™

Y7 Chemical potential of a species or compongut,=J mol™



n Amount of substance or mole numbje, =mol

N Number in general, dimensionless

NRTL Non-Random-Two-Liquid model for the excess lG&lenergy

N Avogadro constantN,, =(6.0221412% 0.000 000 2¥) %0 mt [41]

vV a) Stoichiometric coefficient, dimensionless; hintber of water molecules per
number of guest molecules in a cage of tiyfleydration number), dimensionless

Pressure] p] =Pa

Molar gas constaniR = (8.314 462 0.000 007 5) J mbl k[41]

a) Density,[p] =kg m~; b) Closest approach parameter, dimensionless
Absolute temperatur¢]] =K

Interaction energy eNRTL-parameter, dimensionless

Fraction of sites occupied by specigsn cavity of typei, dimensionless

nw o N 4 1o

Given set (here of indices) in general
SAFT Statistical Fluid Associated Solution Theory

o Core distance at which attraction and repulsiawéen guest specieg and host
water moleculew in host-pair balance each othfs,, ] =pm

<

Volume,[V] =m?®
VRE Variable Range for Electrolytes; particular rabdariant of the SAFT-EOS

W, Overall or apparent weight fraction of compong&ntdimensionless

X; Mole fraction of chemical speciejs, dimensionless

X, Overall or apparent mole fraction of compon&ntdimensionless

X Effective mole fractions of specigs dimensionless

Y, lonic charge fractions of ionic specig¢s C, A, dimensionless

Z Charge number of speciejs, positive for cations, negative for anions, zevo f
neutral species, dimensionless

Subscripts

A, A’ A" Anionic speciesA™"

b Indicating reference to molality as composition

C,C,C Cationic specie€™"

CA Binary saltC, A, , composed of cations,C*", andv, anions,AF

cav Referring to type of cavity

exp date Referring to experimental data

fus Property referring to the process of fusion

g Referring to type of guest species

[ Type of cavity

iyl Chemical species

k Indicating components (molecular and strong ebdytie components)
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o

Local Composition model

Property referring to Long Range contribution

Referring to molecular species

Molar quantity

Referring to property at constant pressure

Referring to Pitzer-Debye-Huckel model

Index used for counting data points

Property referring to Short Range contribution

Water (the only solvent component occurring irs ttudy)
Indicating reference to mole fraction as compositrariable
Mean ionic quantity

Reference conditions for temperature and pres3yre273.15K, p, =0 MPa

Superscripts

Indicating a concentration quantity of compon&nbased on the overall/apparent
composition (possible dissociation or associateactions are thus disregarded)

O Unsymmetric convention for the normalisation af #xcess Gibbs energy and the
activity coefficients

° Pure component state

o0 State of infinite dilution

£ Metastable empty hydrate phase

E EXxcess property

G Gas phase

H Hydrate phase

I Ice phase

L, Liquid aqueous phase

V4 Any given phase in general

R Residual Property

ref Reference state/frame in general

S Solid phase in general

o Liquid-vapour saturation conditions

A Appendix

A.1 The cell potential function and its relation to theLangmuir constant

The Langmuir constant;; reflects the intermolecular forces between thesgu®lecule j
and the water molecules constituting the cavityypt i by which it is enclosed. Since these
forces are in turn related to the host-guest iotera potential,C;; can be calculated from a
suitable expression for the potential energy of speciesj in cavity i . In this study, the
interaction potential energy was assumed to beritbedte by the cell potentiaty,(r)
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presented by Parrish and Prausnitz [43] which assuthe cavities to be of spherically
symmetrical geometry. In accordance with the suggesf MacKoy and Sinariu [45] this
cell potential is based on the Kihara potential] [&4 the underlying intermolecular pair
potential energy model. In this model the effectrd finite size of the different interacting
molecules is taken into account by ascribing a leard to each molecule [45].

