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Abstract. One of the promising applications of clathrate/gas hydrates is the transport and storage of
natural gas. Semi-clathrate hydrates have received more attention due to milder pressure/temperature
stability conditions compared to ordinary clathrate hydrates. The most commonly reported semi-clathrate
hydrates are formed from a combination of gas + water + quaternary ammonium salts. In this work, a total
of 53 equilibrium data for semi-clathrate hydrates of methane + TetraButylAmmonium Bromide (TBAB)/
TetraButylAmmonium Acetate (TBAA) aqueous solutions were experimentally measured. For TBAB, three
concentrations including 0.0350, 0.0490, and 0.1500 mass fractions were used. For TBAA, a solution with a
0.0990 mass fraction was used. Additionally, the modified Chen—Guo model was applied to calculate the hydrate
phase equilibrium conditions of methane + TBAB/TBAA aqueous solutions. The model can accurately calculate
the aforementioned semi-clathrate hydrate phase equilibrium conditions with the Average Absolute Deviations
((AAD)rand (AAD)p) of 0.1 K and 0.08 MPa, respectively. The temperature increments for 0.0350, 0.0490, and
0.1500 mass fractions of TBAB are 7.7, 9.4, and 13.5 K, respectively. This value for 0.0990 mass fraction of TBAA
is 6.2 K. Therefore, it is concluded that TBAB is a stronger hydrate promoter compared to TBAA.

Nomenclature T Temperature
(T) Temperature term of fugacity

Ao The number of guest molecules per water O(P) Pressure term of fugacity

molecule (aw) Activity term of fugacity
G The guest species A', B, C' Antoine constants for calculating f°(T)
f The fugacity of the guest species B Structural parameter
1o The fugacity of the guest molecule in equilib- P Pressure

rium with the unfilled basic hydrate AV The molar volume differences
0 The fraction of the linked cavities occupied by R Universal gas constant

the guest molecules ) Activity of water
o Fractional coefficient Tealt Mole fraction of salt in the aqueous phase
M The number of linked cavities per water ki, ko Tuning parameters

molecule P, Critical pressure
C The Langmuir constant T, Critical temperature
X, Y, Z Antoine constants for calculating the Langmuir 7, Compressibility factor

constant w Acentric factor

" . ) ) AAD Average Absolute Deviations
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Tca Calculated temperature

Pryp Experimental pressure

Pca Calculated pressure

AT The average increase in the hydrate dissocia-

tion temperature in the presence of thermody-
namic promoter

1 Introduction

Pursuant to the U.S. Energy Information Administration
report, Natural Gas (NG) emits less carbon dioxide than
oil and coal. Therefore, NG can be used as a clean fuel [1].
It is also a primary feed in many industrial plants and plays
a vital role in energy supply with increasing the population
and global demand. NG has received more attention and has
been developed in recent decades more than other fossil
fuels. Unlike other fossil fuels, the emanation of oxides of
sulfur, carbon, and nitrogen by NG is negligible so that
NG reduces environmental pollution. Storage and trans-
portation of NG have several challenges with respect to
crude oil and multiple methods are utilized for transport and
storage of NG for example pipelines, Liquefied Natural Gas
(LNG), Compressed Natural Gas (CNG), and clathrate /gas
hydrates [2, 3].

Although the clathrate hydrate formation in the gas
pipelines can lead to some drawbacks, the formation of
clathrate hydrates can also present a variety of potential
applications. One of the most important and practical appli-
cations of clathrate hydrates is the storage and transporta-
tion of NG [3-5]. Clathrate hydrates are solid crystalline
mixtures that appear in the presence of water molecules
connecting through hydrogen bonds and guest molecules
(gas and/or some volatile liquid molecules) in desirable
pressure/temperature circumstances [6]. Heretofore, three
typical structures of clathrate hydrates have been well stud-
ied. However, in the presence of some quaternary ammo-
nium salts, an unusual structure called semi-clathrate
hydrate can be formed [7—11]. Semi-clathrate hydrates are
analogous to clathrate hydrates in most of the structure
and physical properties, but unlike clathrate hydrates, in
semi-clathrate hydrates, both water and anion contribute
to lattice formation while the cation occupies the large
cavities [9]. The aforementioned quaternary ammonium
salts are well-known as Thermodynamic Hydrate Promoters
(THPs) (in a specific range of the quaternary ammonium
salt concentration in the aqueous phase) which are capable
of diminishing the hydrate phase equilibrium pressures.
TetraButyl Ammonium (TBA ™) salts with distinct anions
like (Br—, CI", F, and P7) can be considered as the most
distinguished and leading THPs [9, 12-15].

