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ABSTRACT 
The CO2 capture by using clathrates is a method which takes profit of the CO2 selectivity in gas hydrate to 
separate it from nitrogen, or other exhausting gases from gas combustion or coal combustion. The 
bottleneck is the operative pressure which still remains high and needs to be drop down to 0.5 MPa in order 
to compete with the reference case using Amines. After two national projects (SECOHYA, ACACIA) and a 
european program (iCAP), we tested different classes of thermodynamic additives, organic ones (water un 
soluble cyclopentane, water soluble THF) which form classical gas hydrates with structure SII, and ionic 
ones (Tetra-N-Butyl Ammonium Bromide, TBAB) which forms new types of structures.  
In this presentation, we present the modeling of the gas storage capacity of the TBAB semi clathrate 
hydrates. We propose a set of new equilibrium data about the CO2-N2-TBAB Hydrate-Liquid-Vapor 
equilibrium. We complete it with the literature data. These experimental results are modeled elsewhere.  
We present a simplification of the model to simulate the hydrate volume storage and the operative pressure 
versus the operative temperature. 
The conclusion of this work emphasizes that the operative can be drop to the atmospheric pressure, but the 
counterpart is the gas storage capacity which becomes null. 
 

Keywords: clathrates and semi clathrates hydrates, thermodynamic additives, gas separation 
 

INTRODUCTION 
TBAB (Tetra-n-butyl ammonium bromide) is 
capable of generating crystals of semi-clathrate 
hydrate compounds which are formed according to 
the reverse reaction of the general dissociation 
equilibrium: 

C A

A

w 2

| |
w 2 w C w A w

C A H O (S H)

H O(L ) C (L ) A (L )Cz z

ν ν ν

ν ν ν+ −

⋅ =

= + +
 (1) 

In the particular case of TBAB considered here: 

4 9 4C ( -C H ) Nn +≡  and A Br −≡ , the 

stoichiometric coefficients Cν  and Aν  as well as 

the charge numbers Cz  and A| |z  of the 

corresponding ions are unity. Different numerical 
values have been reported in the literature for wν , 

the stoichiometric coefficient of water. This last 
quantity is also called the hydration number when 
related to one stoichiometric unit of the salt, .It 
corresponds to a given semi-clathrate hydrate 
compound structure.  
The presence of the quaternary ammonium allows 
stabilizing the three-dimensional molecular 
network at a temperature above 0 °C [9]. In Figure 
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1, the crystallization temperatures at equilibrium 
are plotted as function of the mass fraction of 
TBAB under an ambient pressure. The phase 
diagram shows that the tetragonal TBAB�26H2O 
hydrate (S26) corresponding to 0.40 mass fraction 
is the most stable for simple TBAB semiclathrate 
hydrates. Gaponenko et al. (1984) reported four 
different semi-clathrate hydrates with hydration 
numbers w 24, 26, 32, 36ν = . Shimada and co-

workers (2005a) have succeeded in the crystal 
structure analysis for one, i.e., the orthorhombic 
TBAB�38H2O hydrate (S38), which is considered 
to be the second most stable structure and identical 
with the TBAB�36H2O hydrate reported by 
Gaponenko et al. 
In the presence of guest gas molecules, e.g., CH4, 
CO2 and N2, these two structure may form. To 
develop the phase equilibrium model in this 
system, information of the hydrate structures is 
necessary. For S38, the structure can be written as 
TBAB�3D where D denotes the free dodecahedral 
cavity which is available for the guest gas. 
(Shimada et al., 2005b). The actual structure of 
S26 is still unclear, however, it may be plausible 
that the structure is identical with the basic 
tetragonal semiclathrate-hydrate structure, that is, 
TBAB�2D. (Gaponenko et al. 1984, Rodionova et 
al., 2013) 
The maximum gas storage capacity of the TBAB, 
38H2O structure can be calculated by the 
following scheme. The density of the structure is : 

38 31070 .S
TBAB hyd kg mρ −= . 

The molar mass of TBAB, 38H2O is 

( )38 3 1322 38 18 10 .S
TBAB hydM g mol− −= + × . 

