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Abstract: A combination of the cubic two-state equation of state and
the van der Waals—Platteeuw model was employed for the description
of the hydrate formation thermodynamics, with and without inhibitors.
The model parameters were determined from the properties of pure
compounds and from phase equilibrium data of binary gas—water and
water—inhibitor mixtures. With these parameters, predictions were per-
formed for multicomponent gas—water—inhibitor systems. For sin-
gle-gas hydrates, the average absolute deviations found for equilibrium
pressure did not exceed 8%, whereas for multi-gas hydrates, these de-
viations were 23% maximum. The proposed model produced good
predictions in the presence of inhibitors (methanol, ethanol, ethylene
glycol and triethylene glycol), with increasing deviations at higher
concentrations of inhibitors.

Keywords: hydrate; equation of state; phase equilibria; two-state
model; hydrate inhibitor.

Resumen: Se empled la combinacion de la ecuacion de estado “cubic
two-state” con el modelo de van der Waals-Platteeuw para la descrip-
cion de la termodinamica de la formacion de hidratos, en la presencia
y ausencia de inhibidores. Los parametros del modelo se determinaron
a partir de las propiedades de los compuestos puros y de datos de equi-
librio de fases de mezclas binarias gas-agua y agua-inhibidores. Para
la presion de formacion de hidratos de gases sencillos, se encontrd un
error promedio maximo de 8%, mientras que para mezclas multi-
componente la desviacion maxima fue de 23%. El modelo propuesto
produjo buenas predicciones en la presencia de inhibidores (metanol,
etanol, etilenglicol y trietilenglicol), con desviaciones crecientes a
medida que se aumenta la concentracion del inhibidor.

Palabras clave: hidratos; ecuacion de estado; equilibrio de fases; mo-
delo de dos estados; inhibidor de hidratos.

1. Introduction

Clathrates are polyhedral lattice structures in which a group of
molecules traps other molecules. They are also known as “host—
guest” complexes, inclusion compounds and, in the natural gas
industry, gas hydrates. Gas hydrates are crystalline solids that
are similar to ice. The temperature at which hydrates form is
above the freezing point of water. These structures are charac-
terized by a hydrogen-bonded water cage around a hydrophobic
solute. Guest molecules are generally non-polar small mole-
cules (e.g. light hydrocarbon gases, carbon dioxide and nitro-
gen) or polar molecules with large hydrophobic segments [1].

In natural gas processing facilities, hydrate formation can
cause several problems, such as the plugging of pipelines and
fittings, which prevents the free flow of gas. The understanding
of this phenomenon from a theoretical point of view may help
to plan and optimize prevention measures, such as the injection
of inhibitors, which can displace the gas—solid equilibrium to a
higher temperature or pressure. Another important field where
hydrate thermodynamics has a fundamental role is the recovery
of methane from the seabed. In recent years, large amounts of
gas hydrate have been discovered in the seabed and in perma-
frost zones. Gas hydrates, in the near future, may be an import-
ant energy source.

Depending on the size and composition of the guest mole-
cules, gas hydrates may have three different structures, namely,
structures I, II and H. Normally, light gases such as methane,

ethane and nitrogen induce sl-type structures, whereas larger
molecules like propane, i-butane, and n-butane form slI struc-
tures. Examples of sH hydrates are those formed by isopentane
and cycloheptane. Hydrate formation is favoured at high pres-
sures and low temperatures.

To predict hydrate formation, there are several empirical
correlations and theoretical models. Wilcox et al. [2] introduced
the first predictive method. They assumed that hydrates are sol-
id solutions, treating them as an ideal liquid solution, and the
equilibrium conditions were obtained from the gas—solid distri-
bution coefficients. Then, after the determination of the crystal-
line structures in the 1950s, thermo-statistics models were
established in order to describe the distribution of gas mole-
cules within the hydrate cavities, such as that proposed by van
der Waals and Platteeuw [3] (vdWP). On the other hand, for
fluid phases, many equations of state (EoS) have been em-
ployed, from cubic EoSs [4] to more sophisticated ones like
SAFT [5-7] or CPA [8, 9]. At the present time, the coupling of
vdWP with EoS is the most used approach for hydrate—gas—lig-
uid equilibrium modelling.