To arrive at the expression faw, (r) , the integral effect of the interactions betweeesj
j and each of the nearest neighbouring host moleeut&in the type cavity is obtained by
means of the averaging procedure used in the loetiry of Lennard-Jones and Devonshire
[65]. In applying the averaging method [65] to the&sembly of the guest species and its
nearest neighbouring spherically arranged wateeoutés, the guest molecuieis regarded
as a spherical hard core of radias[66], whereas the water molecules are approximaged
point molecules. This leads to the following cealtgntial energy function [43]

2 6

w.(r)=2z¢ (aiiw (5 (12)+35 (11)}—0““ ( 3 (4)+ﬁ 3 (5% (A.1)
Ji Z| jw Rllr Ji R i Rsr i R i '

where

5 (N)== (1—L —3]_N —f1+L —iJ_N (A2)
! N R R R R .

In eq. (A.1) and (A.2)r is the distance between the centre of the cawitithe centre of the
guest molecule, whereas;,, stands for the core distance at which attractiod @epulsion
balance each other,;, denotes the characteristic maximum attractive nitte energy.
Along with &, o;, andg,, are referred to as the “Kihara parameters” whiepethd on the
properties of guest species only.and R are the coordination number and the radius of the
spherically assumed cavity They have been uniquely determined for each cénaty x-ray
diffraction experiments and are regarded as inddg@of the guest molecule [1].

It should be pointed out here that throughout ileedture two different coordinate systems
are used (as e.g. in [43,45,64,67]) for expressimg distance quantities and parameters
appearing in the Kihara potential energy express@ften, like in egs. (A.1) and (A.2),
different standards are even used in the same iequgg8]: whereaso,;, measures the
shortest distance between the edge of the corg¢hendiater point molecule, refers to the
distance measured relative to the centre of thetguelecule. The various standards used for
the distance quantities and the possible confusimng from the inconsistent usage of these
different standards have been reviewed by Bakkal. €1996) [68] and Bakker (1998) [69].

The relation between the Langmuir constéht and the potential energg, (r) of the
guest moleculgj in the spherically symmetrical cavityis given by

R -a;

w (r

C,= an j expl — (1) r2dr (A.3)
KT % KT

where T denotes the thermodynamic temperature &gdthe Boltzmann constant [41],
respectively. Althoughw, (r) is not defined at =0, it can be shown that this discontinuity
can be removed since the right-sided limesrfor 0+ exists. Evaluation of the latter leads to
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lim @ (r) =4z | - 9 | 4 (A.4)
roo+ J R—aj R—aj

The lower limit of integration in the expressionedf. (A.3) can thus be set to zero. However,
w;(r) possesses another discontinuityrat R —a, which in contrast to the former is a
singularity with a change in sign that can not emaved. When approaching —a, from
the left side,w, (r) tends to+o, when R —a, is approached from the right S|ghiz“(r)
tends to—co. Therefore sincexp-w; )/k T) diverges wherR —a, is approached from
the right side, the upper integration limit in €4.3) has to be set t(R —3;. The region
betweenR -a, and R is thus to be excluded from the integration inaérv

A.2 The description of the chemical potential of watern the liquid phase

The difference between the chemical potential ofewan the liquid and in theB-phase,
A;W/JW (T, p,X"*), is calculated from the following classical theagnamic relation

AZWuW(T,p,w)ZAZWu;(ro,po)_jA;WH;,W(T,po IALWV”" TP
RT RT, : RT? (A.5)

+Inay" (T, p, X"™)

where X and a;* =a., denote the vector of independent mole fractionstae activity of
water in the liquid phase, respectively. The attiwf water is defined by means of its
corresponding activity coefﬁcier}tt’WW as

a; =X Y (A.6)

T, =273.15K and p, =0 MPa in eq. (A.5) are reference values for temperatune pressure
[34]. Aﬂ L (T,, p,) is the chemical potential difference at standamddtions. Assuming a
linear empirical relationship for the molar isolganeat capacity difference according to

