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Chapter 1. Introduction

1.1 Background

1.1.1 Clathrate Hydrate

Clathrates, which are crystalline inclusion compounds stabilized by
interactions between host and guest molecules in the host framework
architecture, have been studied as practically beneficial and environmentally
sustainable media for gas storage over the past few decades (Atwood, et al.,
1984; Berecz & Bella-Achs, 1983; Sloan, 2003). Clathrate structures possess
suitably sized cages that can trap relatively small molecules such as carbon
dioxide, methane, and nitrogen and large hydrocarbons such as adamantine
and methylcyclohexane in the hydrogen-bonded framework.

Clathrate hydrate is a solid ice-like compounds composed of
hydrogen-boned water molecules (host) and gas molecules (guests) such as
methane, ethane, propane, carbon dioxide, etc (Fig. 1). As shown in Fig. 2,
On the basis of differences in the sizes and shapes of the hydrate cages,
they are commonly classified into three main structural types: structure I
(sI), structure II (sII), and structure H (sH) (Sloan, 1988; Ripmeester, et al.,
1987, Berecz & Bella-Achs, 1983). Jeffrey (1984) suggested the

mi

nomenclature description (n;™), for these polyhedra, where n; is the number

of edged in face type i and m; is the number of faces with n; edges. The

cubic sI hydrate structure contain sixteen 5'> cavities, eight 5'°6* cavities and

136 H,O molecules per unit cell, and cubic slI hydrate structure contain

sixteen 52 cavities, eight 526* cavities and 136 H,O molecules per unit

cell. The hexagonal sH unit cell, has composotion of three 5'° cavities, two

4°5%° cavities, one 5'26" cavity and 34 H,O molecules per unit cell, and
-1 -
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containing even larger molecules such as 2,2-dimethylbutane in the large
cavities only (Sloan, 1988; Udachin, et al., 2002). The crystal properties of
sI, sII, and sH are given in Table 1 detail. As shown in Fig. 3, the cavities
occupancy of gas hydrate depends on the size of the guest molecules (von
Stackelberg, 1949; Ripmeester, et al., 1987). The gas hydrate was first
identified in 1811 by Humphrey Davy. After that, it was discovered that
natural gas hydrates lead to the plugging of gas pipelines in the petroleum
process (Hammerschmidt, 1934) and a self-preservation enables gas hydrates
to encapsulate gases at atmospheric pressure (Davidson, et al., 1986),
consequently, many researchers have become interested in studying hydrates
as promising functional materials for the storage and transportation of gas in

the form of gas hydrates (Ganji, et al., 2007; Javanmardi, et al., 2005).

Water molecule
(hydrogen-bond)

VT
SN

AL S

w 2

"w

o

Gas molecule
ex) CH4, CO2

Fig. 1 Bonding diagram of clathrate
hydrate
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Cavity Types Hydrate Structure

6 § %
@ ’ Structure I
5 51262

Structure 11

Structure H

43 5663

Fig. 2 Cavity types and structure of clathrate hydrate
(Sloan, 1988; Ripmeester, et al., 1987; Berecz & Bella-Achs, 1983)
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Table 1 Crystal properties of sl, sll, and sH (Sloan, 1988)

Hydrate Crystal | H
Structure
Crystal Type Cubic Cubic Hexagonal
Space Group Pm3n Fd3m P6/mmm
Lattice Parameters (A) a =12 a=173 a =122, ¢ = 10.1
Cavity Small Large Small Large Small Medium Large
Description Sl 526 6 5126 512 #5%°  52%6°
Number of Cavities 2 6 16 8 3 2 1
Average
) i 3.95 4.33 391 4.73 3.94 4.04 5.79
Cavity Radius (A)
Coordination Number 20 24 20 28 20 20 36
6X-2Y-46H,0 8X-16Y-136H,0 1X-3Y-2Z-34H,0

Idea gas composition
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Hydrate Former . :
Cavities Occupie

3A No hydrate
—— Ar
4A II\(Ir 52/3 H,0 512451264 (sII)
0,
—— CH,
— Xe;H,S
SA 53/4 H,0 512451262 (sI)
. COZ,Nzo
| o, A\t
— C-C;H; 72/3 H:O 51262 (SI)
6A———  cmy0 B
. C3H8 b
L iso-C,H,, 17 H,0 51264 (sII)
- W s
7A — n'C4H10
sH hydrate
8A ———