Recently, Medeiros and Téllez-Arredondo have presented
an EoS that can deal with the association of substances, namely,
the cubic two-state (CTS) EoS [10]. Its basis is the combination
of the Soave—Redlich-Kwong (SRK) EoS, representing the
physical part, and the two-state association model for the hy-
drogen bonding contribution. The CTS EoS has an equivalent
polynomial form, which is easily solvable by robust numerical
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methods. This model successfully describes the phase equilib-
ria of many non-ideal systems, such as alkane—alcohol [10],
water—alcohol, alcohol—-alcohol [11] and alkanolamine—water—
acid gas mixtures [12]. In this last paper, the CTS equation
combined with an electrolyte model produced very good pre-
dictions of multicomponent systems from binary data only. Its
simplicity encouraged us to employ it in modelling fluid phases
in hydrate equilibria, coupled to the vdWP model. Accordingly,
we organized this paper as follows. First, we present briefly the
CTS EoS, the vdWP model and the hydrate—fluid-phase ther-
modynamics. Then, we describe the correlations between the
measured data for pure compounds (water, nitrogen, hydrocar-
bons and inhibitors), for water—inhibitor vapour—liquid equilib-
rium (VLE) experimental data and for single-gas hydrate
equilibrium data. The third section shows the prediction of mul-
ticomponent gas hydrate equilibrium conditions, with or with-
out inhibitors. Finally, conclusions and additional remarks are
presented in the last section.

2. The model

When a system reaches thermodynamic equilibrium, the fugac-
ity of each component in all phases is equal. For hydrate(H)—
Liquid(L)—Vapour(V) equilibrium this condition is expressed
by the following system of equations:

FitoTpw)= 11 o (T.p.x)= f}; o (T, p.y) (1

where f'is the fugacity, T the temperature, p the pressure, the
vectors w, x and y are the molar composition of the phases. As
mentioned in the introduction, EoSs produce expressions to
calculate the fugacities of the fluid phases, whereas the vdWP
model is the common model for the hydrate phase. In this work,
we employed the CTS EoS—vdWP combination, which is brief-
ly described below.

2.1 The CTS equation of state

In 2008, Medeiros and Tellez-Arredondo presented the CTS
EoS [10]. In this equation, the SRK EoS describes the physical
contribution to the Helmholtz energy and the modified two-
state association model of Cerdeirifa et al. [13] gives the asso-
ciation part. The complete development of the model can be
seen elsewhere [10-12]. For this EoS, the equation for the pres-
sure is given by:
RT a(x,T)

plx».T)= V_b(x) v[v—l—b(x)] -

vy fy (T
Rszi Zx/ i/
i v[v+2jxj vifi T)]

where R is the gas constant, T the temperature, v the molar
volume, x is the vector of molar fractions x,, a is the mixture’s

2

dispersive parameter and b is the van der Waals mixture
co-volume. In the association term, v;; is the characteristic vol-
ume of association of a pair of molecules i—j. The parameter f;
is given by:

E,

i

£;(1)= e RT —1 (3)

where Ej; is the energy of association between molecules 7 and
J. For pure compounds, the dispersive function a(7) is given by
the conventional Soave function:

a;(T)= ay; [l tai (1 - \/TTZ)]Z 4)

where T, is the reduced temperature 7,, = 7'/ T ;. This EoS has
five parameters for pure compounds: a,, b; and ¢, for the phys-
ical part and v; and E;; for the association contribution. These
parameters are regressed by fitting the equation to the measured
saturation pressures and densities of saturated liquids.

For non-associating compounds, like hydrocarbons, CTS
reduces to the SRK EoS. The combining and mixing rules for
the physical part are the conventional van der Waals rules:

a(x,T)=33x x; a;(T) (5)
ij

a; (T)=\a;(T)a; (T) (1-ky) ©)

b(x)=Yx; b, )

where k;; is the binary interaction parameter, which corrects the
geometric mean rule for a;. For the cross-association parame-
ters, the combining rules employed here were those suggested
by Reynoso-Lopez et al. [11]:

v, = min(v,,v,) @®)
E.+FE.
Ey=(1=l) =5~ ©

where /; is the binary interaction parameter for correcting the
arithmetic mean rule for the cross-association energy. These bi-
nary parameters among associative substances are determined
by fitting the EoS to measured VLE experimental data. From
direct thermodynamics, the fugacity coefficient of species k (@,
=/ / x;.p) from the CTS EoS is given by:

lndJk—ln( )+b—’f b__a/RT

v=b) b \v-b v+b

+—L. 1+a—k—b—" -Zn( v )+
bRT a b v+b

_ Xi V[kfik _ln(ﬂj (10)
i V+zxjvijf4‘/
J

v
n
v+2xjvkjfkj RT
J
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where:

, (0 )
a, =| ——Na (11)
k (aNk -

In this work, we used Eq.10 for calculating the fugacities
in the fluid phases.

