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a  b  s  t  r  a  c  t

Phase  equilibria  of  semiclathrate  hydrates  are  important  for their  successful  engineering  applications  due
to more  favorable  process  conditions  compared  to  classical  gas  hydrate  systems.  Though  sufficient  infor-
mation  on  the  phase  equilibria  of  semiclathrate  hydrates  of  methane  (CH4) in  tetra-n-butyl  ammonium
bromide  (TBAB)  seems  to be  available,  there  are  pronounced  disagreements  on  the  phase  equilibrium
data,  particularly  for 0.05  and  0.20 mass  fraction  (w)  of TBAB.  In this  work,  experimental  studies  are  carried
out to generate  the equilibrium  pressure  (P)  and  temperature  (T)  for hydrates  and  semiclathrate  hydrates
of  CH4 in  an  aqueous  solution  containing  wTBAB = 0.05 and  0.20  at P  and  T range  of  1.02–13.73  MPa  and
281.63–294.54  K,  respectively.  This  study  tries  to clarify  the discrepancy  of  published  data  in the literature
and  their  reliability.  Additionally,  we  present  interesting  insights  into  the  phase  behavior  of  semiclathrate
hydrate  of methane  in TBAB  based  on  the formation  and  dissociation  curves  observed  in the experiments.
It  is  observed  that  there  existed  two  equilibrium  points  during  the  dissociation  of  semiclathrate  hydrates
of  methane  in TBAB;  one  closely  corresponds  to the  pure  methane  hydrate  phase  stability  curve  and  the
second  one  to  the  semiclathrate  hydrate  system  of  methane.  In addition  phase  equilibrium  data  is gener-
ated  for the  quaternary  system  of CH4 +  TBAB  + H2O + NaCl  for  wNaCl = 0.03 and  0.10  and  wTBAB =  0.05  and
0.20 in  an  aqueous  solution  at a P and  T range  of  1.65–20.71  MPa  and  281.19–296.38  K, respectively.  This
is  not  yet  available  in the  open  literature.  It is  observed  that  NaCl  inhibits  the  semiclathrate  hydrate  for-
mation  of CH4 in  TBAB  for wNaCl =  0.03  and  0.10 in  wTBAB =  0.20  in  the system.  However,  a promotion  effect
is  observed  for wNaCl = 0.03 in  wTBAB =  0.05.  This  study  calls  for more  detailed  investigations  on  the  effect
of  salts  on  semiclathrate  hydrate  systems,  which  may  find  potential  use  in engineering  applications.

©  2014  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Gas hydrates, generally referred to as clathrate hydrates, are
ice like structures in which guest gas molecules, such as methane,
carbon dioxide, etc., are trapped inside cages formed by the host
water molecules. These cages are built by host water molecules
by hydrogen bonding. Gas hydrates do form at condition of high
pressure and temperatures above 273 K and show the formation of
different structures, such as, structures I, II and H depending upon
the formation conditions of temperature, T, and pressure, P, and
the type of entrapped guest molecules inside the water cages [1].
Gas hydrates also offers a potential solution for natural gas stor-
age and transportation worldwide and as an alternative to LPG and
CNG [2,3]. Several additives (promoters) are being investigated for
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safer applications of hydrates for engineering applications. Addi-
tives which promote the formation of gas hydrates by shifting the
phase equilibrium curve toward lower pressure and higher temper-
ature condition are called thermodynamic promoters,  those which
shift the phase equilibrium curves toward higher pressure and
lower temperature conditions are called thermodynamic inhibitors.
One of several additives which thermodynamically promote the
formation is the class of tetra-n-alkyl ammonium halides (bro-
mide, TBAB; chloride, TBAC; or fluoride, TBAF). These are types of
phase transfer catalysts, which, when added in water form semi-
clathrate structures at a pressure much lower than that required
for gas hydrates at a given temperature [4]. The structure of semi-
clathrate compound is not exactly similar to gas hydrates but share
many of the physical and structural properties as that of clathrate
hydrates. Unlike clathrate hydrates where guest gas molecules
reside in the cages formed by the host water molecules, in semi-
clathrate hydrates, the halide ion forms the cages along with water
molecules and the tetra-n-butyl ammonium cation resides in the
larger cages while the smaller cages are accommodated by small
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guest gas molecules such as methane or CO2 [5,6]. Like gas hydrates,
semiclathrate hydrates are also capable of selectively trapping large
volumes of gases within a molecular framework of water molecules
[7].

