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THERMODYNAMIC MODELLING OF GAS SEMI-CLATHRATE
HYDRATES USING THE ELECTROLYTE NRTL MODEL

Matthias Kwaterski', Jean Michel Herri'"*
!Centre SPIN, département GENERIC, Ecole Nationale Supérieure des Mines de SAINT-
ETIENNE, FRANCE

ABSTRACT

In this work a modified version of the modelling procedure of Paricaud [1] is presented for
describing the solid-liquid equilibria encountered in aqueous solutions of tri-z-butylammonium
bromide (TBAB) involving a semiclathrate hydrate phase. The theoretical framework is further
applied to the description of the solid-liquid-vapour three phase p-7-lines of the ternary system
water + TBAB +methane at different overall TBAB concentrations. For the calculations
performed on the ternary system exhibiting a gas semiclathrate hydrate phase, model parameters
gained previously for the water + TBAB mixture were used. The thermodynamics of the
semiclathrate hydrate phase was modelled by means of the salt hydrate model of Paricaud. For
the description of the gas semiclathrate hydrate phase a combination of the salt hydrate model of
Paricaud with the Waals-Platteeuw (vdW-P) theory has been applied. An unsymmetric reference
frame has been employed to treat the liquid phase, i.e., Henry’s constant was adopted for the
ideal solubility of methane in the aqueous phase, whereas the fugacity of pure liquid water was
adopted as reference state for water. The Soave Redlich Kwong equation of state was used to
calculate the fugacities in the gas phase. Whereas the model of Paricaud employs the SAFT
equation of state in a ¢¢@-approach to account for both, liquid and gas phase non-idealities, the
electrolyte NRTL (eNRTL)-G"-model has been incorporated in our modified model to describe
deviations from ideality in the liquid phase. In the calculations, the temperature dependence of
the eNRTL-interaction energy parameters has been neglected and instead, ENRTL-coefficients at
298.15 K have been used. The solid-liquid 7-x phase diagram of TBAB was calculated at
ambient pressure up to 60% stoichiometric mass fraction of TBAB. By assuming the existence of
only type B hydrate a good overall correlation of experimental data found in the literature was
achieved by adjusting the values for the standard molar enthalpy of the dissociation and the
temperature at the congruent melting point of the semiclathrate hydrate compound. Using these
values, phase boundary HLV-lines of the ternary system H,O + TBAB + methane, calculated at
different stoichiometric concentrations of TBAB in the liquid phase, are displayed and compared
with measured results. Average relative deviations (|Ap |/ pg between experimental data and
modeling results between 4 and 44 % show the applicability of the approach presented.

Keywords: modeling, semiclathrate hydrate, gas semiclathrate hydrate, eNRTL model,
electrolytes, phase equilibrium, tri-n-butylammonium bromide, methane

NOMENCLATURE G~ — Excess molar Gibbs energy [J -mol™]
y— Activity coefficient []

I —Tonic strength []

ks — Boltzmann’s constant [k, |=1JK"'
m — Molality [mol kg™']

A 4— Pitzer-Debye-Hiickel constant []
o — Nonrandomness factor []
C — Langmuir constant [C] = Pa™

A — Indicati finite diff:
ndicating a finite difference [} 11— chemical potential [z] = J-mol™

-F it =P
J~Fugacity [/] = Pa N,, —Avogadro’s constant [mol™]

¢ — Osmotic coefficient [] A . .
G — Boltzmann kind factor [] N, — Number of experimental data points []

exp data
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v — Stoichiometric coefficient []
p — Pressure [bar, MPa]

60— fraction of sites occupied []

R — Perfect gas constant [J-K™mol™]
0,y — Root mean square deviation (relative) []
T — Temperature [K]

7— Energetic interaction coefficient []
w — Weight fraction []

x — Mole fraction []

X — Effective mole fraction []

z — Charge number of ionic species i []

subscripts

A — Anion with charge number z, <0

calc — Calculated

C — Cation with charge number z¢c > 0

CA — Binary salt composed of v,. cations and v,
anions

exp — Experimental

i,j,k — Any kind of species

/ — Index numbering experimental data point

m — Molar

m — Referring to molal concentration scale,
respectively, depending on the context

x — Referring to mole fraction concentration scale
w — Water

superscripts

ref — Reference state

* — Unsymmetric normalization convention

oo — Infinite dilution

o — Pure component state

© — Standard value (here: molality =1mol kg™")

~ — concentration quantity based on stoichiometric
mole numbers

INTRODUCTION

In phase equilibria of aqueous electrolyte
solutions, solid phases, the so-called salt hydrates,
can be encountered, which consist of a lattice
structure in which ions are surrounded by a
specific number of water molecules. A special type
of hydrates, specified as semiclathrate hydrates,
can be formed in aqueous solutions of tetraalkyl-
ammonium salts. These semiclathrate hydrate
phases are built up by a water-anion-framework
containing empty dodecahedral cavities and large
cavities encaging the alkyl chains of the cations

[2]. In the semi-clathrate hydrates formed by
TBAB, the water molecules form cage structures
together with the Br™ ions, in which the tetra-n-
butylammonium cation partly occupies four of the
larger cages [3]. Such a hydrate is called a semi-
clathrate hydrate crystal because a part of the cage
structure is broken in order to encage the large
tetra-n-butylammonium molecule [8].

