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Hydrate-based desalination (HBD) has been developed to obtain fresh water from seawater in an economic and
environmental sustainable manner. As a low-pressure hydrate former for the HBD process, chlorodiﬂuoromethane (R22) hydrates were formed in the pressure range of 1–6 bar under brine environments, aqueous
NaCl and MgCl2 solutions. Synchrotron X-ray diﬀraction and Raman spectroscopy measurements revealed that
the R22 hydrates formed with NaCl and MgCl2 show structure I and enclathration of R22 molecules into the large
cages. These results also conﬁrmed that the salt ions cannot be encaged in the gas hydrate framework, reﬂecting
the ion exclusion behavior for HBD above the eutectic of water and hydrated salts. The formation kinetics of R22
clathrate hydrate in the presence of salts show that both the initial growth rate and pressure drop of the R22
hydrates heavily depend on the salinity of aqueous solutions. A new theoretical approach adopting the transient
time-dependent apparent rate constant of hydrate formation with salts was proposed to predict the formation
kinetics of R22 hydrates under brine environments, which was in good agreements with the experimental results.
These results provide good information for separating ionic compounds from aqueous solutions by hydrate-based
separation processes.

1. Introduction

salts from sea water to provide fresh water, and various approaches
have been proposed over the last several decades to accomplish this,
with a range of eﬃciencies, performance and cost.
Gas hydrates are ice-like inclusion compounds comprised of a ‘host’
water-framework and small ‘guest’ molecules such as methane, ethane,
carbon dioxide, etc. Hydrate structures are typically categorized based
on diﬀerences in the size and shape of the hydrate cages. Huge amounts
of gaseous molecules can be selectively stored in the hydrate cages
[11–23]. For this reason, gas hydrates are currently considered one of
the promising functional materials in the energy and environmental
ﬁelds because of their possible applications for gas storage and

Over the past several decades, demand for fresh water has continuously increased throughout the world as a result of sustained population growth and improved living standards [1–4]. At the same time,
the availability of good quality water is central to sustainable development and further improvements in quality of life. Given the limited
availability of fresh water resources, and unreliable water quality for
industrial and human needs, desalination technologies involving processes to recover pure water from sea water, have attracted considerable attention [5–10]. Fundamentally, desalination technology removes
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customized Raman spectroscopy instrument with a multichannel aircooled charge-couple device (CCD) detector (Princeton Instruments,
PIXIS 100B) was used to investigate the guest inclusion behaviors of
R22 molecules in the R22 hydrates with and without salts. A Nd-YAG
laser emitting 532 nm with a power of 150 mW was used as the light
source. Raman spectra of the solid hydrate samples and solid R22 were
measured at atmospheric pressure and 83 K using a microscope stage
(Linkam, THMS 600), while Raman spectra of gaseous and liquid R22
samples were measured at 298 K under pressurized conditions using a
high pressure cell with a sapphire window. To identify the crystal
structures of the R22 hydrate samples, high-resolution synchrotron XRD
measurements were performed in the range of 5–125° with a step size of
0.005° and a wavelength of 1.5183 Å at beamline 9B of the Pohang
Accelerator Laboratory (PAL). All XRD samples were measured at 90 K
to minimize hydrate dissociation.
The formation kinetics of the R22 hydrate in aqueous salt solutions
was investigated using high pressure cells with two sight glasses and an
actual internal volume of 277 cm3. The temperature and pressure of the
cell were measured by a digital thermometer and a pressure transducer
with a resolution of 0.1 K and 0.1 bar, respectively. Two high pressure
cells were prepared in the formation kinetics experiments; one (cell 1)
was charged with 100 cm3 of aqueous salt solutions, and the other (cell
2) was charged with R22 gas up to the desired pressure condition. Then,
the cells were immersed into the water bath at 278 K for stabilization.
The two cells are connected by a pressure line, and then R22 from cell 2
gas was injected into cell 1 up to 5.2 bar. After the temperature and
pressure condition of cell 1 was stabilized, the hydrate formation was
triggered by vigorously agitating the contents in the vapor and liquid
phases of the cell.
All kinetic experiments were carried out at the stirring rate of
400 rpm using a magnetic drive attached to the top of the cell. The
temperature and pressure were monitored and sampled every 5 s by a
data acquisition system. The amount of R22 gas consumed during hydrate formation was determined from the pressure-volume-temperature
(PVT) relationship of the R22 [52]. After the 1st run of the kinetic
experiment was completed, the pressure in cell 1 was reduced to atmospheric pressure for hydrate dissociation. After 1 h of the hydrate
dissociation process, a 2nd run of the formation kinetics experiment
was repeated using the same procedure.
During the 1st runs of the kinetic experiment, we observed a signiﬁcant hydrate induction time, which is a stochastic phenomenon.
However, we noted that there was no induction time for hydrate formation during the 2nd run of the experiment, due to the memory eﬀect.
To avoid the eﬀect of induction time on hydrate formation, we modiﬁed
our experimental procedure by the following process.
In the modiﬁed experimental procedure, the high pressure cell was
charged with 100 cm3 of aqueous salt solutions, and immersed in the
water bath at 288 K. The cell was pressurized by R22 gas up to 7.8 bar,
which is not a hydrate-forming condition. After the temperature and
pressure condition in the cell was stabilized, the temperature of the
water bath was reduced to 278 K at a continuous cooling rate of 0.2 K/
min. Then, the system pressure was adjusted to 5.2 bar, and hydrate
formation was triggered by agitation at a stirring rate of 400 rpm. The
temperature and pressure were monitored and sampled every 5 s by a
data acquisition system. In both the 1st and 2nd runs of the kinetic
experiments, when the modiﬁed experimental procedure was applied,
we did not observe any induction time for hydrate formation.