Based on the aforementioned explanations, tetrabuty-
lammonium halides can form semi-clathrate hydrates.
From a molecular point of view, water molecules and anions
take part in the formation of the crystalline hydrate frame-
work in which the tiny guest molecules such as, CH,, CO,,
etc., settle in the small cavities while salt cation fills the
large cavities [10, 13]. Therefore, in semi-clathrate hydrates
of TBAB, TBA™, locates at the center of large cavities

while the halide anion, Br™ plays as an alternative of a pair
of water molecules in a crystal framework by forming
hydrogen bonds with adjacent water molecules [13-19].
Diverse structures exist for TBAB semi-clathrate hydrate
owning several hydration numbers. Nevertheless, two basic
types of structure for TBAB hydrate have been proposed
with hydration numbers of 26 and 38, referred to as types
A and B of semi-clathrate hydrates, respectively [9, 12,
19-21]. Types A and B of semi-clathrate hydrates are
functions of the salt concentration in the aqueous phase
and result in different semi-clathrate hydrates phase
equilibrium conditions [10, 22.

In recent years, plentiful data for the methane -+
TBAB + water system have been reported. Li et al. [23]
measured the hydrate phase equilibrium data (hydrate
dissociation conditions data or hydrate phase stability
conditions data) for CH,; + TBAB + H,O system. They
observed that the hydrate stability conditions are shifted
to low pressures and high temperatures in the presence of
TBAB. Arjmandi et al. [24] measured hydrate phase
equilibrium data for some gases + TBAB + water system.
Sun and Sun [17] investigated the methane semi-clathrate
hydrate phase stability conditions for various mass fractions
of TBAB. Their data demonstrates that TBAB diminishes
the phase equilibrium pressure of methane hydrate. Moham-
madi and Richon [25] experimentally determined phase
equilibrium data of semi-clathrate hydrates of CH,/HoS +
TBAB + water. Gholinezhad et al. [26] analyzed the impact
of 40.7 wt.% of TBAB on methane semi-clathrate hydrate
phase stability conditions. They concluded that this concen-
tration leads to the most stable semi-clathrate hydrate in the
three-phase equilibrium conditions. Lee et al. [27] performed
the measurements of the hydrate phase equilibrium data of
CH,/COy + TBAB + H,0 systems. They indicated that the
3.7 mole% of TBAB leads to the highest stability of semi-
clathrate hydrate. Mohammadi et al. [28] measured the
semi-clathrate hydrate phase stability conditions of some
gases in the presence of various mass fractions of TBAB.
Liao et al. [29] explicated the impact of TBAB on the
semi-clathrate hydrates of some gases and employed the
Chen—Guo model [30, 31] to predict their experimental data.
Roosta et al. [32] perused the efficiencies of some promoters
on the methane hydrate formation kinetics. Sangwai and
Oellrich [33] studied the impacts of TBAB and TBAB +
NaCl on methane hydrate formation. Mech et al. [34]
assayed the effects of some inhibitors on the methane
hydrate formation in the existence of TBAB and Tetra
HydroFuran (THF). Najibi et al. [35] investigated methane
semi-clathrate hydrate phase stability conditions in the
presence of TBAB. Also, they utilized the van der Waals—
Plattecuw (vdW-P) model [36] to correlate the experimen-
tal data. Verrett et al. [37] conducted the phase equilibrium
data of CH, and CO, hydrates in the presence of TBAB.
Also, they presented a thermodynamic model to predict
their data. Long et al. [38] measured the hydrate phase sta-
bility conditions of CH,/CO, + TBAB + water systems in
the P and T ranges of 0.54-14.57 MPa and 273.6-294.2 K,
respectively. Alongside the experimental studies, various
thermodynamic modeling studies on gas + ammonium-
based salts + water systems have been presented [39-47].
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Table 1. Information and suppliers’ names of materials used in this work.