In the presence of appropriate gases, like CH4 or
CO,, aqueous tetra-alkyl-ammonium halide
systems are capable of forming gas semi-clathrate
hydrates. In these solid compounds small gas
molecules are encaged in the dodecahedral cavities
of the semiclathrate hydrate structure [9]. In
contrast to strong electrolytes like NaCl who act as
gas hydrate [4-,5,6], tetra-alkyl-
ammonium halides promote the formation of
hydrates at around room temperature and at low
pressures [1]. For that reason, activities in research
and development in the field of (gas) semiclathrate
hydrates have been initiated and stimulated, since
these systems can be used as refrigerants [7], gas
separation [8,9] and gas storage materials [1,10].
The binary H,O +TBAB system is characterized
by a complex solid liquid (SL) phase behaviour
[11,12], reflected in a isobaric SL phase diagram
which exhibits regions of different hydrates, the
structure and stoichiometric compositions of which
have been the subject of some controversy [1].
Nakayama [13] for example states that a hydrate
with a hydration number vy ,=v, =24 is
formed, whereas Shimada and co-workers
[8,16,14,15] found two kinds of hydrates, referred
to as type A and B, respectively, of v, =26 and
38 [1].

Concerning the modeling of the phase behaviour of
gas semiclathrate hydrates, succesful efforts have
been made Mohammadi et al. [16] in describing
the phase behaviour of the ternary system
H,O+TBAB+H,. However, the modeling
approach of Mohammadi and co-workers [21] is
based on a neural network algorithm. In contrast,
the model of Pericaud [1] has been, to the best of
our knowledge, the first thermodynamic modeling
approach to describe the phase behavior of systems
capable of forming gas semiclathrate hydrates. To
set up the framework for modelling the gas semi-

inhibitors



clathrate hydrates, Pericaud combines the approach
established for salt hydrates [1] and semi-clathrate
hydrates with the model of van der Waals and
Platteeuw [17] for gas hydrates. As Pericaud
points out, “an accurate prediction of SLE in
electrolyte first requires a reliable
thermodynamic model to compute the properties of
electrolyte aqueous solutions” [1]. For that
purpose, he has used the square-well version of the
SAFT-VRE (Statistical Associating Fluid Theory
with Variable Range for Electrolytes) electrolyte
equation of state proposed by Galindo et al. [18].
In this work a modification of the model approach
of Paricaud is presented in which in contrast to the
use of the SAFT-VRE equation of state the
electrolyte NRTL model of Chen et al. [19-,20,21]
(eNRTL-model) is incorporated into the model to
describe the liquid phase non-idealities. The model
has been successfully applied to the binary
H,O0+TBAB system and the HLV-equilibrium
obtained for the H,0O + TBAB + CH, system.

systems

THERMODYNAMIC MODEL FOR SEMI-
CLATHRATE HYDRATES PHASES

In this section, the theoretical framework of the
model of Pericaud [1] for describing the salt,
semiclathrate as well as gas semiclathrate hydrates
is presented. The corresponding equations enable
the modeling of solid-liquid phase, solid-liquid-
vapour phase and combined chemical and phase
equilibria encountered in binary systems of the
type H,O+CA (abbreviation for a binary
electrolyte C, A, composed of v,
cations C*" and I)A’CA anions A™) and
H,O+TBAB, as well as the ternary system of the
type HyO+TBAB+gas. Depending on the overall
concentration of the electrolyte component,
different solid phases are formed over defined
intervals of the electrolyte concentration. Using 7,
p and x as the set of independent (intensive)
variables, that is, the temperature, the pressure and
the set of mole fractions of the independent
chemical species (or components), the phases
being present in a stable equilibrium state over
defined regions of concentrations are characterized
through a minimum in the total Gibbs energy
function. For all the different types of phase

equilibria dealt with in detail below, it is assumed
that the solid electrolyte is dissolved in the liquid
aqueous phase by completely dissociating into its
ions according to:

C, A, () =V (L) +v, 4" (L), (D

and that no ion pairing is encountered in the liquid
phase.

The presentation of the model is slightly different
from the original publication for the solid-liquid
equilibria in salt hydrate and semi-clathrate
systems. The equations are derived directly by
starting from the conditions of the equality of the
intensive system variables temperature, pressure
and chemical potential in all phases. In this respect,
the presentation given here resembles more the
way as published by Tumakaka et al. [22].
Thereby, consequent use has been made of
standard thermodynamic quantities [23].