D g Cr (T, o) =85 CL L (To, Po) +D(T =Ty, (A.7)

and regarding the corresponding molar volume céﬁeeA;WV,;’,W(T, p) as constant by using
its value at reference conditionB;WVn:’YW(To, p,), the integration of eq. (A.5) leads to eq. (4)
when eqgs. (A.6) and (A.7) are additionally taketo iaccount. Thereby, use had to be made of
the thermodynamic relationship;*C,, (T, p,) = (0A3 H, (T, po)/aT)p 2

A.3 On activity coefficients and the osmotic coefficien

The activity coefficienty, ; describing the deviation of a given phase fromappropriately
defined ideal mixture (mostly applied to quantifguid phase non-idealities) can be derived
from an expression for the excess molar Gibbs gnéfg according to

1 a(nan)

Iny, =— ——* A.8

Vxi = RT( on, (A8)
T.PN;

where n is the total amount of substance on the basigeties andn; is the amount of
substance of specieg. With the symmetrically referenced activity coei#éint y, ;, the
unsymmetrically referenced activity coefficieyﬁ ; can be derived by
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yszij;" (forall jO{SD & S}\{w}) (A9)

where y;’; stands for the activity coefficient at infinitetion which is defined by

Vei=lm g, (A.10)

Care has to be taken when deriving activity codfits of ions at infinite dilution in multi-
component electrolyte systems in regard of whetinarot this limiting value does exist in a
strict mathematical sense (see remarks in appendix

The activity coefficient refers to the mole fractigindex x) as composition variable.
Conversion to the value referring to molality (inde) is performed by

Vo =KX (orall jO{sp & S,}\{w}) (A.11)

The mean ionic activity coefficieny, ., . is, in contrast to the activity coefficient of the
individual ions, an experimentally accessible gitgntt is defined in terms of the activity
coefficients of the cation and the anion constityithe corresponding ion pair through

I/CCAan/xC-l-I/ACAIrIJ/xA ZCan/XA+|ZA||nKC
NV, cas = = (A.12)

Ve.caTVaca ZC+|ZA|

where v, ., and v, ., is the cationic and anionic stoichiometric coeéfit of the cation-
anion combination, respectively, arsd and z, is the charge number of the cation and the
anion, respectively.

The (molal) osmotic coefficient is defined in terms of the activity coefficient tife
solventy, ,, as [9]

Inx, +Iny, .,
=- . A.13
AT YD .
isw & sd\w

whereb; designates the molality of speci¢s

A.4 The short range eNRTL-contribution to the activity coefficient for the ionic species

To derive the expressions for the activity coeffits of the ionic species, the calculation of
the first partial derivative of th&g, -function with respect ta,, the mole number of species
j , is required. Since the ionic charge fractiofisand Y, appear in the expression f@g,
(explicitly and implicitly via the mixing rules fothe concentration dependent model
parameters), this step involves the calculation(@‘f'c/anj,)T’pM and (aYA/anj,)T’p,%, :
Calculating (0Y; /anj,)T’pM for j=C (for all COS.), implying j"=C (for all C'OS.),

or j=A (forall AOS,), implying j*=A" (forall A"S,), leads to

ay zY,(1-Y;)/(nX;) for | =]
(ﬁ} =172, Y /(X)) for =" (#1]), (A.14)
PTeny 0 for £,

where it is understood that the indicgsand j* are taken from the same set of indices of
ionic species, i.e., either cationic or anionicceg, respectively, but thatz j'. j'# |, |’