Fig. 3 Correlation between size of guest molecules and hydrate cavities occupation
(Stackelberg, 1949; Ripmeester et al., 1987)
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1.1.2 Desalination

Over the last several decades, due to increased population as well as the
large expansion in industrial activities, the provision of fresh water is
becoming an increasingly important issue in many countries of the world
(Park, et al., 2011; Kalogirou, 2005; Oki & Kanae, 2006). Seawater accounts
for about 97% of the overall global water and only about 0.5% of the
overall global water are available as fresh water (Zhou, 2015; Kalogirou,
2005). Therefore, during the last decades, seawater has become an important
source of fresh water in many arid regions (Van der Bruggen &
Vandecasteele, 2002). In addition, the majority of the world desalination
installation capacity is for desalting of seawater (59%), followed by brackish
water (22%), with the remainder (19%) being for river water, wastewater,
and potable water (VirgiliPankratz & Gasson, 2016).

The method of seawater desalination is largely classified according to the
main two basic principle: thermal distillation (Multi-Stage Flash and
Multi-Effect Distillation) and membrane separation (Reverse Osmosis). Also,
there are hybrids plants which integrate thermal and membrane technologies
(Hamed, 2005). MSF came into practice in the early 1960s and became the
most common process for seawater desalination for the next few decades,
due to its reliability and simplicity (Al-Wazzan & Al-Modaf, 2001). Despite
the wide use of thermal technologies including MSF, membrane based
technologies are becoming more popular in areas like the Middle East due
to their lower specific energy consumption, lower environmental footprint,
and more flexible capacity (Eveloy, et al., 2015). With these improvements
in rival technologies as RO, the installation of MSF plants is on a
downward trend (Mezher, et al., 2011). As shown in Fig. 4, RO has

emerged as the leading desalination technology practiced today (65%),
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followed by multi-stage flash evaporation (21%). The remaining 14% of the
capacity include multiple effect distillation, vapor compression, and

electrodialysis (ED)/ED reversal (EDR) (VirgiliPankratz & Gasson, 2016).

Nanofiltration  Other

2% 2%
Multi-E ffect \ T
Distillation '
T%

ED/EDR .
3%

Fig. 4 Desalination capacity by technology
(VirgiliPankratz & Gasson, 2016)
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1.1.3 Hydrate-Based Desalination

Among the various desalination approaches, hydrate-based desalination
(HBD) technology is a promising method for recovering freshwater from sea
water. Fig. 5 shows the potential of HBD process based on performance in
comparison with Multistage distillation (MSF), reverse osmosis (RO). HBD,
the cost of producing one ton of potable water is comparable to the more
mature RO and is significantly lower than MSF (Babu, et al., 2018). In
addition to seawater desalination, the HBD technology can be applied to
separating heavy metals from aqueous solutions, especially in the treatment
of electroplating wastewater (Song, et al., 2016). Nickel electroplating
effluent contains large amounts of nickel chloride (Ahn, et al., 1999;
Benvenuti, et al., 2014), which are non-biodegradable and bio-accumulative.
HBD technology is regarded as an environmental-friendly method because
hydrates can be directly formed from seawater under low-temperature and
high-pressure conditions (Seo, et al., 2015; Park, et al., 2011) and it is
based on the simple principle that only water and gas molecules participate
in the formation of the hydrate crystal structure (Fig. 6). Although the HBD
technology is at the developmental stage compared to well-established
commercially available techniques, it still draws attention because of its
simplicity, eco-friendliness and economics, especially when using refrigerants

for guest molecules.
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2 (Distillation)

Q.

£

-

17;]

=

Q

)

=

& RO |
e (Membrane) HBD
L

Water Recovery

Fig. 5 Potential of HBD process based on
performance in comparison with- MSF and RO
(Babu, et al., 2018)

Recycle |

gas
@ % Separl:i_o_l:
seawater | @ @ ' '
‘ ® e [\ @ L Pure water
-] 000
Forming
gas hydrate Concentrated brine