Isobaric equilibria between an ice phase and an
electrolyte solution

The solid-liquid equilibrium between an ice phase
I (H,O (1)) and the liquid aqueous solution of a
(binary) electrolyte CVC AVA (aq) =CA(L,)) at
constant temperature 7 and pressure p is
experimentally detected in the region of low
overall electrolyte concentration in this type of
binary mixture. The thermodynamic conditions for
describing the I-L  equilibrium can be stated as:

T'=T"(=T) 2)
p'=p"~(=p) 3)
(TPl =1) = (T pt ) 4)

According to the set of independent variables T, p
and x, the underlying thermodynamic potential
describing the equilibrium is the Gibbs free energy.
Since the solid ice phase is a pure phase by its
nature, the corresponding chemical potential is
fully described by its dependency on 7 and p:

w, (T phx, =1)= ! (7' 1" (5)

where the superscript indicates the pure component
property. In contrast to ,u\IN , the chemical potential
of liquid water, u'(T,p,x.), depends on the
composition of the phase and is given by:



we (T, poxy)
- y;’v’LW(T,p)+RTlnxiW}/\f,“’(T,p,xiW)’

where " (T, p) is the chemical potential of
pure liquid water at temperature 7 and pressure p,
R denotes the universal gas constant, x.», the
mole fraction, and y.» activity coefficient of water
in the liquid aqueous phase. y!» is defined with
respect to the Raoult’s law reference frame
implying the following converging behavior:

lim i =1 (7

X, —1

(6)

Upon inserting eq. (5) and eq. (6) into eq. (4), the

equilibrium condition turns into:
u (T, p)= ™ (T.p)+ RT Inxg p, ®)

Introducing the standard chemical potential of

water "' (T) in the respective phase IT=1 and
IT=L_, respectively, according to:
e
p& N (T) = (T, p) + j Ve (T, p)dp (9)
P
where V>'! is the molar volume of pure j in the

condensed phase II and p© =0.1MPa is the
standard pressure, and applying eq. (9) to j=w
for II=1 and TII=L_, respectively, the
1" (T, p)’s in eq. (8) can be eliminated.

uS (T) - (1)
RT

Ity =
- , (10)
L (Ve =V )dp

RT ) - -
The temperature dependence of the standard
chemical potential 4" can be expressed by
means of the caloric quantities H2" and Cfmnw,
the standard value of the molar isobaric heat
capacity and the enthalpy in phase I1 according to:

,UV?’H (T) _ ,Uw&n (To) L gen (TO){l_ij
(11)

T T v T T

JUC&R 0 |

T
” dT” d ,2
L \T r

where 7 is an appropriate reference temperature.
Upon evaluating " (T) /T according to eq. (11)
for the phase II=1 and II=L_, respectively,

using as the reference temperature 7, the

temperature of the solid-liquid phase transition of
pure water at p=p°, T =T"(p®), and
inserting the resulting expressions into eq. (10), the
phase equilibrium condition appears in the form
o HEE(T)-HENT)
R T 7'
aT (12)

[ (e )z rar |22
i fr

Since T'" and p® represent the state conditions
at which pure liquid water is in equilibrium with an
ice phase, the difference of the standard chemical
potentials 4" (T )~ 42'(T") vanishes due
to the thermodynamic requirement that the
chemical potentials in both phases have to be
equal. Abbreviating the differences accompanying
the I-L , -phase transition of pure water, i.e., molar

quantities upon fusion of ice at T'™ as
AP HS (T, ArCPL (T) and ARV, (T, p)s

respectlvely, leads to:

Inxy 7, = A Hy (T IL‘”)( L _1]

RT '
1 ¢ , dr (13)
AlC ") dT"
+RJIJW ) |2
p
1 V ( )dp

p
Simplifying eq. (13) by assuming that the
temperature dependence of Ar Cf‘m ,(T), and the
pressure dependence of AV, (T,p) are

negligible and taking them as their values at 7'

and p© allows for an evaluation of the integrals:
AVHS (T T
Inxbvyle = % -1
w }/w RT ]—vlLW
L, ~o IL,, L,
+A Cme(T ) N B I (14)
R T T

LA Vo (T 0%)
RT

In this form the equilibrium condition contains
measureable quantities and, provided that a
suitable model for the activity coefficient

(#%-7)



yo (T, p,xiv) is given, it represents an implicit
equation in the three independent variables 7, p
and xﬁzo that can be solved numerically if two
properties are set. Whereas Pericaud [1] uses the
SAFT equation of state [18] as a model for
describing the activity coefficient while in our
work, the eNRTL model of Chen et al. [19-21] is
intended to be used for that purpose.