2.2 The vdWP model

In the vdWP model, the thermodynamic properties of hydrates
are the result of a three-dimensional generalization of the ideal
adsorption. In this model, the hydrates are solid solutions. The
basic hypotheses of this model are as follows: (i) the contribu-
tion of the guest molecules to the free energy is independent of
the way they occupy the cavities, i.e. the caged molecules do
not distort the host lattice. (ii) Each cavity can cage only one
guest molecule, which cannot diffuse out of the cavity. (iii)
There are no interactions between solute molecules. (iv) Quan-
tum effects are neglected, so that classical statistics is valid.

The result is an expression for calculating the water fugac-
ity in the hydrate phase:

Au
H _ EH
- _ 2w 12
S =1 exp( RT) (12)

The vdWP model allows the estimation of the water chem-
ical-potential change in the process of enclathration of the guest
molecules:

A, =i =) ==RTY v, ln(l—zamj (13)
m J

where U is the chemical potential, subscript w denotes water,
superscripts H and EH refer to hydrate and empty hydrate, re-
spectively, and n,, is the number of type m cavities per water
molecule. For sl hydrates n; = 1/23 and n, = 3/23, and for slI
structures n; = 2/17 and n, = 1/17. q,, is the occupancy of mol-
ecules j in type m cages. The Langmuir adsorption relation
gives the occupancy, assuming one guest per cavity:

gmj = M (14)

1+ Y. C,i f;

where f'is the fugacity calculated by an EoS, and C,, are the
Langmuir constants for the cage type m and guest molecule ;.
These constants can be determined by evaluating the configura-
tional integral of guest—host and guest—guest intermolecular

potentials or, empirically, by the method of Parrish and Praus-
nitz [14]:

Cy (T)=@exp(ﬁJ (15)

Parrish and Prausnitz adjusted 4,,; and B,,; to fit Eq.15 to
the values calculated with the Kihara intermolecular potential
[14]. On the other hand, Folas et. al [9] made them adjustable in
order to correlate experimental hydrate data with the CPA EoS.
They followed the suggestion of Munck et al. [15], which states
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that adjusting these parameters allows better predictions of dis-
sociation pressures for multicomponent hydrates. We employed
the same approach.

Concerning the first hypothesis of the vdWP model, it is
important to mention that there are evidences which show that
guest affects host-host interactions [16]. Based on these evi-
dences, Lee and Holder [17] devised a model which allows the
calculation of the reference chemical potential depending on
the guest, which is used to determine the Langmuir constants
C,,; via the configurational integral. Here, as previously men-
tioned, we decided to use Eq.15 to estimate the Langmuir con-
stants with adjustable 4,,; and B,,,;, following Folas et al. [9] and
Munck et al. [15]. Indeed, the effect of cage distortion is implic-
it in the regressed parameters.

The following relation estimates the fugacity of an empty

hydrate:
VEH (P - PV‘EH)}

RT (16)

L =p exp{
where pEf is the vapour pressure of a hypothetical empty hy-
drate, which is assumed to be very low. v, is the molar volume
of the empty hydrate, which depends on temperature and on hy-
drate structure but not on the guest type. For the empty hydrate
vapour pressure, we employed the correlation of Sloan [1]:

EH
Ty T (17)
atm T

We evaluated the empty hydrates’ molar volumes with the

Avlonitis correlation [18]:

vill =y, [1+k1 (T-T,)+k, (T_TO)Z +hs (T_TO)3] (1%)

where T}, is 273.15 K. The parameters of Eqs. and are listed in
Table 1 for sl and slI structures.

Table 1. Parameters for Eqs. 17 and 18, from references 1 and 18.

sl sII
a 17.44 17.332
b/K 6003.9 6017.6
vo % 10°/ m*.mol! 22.35 22.57
k; x 10%/K! 3.1075 1.9335
k, x 107 / K2 5.9537 2.1768
ky x 100/ K3 1.3707 -1.4786

In the next section, we present and discuss the regressions
of the model’s parameters.