The S38 structure allows guest-gas occupancy in 
the three free cavities per molecules of TBAB 
(Davidson Water, 1973). So the maximum storage 
capacity is given by: 

( )
38

38, 3 3

3
3191

322 38 18 10

S
TBAB hydSTORAGE
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n

m

ρ
−

×
= =
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 (2) 
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Figure 1 : T,x– phase diagram of TBAB-water 
binary system  in the region of crystallization of 
clathrates polyhydrates (Lipkowski, et al., 2002, 
Oyama et al., 2005, Darbouret, 2005a, Sato et al, 
2013). 

 
It corresponds to a maximum storage volume of 

3 3
38, 76.6 .STORAGE

S MAXV m STP m−= . 

The effective storage capacity takes into account 
the occupancy of cavities jθ  by component j. It 

depends on thermodynamics. 

38, 38,
STORAGE STORAGE
S j j S Maxn nθ= ⋅  (3) 

The Liquid solution is TBAB solution at a weight 

fraction of 0.32L
TBABw = . We can evaluate the 

mole number of water per volume of liquid 
solution: 

( ), 3 3
38954

322 38 18 0

38

1
STO

L
TRA BABGE

water L

mole
n

m

ρ
−= =

+ ×
×

 (4) 

So, the Liquid storage capacity of gas components 
j is given by: 

, , ,
STORAGE STORAGE
j L water L j Ln n x=  (5) 

[ ], /j Lx mole of component j mole of water is 

the solubility of the component j. 
 
The evaluation of the storage capacity of the 
hydrate phase implies to determine the occupancy 
of cavities jθ  which depends in the end on the 

pressure, via a Langmuir rule following the 
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classical approach of the clathrate hydrate 
modeling. 
 
Modelling of semi-clathrate hydrates. 
 
In this section, we present the final equation of 
semi-clathrate equilibrium. It is based on the 
theoretical framework of the model of Paricaud 
(2011) for describing the salt, semiclathrate as 
well as gas semiclathrate hydrate. This approach 
has been re-used and presented by Kwaterski et al 
and Herri (2011). The corresponding equation 
enable the modeling of solid-liquid-vapour phase 
and combined chemical and phase equilibria 
encountered in binary systems of the type 
H2O+CA (abbreviation for a binary electrolyte 

C, CA A, CA
C Aν ν  composed of C, CAν  cations CCz +  
and A, CAν  anions A| |A z − ) and H2O+TBAB, as well 
as the ternary system of the type H2O+TBAB+gas.  
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: 
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 (6) 

r m dis mG G∆ = ∆  is the molar Gibbs free energy 
change accompanying the dissociation reaction. 
Eq. (6) in turn is gained from the necessary 
condition, that the total Gibbs energy in the 
independent variables T, p and composition is a 
minimum at equilibrium. w wHL HL

cgr cgr (T T p= ○ ) is the 
congruent melting temperature of the hydrate at 
p p= ○  and is taken as the reference temperature. 
 
 
At the point with p p= ○  and wHL

cgrT T= , the 
composition of the liquid phase equals the 
stoichiometric composition of the hydrate phase. 
It enables the calculation of dis mG∆ ○ wHL

cgr( )T  from 
the experimental determination of the position of 
the congruent point as reported in Table 1: 

dis mG∆ ○ ( ) ( )

( ) ( )
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w w
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w w w w

HL
cgr L H LH H
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+ +

�

� �

 (7) 

The activity coefficient w wL L
w w( , , )T p xγ of water 

needs to be determined elsewhere. Whereas 
Paricaud (2011) uses the SAFT equation of state 
as a model for describing the activity coefficient, 
we are work with the eNRTL model which details 
are given in Kwaterki and Herri (2014). It is 
assumed that the solid electrolyte is dissolved in 
the liquid aqueous phase by completely 
dissociating into its ions according to Eq.1. 

Table 1 Mascroscopic parameters of semi 
clathrates hydrates and Ice (this work) 

S26 S38  

dis mG∆ ○  wL
I mH∆ ○  dis mG∆ ○  wL

I mH∆ ○   

J/mol J/mol J/mol J/mol  

916 11640 654 11092 
This 
work 

dis mH∆ ○ wL
I mH= ∆ ○ 6011− , where 6011 is the 

enthalpy of fusion of Ice (J/mol) 

Table 2 Reference properties from this work 

 Unit S26 S38 
ref

dis mV∆  10-6 m3/mol -30(*) -30(*) 

dis , mpC∆ ○ ( )wHL
cgrT  J/(mol K-1) 0 0 

(*) in accordance with Paricaud (2011) 