Equilibrium between a (salt or semiclathrate)
hydrate phase and a liquid electrolyte solution

The dissociation of a salt or semiclathrate hydrate
C, 4, -v,H,0 composed of v water molecules
H,0, v, cations C*" and v, anions A" is to
be regarded as a combined chemical reaction and
phase equilibrium and can be written as:

C, A, v, H,0(H)

(15)
=v, H,0(L, )+v.C*"(L,)+v,A*"(L,)

It is described by the standard equilibrium constant
expressed in terms of the composition as:
xo(ry @) (ke ) (e )" (16)

H
ay

xexp —%j (v Vb vl v =V ) dp

where the subscript symbol “h” here and in the
subsequent parts of this report denotes the hydrate
compound C, 4, -v, H,0O. a;' stands for the
activity of the hydrate in the solid hydrate phase.
aVLV“’ , a;’éw and ai:f;‘v, respectively, denote the
activity of the water, the cation and anion in the
liquid phase.

Whereas the activities of the solute species are
normalised to the reference state of infinite
dilution, indicated by symbols endowed with an
asterix, the activity of water, regarded as the
solvent, is normalised according to the pure
component  reference  state  (see  further
explanations below). Since it is very common to
use different concentration scales for solute species
in a solution, the subscript x is additionally
attached to the symbols of the activities of the ions
(or the neutral salt) in order to emphasize that they
are defined here by using the mole fraction scale to
quantify the composition. V;\I;“ and V;f denote
the molar volume of pure and liquid water and the

hydrate, whereas V~ o and Voo v stand for the
partial molar volume of the cation and the anion at
infinite dilution of the salt, respectively.

Taking into account that the solid hydrate phase is
a pure phase implies that its activity a,' is unity:

a' =1 (17)

In contrast, the activities of the species in the liquid
phase depend on the composition of that phase and
can, e.g., be expressed as the product of the mole
fraction of that species and the corresponding
activity coefficient. The activity of water is defined
as:

ay =xtye (18)

w

where the activity coefficient of water 73;“’ is
normalized according to eq. (7). The activities
awL of the ionic species are defined similarly

aééording to:

ai;=xire (J=CA), (19)

¥, j

However, in contrast to a.*, the a;ﬁw of the
solute species are defined with reference to the
hypothetical state of the pure ionic species being in
the state of infinite dilution, implying the following
converging behavior for the activity coefficient

*,Lw .
7. ;" the solute species:

lim "% =1 (j=C,A) (20)
Xy 7

Normalizing ;/\k“’ and 7:/L by means of eq. (7),
and eq. (20), respectively, corresponds to the so-
called “unsymmetric convention®.

Upon introducing egs. (17), (18), (19) into eq. (16)
and taking the logarithm, the equilibrium condition
reads:
InK*°(T) 1)
=v, Inxy oy FveInxg yl e +v, Inxgy

124

o,L o, L, o,L, °o,H
_RT (VW’KH,W +VCV:n,C +VAVm,A _Vm,h )dp
P

Replacing InK®(7) in the relation above by

considering that
RTInK®(T)=-A, Gy (T)= (22)

—ty (T =v i (T) =veu e (T) =vp i (T)

leads to



" (1) vy (1) vepse (T) =vami (T)
RT 23)

L, L, L,, *L, L, %L,
=v, Inx; y +v.Inxg Ve +v, Inx, Ven

—Lpe v Vol v VEb v v vl d

RT p( w” m,w cVm,c A m, A m,h) P
In eq. (22) the subscript “dis” in A, GZ(T)
=A.GZ(T) indicates that the change in standard
molar Gibbs energy is accompanying a particular
type of chemical reaction, the reaction equilibrium
of the hydrate dissociation. For the hydrate in the
solid hydrate phase and the liquid water in the
liquid aqueous phase, the standard chemical
potential, respectively, is defined as:

pe
u (1) = 1" (T.p)+ [ Vel @4)
P

for j=w and II=L_, and j=h and II=H,
respectively. For the solute species j =C, A in the
liquid phase, the standard chemical potential is
defined as:
w2t (T)= lim (4= (T.p.xl7 )~ RT )
o (25)
P
[ ey
p

While both terms in the limes expression of eq.
(25) diverge individually their sum remains finite
[25].
If the temperature dependence of the standard
chemical potentials in eq. (23) is considered for all
the species by means of eq. (11), like it was
previously done for z=-"(T) / T, eq. (23) reads:
(1) v 8 (1) =vepZe (T) =vauZi (T)

RT
M (Tt Vvt (T )veSet (T Yvau it (T ) (26)

RTO™

1[Hﬁﬁ(nyﬁ)—vWH:‘f;b(r;::“) [1 1]
)

L RV N ()

1 T
|

Togr ™

cgr cgr

[ | [V“C&%;(T")+vcc,?,;t\e(f")]dr"]dr

it \ A G (T7) = Can(T") r

Ly Ly L, ,*L, Ly, %Ly,
=v, Inxyo +velnxcye e vy Inxoye s

e

P
! (v +vliil v vl dp

_RT w m,w m,C m, h
P

Thereby, T =T (p®), the congruent melting

gr cgr
temperature of the hydrate at p=p© is taken as

the reference temperature 7j .