transportation [24–27], carbon capture and sequestration [28–32], the
selective separation of gas species [33–38], and desalination [39–41].
Among the various desalination approaches, hydrate-based desalination (HBD) technology is a promising method for recovering fresh
water from sea water. The key mechanism of the HBD technology is a
simple temperature- and pressure-dependent phase transition from liquid to solid. HBD technology is considered a novel method for reducing the energy costs of desalination, and increasing the level of freshwater recovery. In addition, HBD technology is also regarded as an
environmental-friendly method because hydrates can be directly
formed from seawater under low-temperature and high-pressure conditions [39–41]. However, achieving the appropriate high-pressure
condition for gas hydrate formation is a major obstacle to improving
hydrate formation eﬃciency, and accordingly, the development of an
eﬃcient way to form gas hydrates under more moderate conditions is
one of the key objectives of current research.
The refrigerant chlorodiﬂuoromethane (R22) is widely used as an
alternative to highly ozone depleting materials, such as dichlorodiﬂuoromethane (R12) and trichloroﬂuoromethane (R11). Despite it’s
relatively low ozone depletion potential of 0.055, R22 is still considered
to be one of the ozone depleting materials [42,43]. In addition, R22 is
regarded as one of the more powerful greenhouse gases due to its global
warming potential, which is 1810 times as high as carbon dioxide. For
these reasons, controlling R22 using gas hydrates has been studied in
several researches [44–49]. R22 is known as a structure I (sI) hydrate
former and R22 can only be captured in the large cages of a sI hydrate
due to its large molecular size. In addition, the phase equilibrium
conditions of R22 hydrates are milder than those of conventional gas
hydrates, such as CH4 or CO2 hydrates. Controlling R22 using gas hydrates can lead to hydrates with dual hydrate-based functionality, resulting in both R22 capture and an HBD technology [44–49].
To develop a HBD technology using the R22 hydrate, the phase
equilibrium conditions of the R22 hydrates in the presence of various
salts needs to be determined, as well as the formation kinetics of the
R22 hydrate. Chun et al. [44] reported the phase diagram of R22 hydrates in the presence of NaCl, KCl, and MgCl2, and Karamoddin et al.
[49] investigated the kinetics of R22 hydrate formation in the presence
of sodium dodecyl sulfate (SDS).
In this study, the crystal structures and guest inclusion behaviors of
R22 hydrates in the presence of NaCl and MgCl2 were identiﬁed using
X-ray diﬀraction (XRD) and Raman spectroscopy. To the best of our
knowledge, there have been no prior studies of R22 hydrates using
Raman spectroscopy, especially under brine environments; to date, only
Raman measurements for gaseous, liquid and solid R22 have been reported [50,51]. We investigated the formation kinetics of R22 hydrates
in the presence of NaCl and MgCl2 solutions. This study also provides a
new approach for theoretically predicting the formation kinetics of gas
hydrates.
2. Material and methods
NaCl and MgCl2, with a minimum purity of 99.5 and 98 mol %,
respectively, were supplied from Sigma-Aldrich. R22 gas with a
minimum purity of 99.8 mol % was obtained from Korea Standard Gas
Co.
To identify the crystal structures and guest inclusion behaviors of
R22 hydrates in the presence of NaCl and MgCl2, R22 hydrate samples
were prepared by the following processes. High pressure reactors were
charged with 100 cm3 of aqueous salt solutions, and then, the reactors
were immersed in a water bath held at 274 K. The reactors were slowly
pressurized by R22 gas up to 5 bar, and after the cell was stabilized,
hydrate formation was triggered by vigorously agitating the R22 gas
and the aqueous solutions. R22 gas was repeatedly injected into the
reactors to maintain the system pressure for hydrate conversion. After
the formation reaction was completed, R22 hydrate samples were recovered and ground to a ﬁne powder with of 100 μm sieve. A