Material Chemical formula Supplier Purity
Methane CH,4 Air product  0.9995 (mole fraction)
TetraButylAmmonium Bromide (TBAB) (CH3CH,CH,CH,),N(Br) Merck >0.9900 (mass fraction)

TetraButylAmmonium Acetate (TBAA)

(CH3CH,CH,CH,),N(OCOCH;3) Sigma—Aldrich  0.9700 (mass fraction)

The aim of this work was to study the phase equilibrium
conditions of semi-clathrate hydrates for methane + TBAB
and TetraButylAmmonium Acetate (TBAA) + water sys-
tems. TBAB that is the most extensively used ammonium
salt is considered as THP. Methane semi-clathrate hydrate
equilibrium conditions in the presence of three distinct
TBAB mass fractions of 0.0350, 0.0490, and 0.1500 were
experimentally measured. Furthermore, the impact of
another ammonium salt (TBAA) on methane semi-
clathrate hydrate phase equilibrium conditions at the mass
fraction of 0.0990 was experimentally investigated. Finally,
the modified Chen-Guo model was employed to correlate
the phase equilibrium data of methane semi-clathrate
hydrates in the presence of TBAB and TBAA.

2 Experimental section

The suppliers’ names and information of the materials used
in this study are reported in Table 1.

The double-distilled water was made in the laboratory
of the Shiraz University of Technology using the water
purification system (M-UV-3, Zolalan Company, Iran).
All the aqueous solutions were prepared using the gravimet-
ric method via a digital A&D balance (HR-200) with an
uncertainty of £0.0001 g.

In this work, all the experimental measurements were
conducted in the Stainless Steel (SS-316) cell. This vessel
has an effective volume of 75 cubic centimeters and can
be pressurized up to 15 MPa. A magnetic stirrer is tasked
with making effective agitation of the mixture at a rate of
1000 rpm. The temperature of the cell is controlled by
immersing it within a programmable ethanol cooling bath
and circulator (Julabo FP-50, TCS-1). This smart temper-
ature controller is able to decrease the cell temperature at a
slow rate or step by step. A PT-100 thermometer with a
maximum uncertainty of + 0.1 K measures the cell temper-
ature. The cell pressure is measured using a P-2 transmitter
(ABB) with an uncertainty of +0.01 MPa. A Data Acqui-
sition System (DAS) is applied for gathering data of the
system and converting analog waveforms into digital values
for processing. Figure 1 presents a schematic diagram of the
instruments.

In the first instance, the cell was rinsed with double-
distilled water and dried entirely. Twenty cubic centimeters
of the aqueous solutions of TBAB or TBAA were prepared
and introduced into the cell, it was then evacuated.
Thereupon, the cell was pressurized with the methane
gas to reach the required pressure. The isochoric pressure
search method [48-52] was employed to measure the

semi-clathrate hydrate phase equilibrium conditions. Ini-
tially, the pressure was adjusted to the pressure higher than
the equilibrium pressure required for the semi-clathrate
hydrate dissociation. The system temperature was then
decreased by a slow rate until the point at which the
semi-clathrate hydrate was formed totally. Then, the sys-
tem temperature was increased at an extremely slow rate
(0.1 K-h™") until the last particle of hydrate dissociated.
The point at which the last particle of the crystal vanished
and the slope of the P-T curve changed was considered as
the semi-clathrate hydrate dissociation point [48-52].