The linear combinations of the standard molar
quantities Z>:" (Z=H,C,;i=h,w,C, A) as well
as of Vv, Voo, Voerr and Vo appearing in
eq. (26) have a physical significance similar to
A, G2 (T), since they represent the changes
accompanying the dissociation reaction of the
hydrate:

MG ZE(T)=v 220 (T) +v 22 (T) vy 22 (1) -2 (1) (2T)

Adstnlff(T’ p) = (28)
v Voo (T, p)+veVa e (T, p) vV e (T, p)-Vrl(T, p)

w'om,w C"'m,C C"m,C

Taking into account egs. (22), (27) and (28), and
making the same simplifying assumptions for
Ay CoL(T) and A,V (T, p) like it was done
previously for AC?  (T) and APV, (T,p)in
the treatment of the I-L  -phase equilibrium, eq.
(26) is converted into:

il sl 1

RT.," RT T
© HL,, HL,, HL,,
. AdisC'p,m (T;gr ) 1+ 11’1 ]“Cgr _ ]wcgr (29)
R T T

ref HL,, <
AL:lis Vm (]lgr P )
+ (
RT
v, Inxl oyl +venxlyl i +v, Inx oyt =0

p-r°)

This is the final simplified form of the equilibrium
condition describing the coupled reaction and
solid-liquid equilibrium between a (semiclathrate-)
hydrate phase and the corresponding aqueous
electrolyte solution in the binary system
H,0+C, A . At the point with p=p° and
T =Ty, the composition of the liquid phase
equals the stoichiometric composition of the
hydrate phase, " = (x!, x{)":

Vv
x‘];“’ = x‘:[ = W (30)
v, +Ve+V,
V
dvoxio Yo 31)
Vo +VC +VA

Insertion of these values into eq. (29) and realising
that x) =1-x! —x{' enables the calculation of
A Gy (T, [11:

cgr

A G2 (Ta)

dis ~'m cgr

RTHL

cgr

=v, Inxllyl (TC';LW ,fc”) (32)

H_ %L, (HL, =H H,_ %L, (7HL, =H
+elnx yog (T , X )+vA Inx, 70 s (T , X )

cgr cgr



In eq. 31) yo(To.x"), yoo (T, x") and

v (T %) stand for the values of the activity
coefficients calculated by means of the eNRTL
model at 7, and x".

Numerical values for the standard molar quantities,
AgH(Ty) and A CP (To"), are gained
through adjustments of the HL -coexistence
curves or to the dissociation enthalpies directly. If
values of the standard molar isobaric heat capacity

upon hydrate dissociation are measured directly,

they can additionally be used to adjust
Adis Cfm (T::}g{er ) : HOWeVer, Adis Cfm (T::}g{er ) haS

been set to zero in our calculations.

Ay Vy', evaluated at 7o and p©, accounts for
the effect of pressure on the melting points for the
water + salt binary systems [1]. Paricaud points out
that “different values for A V<"(T5™,p®°),
AgHE (T, Tat and A, C2 (Th') should
be used for different types of hydrates” [1]. He
further reports that v should be fixed to its
experimental value.

Modelling the HLV phase behaviour with a gas
semi-clathrate hydrate phase in systems of
water, TBAB and a suitable gas

In this section, a multi component system
composed of water and a salt C, A, (abbreviated
as “CA”), being capable of forming a semiclathrate
hydrate phase with water in binary water + CA
(e.g. TBAB) mixtures and N, different types of
gas molecules is considered. It is further assumed
that at a given temperature 7" and pressure p the
system exists in a state of equilibrium between a
gas semiclathrate hydrate phase (formed by a
framework of water and salt molecules in which
gas molecules are enclathrated, in the following
denoted by H,), a liquid aqueous (L) and a
vapour phase (V).

In this theoretical approach, the model presented
previously  for describing the equilibria
encountered in binary water+CA-systems will be
combined with the model of van der Waals and
Platteeuw [17,24] for gas hydrates. In the latter
theory the metastable phase g of the empty lattice
made up by the lattice forming compound alone is
used as a reference state to define the chemical
potential of that compound in the gas hydrate

phase. In the approach for gas-semiclathrate
hydrate equilibria, the lattice framework of the host
lattice is — in contrast to the one of the “normal”
gas hydrates — formed by more than one hydrate
former. However, for each particular structure it is
built up in a regular, i.e. a stoichiometric way
between the hydrate forming components.

In the framework of the final thermodynamic
modelling equations, the gas hydrate phase H, is
treated here as being composed of N . +1
components, one semi-clathrate hydrate
component C, 4, -v, H,0 (i.e., treated as a
single chemical compound and, hence, with a fixed
stoichiometric composition of v,. cations C*", v,
anions A" and v, water molecules),
abbreviated as h, and N~ of gas molecules j
(j=L...,N,,)- Pericaud [1] mentions that it is a
“key point” in the development of this model “to
consider that the metastable empty [ phase can
have different structures that correspond to the
different semiclathrate hydrate phases observed in
the salt+ H,O binary system.” For the TBAB
aqueous system, Paricaud assumed two types of
hydrates, named type A and B which correspond to
hydration numbers of v, =26 and v =38 [1].