3. Parameter estimation

According to the previous section, the CTS—vdWP model
has the following undetermined parameters: (i) for pure com-
pounds, five CTS parameters (a,, b, ¢, v;, E;); (ii) for each

i
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pair, two CTS binary parameters (k; and /;); (iii) for each hy-
drate guest molecule, two parameters for the Parrish—Prausnitz
equation (Eq. ) (4,,; and B,,). We applied the following strategy
to calculate them:

Determination of the five parameters (a,, b, ¢, v;;, E;;) for
pure species (water, nitrogen, methane, ethane, propane, n-bu-
tane, i-butane, ethylene glycol and triethylene glycol) from their
measured saturation pressures and liquid densities at saturation.

Estimation of binary parameters for the pairs of associating
species H,O-MEG, H,0-TEG, H,0O-methanol and H,O—etha-
nol. The required experimental data were binary VLE data.

Regression of Parrish—Prausnitz parameters for solutes in
both structures sl and slI, using gas hydrate measured data from
the NIST database [19].

Regarding the water-hydrocarbon binary parameters, it is
well known that predicting/correlating hydrocarbon aqueous
solubility is a challenge for almost all EoSs. Economou and
Tsonopoulos [20] have shown that the solubility is normally
underestimated in many cases orders of magnitude with qua-
dratic mixing rules. This happens even for more sophisticated
EoSs, such as SAFT, APACT and CTS. Despite their poor sol-
ubility description, many successful coupling of EoS-vdWP for
hydrate equilibrium correlation was obtained. Unconventional
mixing rules are required in order to simultaneously correlate
hydrate and vapor-liquid equilibrium. In the case of CTS, we
are currently working on a new non-quadratic mixing rule, sim-
ilar to those suggested by: (a) Prausnitz and co-workers for
SRK EoS [21] and by (b) ourselves for CPA EoS [22]. In these
mixing rules, water-water dispersive parameter is corrected by
the presence of a hydrophobic solute. In this paper, we only
focused on correlating hydrate dissociation pressures. Then, for
the sake of simplicity, no binary interaction parameters were
used for hydrocarbons and nitrogen, i.e. k;; for all pairs includ-
ing these compounds were set to 0.

229
3.1 Pure compounds

The objective function for parameter regression of the pure
compounds was
2
(9)]

# exp[pS,EXP
|-

i=1

5,CTS
—Pi

s,exp

Di

(Q)]z

F(Q)

5,CTS
- pP;

s,exp

p;

+

#exp S.exp

i=1

where € is the vector of the parameters [Q = (a(,b,¢,,v;,E};)], P’
is the saturation pressure, and r’ is the liquid density at satura-
tion conditions. Superscripts exp and C7S mean experimental
and calculated with the CTS EoS. The summations run over the
available measured data. Table 2 shows the parameters and de-
viations from experimental data. As expected, the CTS data
correlated closely with the pure compounds’ properties. For
water, the parameters were regressed in the temperature range

of hydrate formation.

3.2 Binary parameters for water—inhibitors

Thermodynamic inhibitors have the ability to shift the pres-
sure—temperature equilibrium conditions. Common inhibitors
in industry are alcohols, glycols and salts. These compounds
have the capacity to interact with water and to inhibit cage for-
mation. Methanol is the cheapest one, and the most used. Here,
we evaluated how methanol, ethanol, ethylene glycol and tri-
ethylene glycol affected gas hydrate equilibria. Then, the VLE
data of water—inhibitor mixtures were correlated using the CTS
EoS. The binary parameters were determined by minimizing
the following objective function:

Table 2. CTS pure parameters. Experimental correlated data from CDATA [23]

a, b x 10° -E;/R vy x 10
Pa.m®mol? m?®.mol! cy K m?.mol! T, range AAD % p AAD% p
water 0.2720 15.22 0.8344 1966 2.074 0.42-0.50 0.1 0.7
methanol 0.5105 31.78 0.5137 2405 0.6958 0.55-0.90 0.29 0.11
ethanol 0.8409 47.37 0.6332 2493 0.5030 0.55-0.90 0.22 0.11
MEG 1.411 50.82 0.8857 2307 1.291 0.40-0.92 0.46 0.64
TEG 4.742 13.07 1.091 2722 0.2043 0.49-0.87 0.40 0.93
nitrogen 0.1384 26.24 0.4850 - - 0.51-0.90 0.6 1.8
methane 0.2324 29.15 0.4486 - - 0.48-0.89 0.3 1.8
ethane 0.5515 42.94 0.5840 - - 0.49-0.90 0.2 1.4
propane 0.9262 58.99 0.6334 - - 0.45-0.85 0.6 0.6
i-butane 1.2919 76.18 0.8118 - - 0.48-0.83 0.3 0.7
n-butane 1.3594 75.12 0.7021 - - 0.50-0.80 0.3 0.3
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e _ TS (k1))
F (ky li')ZZ{i 14 (kv’ly)J

exp
i ;