Fig. 6 Principle of hydrate-based desalination

Collection @ kmou



1.1.4 CHCIF,

Chlorodifluoromethane (CHCIF,) is well-known gas due to its contribution
to ozone depletion and global warming (Merke, et al., 1995; Snels &
D'Amico, 2001; UNEP, 2000). CHCIF, form the sl hydrate, and can be only
captured in the large cages of sl the hydrate due to the larger size than the
small cages of the sl hydrate (Wittstruck, et al., 1961). Achieving the
appropriate high-pressure condition for gas hydrate formation is a major
obstacle to improving hydrate formation efficiency; therefore, the
development of an efficient way to form gas hydrates under more moderate
conditions is one of the key objectives of the HBD technology. In this
sense, generally, refrigerants including CHCIF,, trichlorofluoromethane
(CCIF) and dichlorodifluoromethane (CCLF,), can be considered as potential
hydrate formers for HBD process, because most refrigerant hydrates can be
stable under relatively mild conditions (Merke, et al., 1995; Eslamimanesh,
et al., 2011; Karamoddin & Varaminian, 2014). Therefore, the use of
CHCIF, for HBD process could lead to the dual benefits of greenhouse gas
control and hydrate-based desalination. Fig. 7 shows the phase equilibrium
conditions of CHCIF, (R22) hydrates are milder than those of conventional
gas hydrates, such as methane, carbon diaxide, nitrogen hydrates. Therefore,

the use of CHCIF; can reduce the energy required for the HBD process.

- ’IO -
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Fig. 7 Phase equilibria of many gas hydrate

Salt 3.5%

\,\\
SO,* 7.7%
Seawater
Salinity = 35%o Mgt 3.7%
(world average) Ca2t 1.2%

K" 1.1%

Fig. 8 Chemical composition of seawater (weight ratio)
(Andrea, et al., 2005)
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1.2 Purpose

As shown in Fig. 8, the most abundant dissolved ions in the seawater are
sodium, chloride, magnesium and sulfate. Thus, for desalination of seawater
and nickel electroplating effluent, I decided to do research about hydrate
formed in NaCl, MgCl,, and NiCl, brine solutions. In the procedure of
hydrate-based desalination, the formed gas hydrate needs to be regasified
after hydrate formation, and fresh water is recovered through hydrate
dissociation (Seo, et al, 2015). Therefore, complete understanding the
hydrate formation kinetics and the hydrate formation/dissociation boundaries
are very important. There are no researches on the phase equilibria of the
CHCIF; hydrate in the presence of NiCl,, whereas research on the NaCl and
MgCl, have been performed. Therefore, 1 investigated the phase equilibrium
conditions of the CHCIF, hydrates formed in NiCl, brine solutions to
determine the effect of NiCl, on the thermodynamic stability of the CHCIF,
clathrate hydrates. To apply the hydrate-based desalination process, the
exclusion of the purposed salt ions from the hydrate structure should be
demonstrated. The structural identification and guest partitioning of the
CHCIF, clathrate hydrates formed in NaCl, MgCl,, and NiCl, brine solutions
confirmed by X-ray diffraction (XRD) and Raman spectroscopy. I also
explored the formation kinetics of the CHCIF, hydrates formed in NaCl,
MgCl,, and NiCl, brine solutions (0, 5, and 10 wt%) to develop the HBD
technology using the CHCIF, hydrate.

- ’|2 -
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Chapter 2. Experimental Section

2.1 Materials and Apparatus

CHCIF, gas with a minimum purity of 99.8 mol % was provided by
Korea Standard Gas Co. (South Korea). NaCl with a minimum purity of
99.5 mol % and MgCl, and NiCl, with a minimum purity of 98 mol %
were supplied from Sigma-Aldrich. These materials were used without
further purification.

Samples for analyzing Raman spectra and XRD patterns of the CHCIF,
hydrate were prepared with the following procedures. The high-pressure
reactor cell was charged with 80-100 ml of aqueous salt solution (0, 5, and
10 wt%, respectively) and  immersed in a water bath at 275 K. After
completion of the cell condition stabilization, the cell was repeatedly
pressurized and maintained at 5 bar with CHCIF, gas during hydrate
formation. When there was no change in the pressure of the cell, the cell
was immersed in the liquid nitrogen to freeze the samples; then, the hydrate
samples were ground into powders 100 xm or less-sized under the liquid

nitrogen environment.