The chemical potential of the semi-clathrate
hydrate and the fraction of occupation of the
gaseous components

The chemical potential of the gas semiclathrate
hydrate including a term that accounts for its
dependence on composition, i.e., the degree of
occupation by gas molecules, is derived by means
of statistical thermodynamics from an expression
for the semi-grand partition function = for the
hydrate phase.

From the characteristics outlined above it follows
that the overall grand partition function & will be
of the form E=E(T,V,N,,No,N.,fh,.... My )-
However, it has to be pointed out that the basic
variables used to characterise the composition of
the empty hydrate, the particle numbers N, N,
and N,, are not independent of each other. They
are rather related through the stoichiometric
restriction (in accordance with the chemical
reaction defined by eq. (15))



iV N _dNy (33)

v, Ve VA

where £ has the same meaning as like variable to
describe the extend of a chemical reaction, the
differential of which is equal to the differential of
the number of salt “molecules” N, . The tilde
over &£, a variable normally defined on a molar
basis, indicates that the quantity is defined with
regard to the number of particles rather than the
amount of substance of that particular species.
Particle related properties are related to molar
properties by means of the Avogadro constant
N,, . In deriving the semi-grand partition function
for the gas semi-clathrate hydrate, = , Pericaud [1]
follows closely the original work of van der Waals
and Platteeuw [17]. In fact, the only difference
between the semi-grand partition function to be
developed for the gas semi-clathrate hydrate
phases and the original grand partition function
derived by van der Waals and Platteeuw for gas
hydrates phases with hydrates of a single hydrate
forming component is that the number of cavities
has to be related to a suitable number of one of the
lattice forming components. Such a number is e.g.
the number of salt “molecular” units N which
is identical to the number of * molecular “units of
the semiclathrate hydrate

N, = NCVCAVA vy H,0 = Nea (34)

where the index “h” refers to the molecular unit of
the semiclathrate hydrate compound.
In the derivation of the particular expression for =
[17], phase equilibrium between the species in the
vapour and the hydrate phase:
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is implicitly assumed and incorporated into the
equation derived from =
sites @,, occupied by gas molecule j in the cavity
via the fugac1ty f of j in the vapor phase.

The functional relationship for 0, that is derived
from = reads [1,17,24]:

for the fraction of lattice

Gl (36)
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Due to the argumentation above, the values of the
fugacities f do not only hold for the solid hydrate
but evenly for the gaseous phase and can e.g. be
calculated by means of a suitable equation of state
for the gas phase. In our modeling calculations, the
Soave-Redlich-Kwong equation of state [25] was
used for that purpose. The C, are the so-called the
Langmuir constants C;; which in case of spherical
cavities, which can be linked to the cell radial
symmetric potential between the particle j and the
host molecules, w;,(r), as follows:

_Ar j exp(_L(r)j dr (37)
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where the r denotes the distance between the centre
of mass of the gas molecule and the centre of the
cavity, R_ . stands for the effective radius of
cavity i, and k, for the Boltzmann constant.
Whereas a square-well (SW) potential (see e.g.
Parrish and Prausnitz [26]) is used by Paricaud [1],
we use the Kihara potential in our calculations (see
e.g. McKoy and Sinagoglu (1963) [27]. For
details on the procedure of adjusting the Kihara
potential parameters see Herri et al. (2011) [28].).
The following expression is derived from = for
the chemical potential of the gas semiclathrate
hydrate [zhH ¢ compound:

W = 0P 4 RT Z vln(l— fa ] (38)

The equilibrium condition for phase equilibria
exhibiting a gas semiclathrate hydrate phase

Since the composition dependence of the chemical
potential of the gas semiclathrate hydrate is not
given in terms of the activity of the semiclathrate
hydrate but by the expression derived from the van
der Waals and Platteeuw using € ., as composition
variable it is not possible to start from eq. (16) to
derive the final equilibrium condition. However,
eq. (15) is still valid, with the only little difference
that the semiclathrate hydrate phase H is now a
mixed gas semiclathrate hydrate phase H®. The
equilibrium condition describing the combined
chemical and phase equilibrium given in eq. is:

A G AdlsGm - vt VCluC +VAIUA _Iu}ll-[g = 0 (39)



A G =A; G, is the molar Gibbs free energy
change accompanying the dissociation reaction.
Eq. (39) in turn is gained from the necessary
condition, that the total Gibbs energy in the
independent variables 7, p and composition is a
minimum at equilibrium.