 

dis , mpC∆ ○ wHL
cgr( )T  and dis mH∆ ○ wHL

cgr( )T , the standard 
values of the molar isobaric heat capacity and the 
enthalpy in Hydrate phase are gained through 
adjustments of the wH L -coexistence curves 
(Figure 1) and are reported on Table 1 and Table 
2. Another method could be to retrieve then from 
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 dis , mpC∆ ○ wHL

cgr( )T . 
However, dis , mpC∆ ○ wHL

cgr( )T  has been set to zero in 
our calculations. 

ref
dis mV∆ , evaluated at wHL

cgrT  and p ○ , accounts for 
the effect of pressure on the melting points for the 
water + salt binary systems (2011). The value of –
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30 cm3 mol–1 has been used in accordance with 
Paricaud (2011).  
 
In our modelling calculations, type A 
semiclathrate hydrate with w 26ν =  is assumed, 
structure B semiclathrate hydrate with w 38ν =  is 
assumed also. 
 
The determination of the occupancy factor 

j iθ  is 
derived from the classical and original work of van 
der Waals and Platteeuw (1959) 

type g

1

1

j i j
j i N

j i j
j

C f

C f

θ

=

=
+ ∑

 (8) 

The values of the fugacities jf  can 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 (1959) was used 
for that purpose. The j iC  are the so-called the 
Langmuir constants j iC  which in case of spherical 
cavities, which can be linked to the cell radial 
symmetric potential between the particle j and the 
host molecules, ( )j iw r , as follows: 

( )cav ,

2

B B0

4
exp

iR

j i
j i

w r
C r dr

k T k T

π  
= − 

 
∫  (37) 

where the r denotes the distance between the 
centre of mass of the gas molecule and the centre 
of the cavity, cav,iR  stands for the effective radius 
of cavity i, and Bk  for the Boltzmann constant. 
Whereas a square-well (SW) potential (see e.g. 
Parrish and Prausnitz,1972) is used by Paricaud 
(2011), we use the Kihara potential in our 
calculations (see e.g. McKoy and Sinagoglu , 
1963). For details on the procedure of adjusting 
the Kihara potential parameters see Herri et al., 
2011). 
 
The Kihara potential (Table 3) were adjusted to 
the experimental data. 

 

Table 3 Kihara parameters, after optimisation 

from experimental data with the GasHyDyn 

simulator, implemented with reference parameters 

from Table 1 and Table 2. 

 S26 S38 
 

k

ε
 a  σ  

k

ε
 a  σ  

CO2 
235 
(*) 

0.6805 
(*) 

3.1 
(*) 

145.26 
(*) 

0.6805 
(+) 

2.929 
(*) 

N2 
119 
(*) 

0.184 
(=) 

3.23 
(*) 

93.83 
(*) 

0.184 
(=) 

3.08 
(*) 

(*)-regressed from experimental data, (+)-from Sloan (1998, 
2005), (=)-Barrer and Edge (1967)) 

 
 
 

 

Figure 2: SCH-V-L phase boundaries of the 
ternary system H2O+TBAB+CO2 

Our first comment concerns the difference in 
between experimental results even at a very 
similar TBAB concentration. In our work, an 
important task was devoted to separate a priori the 
data into two classes, which can be modelled 
separately by assuming a S38 or a S26 structure. 
On Figure 2,  we can see from the results of 
Oyama et al (2008) and Lin et al (2009) that both 
the structure can crystallize at low liquid 
concentration of TBAB around the value of 
4.5%mass. At a lower concentration of 3% mass, 
Oyama et al (2008) observed only the structure 
S26 (Figure 3) and at a higher concentration of 
40% mass, the data from Dalmazzone and 
Deschamps (2009), Duc et al (2007) and Arjamdi 
et al (2007) indicate that the S38 structure is 
formed. 
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Figure 3: SCH-V-L phase boundaries of the 
ternary system H2O+TBAB+CO2 

 

 

Figure 4: SCH-V-L phase boundaries of the 
ternary system H2O+TBAB+CO2 

The data from Mohammadi et al (2012) and 
Meysel et al (2012) shows that a gas mixture at a 
CO2 concentration of 15% can be modeled from a 
structure S26 at TBAB concentration of 5%mass 
and a S38 structure at a higher TBAB 
concentration of 15% or 30% mass (Figure 5) 
At a higher CO2 concentration of 50% (Figure 6) 
we observe that both the structure can be formed at 
low TBAB concentration of 5% mass depending 
on the experiment, even in the same laboratory 
(Mohammadi et al, 2012). S38 can be formed at 
higher TBAB concentration of 15% mass and 30% 
mass. 
The data from Meysel et al (2011) show both the 
structure also (Figure 7) can also be formed at 
higher CO2 concentration of 70% mol. At low 
TBAB concentration of 5%mass, S26 structure is 
formed, whereas S38 structure is formed at TBAB 
mass fraction of 0.1 and 0.2. 