- 13 -
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2.2 Experiment Method

2.2.1 Phase Equilibrium Conditions

To investigate the phase equilibrium conditions of the CHCIF, hydrate
formed from NiCl, aqueous solution, a high-pressure equilibrium cell with
two reinforced sight glasses on both sides of the cell was used. Firstly, the
cell was charged with 80 ml of NiCl, aqueous solution (0, 5, 10 and 15
wt%) and placed in the water bath held at the desired temperature. Then,
the CHCIF, gas was slowly injected to the desired pressure. The hydrate
formation began by stirring the cell contents at the temperature far below
the expected hydrate equilibrium temperature. After completion of the
hydrate formation, the CHCIF, hydrate was slowly dissociated by increasing
the cell temperature with a rate of 0.1 K/h. Finally, when only minute
hydrate particles existed in the cell and drastic change was observed in
recorded Pressure-time slopes data, I decided that point is the three phase

(Hydrate-Liquid water-Vapor) equilibrium conditions of the CHCIF, hydrates
(Fig. 9).

- ’IA -
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Fig. 9 Phase equilibrium point of the CHCIF, hydrate
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2.2.2 X-ray Diffraction

The crystal structure of the CHCIF, hydrate formed in aqueous solution
was identified by a high-resolution synchrotron XRD at beamline 9B of the
Pohang Accelerator Laboratory (PAL). The XRD measurement can be used
to reveal the atomic and molecular structure of crystals using the diffraction
of incident beam of X-ray into the crystal (Fig. 10). The XRD patterns
were collected in the range of 5-125.5° with a step size of 0.01° at 90 K
and a wavelength of 1.5183 A .

Incident 0 Reflected
angle angle
P

Atomic
plane

Fig. 10 Principle of X-ray diffraction

_’|6_
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2.2.3 Raman Spectroscopy

Raman spectroscopy is one of the vibrational spectroscopic method used to
provide a structural fingerprint by which molecules can be identified. When
light of a single frequency is focused onto a material, the frequency of
some of light that is scattered from the material may be shifted, and these
frequency shifts are equal to the frequency of the inherent molecular
vibrations in the sample (Yu & Krimm, 1977). As shown in Fig. 11, a
customized Raman spectroscopy equipped with a multichannel air-cooled
charge-couple device (CCD) detector (Princeton Instruments, PIXIS:100B)
and a Nd-YAG laser emitting a 532 nm line with a maximum power of
71.6 mW was used to in this study. Using a temperature-controlled
microscope stage (Linkam, THMS 600), all Raman measurements were

performed at ambient pressure and 83 K.

Fig. 11 Customized Raman spectroscopy

_’|7_
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2.2.4 Formation Kinetics

For formation kinetics of CHCIF, hydrate experiment, a high-pressure
reactor cell with an interval volume of 277 cm’ was used. The cell was
charged with 100 cm® of aqueous NaCl, MgCl,, and NiCl, solution (0, 5,
and 10 wt%), respectively. Then, the temperature and pressure of the cell
was adjusted to 278 K and 5.2 bar, and they were kept constant for 1 h.
After completion of the stabilization, the formation of the hydrates started
by stirring the cell contents at a rate of 400 rpm, and the time dependent

pressure drop was measured every 5 s in a real time.

100ml aqueous solution (0, 5, 10 wt%)

L

Reaction with R22 gas (stirring rate of 400rpm)

Real-time temperature ,
pressure record

e

Data analysis

Fig. 12 Experimental procedure of formation kinetics
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Chapter 3. Results and Discussion

3.1 Phase Equilibrium

10
0 Pure CHCIF, (Chun & Lee, 1998)
e Pure CHCIF,
8k £ CHCIF,+5wt% NiCl,
. v CHCIF, + 10 wt% NiCl,
E ¢ CHCIF, + 15 wt% NiCl,
o °f
>
D)
%)
£ar
2L
b

0 1 1 1 1
268 272 276 280 284 288 292
Temperature (K)

Fig. 13 Equilibrium dissociation pressures of CHCIF, hydrates in the presence of

NiCl, as a function of temperature. The solid lines are guide for the eyes

Fig. 13 shows the three phase (hydrate-aqueous liquid-vapor) equilibria of
the CHCIF, hydrate in the presence of NiCl,. To confirm the validity of
apparatus and experimental procedure, experimental results of pure CHCIF,

hydrate were compared with previous results (Wittstruck, et al., 1961), and

- 19 -
Collection @ kmou



the results were in a good agreement. As a results, the phase equilibria of
the CHCIF, hydrate in the presence of NiCl, (0, 5, 10 and 15 wt%) in the
temperature range of 270-293 K and the pressure range up to 8.2 bar are
listed in Table 2. The hydrate stability boundary of the CHCIF, hydrate
formed in aqueous NiCl, solution is located at higher pressure and lower
temperature conditions than that of the pure CHCIF, hydrate. This means
that the NiCl, has an inhibition effect on the thermodynamic stability of
CHCIF, clathrate hydrates. In addition, I observed that as the concentration
of NiCl, brine soluitions increases, the equilibrium curves of the CHCIF,
hydrate in the presence of NiCl, are shifted into lower temperature and high

pressure conditions.
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Table 2 Dissociation pressures of CHCIF, hydrates in the presence of NiCl,