For the ionic species, the state of the pure ions in
the hypothetical infinitely dilute state in water is
chosen as the reference state for the activity coeffi-
cients defined in terms of the mole fraction as
composition variable. Hence, the chemical poten-
tial for the ionic species j=C, A is defined by:

,u;“ (T,p,vaVW ) = ,u;Cf'LW (T,p)+RTIn x}“‘}/;:IL.W (40)

where the reference  chemical

,u;ef’LW (T,p) is defined by
,L{;ef’L“' (T,p) = ‘llwnil(,uf“ (T,p,vavW )—RTlnx/F“ ) (41)

potential

Inserting eq. (6) for ,uVLV“ , €q. (38) defining ,uf ¢
and eq. (40) for g"" and ™" into eq. (39)
leads to:
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If the pressure dependence of the reference
chemical potentials is eliminated by introducing
standard chemical potentials for all the species, the
resulting equation reads
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If a) the temperature dependence of the chemical
potentials is introduced, like it was done previously
for the binary system H,0+TBAB, b) the linear
combinations of the respective partial molar
quantities are identified with their changes
accompanying the dissociation reaction, and the
general relation above by assuming that
A, C® (T ) and AdiSVI;ef(T , p) are independent

dis ' p,m

of temperature and temperature and pressure,
respectively, over the 7 and p range considered,
like it was done previously for the cases of the
I-L, phase equilibrium as well as the H-L
equilibrium obtained in the binary H,O+CA
systems results in the following form of the
equilibrium condition
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In eq. (44), Ti" =T, (p®) stands for the
temperature of the congruent melting point of the
semiclathrate hydrate, i.e., the temperature of the

phase transition f# —>L =H—>L_ at p=p*©.
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The eNRTL model for describing liquid phase
non-idealities

The eNRTL model provides an expression for the
excess Gibbs molar energy of electrolyte systems
and has been presented and discussed in detail in
another communication to this conference [29]. It
is used in our model to calculate the activity
coefficients of the solvent and the ionic species in
the liquid phase, respectively. In the attempt to
model the phase behavior of the ternary
H,O+TBAB+CH, system presented here, the
temperature dependence of the activity coefficients
was neglected and the values for the interaction
coefficients at 298.15K, 7, ;4,5 =8.3169 and
Traasao = —3.6717 as published by Belvéze et al.
[30] had been used in the calculation. The
nonrandomness factor was set to Q0. TBAB =0.2.
The values published by Belvéze et al. [30] in turn
were obtained from adjusting the model equations
to the isothermal mean molal activity coefficient
data of Lindenbaum and Boyd [31].

MODELLING AND DISCUSSIONS

Before the modified model of Paricaud [1] using
the eNRTL-model instead of the SAFT-equation of
state can be been applied to the methane
semiclathrate hydrate system, the H,O+TBAB



semiclathrate phase boundary has to be described
in order to gain values for T ™ and
AdisHme(THL“ )-

cgr

Modelling of the binary water+TBAB system
exhibiting a semi-clathrate hydrate phase

Applying eq. (29) to the H,O+TBAB systems
enables the calculation of the isobaric T7-x-
phasediagram. The applicability of the equations
requires a model capable of accurately representing
he liquid phase non-idealities. The parameter
Ay Gy (T ) is then calculated from eq. (32) by
using eqs. (30) and (31) evaluated for the two
hydrate structures. We have selected the eNRTL
parameters of the system as published by Belveze
et al. [30]. At 25°C the mean ionic activity
coefficient is correlated quantitatively as shown in
Figure 1. The description of the osmotic coefficient
data is less precise, but still satisfying (Figure 2).
AV (TCI;LW, p°). With these data, the T-x-
equilibria for the type A and B structures in the
H,O0+TBAB system could be described
successfully by adjusting 7, and A, H > (T,,.™)
to the experimental data of Oyama et al. (2005)
[12] and Lipkowski et al. (2002) [32].

+ Lindenbhaum & Boyd (1964)
——eNRTL model (param. adj. to data of L & B (1964)
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Figure 1: Mean molal activity coefficient of TBAB
in aqueous solution at 7=298.15 K and
p = 0.1 MPa as function of the overall TBAB
molality using eNRTL interaction parameters of
Belveze et al. [30]. (¢) Exp. Data [31].

+ Lindenbaum & Boyd (1964)
Eliseo Amado & Blanco (2005)
eNRTL-model (param. adj. to data of L & B (1964)
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Figure 2: Osmotic coefficient of TBAB aqueous
solutions at 77=298.15 K and p = 0.1 MPa as
function of the overall TBAB molality using

eNRTL interaction parameters of Belveze et al.

[30]. (@) Exp. Data [31].