3 Thermodynamic model

In this study, the extended Chen—Guo model proposed by
Joshi et al. [40] was used to compute the semi-clathrate
hydrate phase equilibrium conditions of methane + TBAB +
water and methane + TBAA + water systems. In the orig-
inal Chen—Guo model [30, 31], a simple reaction represents
the hydrate formation mechanism [30, 31, 40]:

H,O + 2,G — G5 - H,O. (1)

In equation (1), G is the guest (here gas) molecule, and Ay
represents the ratio of the number of guest molecules to
the number of water molecules. The basis of the phase equi-
librium conditions is the equality of the fugacity [30, 31, 40]:

F=10 -0 (2)

In equation (2), f defines the gas phase fugacity and f° rep-
resents the fugacity of the gas molecules in equilibrium with
an unoccupied basic hydrate. o is a dimensionless factor
that is given as follows [30, 31, 40]:
a
o= ™ (3)
In equation (3), 4; describes the ratio of the number of
linked cavities to the number of water molecules. Semi-
clathrate hydrates may form two different structures, types
A and B, as mentioned earlier. Based on quaternary ammo-
nium salt concentration, if the salt content is below 0.1800
mass fraction, type B has a higher melting point and is
stable, otherwise type A can form [41]. Table 2 indicates
the structural specifications of types A and B of semi-
clathrate hydrates [45]:
0 stands for the fractional occupancy of cavities [30,
31, 40]:
Cf

b=1ror

(4)
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X
=

Methane Gas Cylinder

VP

Fig. 1. A schematic diagram of the setup. R, Regulator; V, Valve; P, Pressure; PT, Pressure Transducer; PC, Personal Computer;
TT, Temperature Transmitter; TB, Thermostatic Bath; C, Cell; GI, Gas In; GO, Gas Out; DAS, Data Acquisition System; VP,

Vacuum Pump.

Table 2. The structural specifications of types A and B
for a unit cell [45].

Properties Type A Type B
Hydrate number 26 38
Number of the linked cavities 1.65 1.75
Number of the gas molecules 3 3

A 1.65/26 1.75/38
Ao 3/26 3/38
o 1.65/3 1.75/3

Table 3. The critical properties, acentric factor, and the
parameters required in equations (5) and (7).

The critical properties and the acentric factor of methane
[54].

P,/MPa
4.599

T.,/K )
190.564 0.0115
Values of the Langmuir constant of methane used in
equation (5) [45].
X x 10°/MPa™!
2.3048

Y/K
2752.29

Z/K
23.01
Values of the Antoine constants of methane used in
equation (7) [45].
A’ x 107%*/MPa
5.2602

P_.: the critical pressure; T,.: the critical temperature;
w: the acentric factor.

B'/K
—12 955

C'/K
4.08

The filling of the hydrate cavities by the guest molecules
is simulated as adsorption of the guest molecules on the
solid surfaces that is described by the Langmuir ideal
adsorption theory [36]. In equation (4), C is the Langmuir
constant that can be computed for each guest molecule

8.E-06
y = 0.0000015252967195x 0:4982447317994660
R2=0.9801843811078410
7E06 [ 0
\
6.E-06 | Y
A}
- N
& 5EO06 [ S,
!‘ o \\
o 4E06 [ S .
~a_

3.E-06 “~-_0

2.E-06 | °

1.E-06 . . . .

0.00 0.10 0.20 0.30 0.40 0.50

Mass fraction of TBAB in the aqueous solution

Fig. 2. Reported values of the structural parameter (ff) against
TBAB mass fraction in the aqueous solution [44].

through an appropriate potential function or semi-empirical
correlations. In this work, C was calculated by the following
semi-empirical Antoine-like correlation [31]:

C:Xexp(T}:Z). (5)

In equation (5), X, Y, and Z are the Antoine constants, and
T stands for the system absolute temperature.

Since the vapor pressures of quaternary ammonium
salts as a kind of Ionic Liquids (ILs) are very low compared
to methane, therefore, it is assumed that only methane
exists in the gas phase. The Peng-Robinson (PR) EoS
[53] is put into action to calculate the gas phase fugacity.

In equation (2), 1Y is dependent on pressure, tempera-
ture, and water activity [30, 31, 40]:

1= () (aw), (6)

where:

P = dep (22 ). @
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Table 4. The structural parameter () for TBAB and TBAA at various mass fractions.