NiCl, (Wt%) T (K) P (bar)
290.1 8.21
288.0 5.98
0 284.8 3.95
281.3 2.45
278.2 1.59
288.5 7.82
286.9 6.25
5 283.2 3.81
280.0 2.65
277.1 1.84
286.0 6.83
285.3 6.06
10 282.8 4.19
278.8 2.77
276.3 2.03
283.7 6.33
2822 4.83
15 278.7 3.35
275.2 2.22
270.7 1.20
S -
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3.2 XRD Patterns

L

CHCIF, + 5 wt% NiCl,

. L
CHCIF, + 5 wt% MgCl,

| !
CHCIF, + 5 wt% NaCl
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CHCIF, + Pure water
| b 0 Lt i Isl Hydrate
I . | | Ice |,
| L | L | e l | | L |
10 15 20 25 30 35 40

2 Theta (degree)

Fig. 14 XRD patterns of CHCIF, hydrates formed in 5 wt% NaCl, MgCl,, and

NiCl,, brine solutions and pure water

As shown in Fig. 14, the crystal structures of the CHCIF, hydrates formed
in 5wt% NaCl, MgCl,, and NiCl, brine solutions and pure water were
determined from the high-resolution synchrotron XRD. The XRD patterns
show that all of the CHCIF, hydrates with and without salt have a structure
I clathrate hydrate with a space group Pm3n. Lattice parameter and unit cell

volume of the CHCIF, hydrates with and without salt are tabulated in Table
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3. Based on the XRD results, I confirmed that the CHCIF, hydrates formed

in NaCl, MgCl,, and NiCl, brine solutions had no significant changes in the

crystal structure compared with pure CHCIF, hydrates.

Table 3 Crystal Structure, lattice Parameter, and unit cell volume of

CHCIF, hydrates under brine environments

%HCIFQ Structure Space group Lattice Unit cell3
ydrate parameter (A) | volume (A°)
Pure water sl Pm3n a =11.990 1723.7

NaCl 5wt% sl Pm3n a =11.980 1719.4
MgCl, 5wt% sl Pm3n a =11.980 1719.4
NiCl, 5wt% sl Pm3n a =11.977 1718.1
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3.3 Raman Spectra

H,O peak

\7
/ CHCIF, peak \
N, peak ]
\ f CHCIF, + 5 wt% NiCl,
‘JV\JLLJ\\\,M . J/\M + 5 wt% MgCl,
N J‘AM +5 % NaCl
A N CHCIF,, + Pure water
L L | 1 Aja L | o |
0 1000 2000 3000 4000

Raman shift (cm™)

Fig. 15 Raman spectra of CHCIF, hydrates formed in 5 wt% NaCl, MgCl,, and

NiCl,, brine solutions and pure water

To explore the structural and intramolecular vibration changes of the
CHCIF, hydrates due to the addition of the NaCl, MgCl,, and NiCl,, the
Raman spectroscopy measurement was performed. As shown in Fig 15, the
Raman bands around 350-1500 cm” and 3030 cm™ are assigned to the
CHCIF, encaged in lage cages of the sl hydrate. In addition, the broad
Raman bands around 3000-3500 cm™ represent the O-H vibration of water
molecules of the clathrate framework and the spectral range of 200-350 cm™
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is a result of lattice phonon bands of water molecules. Additionally, the
small Raman peak at around 2330 cm’ is N—N stretching vibration of N,
molecules (Murphy & Roberts, 1995) used to make a low temperature
environment. Raman spectra of the CHCIF, hydrates formed in 5 wt% NaCl,
MgCl,, and NiCl, brine solutions, when compared with Raman spectra of
CHCIF, hydrates formed in pure water, there were no changes in Raman
spectra. From the results, I confirmed that the NaCl, MgCl,, and NiCl, do
not effect on the guest (CHCIF;) occupation in the hydrate cages and the
crystalline structure of CHCIF, hydrates.