(20)

where @ is the bubble pressure or temperature, depending on
the experimental data set. Table 3 shows the regressed parame-
ters and the deviations produced by the EoS modelling. Figs. 1
and 2 show the phase envelopes for the glycol mixtures studied
here. Alcohol-water pairs could be described with only one pa-
rameter (see reference 11), whereas for water—glycol pairs both
k; and [;; have nonzero values. The CTS EoS successfully cor-
related the VLE data.

3.3 Parrish—Prausnitz parameters for calculation
of Langmuir constants

The parameters 4,,; and B,,; in Eq. 15, required for the evalua-
tion of the Langmuir constants, were adjusted in order to cor-
relate the single and binary hydrate dissociation pressures. In
these calculations, as previously mentioned, binary parameters
for liquid water—gas and gas—gas were set to 0. The minimized
objective function was:

Edgar Galicia-Andrés et al.

iexp_ icalc Am‘ﬂBm‘ 2
F(Amj,ij):z b i ex;g . j)

i i

2

where p is the hydrate dissociation pressure. Table 4 shows
the regressed constants for single and binary gas hydrates.
Methane and ethane constants in the slI structures were re-
gressed from the dissociation pressures for the mixtures meth-
ane—propane and ethane—propane. For n-butane constants in
both structures sl and slI, the regressions ran over the data of
the binaries methane—butane and propane—butane. Parameters
for nitrogen in sl structures were determined from the meth-
ane—nitrogen equilibrium pressures.

Table 5 presents the correlation deviations. For the sake of
comparison, this table also shows the deviations from the Ban-
dyopadhyay—Klauda (BK) model [4]. For the BK model, the
program kindly provided by Dr. Klauda generated the predic-
tions. Both models produce quite similar results.

Fig. 3 shows graphically the CTS—vdWP correlation for
the binary data. Very good agreement between the measured
data and the correlation was achieved. The CTS—vdWP model
produced average absolute deviations (AADs) from the experi-
mental data not exceeding 8%, except for n-butane with 21%.

Table 3. Binary interaction parameters for water—inhibitor mixtures and references for experimental data

Mixture References k;; I AAD% T AAD% p AAD% y
methanol-water [24-34] -0.173 0 0.2 4.0 1.3
ethanol- water [24-34] -0.209 0 0.2 3.6 1.8
MEG- water [24-34] -0.0655 -0.0485 0.4 2.3 -
TEG- water [24-34] -0.215 -0.194 - 3.6 -

20
16
12 A
<
=
= >
]
8 4
4
o M
0 0.2 0.4 0.6 0.8 1
X1

X1

Fig. 1. Water(1)-MEG(2) phase envelope at 333.15 K (squares),
350.85 K (circles) and 363.45 K (diamonds). Symbols: experimental
data from references [24-34]. Lines: CTS EoS.

Fig. 2. Water(1)-TEG(2) phase envelope at 297.6 K (circles) and
332.6 K (diamonds). Experimental data from references [24-34].
Lines: CTS EoS.
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Table 4. Parrish—Prausnitz equation constants