Quaternary ammonium salt Mass fraction B/K-MPa™* Calculation method

TBAB 0.0350 8.1324 Extrapolated using Figure 2
0.0490 6.8749 Extrapolated using Figure 2
0.1500 3.9326 Interpolated using Figure 2

TBAA 0.0990 4.5000 Optimized in this work

re)=e (5F), 0

flan) = a,'". (9)

In equation (7), A’, B, and C' are the constants that are
specific for each guest molecule. The parameters required
for the calculation of C using (Eq. (5)) and f°(7) using
(Eq. (7)), as well as the critical properties and acentric
factor for methane, are presented in Table 3 [45, 54].

In equation (8), f is a structural parameter that can be
defined as [30, 31, 40]:

AV

="k (10)

In equation (10), AV is the molar volume difference and R
represents the universal gas constant. Since the anion of
the quaternary ammonium salt contributes to the semi-
clathrate structure, § has a different value for each concen-
tration of quaternary ammonium salt. For TBAB, the
values of f available in the literature were plotted against
TBAB concentration and an appropriate curve was con-
structed that has the best fit to the data points. Figure 2
demonstrates the values of f§ against the TBAB concentra-
tion in the aqueous solution.

Consequently, at each TBAB mass fraction, § can be
calculated by interpolation or extrapolation of the points
through the curve. For TBAA no data is available in the
literature, therefore, for TBAA, f was optimized using
the experimental dissociation conditions data of methane
+ TBAA semi-clathrate hydrate measured in this work.
Table 4 indicates the values of f for the concentrations of
TBAB and TBAA studied in this work.

In equation (9), a,, denotes the water activity that can
be calculated as follows [30, 31, 40]:

1 k
.y exp (%— kz). (11)

1-— Tsalt

In equation (11), a, represents the water activity in the
aqueous solution, 7.y, stands for the mole fraction of quater-
nary ammonium salt in the aqueous solution, 7'is the abso-
lute temperature. k; and ks are the tuning parameters that
are dependent on the concentration of quaternary ammo-
nium salt that can be optimized using the following objec-
tive function:

100 | Ty — Teull
OF. =) —1nbe— “Cl 12
ND Ty (

~

Finally, by incorporating equations (2) and (6)—(9), the
following governing equation is gained [30, 31, 40]:

Start

1

Enter the values of P, initial guess for 7,
and weight fraction of TBAB or TBAA

!

factor of m

Enter the critical properties and acentric

ethane

1

Find the values of fugacity by EoS

1

Calculate a,, from Eq. (11)

!

Calculate fugacity f° %a,,) from Eq. (9)

!

Calculate fugacity %) from Eq. (7)

1

Calculate fugacity /%(P) from Eq. (8)

1

Calculate 8 from Eq. (4)

1

Calculate /° from Eq. (6)

If | fugacity -

f°l<10°

Yes No
+ <+
Obtain the Modify the value
value of T of T in step 2
|

—

Save and print the value of T

l

End

Fig. 3. Flowchart of the model used in this work.

f

x (1 —0)".

" B’ pP 1 b 2
exp T_ C, exp T 1= T exp T 9

(13)
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Table 5. Experimental data of methane semi-clathrate hydrate phase stability conditions in the presence of TBAB

aqueous solutions.