Phase equilibrium data of the semiclathrate hydrates are impor-
tant for their successful engineering applications due to more
favorable process conditions compared to gas hydrate systems.
In recent years phase equilibria in TBAB semiclathrate hydrate
systems for various gaseous systems have been investigated by
several researchers. Arjmandi et al. [4] conducted experiments to
generate equilibrium data for H2, CH4, N2, CO2 and natural gas
in semiclathrate hydrates of TBAB. They observed that the semi-
clathrate hydrates of TBAB are more stable than pure gas hydrate.
Hashimoto et al. [8] measured three phase equilibrium data for
semiclathrate hydrates of hydrogen–TBAB aqueous system up to
10 MPa. They observed that the three phase equilibrium curve for
various concentrations of TBAB at high pressures converge to the
pure TBAB aqueous solution having the same concentration. Li et al.
[9] generated phase equilibrium information for the hydrates of
mixture of CO2 + H2 in TBAB aqueous solution. They observed that
the presence of TBAB helps to reduce the hydrate formation pres-
sure at a given temperature compared to pure hydrates. Li et al.
[10] studied the phase equilibria for CO2 in the presence of tetra-
n-butyl ammonium halide. It is observed that all the promoters
such as, TBAB, TBAC, and TBAF can enlarge the hydrate stability
zone which is directly proportional to their concentration in the
aqueous systems. Mohammadi et al. [11] studied the phase equi-
librium of CO2, N2, CH4 and H2 gases in TBAB aqueous system. They
observed that exceeding a particular stiochiometric ratio, the TBAB
addition results in inhibition of semiclathrate hydrate. A brief sum-
mary of the studies related to phase equilibrium of semiclathrate
hydrate system in TBAB aqueous solution with various gases as
guest molecule is presented in Table 1. Though sufficient informa-
tion seems to be available on the phase equilibria of semiclathrate
hydrates of methane in TBAB, there are pronounced disagreements
and confusion on the reliability [11,19], particularly for 0.05 and
0.20 mass fraction (w) of TBAB.

Salts/electrolytes such as sodium chloride (NaCl), calcium
chloride (CaCl2), potassium chloride (KCl), magnesium chloride
(MgCl2), etc., inhibit the hydrate formation by lowering the activ-
ity of water in liquid phase. Naturally occurring water typically
contains dissolved salts whose effect on the semiclathrate hydrate
forms an important precursor for practical applications, such as
gas storage and transportation. However, hitherto existing studies
involving their effect on the phase behavior of the semiclathrate
hydration system are rare [35,36]. Additionally, models for the
simple semiclathrate hydrate system containing different gases as
guest molecules have been developed recently [37–40] however
in the absence of data relating their behavior in complex environ-
ment, such as presence of salts. This needs further development
on experimental and modeling investigations on phase behavior
of these systems for complex environments for successful prac-
tical application [1,3]. Indeed, TBAB shows promising economical
alternative to gas hydrate and also to other promoters, like, tetrahy-
drofuran (THF), which shows greater environmental and economic
concern for a possible practical application [41].

In our efforts to study the reliability of existing phase equilib-
rium data for few mass fractions of TBAB, viz., w = 0.05 and 0.20, we
observed interesting insights into the occurring phase behavior of
semiclathrate hydrate of methane in TBAB based on the formation
and dissociation curves which are presented herewith, along with
the data on phase equilibrium of the same. In addition, the effect of
NaCl on the phase behavior of semiclathrate hydrate of methane in
TBAB is studied for wNaCl = 0.03 and 0.10 for wTBAB = 0.05 and 0.20
mass fraction in an aqueous solution. The equilibrium pressure and
temperature data are presented for all studied combinations and for

the effect of NaCl on the phase equilibria of semiclathrate hydrates
of methane, which will help to develop robust phase behavior mod-
els for efficient engineering applications.