231

Small Cavity Large Cavity
A,; % 10° /K Pa”! B, /K A,; % 10° /K.Pa’! B,;/K
Methane sl 0.06511 3682 71.88 2428
slI 4.0289 2619 22.23 174.6
Ethane sl 13.10 3487
slI 89.16 3454
Propane slI 10.24 4560
i-Butane slI 42.30 4283
n-Butane sl 61.02 3152
slI 62.82 3032
Nitrogen sl 25.412 1954 40.47 2003
slI 486.12 1301 84.68 718.4
Table 5. Equilibrium pressure deviations (H-L-V) and references for experimental data
AAD% p
References T/K p/MPa Structure CTS BK
Methane [35,36,42-45,46-51,53-55,60,64,66] 273.2-312.7 2.6-187 sl 2.1 4.5
[35,44,51,57,65,66] 274.5-303.7 0.3-62 sII 5.4 -
Ethane [41,44-47,59,60] 273.4-288.2 0.5-3.4 sl 2.6 4.9
[37-40,47,57] 273.2-279.4 0.5-1.4 sIT 7.5 3.8
Propane [35,37,44,52,59,61,64,67] 273.2-278.9 0.17-0.55 sII 3.0 3.6
i-Butane [62,63,66] 273.2-275.1 0.11-0.17 slI 1.7 -
n-Butane [44,51,56] 273.8-297.9 1.0-48 sl 21 42
[58] 273.2-275.2 0.17-0.34 sII 5.0 6.6
Nitrogen [57,68] 273.7-292.4 3.0-244 sl 1.3 1.9
[46,50,69-71] 272.0-300.6 14.5-220 sIT 1.4 9.6
1000 The agreement with the measured data was good, considering
the large interval of pressures covered (from 0.1 to 220 MPa).
100 - < . . .
4. Predictions: multicomponent mixtures
o and inhibitors
&
E 10 1 The final step in this work was to check whether the proposed
= model is able to predict uncorrelated dissociation pressures for
multicomponent hydrates and the effect of inhibitors in shifting
1 - equilibrium conditions. The employed parameters were those
C,H, determined in the previous steps and with no further regres-
sions. In the following calculations, the binary parameters for
C,H,, gas—gas, gas—liquid water and gas—inhibitors were set to 0.
0.1 T T T Kontogeorgis et al. [72] employed this same approximation us-
270 285 300 315

T/K

Fig. 3. H-L-V equilibrium pressure for one-component hydrates.
Lines: CTS—vdWP model. Symbols: experimental data for methane sI
(diamonds), ethane sl (squares), propane sl (triangles), i-butane slI
(circles) and nitrogen slI (crosses). Experimental data from references
[35-71].

ing the CPA EoS.

4.1 Mixed-gas hydrates

Table 6 presents the studied mixtures and the sources of exper-
imental data for comparison. Table 7 shows the predictions’
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Table 6. Studied multicomponent gas hydrates and references for experimental data

Gas Structure References
CH, + C,H, sl & slI [44,46,51,57,73]
CH, +iC,H,, slI [44,51,66,74]
C;Hg + N, sIT [75]

CH, + C,Hg + C3Hg slI [76,57]
CH, + C,H¢ + C3Hg +1C4H, ) (mixture 1) slI [77]

CH, + C,Hy + C3Hg + C4H,, + N, (mixture 2) sIT [44]

CH, + C,H¢ + C3Hg + C,H,, +iC,H, (mixture 3) sII [51]

deviations, and they are compared with the BK model. These
mixed-gas hydrates form both sl and slI structures.

The average deviation of the predictions from the mea-
sured data was 18%, with a regular behaviour among the stud-
ied mixtures. We believe that these deviations could have been
lowered if the binary parameters fixed to 0 had been adjusted,
especially for water—hydrocarbon pairs. The BK model, for in-
stance, estimates hydrocarbons solubilities via excess Gibbs
energy mixing rule which better estimates the interaction be-
tween water and the non-polar compounds. Compared with
other EoS-vdWP combinations, the deviations observed here
are similar to those obtained with Peng-Robinson (11-28%)
and PC-SAFT EoSs (15-28%), as reported by Economou and
co-workers [78]. In this study, they used the quadratic rules
with no binary parameters too. In the near future, we are

planning to use complex mixing rules, such as those suggested
by ourselves [22], in order better describe water—hydrocarbon
mutual solubilities. Fig. 4 shows the reasonable agreement
with the measured pressures for CH, + i-C,H,, and for CH, +
C,H¢ + C;Hg mixtures.

Depending on the conditions, multiple-guest hydrates can
present different structures. Table 8 shows that for the mixture
methane-ethane both sl and slI structures can be formed. The
most stable structure is the one with the lowest equilibrium
pressure. Table 8 also shows that sl is favoured at lower concen-
trations of methane, as mentioned by Bandyopadhyay et al. [4].

In summary, the correlations/predictions of hydrate equi-
librium pressures have a maximum deviation of 23% in a
very broad range of pressures that are common in natural gas
facilities.