P/MPa? T/K" P/MPa T/K P/MPa T/K
wrpap® = 0.03504 wrpag = 0.0490 wrpas = 0.1500
1.91 281.9 1.59 282.3 1.31 286.5
2.11 282.1 1.84 283.0 1.57 287.0
2.37 282.6 1.99 283.3 1.73 287.3
2.81 283.4 241 284.0 2.11 287.9
3.25 283.9 2.86 284.7 2.84 289.0
3.83 284.7 3.88 285.7 3.35 289.5
4.36 285.2 4.34 286.2 4.07 290.1
4.56 285.4 5.10 287.0 4.77 290.7
4.81 285.6 5.90 287.4 5.36 291.2
5.14 285.9 6.77 288.0 6.11 291.7
5.54 286.1 6.84 288.1 6.99 292.2
5.96 286.5 - - 7.51 2924
6.80 287.0 - - 7.61 2924
* The expanded uncertainties (U,) in the reported pressures are about +0.01 MPa.
" The expanded uncertainties (U,) in the reported temperatures are about +0.1 K.
¢ Mass fraction of TBAB in the aqueous solution.
4 The expanded uncertainties (U,) in the reported mass fractions are about £0.0001.
Table 6. Experimental data of methane semi-clathrate 25
hydrate phase stability conditions in the presence of ;:h: \21052007)
TBAA aqueous solution. 20 } oArjmandietal (2007) ¢
A Mohammadi et al. (2010)
Mass fraction of TBAA P/MPa* T/KP xSun etal. (2010) R
: o 15 | xSangwaietal. (2014)
0.0990°¢ 2.66 283.9 < —Verrett ot al, (2015) X
2.87 284.1 Q ol +Najibi et al. (2015) AF+ ]
3.05 284.3 £ o
3.58 284.8 ; s *a
4.25 285.4 X3 e
4.50 285.6 e ¥iee’ ,
4.72 285.7 280 285 290 295
5.20 286.0 T/K
5.64 286.4
6.13 286.8 Fig. 4. Methane semi-clathrate hydrate phase stability condi-
tions data for 0.0500 mass fraction of TBAB in the aqueous
6.33 286.9  lution.
6.70 287.1
7.35 2874 By solving equation (13), the phase equilibrium condition of
7.88 287.8  methane semi-clathrate hydrate is obtained. The flowchart
8.88 288.2 of the model is presented in Figure 3.
9.23 288.3

* The expanded uncertainties (U.) in the reported
pressures are about +0.01 MPa.

" The expanded uncertainties (U,) in the reported
temperatures are about +0.1 K.

¢ The expanded uncertainties (U,) in the reported mass
fractions are about £0.0001.

4 Results and discussion

In this study, the phase stability conditions of methane
semi-clathrate with TBAB and TBAA were first experi-
mentally measured. There exist several experimental data
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Table 7. The optimized constants for calculating the activity of water (Eq. (11)).

Gas Quaternary ammonium salt Mass fraction T range k /K ks
Methane TBAB 0.0350 281.9 < T < 287.0 652.526 1.962
0.0490 282.3 < T < 288.1 843.704 2.607
0.1500 286.5 < T <2924 1216.127 3.799
TBAA 0.0990 283.9 < T < 288.3 967.775 3.067
14
@ This Work + 8 o ’I‘Ellx%(lli’ure water [45]) A
12 +Najibi et al. (2015) L : . X mass fraction
7 ~ E _'I\EAOZS'BAB 0.0350 f t. ) F ? ;3
10 b 6 ___?__'I\EﬂzngAB 0.0490 mass fraction) dd' A{
A Exp (TBAB 0.1500 mass fraction; d / A’
g 8} * o 5 ﬁ 4 a
S .. o / o
E 6 F ® E </)l J/
. =t ge 7
4 ° 3 F{ ,'I 7
o +e Dd? A
2r oo ® 2 %F & AA-A’
0 N N . . 1 , A ,
286 288 290 292 294 296 268 272 276 280 284 288 292
TIK

Fig. 5. Methane semi-clathrate hydrate phase stability condi-
tions data for 0.1500 mass fraction of TBAB in the aqueous
solution.

on phase equilibrium data of methane semi-clathrate +
TBAB in the literature while no experimental data exists
for methane semi-clathrate with TBAA, to the best of our
knowledge. A total of 53 equilibrium data for methane
semi-clathrate + ammonium salts containing 37 data for
methane + TBAB and 16 data for methane + TBAA were
measured. Three concentrations for TBAB containing
0.0350, 0.0490, and 0.1500 mass fractions and a mass frac-
tion of 0.0990 for TBAA were used. Tables 5 and 6 display
the methane semi-clathrate phase stability conditions in the
presence of TBAB and TBAA aqueous solutions,
respectively.