3. Results and discussion
3.1. XRD and Raman spectroscopic investigation
High-resolution synchrotron XRD was used to identify the crystal
structure of the R22 hydrates with and without salts. Fig. 1 shows the
XRD patterns of the R22 hydrates formed in pure water (black line),
5 wt% NaCl (red line), and 5 wt% MgCl2 (blue line) aqueous solutions,
57
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Fig. 1. XRD patterns of R22 hydrates formed in pure water (black line), 5 wt%
NaCl (red line), and 5 wt% MgCl2 (blue line) aqueous solutions. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to
the web version of this article.)

and all of the patterns indicate the formation of sI hydrate [22]. The
blue vertical bars represent some signals from cubic sI hydrate with the
space group Pm3n and the red vertical bars indicate some peaks corresponding to hexagonal ice (Ih).
The lattice parameter and unit cell volume of the R22 hydrates
formed in pure water, 5 wt% NaCl, and 5 wt% MgCl2 aqueous solutions
are listed in Table 1. We note that the crystal structure (sI) and lattice
parameter (a = 11.980 Å) for pure R22 hydrate is almost identical to
the results in the previous work (sI and a = 11.97 Å) [53].
Raman spectroscopy was used to obtain information on the crystal
structure and guest occupation of the R22 hydrates. The Raman spectra
of gaseous, liquid, and solid R22 and R22 hydrates formed in the
aqueous salt solutions are shown in Figs. 2 and 3. The intramolecular
vibration of R22 molecules has been classiﬁed into nine vibration
modes [50,51]. The Raman bands of the R22 molecules in pure R22
hydrate are identical to those in the R22 hydrates formed in the aqueous salt solutions, as shown in Figs. 2 and 3. The Raman bands of the
R22 molecules in the hydrate phases are assigned and listed in Table 2.
These results indicate that there are no signiﬁcant eﬀects of salts, such
as NaCl or MgCl2, on the enclathration of R22 molecules into hydrate
cages, or on the hydrate structures.
However, diﬀerences in the wavenumbers of the vibration modes
for the R22 molecules encaged in the gas hydrate framework can be
clearly observed in Figs. 2 and 3. The Raman spectra of R22 molecules
in the gas, liquid, and solid phases in Fig. 2 and Table 2 are generally
consistent with the Raman results in previous reports [50,51]. In the
CF2 rock region (v9), the Raman band of R22 molecules in the liquid
and solid phases was observed at 370 cm−1, whereas that of R22 molecules in the gas hydrate was shifted to around 372 cm−1. The two
Raman bands in the CF2 wag region (v6) observed in the range of

Fig. 2. (a) Raman spectra of R22 gas (black line), liquid (red line), and solid
(blue line) measured at 298, 298, and 83 K, respectively. (b) Raman spectra of
R22 hydrates formed in pure water (black line), 5 wt% NaCl (red line), and 5 wt
% MgCl2 (blue line) aqueous solutions. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this
article.)