 

Figure 5: SCH-V-L phase boundaries of the 
ternary system H2O+TBAB+CO2+N2 

 

 

Figure 6: SCH-V-L phase boundaries of the 
ternary system H2O+TBAB+CO2+ N2 

 

 

Figure 7: SCH-V-L phase boundaries of the 
ternary system H2O+TBAB+CO2+ N2 

 
 
The tendency that is observed from the 
experiments is that S38 is systematically formed at 
high TBAB mass fraction, and S26 structure can 
be observe at low TBAB mass fraction, but in 
competition with the S38 structure. 
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From the complete modeling, we can add a 
specific comment which concerns the occupancy 
of cavities. In fact, from Eq. 6 , we can see that the 
occupancy of cavities is directly fixed from 
temperature. We focus here on the S38 structure, 
because it is the structure that is formed 
systematically at high TBAB concentration.  
From the modelling, we have extracted two 
correlations to help in understanding the behaviour 
of TBAB semi-clathrate hydrate. 
 
The first correlation concerns the occupancy 
factor, at a TBAB mass fraction of 0.32, where the 
congruent temperature of the S38 structure is 
10.38°C. We got 

( )
( )

2-3

-1

 = -3.719 10 10.38  

+ 9.926 10 10.38

Bulk

Bulk

θ ⋅ Θ −

⋅ Θ −
 (9) 

Where BulkΘ  is the temperature [°C] of the bulk 

solution. We add a second correlation (for S38 
structure, at a liquid TBAB mass fraction of 0.32) 
which gives the semi-clathrate equilibrium 
pressure ,PBulk eq  for pure CO2 gas hydrate former: 

( )
( )
( )

3-3
,

2-3

-1

P  = 3.687 10 10.38  

- 7.839 10 10.38

+ 2.035 10 10.38

Bulk eq Bulk

Bulk

Bulk

⋅ Θ −

⋅ Θ −

⋅ Θ −

 (10) 
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Figure 8: Occupancy factor of cavities as a 
function of the Operative temperature.  
 

The storage capacity 38,
STORAGE
S Maxn  [mole CO2/m

3 

hyd] in the hydrate phase (Eq.3) has also been 
evaluated. It is compared (Figure 9) to the 
maximum storage capacity of the pure hydrate 

(Eq.2), and of the liquid solution 
2 ,

STORAGE
CO Ln (Eq.5). 

The maximum hydrate storage capacity remains 
higher than the liquid storage capacity in all the 
range of pressure. But, because the occupancy of 
cavities remains very low (Figure 8), the effective 
hydrate storage capacity remains lower than its 
maximum value. The Figure 9 plots the respective 
storage capacities as a function of pressure given 
by Eq.10.  
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Figure 9:  Storage capacity. [mole CO2/m3 hyd] in the 
hydrate phase and liquid phase 

 
 
CONCLUSIONS 
The main contribution of this work has been to 
model the occupancy factor of the S38 structure of 
TBAB semi clahtrate hydrates, from Eq.6, and to 
propose a correlation in Eq.9. The occupancy 
factor is independent on the gas which is 
enclathrated, and it tends the zero value as the 
temperature tends to the congruent temperature at 
which the pure TBAB semi clathrate hydrate is 
stable, without the “help” of any gas. 
A first modelling of the Langmuir constant is 
proposed, from the determination of a set of kihara 
parameters (Table 3) for carbon dioxide and 
nitrogen. The main difficulty has been to separate 
a priori the experimental results of the literature 
into two sets, the ones to be modelled from the 
structure S38, and the other ones to be modelled 
from the structure S26. The modelling of kihara 
parameters for S38 structure seems to us robust 
because the experimental results are numerous, 
and also because the S38 structure has been clearly 
identified in the literature, whereas the S26 
structure remains unclear. 
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