Table 7. Predictions’ deviations from measured data for multi-gas hydrates

AAD % p
Mixtures T/K p/MPa CTS BK
CH, + C,H, 274.2-301.3 0.883—48.64 12 9
CH, +iC,H,, 273.8-303.1 0.159-49.06 18 -
C;Hg +N, 274.2-289.2 0.332-13.71 19 67
CH, + C,Hy + C;Hg 275.8-298.1 0.917-24.47 16 8.9
mixture 1 273.5-281.9 0.92-2.67 18 -
mixture 2 273.7-280.4 0.793-1.813 16 24
mixture 3 293.6-301.7 13.55-52.16 21 -
Table 8. Comparison of different structure properties for CH, + C,H mixtures.
Deaic ! MPa stable

T/K Dexp/ MPa Xe,, sl slI structure

284.8 2.14 0.823 2.26 4.12 sl

286.2 2.66 0.823 2.72 4.73 sl

287.0 3.0 0.823 3.05 6.31 sl

278.21 2.254 0.0953 2.92 1.84 sl

279.6 2.628 0.0953 3.40 2.15 sII

283.69 4.191 0.0953 5.42 3.43 sIT
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Fig. 4. CTS—vdWP predictions versus measured hydrate equilibrium
pressures for (a) CHy + i-C4H,, sII and (b) CH, + C,Hy + C3Hg sII
mixtures. Experimental data from references [44, 51, 57, 66, 74, 76].

4.2 Gas hydrates in presence of inhibitors

Similarly to the multi-gas hydrate predictions, no regressions
were performed when inhibitors were present in the gas mix-
tures. Furthermore, the inhibitor—gas binary parameters were
also set to 0. Table 9 presents the deviations of the predictions
for the mixtures studied here. Yet again, the deviations from the
measured equilibrium pressures are very acceptable for all in-
hibitors except for 2-propanol. The overall average AAD was
13%, with a maximum of 33% (2-propanol excluded). As ex-
pected, an increase of the inhibitor fraction decreases the pre-
dicted equilibrium temperature at a given pressure. Furthermore,
at constant temperature, the equilibrium pressure rises. Fig. 5
illustrates this fact. Also from this figure, the model correctly
predicts the transition from HLV to HLL equilibrium when

10 -
o]
S
=1
N
0.1 T T
260 270 280 290

T/K

Fig. 5. Hydrate equilibrium pressures as a function of temperature and
methanol concentration for methane—water—methanol mixtures. Lines:
CTS—vdWP predictions. Symbols: experimental data [41, 80]. Dia-
monds: no methanol; squares: methanol 10% wt; triangles: methanol
20% wt.
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Fig. 6. Predictions versus experimental pressures for water—methanol
(methanol 0.57%, 1.97%, 5.0%, 5.44%, 10.0%, 10.34%, 20.0%) mix-
tures with: methane sl (diamonds), ethane sl (squares), propane slI
(triangles). Experimental data from references [41, 79-81].

20% wt methanol is present. Both the model prediction and the
measured data present a subtle change in the slope at approxi-
mately 276 K. Fig. 6 presents the accuracy of the predictions of
hydrate equilibrium pressures for methane sl, ethane sl and pro-
pane sl in the presence of methanol. Although the deviations
presented in Table 9 reach 24% for some cases, the overall pre-
dictions are in very good agreement with the experimental data.
The model estimations show that the higher the inhibitor con-
centrations are, the more substantial the predictions’ deviations.



234  J. Mex. Chem. Soc. 2016, 60(4)

Table 9. Deviations of the predictions from measured data for gas—inhibitor hydrates and references for experimental data

Edgar Galicia-Andrés et al.

Inhibitor Gas / Structure Inhibitor wt% T/K p/MPa AAD % References

Metanol Methane (sI) 0.57 274.5-289.6 2.98-15.7 1.3 [79]
1.97 271.6-291.0 2.39-19.8 22 [79]
5.44 270.4-296.8 2.49-50.4 2.0 [79]

10. 266.2-286.4 2.14-18.8 8.9 [41,80]

20. 261.4-295.2 2.14-100 23. [41,80,81]

Ethane (sI) 10. 268.3-282.2 0.417-2.91 6.8 [41,79]

20. 263.5-276.3 0.614-5.89 24. [42,77]

Propane (sII) 5. 272.1-274.8 0.234-0.468 9.4 [41,80]