410–418 cm−1 are due to isotopes of CH35ClF2 and CH37ClF2. The CF2
scissor vibration in the v5 mode was similarly observed as a single peak
at 598, 596, 597, and 596 cm−1 for the gas, liquid, solid, and hydrate
phases, respectively. The eﬀect of Fermi- resonance by the 2v6 overtone
and isotopic species of 35Cl and 37Cl was observed at the C–Cl stretching
region (v4) of 750–850 cm−1 (Fig. 3).
A large diﬀerence in the shape of Raman bands for the R22 hydrate
and solid R22 was observed in the v4 spectral region, as shown in Fig. 3.
The broad Raman bands at around ∼805 cm−1 are due to the C–Cl
stretching vibration of R22 molecules encaged in the R22 hydrate,
coupled with the Fermi-resonance eﬀect. The Raman bands of the C–F
symmetric stretching (v3) and CF2 twist (v8) vibrations for the R22
hydrates appear in the spectral region of 1090–1120 cm−1.
A single Raman band for the HCCl deformation (v2) was also observed at around 1309 cm−1 for the R22 hydrates. In the C–F asymmetric stretching region (v7), the Raman bands were found at the position of 1346 cm−1 without any doublet by the isotopes. In particular,
we observed a signiﬁcant change in Raman signals at around
3050 cm−1 for the C–H stretching vibration (v1) mode (Fig. 3). For the
v1 vibration mode, the Raman band of the R22 molecules encaged in the

Table 1
Crystal structure, lattice parameter, and unit cell volume of R22 hydrates with
and without salts.
Hydrate

Structure

Space
group

Lattice parameter
(Å)

Unit cell volume
(Å3)

Pure R22
R22-NaCl (5 wt
%)
R22-MgCl2 (5 wt
%)

sI
sI

Pm3n
Pm3n

a = 11.980
a = 11.965

1719.3
1712.9

sI

Pm3n

a = 11.972

1715.9
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Fig. 4. Formation kinetics of pure R22 hydrate at 278 K.
Fig. 3. Raman spectra in the ν1 and ν4 spectral regions of R22 solid and hydrates.

water.
For HBD technology using the R22 hydrate, the formation kinetics
of the R22 hydrate in the presence of salts is important. In addition,
aqueous salt concentrations during hydrate formation are constantly
changing, and for this reason we investigated the formation kinetics of
R22 hydrates in various salt environments.

Table 2
Vibration mode of R22 molecules in gas, liquid, solid, and hydrates.
Assignmenta

Wavenumber (cm−1)
Gas (298 K)

ν9

Liquid
(298 K)

Solid
(83 K)

Pure R22
hydrate
(83 K)

R22
hydrateNaCl
(83 K)

R22
hydrateMgCl2
(83 K)

370

370

372

372

372

ν6

410
416

415

412
417

413
418

413
418

413
418

ν5

598

596

597

596

596

596

ν4 (+2ν6)