The CHCIF, is an asymmetric top molecule which belongs to the point
group C; (Snels & D'Amico, 2001) and intramolecular vibration of CHCIF,
is categorized into nine vibration modes (v;-vy) (Lefebvre & Anderson, 1992;
Merke, et al., 1995). In this study, as shown in Fig 16, noticeable difference
in the Raman spectra between solid CHCIF, and CHCIF, clathrate hydrates
at the same temperature and pressure were observed in the v, and v, regions
around 3000-3050 cm” and 750-850 cm”, respectively, which are assigned
to C-H and C-Cl stretching vibrations of CHCIF, molecules trapped in the
clathrate cages. Particularly, 1 explored that the Raman bands in the v,
region for CHCIF, clathrate hydrates appear at ~16 cm” lower frequency
region than that of the solid CHCIF,. It means that the Raman spectra in
the v; and v, regions are the most convincing indication of the clathrate
hydrate formation by CHCIF, guests. The v, and v, vibration mode of the

CHCIF; molecules in solid, and hydrates are summarized in Table 4.
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v, : C-Cl stretching vibration
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v, : C-H stretching vibratipn
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3100

CHCIF, + 5 wt% NiCl,

CHCIF, + 5 wt% MgCl,

CHCIF, + 5 wt% NaCl

CHCIF, + Pure water

———Solid CHCIF,

Fig. 16 Enlargement of Raman spectra in the v, and v; region of CHCIF, encaged
in CHCIF, hydrates and solid CHCIF,

Table 4 v, and v; vibration mode of CHCIF, molecules in solid, and hydrates

Wavenumber(cm™)

_ . CHCIF, CHCIF, CHCIF, CHCIF,
Assignment  Solid .
3 K) hydrate hydrate-NaCl hydrate-MgCl, hydrate-NiCl,
(83 K) (83 K) (83 K) (83 K)
796 805 805 805 805
803 826 826 826 826
Vy (+2 V6)
823 837 837 837 837
833
7 3046 3030 3030 3030 3030
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3.4 Hydrate Formation Kinetics

3.4.1 Experimental Results

Fig. 17a, b, ¢ show the experimental results of formation kinetics of the
CHCIF, hydrate formed in 0, 5, and 10 wt% NaCl, MgCl,, and NiCl, brine
solutions, respectively. Amount of CHCIF, gas consumed during hydrate
formation was calculated from the pressure-volume-temperature (PVT)
relationship of the CHCIF,. Immediately after the CHCIF, hydrate starts to
nucleate, the system pressure rapidly decreases. Slope of the initial P-T data
means initial formation rate of the CHCIF, hydrates, and it decreases as the
concentration of salts increases, resulting in a reduction in the final pressure
at steady state. Thus, it is obvious that the final pressure in hydrate
formation is closely related to the three-phase equilibrium pressure. As I
have seen in previous chapters, the phase equilibrium condition for CHCIF,
hydrate formed from salt solutions was shifted to higher pressure and lower
temperature regions as the concentration of the salts in the aqueous solution
increases. Therefore, the formation rate of CHCIF, hydrates absolutely
depends on the concentration of solution because it shifts the equilibrium
boundary, accompanied by changes in the sub-cooling temperature. As I
expected, the production rate of CHCIF, hydrates formed from pure water
decreases with increasing salinity, which is obviously due to the inhibition
effect of the salts on hydrate formation. In addition, the equilibrium pressure
of the CHCIF, hydrates formed from salts solutions is shifted to higher
pressure conditions, and thus the amount of CHCIF, consumed by hydrate
formation also becomes smaller in the presence of salts. This means a
reduction in the total amount of pure water produced by hydrate formation

in the presence of salts.
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CHCIF2 hydrate under NaCl brine solutions
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Fig. 17a Formation kinetics of CHCIF, hydrate formed in

NaCl brine solutions

CHCIF2 hydrate under MgCl, brine solutions
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Fig. 17b Formation kinetics of CHCIF, hydrate formed in

MgCl, brine solutions
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CHCIF2 hydrate under NiCl, brine solutions
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Fig. 17¢ Formation kinetics of CHCIF, hydrate formed in

Collection @

NiCl, brine solutions
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3.4.2 Kinetic model