10.39 268.3-271.8 0.185-0.434 12. [41,80]
Etanol Methane (sI) 15. 273.3-284.7 3.378-13.67 20. [82]
2-Propanol Methane (sI) 10. 280.6-298.2 4.4545.1 38. [83]
16.4 281.1-297.8 4.69-43.5 56. [83]
25. 281.1-299.0 5.39-49.5 54. [83]
MEG Methane (sI) 10 270.2-287.1 2.42-15.6 32 [84]
30 267.6-279.9 3.77-16.4 10. [84]
50 263.4-266.5 9.89-15.2 26. [84]
Ethane (sI) 14.99 271.7-282.7 0.51-2.6 11. [85]
25 262.0-278.6 0.24-2.69 7.6 [86]
30 269.0-276.9 0.71-2.38 7.1 [85]
50 247.9-263.6 0.24-1.87 6.2 [86]
Propane (sII) 9.96 272.4-274.5 0.215-0.413 10. [87]
14.99 271.4-273.8 0.210-0.427 28. [87]
29.96 264.7-266.4 0.192-0.304 25. [87]
TEG Methane (sI) 10 274.6-293 3.17-25.6 4.5 [88]
20.2 275.0-293.0 4.37-39.9 15. [88]
40 274.5-283.0 7.27-35.2 33. [88]
Ethane (sI) 10 273.9-283.0 0.6-1.74 27. [88]
Propane (slI) 10 272.3-276.8 0.18-0.51 53 [89]
20 271.7-275.2 0.25-0.5 3.5 [89]
30 270.2-272.4 0.29-0.425 19. [89]

The assumption of null binary parameters for inhibitor—gas
pairs is probably the cause of the greater deviations under those
conditions. For 2-propanol, it is possible that interactions with
the gas are more important and the null binary parameter leads
to great deviations.

5. Concluding remarks

We employed the combination of van der Waals—Plattecuw
with the CTS EoS model for correlating and predicting hydrate
formation conditions. The modelling of hydrate dissociation
pressure required the adjustment of the following model param-
eters: (i) CTS constants of the pure components from experi-
mental data within a temperature range relevant for hydrate

formation; (ii) water—inhibitors (methanol, ethanol, 2-propanol,
ethylene glycol and triethylene glycol) EoS binary parameters
from VLE experimental data, and (iii) Parrish—Prausnitz pa-
rameters for the calculation of Langmuir constants from sin-
gle-hydrate measured data. The correlations are in very good
agreement with the measured data. The above mentioned pa-
rameters were then employed to predict the behaviour of multi-
component hydrates, with and without thermodynamic
inhibitors. The resulting predictions are very close to the mea-
sured data, except when 2-propanol is the inhibitor. It was
found that when increasing the inhibitor concentration, the in-
hibitor—gas interactions played a greater role; therefore, binary
parameters for these interactions should be taken into account.
This holds especially for inhibitors capable of interacting with
gases, such as 2-propanol.
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Future developments will include an electrolytic contri-

bution to the EoS. This is particularly important for studying
seafloor hydrates and their dissociation conditions. The CTS—
electrolyte approach successfully correlated/predicted acid gas
solubilities in alkanolamines [12], and we expect that it will
also work for the study of hydrates.
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Symbols

a; Energetic parameter for pure components in the EoS

a, Energetic parameter in the EoS CTS

a; Energetic parameter for i-j pair

ay Energetic parameter for the mixture in the EoSs

A Parrish and Prausnitz adjusted parameter

b, Co-volume parameter for pure components in the
EoS and CTS equation

by Co-volume parameter for the mixture in the EoSs

B Parrish and Prausnitz adjusted parameter

c Energetic parameter in the CTS equation

C Langmuir’s constant

f Fugacity or Mayer’s function

Fop Objective function

ky Binary interaction parameter

I Binary interaction parameter

D D Pressure, critical pressure

R Gas constant or spherical cavity’s free radius

I, T, T, Temperature, critical temperature, reduced tempera-
ture

v Molar volume

v, Critical volume

v Volume of association

Vv; Number of cavities type i per host molecule

v Association volume for i-j pair

< M

Liquid molar fraction’s vector
Vapor molar fraction’s vector
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Greek letters CTS
CPA
(o} Fugacity coefficient EoS
u Chemical potential EH
p Density HLV
0 Occupancy fraction of molecules HLL
Q Vector of CTS parameters SRK
vdWP
VLE
Abbreviations SAFT

AAD Absolute average deviation
BL Bandyopadhyay-Klauda
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Cubic Two-State

Cubic plus association

Equation of state

Empty hydrate
Hydrate-liquid-vapor
Hydrate-liquid-liquid
Soave-Redlich-Kwong

van der Waals-Platteeuw
Vapor-liquid equilibria

Statistical association fluid theory