811
823
831

800
821
831

805
826
837

805
826
837

805
826
837

ν3

1108

1086

796
803
823
833
1073
1083
1095
1108
1118
1309
1345
1348
3046

1096

1096

1096

1112

1112

1112

1309
1346

1309
1346

1309
1346

3030

3030

3030

ν8
ν2
ν7

1314

1311
1352

ν1

3023

3031

a

3.2. Hydrate formation kinetics
Fig. 4 shows the formation kinetics of pure R22 hydrate at 278 K.
The 1st run of the formation kinetics of pure R22 hydrate was performed at 278 K and 5.2 bar. The hydrate formation was initiated by
vigorously agitating the magnetic drive, followed by a sudden pressure
drop, as shown in Fig. 4. Hydrate nucleation is a stochastic process, and
the temperature and pressure conditions can aﬀect the induction time
for hydrate nucleation [22]. We observed a long induction time for pure
R22 hydrate in the 1st run of the kinetic experiment. After the 1st run of
the kinetic experiment was completed, the pressure in cell 1 was reduced to atmospheric pressure for hydrate dissociation. After 1 h of the
hydrate dissociation process, the 2nd run of the kinetic experiment was
repeated using the same procedure. However, we did not observe any
induction time for the pure R22 hydrate during the 2nd run of the kinetic experiment due to the memory eﬀect [54,55]. To eliminate the
eﬀect of induction time on hydrate formation, we modiﬁed our experimental procedure, as described above (see Section 2). It should be
noted that fast hydrate nucleation is an important criteria for the development of practical HBD technology.
All of the R22 hydrate formation kinetics experiments in the presence of salts were performed using the modiﬁed experimental procedure. As shown in Figs. 5 and 6, no induction time for R22 hydrate
formation was observed in either the 1st or 2nd run of the kinetic experiments when the modiﬁed experimental procedure was applied.
Fig. 5 shows the formation kinetics of the R22 hydrate in the NaCl
aqueous solution system (pure water, black; 5 wt% NaCl solution, red;
10 wt% NaCl solution, blue) and R22 hydrate in the MgCl2 aqueous
solution system (pure water, black; 5 wt% MgCl2 solution, red; 10 wt%
MgCl2 solution, blue), respectively. After the R22 hydrate starts to
nucleate, the system pressure rapidly decreases. As shown in Fig. 5, the
initial formation rate of the R22 hydrates decreases as the concentration of salts increases, resulting in a reduction in the ﬁnal pressure at
steady state. Clearly, the ﬁnal pressure in hydrate formation is closely
related to the three-phase equilibrium pressure.
The formation of R22 hydrate in pure water was almost completed
in 500 s, and the ﬁnal system pressure was about 1.86 bar. In a previous
study by Barduhn and Lee [47], the phase equilibrium conditions of

Lefebvre and Anderson[51].

gas hydrate framework appeared at around 3030 cm−1, while that of
R22 molecules in the solid R22 phase could be observed at around
3050 cm−1. The frequency diﬀerence between the two Raman bands for
the v1 vibration mode was Δv = 16 cm−1, indicating R22 enclathration
in the large cages of the sI hydrate.
Based on the combination of XRD and Raman spectroscopic measurements, we can conﬁrm sI hydrate was formed with and without
salts, such as NaCl or MgCl2, as well as conﬁrm the entrapment of R22
molecules in the large cages of the sI hydrate. Even though R22 hydrates formed in the aqueous salt solutions, there were no signiﬁcant
changes in the crystal structures, lattice parameters, and guest inclusion
behaviors of the R22 hydrates, indicating that salts such as NaCl and
MgCl2 do not participate in the gas hydrate framework. As a result, the
salts are excluded from the hydrate phases, and enriched-salt phases are
concentrated during hydrate formation, which indicates that the HBD
technology is a plausible process for producing fresh water from sea
59
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apparently completed at a steady state pressure which is slightly higher
than the equilibrium pressure.
After the 1st run of the kinetic experiment, the system pressure
decreased to atmospheric pressure, and the ﬁrst formed hydrate was
dissociated for 1 h. Then, the hydrate formation experiment was repeated again (2nd run). As shown in Fig. 6, the growth rate of pure R22
hydrate formation in the 1st and 2nd run of the kinetic experiments is
quite similar; the ﬁnal system pressure was about 1.78 bar for the 2nd
run of the kinetic experiments. It is interesting to note that this value is
slightly lower than that for the 1st run, and still higher than the equilibrium pressure. Similar behavior was also observed for the formation
of R22 hydrates in the 10 wt% NaCl and MgCl2 solutions, as shown in
Fig. 6.
As we know, the equilibrium boundary for R22 hydrate in the
presence of salt solutions is shifted to higher pressure and lower temperature regions as the concentration of salts in the aqueous solution
increases [44]. Therefore, the formation rate of R22 hydrates absolutely
depends on the salinity in solution because it shifts the equilibrium
boundary, accompanied by changes in the sub-cooling temperature.
The initial growth rate (rini, mol s−1) of the R22 hydrates in the
presence of salts can be estimated from the formation kinetics. As
shown in Table 3, the initial growth rate of pure R22 hydrate is calculated to be 2.1933 × 10−4 mol s−1. Assuming that the R22 molecules
fully occupy only the large cages of the sI hydrate, the theoretical hydrate number is about 7.67. When considering this value and the volume of the hydrate reactor, the rate of water production by hydrate
formation is estimated to be 6.0705 × 10−4 mol-H2O s−1 L−1. For 5 wt
% NaCl and 5 wt% MgCl2 solutions, the rate of pure water production is
estimated to be 2.7063 × 10−4 and 1.8270 × 10−4 mol-H2O s−1 L−1,
respectively. These values are comparable to that reported for HFC-32
(diﬂuoromethane) hydrate formation with 5 wt% NaCl solution at
283 K (1.4 × 10−4 mol-H2O s−1 L−1) [56].
As expected, the production rate of pure water decreases with increasing salinity, which is obviously due to the inhibition eﬀect of salts
on hydrate formation. In addition, the equilibrium pressure of the R22
hydrate in the presence of salts is shifted to higher pressure conditions,
and thus the amount of R22 consumed by hydrate formation also becomes smaller in the presence of salts. This clearly results in a reduction
in the total amount of pure water produced by hydrate formation in the
presence of salts.
As shown in Fig. 5 and Table 3, both the initial formation rate and
the ﬁnal pressure of the R22 hydrate in the MgCl2 solutions are smaller
than those in NaCl solutions. This indicates that the inhibition eﬀect of
MgCl2 on R22 hydrate formation is stronger than that of NaCl. This may
also be caused by the higher ionic strength of MgCl2 solutions. Interestingly, the diﬀerence in the initial formation rate between the 1st and
2nd runs is marginal, even though there is a slightly larger formation of
R22 hydrate in the 2nd runs.