In this study, a new kinetic model for theoretically predicting the
formation kinetics of CHCIF, hydrates was suggested. When the CHCIF,
molecules are encaged in the cavities of the clathrate hydrates, the system
pressure P is considered to be directly proportional to the amount of

consumed CHCIF, moles. Therefore, it can be expressed as follows:

dP_ .,
— =k E=P) (1)

where P, is the final equilibrium pressure at the end of the kinetic runs,
and £’ is the first-order reaction rate constant. The following equation can be

derived by integration of the above equation with

oL | 2)
P,—P

eq

Hydrate growth 1is affected by three major correlations: intrinsic growth
kinetics, mass transfer limitation, and heat transfer limitation (Sloan, 1988).
In my experimental systems, diffusion resistance is nearly eliminated by a
high agitation speed, and thus the rate controlling achieved an intrinsic
reaction (ZareNezhad & Montazeri, 2014). As shown in Fig. 18, the rate
constant &’ using the Eq. (2) was calculated from the slope of the initial
straight line. When using the values of k' and Eq. (2), the calculated
time-dependent pressure profile was in a good agreement with the
experimental results as shown in Fig. 19a, b, c. According to kinetic model
for hydrate particle growth proposed by Englezos et al. (1987), the rate of

reaction r(z) can be given as follows:

r()= Sk, (1~ /., 3)
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4 CHCIF2 hydrate under NaCl brine solutions
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Fig. 18 Plot of the fitting results of experimental data in the initial formation

reaction of CHCIF, hydrate formed in NaCl brine solutions

where n is the moles of CHCIF, consumed during the hydrate formation, f
is the fugacity of CHCIF, in the gas phase, f,, is the equilibrium fugacity
of CHCIF,, and k., is the apparent rate constant of the hydrate formation.
To consider the contribution to a real gas, the fugacity is expressed by the

dimensionless fugacity coefficient as follows:
f=Pg 4)

In this kinetic model, a Soave-Redlich-Kwong equation of state which has a
high accuracy for thermodynamic modeling in the CHCIF, hydrate system
was used for calculating the fugacity coefficient (Karamoddin & Varaminian,

2013).
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CHCIF2 hydrate under NiCl, brine solutions
- Owt%

« 5wWt%

+ 10 wit%
calculated
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Fig. 19a Formation kinetics of CHCIF, hydrate formed in NaCl brine

solutions. Solid lines are the calculated results

CHCIF2 hydrate under MgCl, brine solutions
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Fig. 19b Formation kinetics of CHCIF, hydrate formed in MgCl, brine

solutions. Solid lines are the calculated results
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CHCIF2 hydrate under NaCl brine solutions
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Fig. 19¢ Formation kinetics of CHCIF; hydrate formed in NiCl, brine

solutions. Solid lines are the calculated results
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RT a(T)

r= v—>b wlv+bd) (5)

The fugacity coefficients of water and CHCIF, can be obtained using Eq.
(5) (Soave, 1972).

o RT a v+0b _
lng—lnP(v_b) bRTm( ” )+Z 1 (6)

The formation kinetics of the clathrate hydrates during the initial period has
been used to obtain the apparent rate constant (Englezos, et al., 1987;
Hashemi, et al., 2015; Zhang, et al., 2007; Mohammadi, et al., 2014).
However, there are many uncertainties at the beginning time of hydrate
growth, such as heterogeneous crystal growth, abrupt temperature and
pressure variation, and stochastic induction time. To overcome these
problems, I proposed a new approach using the transient time-dependent
apparent rate constant of hydrate formation. Assuming that the apparent rate
constant is nearly constant during the hydrate growth, following equation can

be easily obtained by integrating Eq. (3).

n(t)

kapp = t
f [P(t)o (t) = P,,2.,]dt
0

(7

Using n(t) from the experimental data, P(¢#) from Eq. (2) and @ (?) from Eq.

(6), the apparent rate constant k,, can be calculated as a function of time.

The apparent rate constant k., during the hydrate formation at the NaCl
brine solutions are shown in Fig. 20. The apparent rate constant rapidly
increases in the initial period of hydrate growth, up to ~50 s, in all the
concentration systems, results of the NiCl, and MgCl, system were also
same with that. This results can be considered to the dramatic increase of
the number of hydrate particles (Zhang et al., 2007). After the initial period,

the apparent rate constants are gradually stabilized after ~400 s.
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CHCIF2 hydrate under NaCl brine solutions
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Fig. 20 Apparent rate constant as a function of time during formation of formed in

NaCl brine solutions.