2. Experimental details

2.1. Experimental set-up and materials

A 1 l autoclave is used to determine the four phases;
hydrate–semiclathrate hydrate–liquid–gas (H–SCH–L–V) equilib-
rium condition of the semiclathrate hydrate system and is shown
in Fig. 1. It is to be noted here that semiclathrate hydrate and (classi-
cal) hydrate of methane are two  distinct phases. The measurement
of the hydrate/semiclathrate hydrate phase stability can be carried
out using one of the methods mentioned in the literature, such as,
visual, isobaric, and isochoric [42–48]. In this work the isochoric
method is used [45–47]. An aqueous phase amounts about half of
the reactor and the rest is occupied by the gas (methane) at a desired
pressure. The reactor is stated for a maximum working pressure of
25 MPa. The temperature control of the reactor is achieved by cir-
culating water at a desired temperature from the Julabo® (model
F-32) water bath to within ±0.05 K. The temperatures of the man-
tle of the reactor and that of the liquid and gas phase are measured
using Platinum-100 (Pt-100) sensor with an uncertainty of ±0.1 K.
The pressure of the hydrate cell is measured using a RosemountTM

Pressure Transducer (Model 3051 TA, 0–25 MPa) with an uncer-
tainty of ±0.001 MPa  of the measured pressure span.

The methane gas (0.9995 mass fraction purity) used in this study
is supplied by Air Liquide. Deionized water is used throughout the
study to form the solutions of TBAB. TBAB with 0.50 mass fraction
aqueous solution is supplied by Sigma Aldrich®. NaCl is supplied by
Carl Roth® GmbH with a stated purity of 0.999 mass fraction. The
methane gas and chemicals are used as they were received from the
manufacturer. Deionized water is added to the 0.50 mass fraction
solution of TBAB to prepare the desired concentration of TBAB in
water (for this study, wTBAB = 0.05 and 0.20). The mass fractions
of NaCl used in this study are, wNaCl = 0.03 and 0.10. A Mettler-
Toledo balance (model PM 6100) with double digit precision and
with a mass uncertainty of ±0.0001 g is used to prepare the solu-
tions. The details of the chemicals used for this study are given in
Table 2.

2.2. Experimental procedure

Before the start of an experiment, the reactor is cleaned twice
with deionized water (conductivity < 1 �S/cm) followed by the
application of vacuum to remove traces of water from the reactor.
For the actual experiment, a solution of the required chemicals is
filled (500 ml)  into the reactor. The solution is then degassed twice
using pressurized methane (at about 0.5 MPa) to remove any traces
of dissolved air. The reactor is then charged with methane gas at
a desired pressure. The content of the reactor is stirred vigorously
using a high performance magnetic stirrer at about 800 RPM. This
speed of the stirrer has been observed to be optimum to predict
the correct equilibrium point of the system [45–47]. At the start
of the experiment, the system was allowed to come in thermo-
dynamic equilibrium outside the gas hydrate phase. This is then
followed by fast cooling of the mixture at the rate of about 10 K/h.
The system’s pressure and the temperature are measured online
using LabView® and recorded with sampling time of 20 s and are
plotted on a P–T (pressure and temperature isochors) diagram. The
sudden drop in the pressure of the system at one point on the iso-
chors represents the onset of the formation of gas hydrate [45–47].
After the onset of the gas hydrate formation, cooling of the reaction
mass is continued till the pressure decreases by about 0.8–1 MPa



Download English Version:

https://daneshyari.com/en/article/200956

Download Persian Version:

https://daneshyari.com/article/200956

Daneshyari.com

https://daneshyari.com/en/article/200956
https://daneshyari.com/article/200956
https://daneshyari.com