Fig. 5. (a) Formation kinetics of R22 hydrate in pure water (black), 5 wt%
(red), and 10 wt% (blue) NaCl aqueous solutions at 278 K. (b) Formation kinetics of R22 hydrate in pure water (black), 5 wt% (red), and 10 wt% (blue)
MgCl2 aqueous solutions at 278 K. (For interpretation of the references to color
in this ﬁgure legend, the reader is referred to the web version of this article.)

3.3. Kinetics model
Normally, hydrate growth is aﬀected by three major correlations:
intrinsic growth kinetics, mass transfer limitation, and heat transfer
limitation [22]. In our experimental systems, vigorous agitation using
the magnetic drive at a stirring rate of 400 rpm allows the mass transfer
limitation problem to be neglected. In addition, a suﬃcient cooling
system and vigorous agitation can also resolve the heat transfer limitation problem. Therefore, we assume that the growth of our R22 hydrate in the presence of salt solutions is limited only by the intrinsic
growth kinetics.
Assuming that the system pressure P is directly proportional to the
amount of consumed R22 molecules, it can be expressed as follows.

Fig. 6. Memory eﬀect on the R22 hydrate formation in aqueous salt solutions.
The second runs were performed at 1 h after dissociation of R22 hydrate formed
from the ﬁrst runs.

pure R22 hydrate were measured. They reported the pressure (P) and
temperature (T) correlation function for the phase equilibrium conditions of pure R22 hydrate. Based on their equation, the equilibrium
pressure of pure R22 hydrate at 278 K is calculated to be 1.65 bar.
Therefore, we can expect that the hydrate formation in our experimental system (at constant temperature and constant volume) is

−

dP
= k ′ (P−Peq )
dt

(1)

where Peq is the ﬁnal equilibrium pressure at the end of the kinetic runs,
60
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Table 3
Kinetic parameters for formation of R22 hydrates with and without salts.
Hydrate system

T (K)

P0 (MPa)

Peq (MPa)

Time scale used for ﬁtting (s)

ḱ × 103 (s−1)

rini × 104 (mol s−1)

kapp × 104 (mol s−1 MPa−1)

Pure R22
R22 + 5 wt% NaCl
R22 + 10 wt% NaCl
R22 + 5 wt% MgCl2
R22 + 10 wt% MgCl2

278
278
278
278
278

0.521
0.523
0.518
0.520
0.523

0.186
0.232
0.311
0.234
0.339

0–460
0–600
0–700
0–600
0–700

7.7989
4.9288
3.2471
4.7388
2.8553

2.1933
0.9778
0.5533
0.6601
0.3851

7.5965
4.9188
3.3907
4.7295
3.0507

and k′ is the ﬁrst-order reaction rate constant. Integrating the above
equation with t gives

Based on the hydrate growth kinetic model proposed by Englezos
et al. [58], the reaction rate r(t) can also be expressed as:

P−Peq ⎞
−ln ⎛⎜
⎟ = k ′t
P
⎝ 0−Peq ⎠

r (t ) =
(2)

dn
= kapp (f −feq )
dt

(3)

where n is the mole number of consumed R22, f is the fugacity of R22 in
the gas phase, feq is the equilibrium fugacity of R22 at the end of runs,
and kapp is the apparent rate constant. This equation has been used for
estimating the formation kinetics of refrigerant hydrates [59] and methane hydrate in surfactant solutions [60]. In general, the fugacity is
expressed as a function of pressure deviated from the ideality by introducing the fugacity coeﬃcient ϕ .