The unstable apparent rate constants from 50 to 400 s may be due to the
instability of temperature by hydrate formation. It’s because, the exothermic
reaction of the gas hydrate formation is faster than the heat transfer through
the cell. Fig. 21 shows changes in the temperature during the formation
reaction of pure R22 hydrate. The cell temperature rapidly increases in the
initial stage to a maximum at ~100 s and then gradually decreases with
increasing time to the initial cell temperature. This is definitely caused by
the exothermic nature of the gas hydrate formation reaction, leading to
possible errors in calculating the apparent rate constant at the beginning

time.
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Fig. 21 Change in temperature and pressure during R22 hydrate formation at an

initial pressure and temperature of 5.21 bar and 278 K
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The apparent rate constants were finally stabilized with a steady state value
after ~1,500 s and using this apparent rate constant at the steady state, I
calculated the mole numbers of consumed CHCIF, during hydrate formation
and compared with the experimental data. As shown in Fig 22a, b, c, the
predicted results are in a good agreement with the experimental kinetics,
even though there is a slight deviation at the initial stage. The kinetic
parameters for the formation of the CHCIF, hydrate formed in NaCl, MgCl,
and NiCl, brine solutions are tabulated in Table 5. Fig. 23 shows the
apparent rate constants as a function of salt concentration for CHCIF,
hydrates, indicating that they linearly decrease with an increase of the
salinity of solutions. It means that the apparent rate constants are
significantly affected by salt concentration during the formation of CHCIF,

hydrates.
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CHCIF2 hydrate under NaCl brine solutions
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Fig. 22a Comparison of experimental and calculated formation kinetics of

CHCIF, hydrates formed in NaCl brine solutions.
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Fig. 22b Comparison of experimental and calculated formation kinetics of

CHCIF; hydrates formed in MgCl, brine solutions.
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CHCIF2 hydrate under NiCl,, brine solutions
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Fig. 22¢ Comparison of experimental and calculated formation kinetics of
CHCIF; hydrates formed in NiCl, brine solutions.
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Fig. 23 Relationship between concentration of the brine solution and apparent rate

constant from formation kinetics at 278 K
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Table 5 Kinetic parameters for formation of CHCIF, hydrates in the presence of NaCl, MgCl,, and NiCl,, respectively

» A 104 kapp % 10*

Hydrate system T (K) Py, (MPa) P.q (MPa) kK x 10%™) 5 5

(mol s™) (mol s 'MPa )
Pure CHCIF, 278 0.521 0.186 7.80 2.19 7.60
CHCleN + 5wt % 278 0.523 0.232 4.93 0.98 492
CHCIR, v 10wt % 278 0.518 0311 3.25 0.55 3.39
CHClFﬁ/[;Ci wt % 278 0.520 0.234 4.74 0.66 4.73
CHClFZMJ;CII? wt % 278 0.523 0.339 2.86 0.39 3.05
CHEIE: (Gl v % 278 0.520 0.216 5.60 1.98 5.54
CHAE G e 278 0.520 0.268 4.02 1.04 4.11
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Chapter 4. Conclusion

In summary, I investigated the three phase (hydrate-aqueous liquid-vapor)
equilibria of the CHCIF, hydrate formed in NiCl, brine solutions. The result
shows that upon increasing the NiCl, concentration, the hydrate stability
boundary was shifted to lower pressure and higher temperature conditions. It
indicate the inhibition effect of the NiCl, on the thermodynamic stability of
the CHCIF; clathrate hydrate.

I also observed the crystal structure and guest occupation behaviors of the
CHCIF, molecules in the CHCIF, hydrate formed in NaCl, MgCl,, and
NiCl, brine solutions using the XRD and Raman spectroscopy measurement.
There are no changes compared with pure CHCIF, hydrate; therefore, I
concluded that the NaCl, MgCl,, and NiCl, has no significant effect on the
CHCIF, hydrate structures and guest occupation behaviors in the clathrate
cages. It means that the NaCl, MgCl,, and NiCl, do not participate in the
CHCIF, hydrate framework; thus, the hydrate-based method using CHCIF,
guest can be used to seawater desalination and removing NiCl, from the

electroplating effluents.

Finally, I confirmed that the new kinetic model for theoretically predicting
the formation kinetics of CHCIF, hydrates can describe the experimental
results very well. These experimental results and interpretations provide

fundamental information into the HBD processes.
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