It is clear that methane semi-clathrate hydrates in the
presence of TBAB and TBAA are formed at milder condi-
tions compared to pure methane hydrate (higher tempera-
tures and lower pressures). The reason is due to fact that
the cation of TBAB/TBAA (TetraButylAmmonium
Acetate) occupies the large cavities leading to better stabi-
lization of the semi-clathrate structure. Moreover, TBAB
and TBAA have an impact on water activity due to the
interactions between the water and quaternary ammonium
salt in the aqueous solution.

To check the precision of the experimental procedure
and equipment, the experimental data of methane semi-
clathrate hydrate phase stability conditions measured in
this work were compared with the available experimental
data in the literature. Figures 4 and 5 give a comparison
between the experimental data reported in the literature
and those for TBAB mass fractions of 0.0500 and 0.1500,
respectively.

T/K

Fig. 6. Comparison between the methane semi-clathrate hydrate
phase stability conditions in the presence of pure water and TBAB
aqueous solutions.

10
O  Exp (Pure water [45])
9 Model ,8
8 } © Exp(TBAA 0.0990 mass fraction) ﬁ/>
= = =Model o
7 F
g 6}
=
a °r
4}
3 F
2 F
1 L L L L
269 273 277 281 285 289

T/K

Fig. 7. Comparison between the methane semi-clathrate hydrate
phase stability conditions in the presence of pure water and TBAA
aqueous solution.

It is interpreted from Figures 4 and 5 that the experi-
mental data measured in this work for the methane +
TBAB + water system are in agreement with the experi-
mental data reported in the literature. Therefore, we can
trust the accuracy and precision of the procedure and equip-
ment for the methane + water + TBAA system.

To calculate water activity in the presence of quaternary
ammonium salts, a simple relation can be used (Eq. (11)). In
equation (11), k; and A, are optimized using the experimen-
tal data for methane semi-clathrate hydrate phase stability
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Table 8. The errors of the model in determining methane semi-clathrate phase stability conditions in the presence of

TBAB and TBAA aqueous solutions.

Aqueous phase NP  Trange/K  Prange/MPa (AAD)y/K (AARD%)r (AAD)p/MPa (AARD%)p
wrpas = 0.0350 13 281.9-287.0 1.91-6.80 0.0 0.015 0.03 1.003
wrpas = 0.0490 11  282.3-288.1 1.59-6.84 0.1 0.023 0.07 1.704
wrpas = 0.1500 13 286.5-292.4 1.31-7.61 0.1 0.024 0.08 2.030
wrpaa = 0.0990 16  283.9-288.3 2.66-9.23 0.1 0.030 0.13 2.381
Total 53  281.9-2924 1.31-9.23 0.1 0.023 0.08 1.780
NP: Number of points.
conditions measured in this work. Table 7 indicates &, and &, 16
values for TBAB and TBAA at each quaternary ammonium s e
salt concentration in the aqueous phase. N

Figures 6 and 7 compare the experimental data and T
modeling outputs for methane semi-clathrate hydrate phase g Tl
stability conditions in the presence of pure water, TBAB, § 13 f
and TBAA aqueous solutions. z — — TBAB 0.0350 mass fraction

It can be qualitatively concluded from Figures 6 and 7 g 2ro e TBAB 0.0490 mass fraction
that the applied model can accurately calculate the methane | - TBAB 0.1500 mass fraction
semi-clathrate hydrate phase stability conditions in the Y ~ — ~TBAA 0.0990 mass fraction
presence of diverse TBAB and TBAA aqueous solutions. ] . . . . .
To elucidate the aforementioned explanations quantitively, 281 283 285 287 289 291 293
the errors of the model in calculating the methane semi- T/K

clathrate hydrate phase equilibrium conditions are pre-
sented that were calculated using the following equations:

1
(AAD),(K) = > ~p ! Tee = Teal, (14)
100 | T — Teal
(AARD%), = > = rP— (15)
1
(AAD),(MPa) = xp [Pee = Peal,  (16)
100 | Ppy, — P
(AARD%)P - EM7 (17)

ND Pry

where ND represents number of data.