Modelling of the HLV equilibrium occurring in
the ternary system water + TBAB + methane

The model has been applied to carry out
calculations on the solid-liquid-vapour phase and
chemical equilibrium encountered in the ternary
system H,O+ TBAB + CH,;. Under the state
conditons of interest, ie. 9<.9/°C<24 and
0.05 <y, <0.30, the pressure interval ranges
from around 0.5 MPa to approximately 40 MPa.
By using the parameters obtained from modeling
the isobaric 7-x-diagram of the binary sub-system
H,0 +TBAB, A HJ(T,™) and T, p-T-
curves of the three phase HLV equilibrium of the
system H,O + TBAB + CH4 could be calculated
for different initial concentrations of TBAB in the
liquid phase. Hereby, the standard value of the
molar isobaric heat capacity change upon hydrate
dissociation A, C? (T,.™) Wwas set to zero. For
the change in molar volume upon hydrate
dissociation, Ay V(T ,p®), the value of —
30 cm’ mol ' has been used in accordance with
Pericaud [1]. In contrast to Paricaud, who has used
a square-well potential to calculate the Langmuir
constants C,, [1], the Kihara potential has been

used for this purpose in this work [27]. For details



of the calculation procedure, the reader is referred
to Herri et al. (2011) [28].

In the modelling calculations, type A semiclathrate
hydrate with v =26 has been assumed for
Wipap = 0.05, whereas structure B semiclathrate
hydrate with v =38 was assumed for the higher
concentrated solutions at w,,,, =0.1,0.2,0.3. The
Kihara potential parameters & o and a, were
adjusted to the experimental data, but their values
changed only slightly compared to the values
obtained for ordinary gas hydrate phases.

The results of the modeling calculations are set out
in Figure3 against experimental data from
corresponding literature sources. They are
presented as a Clausius-Clapeyron plot, i.e.,
In( p/ p°) is plotted against the reciprocal value
of the absolute temperature.
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Figure 3: HLV phase boundaries of the ternary
system H,O+TBAB+CHj, at w,,,, =0,05, 0.1,
0.2, 0.3 exhibiting semiclathrate hydrate phases.
Experimental data of: (#) Arjmandi et al. [33],
(©): Oyama et al. [34], (—) modelling results.

Four lines have been generated at overall initial
weight fractions of TBAB in the liquid phase of
Wygap = 0.05,0.1,0.2 and 0.3. For all of these con-
centration values experimental data of Arjmandi et
al. (2007) [33] were available. In the lower pres-
Wygap = 0.1, the experimental data
collection could be supplemented by the results
Oyama et al. (2008) [34].

The calculated p-T-HLV phase boundaries exhibit
average relative deviations <]Ap |/ p> from the
corresponding experimental results:

sure region at

<|Ap|>= 1 Nei:(mm|pexp,l_pcalc,l| (45)
p N expdata (=1 p exp, [

ranging from around 8 % for the phase boundary at
Wirgap = 0.3 to 44 % for the line at wp,,, =0.1
against the data of Arjmandi et al. [33]. In contrast,
for the 10 % boundary line, significantly lower
deviations from experimental are detected in the
region of lower temperature and pressures. The
relative average deviations between the pressure
values calculated and the corresponding data of
Oyama et al. [34] amount to only 9.5 %.

In view of the fact that several simplifying
assumptions have been made in the modeling (like
e.g. the negligence of the temperature dependence
of the eNRTL interaction parameters), the overall
performance of the model is quite good and the
results are promising.

CONCLUSIONS

In this article, an attempt has been made to model
combined chemical and phase equilibria encoun-
tered in the binary H,O+TBAB and ternary
H,O+TBAB+CH, system. In both systems semi-
clathrate hydrate phases are formed in he state
conditions of interest.

The approach is based on the thermodynamic
model of Pericaud [1] capable of describing
mixtures exhibiting salt, semiclathrate as well as
(gas) semiclathrate hydrate phases. In the new
model of Paricaud [1], fluid phase-nonidelities are
accounted for by means of the SAFT-VRE
equation of state. For describing the solid-liquid
phase-equilibria Paricaud has set up a new model
by starting from the thermodynamic principle that
the total Gibbs energy of a system in equilibrium at



given 7, p and all mole numbers under
stoichiometric constraints is at a minimum.

We have presented a modified version of the
model of Paricaud [1]. In contrast to the original
theoretical framework we have used 1) the eNRTL
model of Chen et al. [19-21] to describe liquid
phase non-idealities, 2) neglected the gas solubility
in the liquid phase in the calculation of the activity
coefficients, 3) the SRK-equation of state to
describe the gas phase and 4) the Kihara potential
for modeling the guest-host interactions in the
semi-clathrate hydrate structure.

The binary system H,O+TBAB has been described
in order to obtain the model parameters 7, and
Ay H (T . Using these results our first
attempt of modeling the gas semiclathrate hydrates
encountered in the H,O+TBAB+CH, system has
led to promising results. Relative deviations
<|Ap |/ p> between experimental data [33,34] and
calculated values for the p-T-HLV phase
boundaries are found to lie between 4 and 44 %.
Although the agreement between experimental and
modeled results is poor for the data of Arjmandi et
al. [33] at w,,,, =0.1, the agreement is better for
the remaining phase boundaries.

Our model version can be improved by e.g. taking
into account the temperature dependence of the
activity coefficients. Future research activities will
therefore concentrate on the improvement of the
model along this line and on its application to other

systems like H,O+TBAB+CO,.
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