29



means thatj’ originates from a set of a different type of speciln other words, the
differentiation leads to the result th@, /on,); pn,, Vanishes only for ali’'0sJ S, , but
not for j'OS. (the inverse holds for the derlvatl\(éYA/an ) by , it vanishes for all
j'O0SH S, but not for j'OS,). While the derivative vanlshes in any case ifthe
differentiation is executed with respectng (mQOS,), it remains finite if the differentiation
of Y, is performed with respect to the mole number ofanwith a charge number of the
same sign. Hence, taking the derivati\(éyc/anj,)T’pynlﬁ and (aYA/anj,)Tpr correctly into
account leads to expressions fory, . o» and Iny, , s which are remarkably more
complicated than the corresponding expressionifgr, .. In the original publication on
the multicomponent version of the eNRTL model, Chand Evans [21] have set
(OYc /0N )1 o, =(0Ya/0N;); . =0, apparently in order to simplify the calculatioasd
resulting functions foln y, . oz andIny, , z. Only in 2008, Bollas et al. [23] presented an
updated version of the model, in which the simptifyassumption of vanishing derivatives
(0Yc/on;); 5., and (@Y, /0n;); . ~ made in derivingy, .z and y, , sz had been
removed. The quite lengthy most general expresswniny, . sz, derived within the
framework of the model version of 2008, is giverole It was was corrected for a typing
error found in the original publication [23] anchds
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Similarly, by applying eq. (A.8) to eq. (25) fof=A, the corresponding relation for
In y;, A sr IS derived [23].
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yxASR ZY 0SS
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. z X, GJmTJm
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+Z X
S _ z XjGjC,A’CTjC,A’C X G G e
_i0SP S z m~mc,A'C PCcAm c

Y. XiGjcac wm, D, Xa Gen

m

VESH S & 5 (A.16)
1 ) Z X; GJCAC jC.AC ) Z X, GJCAC jC,AC
+ 1USH) Sy - Z Y JOSH Sy
"
z Kn z Xi’Gj’C,AC ATS, Z xj’Gj’C,A’C
A'0S, NS, Sa 'OSH) Sa

From egs. (A.15) and (A.16), the correspondingvagticoefficients at infinite dilution,
Yicsr @nd ), . sg, Can be derived by applying eq. (A.10). The latteiturn enable the
calculation of the unsymmetrically referenced atyiioefficients y, . ¢z and y, , sz Using
eq. (A.9). Upon derivingln ). ox and Iny;’, ¢ it was found that the corresponding
expressions given in the original article of Bolktsal. [23] for the most general case of
different nonrandomness parameters are erroneocoiedMer, an additional remark not made
in [23] should be made here with regard to thewtatmon of the limiting value according to
eqg. (A.10). In fact, for the case of multielectitelysolutions, i.e. if the number of different
ionic species exceeds 2, the limiting value fqr - 1 of at least some of the quantities
depending on the ionic charge fractiovis can not be calculated in the strict mathematical
sense. More precisely, the limiting value for idegity vanishing mole fractions of all species
other than the solvent species is diverging ancé@an not be calculated for all thoge
depending quantities whenevér#1. Y, #1 in turn is necessarily observed when more than
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one ion occurs in the respective expressionYforor Y, . However, if it is assumed that the
relative composition of all solute species rematngstant during the limiting process of
approaching the state of infinite dilution, thepestive quantities causing problems could be
evaluated. In order to indicate that these quastitefer to limiting values obtained in this
“approximate way”, they are endowed with the sugrgos “«~” as well. The complication
outlined above does not appear for a solution @oinia besides the solvent and any number
of molecular solutes only one single electrolytettgenerates only two ions when being
dissolved, since; is unity for bothj =C and j = A, respectively.

A further remark should be added in this contexie Tact that the limiting value of; for
X, — 1, and thusy . ¢x and/ory; , sz, may not exist does not have the consequencéhtbat
corresponding limiting values of), . sz and J, . s do not exist either. Due to a
compensation of terms after normalisation of theressions fory, . . and y, , ¢z, the
limiting values ;s ¢ and )", sz do exist. In particular, as expected and in acaocd with
the Henry’s law reference fram@C =V asg=1forall COS. andAOS,.