Table 8 indicates the errors of the modified Chen—Guo
model [30, 31] employed in this work to calculate methane
semi-clathrate phase stability conditions in the presence of
TBAB and TBAA.

It can be concluded from Table 8 that the modified
Chen—Guo model [30, 31] can precisely correlate the
methane semi-clathrate hydrate phase stability conditions.
The (AAD)s and (AAD)p of the model are 0.1 K and
0.08 MPa, respectively.

The calculated water activity values for various TBAB
and TBAA aqueous solutions were plotted against the
temperature to indicate the impacts of temperature and
quaternary ammonium salt concentration in the aqueous
phase on water activity.

It can be seen from Figure 8 that 0.1500 mass fraction of
TBAB in the aqueous solution increases water activity
much more than the other aqueous solutions. This confirms

Fig. 8. The calculated values of water activity against temper-
ature for various quaternary ammonium salts concentrations in
the aqueous phase.

the fact that the aqueous solution with a 0.1500 mass frac-
tion of TBAB is capable of promoting the methane hydrate
phase stability conditions much more than the other aque-
ous solutions. The results indicate that both TBAB and
TBAA shift the methane hydrate stability conditions to
higher temperature/lower pressure conditions and act as
THP. Table 9 presents the average temperature shift by
the applied quaternary ammonium salts at various
concentrations.

Two conclusions are gained from Table 9: the tempera-
ture increments for 0.0350, 0.0490, and 0.1500 mass
fractions of TBAB are 7.7, 9.4, and 13.5 K, respectively.
This value for 0.0990 mass fraction of TBAA is 6.2 K.
Therefore, it is concluded that TBAB is a stronger thermo-
dynamic promoter of methane hydrate compared to TBAA.
Since TBAB and TBAA have different anions, they have
different impacts on methane hydrate stability conditions.
It has been proved that anion has a great impact on
semi-clathrate hydrate phase equilibrium and by increasing
the TBAB concentration, the temperature increment
also increases [55]. According to the references [55, 56,
TetraButylAmmonium Fluoride (TBAF) is the best ther-
modynamic promoter than other ammonium salts and it
can make a stronger hydrogen bond with water molecules.
However, it has a strong toxic nature because of the pres-
ence of fluoride ion in TBAF. Also, as the size of the anion
increases, this bond becomes weaker.
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Table 9. The comparison between the temperature increments of TBAB and TBAA at various mass fractions.

Aqueous phase NP T range/K P range/MPa AT./K
wrpas = 0.0350 13 281.9-287.0 1.91-6.80 7.7
wrpap = 0.0490 11 282.3-288.1 1.59-6.84 9.4
wrpap = 0.1500 13 986.5-292.4 1.31-7.61 13.5
wreaa = 0.0990 16 283.9-288.3 2.66-9.23 6.2

AT, the average increase in the hydrate dissociation temperature in the presence of thermodynamic promoter.

NP: number of points.

5 Conclusion

In this work, 53 phase equilibrium data for semi-clathrate
hydrates of methane + TBAB/TBAA aqueous solutions
were experimentally measured. Three aqueous solutions of
TBAB containing 0.0350, 0.0490, 0.1500 mass fractions,
and one aqueous solution of TBAA containing 0.0990 mass
fraction were used for this purpose. All the experimental
measurements were performed using the isochoric pressure
search method [48-52]. Consistency between the results
for 0.0490 and 0.1500 mass fractions of TBAB reported in
this work and those reported by the other groups are
observed. Furthermore, the modified Chen-Guo model
[30, 31] was used to correlate the aforementioned semi-
clathrate hydrates equilibrium conditions. Two parameters
for TBAB (k; and k) and three parameters for TBAA
(ky, ko, and f) were optimized using the experimental phase
equilibrium data for the aforesaid semi-clathrate hydrates.
The (AAD)r and (AAD)p of the model for all the 53 data
points are 0.1 K and 0.08 MPa, respectively. Finally, by
comparing the temperature shifts for each quaternary
ammonium salt, it is concluded that TBAB is a stronger
THP compared to TBAA.
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