With the conventions outlined above, the expres$onn ) . ., corrected for the error
found in [23], reads

Ny cse_ 1
T z LLml(In Vi, SR) A;SA YaTucactGo cw
+ Z X: - (a:\oWGCA,W _aCA,wG:v:o)T/iow (GCAW - w , (Al?)
ADS, Z Xe A pw
CcOs
z Yo (@nw _aCA,W)G:W Tvo\jA,C’A _(GCA,W -Gyu)
Cl% z Xe O Caw
+ z X2 COs
ACS, 1 oo
o ue X ( WA,CA Z YC’TWA,C’AJ
z c' COs
C'Os
whereas the correct expression oy, , o, reads
IN Y, a sk 1
Al lim (In YT, ca+Go T
|ZA| |Z |Xw ( yxASR) c%c C "wA,CA Aw® Aw
+ z xg = (agWGCA,W _aCA,wGOCo\Z)To(;w _(GCA,W _Goéw) (A18)
s z Xa ey

A'DS,

Z \N (ac., _aCA,W)GgWT\TlA,CA _(GCA,W E)
ATS, Z Xa acwGcw
+ z Xe A'DS,
COS: 1 00__00
+ P wc AC z YaTucac
> Xq

ATS,

A'DS,
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A.5 On the number of (isothermal) eNRTL parameters

The following coefficients are to be consideredthy model: For a se§, ={m, ..., m, } of
N,, =|S,| different molecular components, a s&t={C,...,C\ } of N.=|S;| different
cations and a se§, ={A,...,A} of N, =|S,| different anions, the following types of
isothermal eNRTL coefficients have to be considered the corresponding numerical values
to be provided: ap, ., T Tym» With m<m' for all m,m'OS,, b) @, cas Trcar Toam:
for all mOS,, COS. and AOS,, C) Gcacar Teacar Teacar fOr al C,COS, with
C<C and A0S, and d) @,c pcr Tacac: Tacac foral A A0S, with A<A’ and
COS.. Combinatorial considerations lead to the totambar of isothermal coefficients
N_..x Necessary to describe the multicomponent eleterslystem

+‘{am,CA L mcad CA,m} +‘{a cacal cacal CA,CA}

+‘{ pc,ac TAC,A’C’TA’C,AC} ‘ (A.19)

:g(Nm(Nm -1) +NcN, (2N, +N; +N, -2))

Ncoeff = ‘{ amm” Z-mm ’Tm m}

If it is assumed in accordance with a very commppreximation in the eNRTL-model
that for the salt-salt interaction parameters tliewing relation is obeyed

Teaca = Tcaca (A.20)

Tac,ac = Tacac (A-Zl)

and that for the non-randomness factays, (for the case oN_, >1)

g Sm(a'mﬁ a,) (A.22)
and the non-randomness fact@rg .., Qca ca @nd a,. 4c the relationsa, ., =a, (for all
mOS,, COS, and AS,), ac,ca=a, (forall C,COS, with C<C and AOS,) and
pc nc =ay (for all A, A'0S, with A<A" and COS.) do hold, the number of isothermal
parameterdN ., required to describe the system is given by

Neoerr = Npn (N, =2) +NCNA(2Nm +% N +—;NA —1) +2-0y, , (A.23)
where g, is Dirac’s delta function, defined by

N (A.24)

m

[0 for N, #1
“|1for N, =1

If it is, however, assumed that, <, =Tca ca =Tac.ac =T xcac =0 anda,,, =a, (for all
mOS, and mOS, with m >m) does hold along withr, ., =a, (for all mOS,, COS,
and AJS,) and the assumption that., ., (forall C,COS. with C<C andA[OS,) and
nc nc (forall A, A'0S, with A<A" andCOS;) take any but finite values (since they are

not needed), the number of isothermal parameiggs, needed to characterise the system is
to be calculated from

Neoort = N (N +2NgN, =1) +2-6,, (A.25)
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