This approach is almost identical to the reaction kinetic model determined by using the time variation of system pressure at high agitation intensities, as proposed in a previous work [57]. This also indicates
that diﬀusion resistance is nearly eliminated at a high agitation speed,
and thus the intrinsic reaction is rate controlling. The reaction rate
constant k′ can be determined using Eq. (2) and the initial slope of
pressure changes, as shown in Fig. 7a. Here, we only considered the
initial period of the hydrate growth stage, governing the linearity.
In Table 3, the values of k′ and the time scale used for ﬁtting the
pressure change data were tabulated. 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. 7b.

f = Pϕ

(4)

In the present study, we used the Soave-Redlich-Kwong equation of
state for calculating the fugacity coeﬃcient as follows [61].

ln ϕ = ln

RT
a
υ + b⎞
−
ln ⎛
+ Z −1
P (υ−b) bRT ⎝ υ ⎠

(5)

Using P(t) from Eq. (2) and ϕ (t) from Eq. (5), the fugacity f(t) can be
obtained as a function of time. Previously, the apparent rate constant at
a speciﬁc time was calculated by observing the instantaneous reaction
rate at the beginning time of hydrate growth [58–60]. 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.
Fig. 8 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. To overcome this problem, we provide a new approach using the integration method. Assuming that the apparent rate
constant is nearly constant during hydrate formation, it can easily be
obtained by integrating Eq. (3).

Fig. 7. (a) Plot of the ﬁtting results of experimental data in the initial formation
reaction of R22 hydrates with and without salts. (b) Formation kinetics of R22
hydrates with and without salts. Solid lines are the calculated results.

Fig. 8. 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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Fig. 10. Multi-stage formation of R22 hydrate in 10 wt% NaCl aqueous solution
at 274 K.

3.4. Multi-stage desalination process
Fig. 10 shows the formation of R22 hydrate in the presence of 10 wt
% NaCl solution at 274 K. R22 gas is liqueﬁed at pressures above
5.12 bar at 274 K [52]. Thus, multi-stage hydrate formation was performed by injecting R22 gas in a series to obtain high hydrate yields, as
shown in Fig. 10. As mentioned in the previous section, the growth of
R22 hydrate in the presence of salts is only limited by intrinsic growth
kinetics. Therefore, hydrate formation in each stage ﬁnished after
reaching an equilibrium pressure, in 200 min, following vigorous agitation. In addition, salts were excluded from the hydrate phase and the
enriched-salt phase was concentrated during hydrate formation, resulting in changes in the equilibrium pressure. As each stage progressed, the equilibrium pressure gradually increased, as shown in
Fig. 10. This is a clear indication of the increase in salt concentration in
the aqueous phase.
At the ﬁnal stage, the Cl− concentration in the liquid phase was
determined using ion chromatography, which indicated that the salt
solution with an initial concentration of 10 wt% NaCl had changed to
18.9 wt% NaCl aqueous solution due to the formation of the gas hydrate. This also indicates that 52% (water recovery) of the water in the
aqueous salt solution was converted to R22 hydrate by the multi-stage
HBD process. Combined with the separation of the R22 hydrate from
the concentrated salt solution, the regasiﬁcation process should be
considered to obtain fresh water from the R22 hydrate.

Fig. 9. (a) Apparent rate constant as a function of time during formation of R22
hydrates with and without NaCl. (b) Comparison of experimental and calculated formation kinetics of R22 hydrates with and without NaCl.

kapp =

n (t )
t

∫ [P (t ) ϕ (t )−Peq ϕeq ] dt
0

(6)

This equation only requires the mole number of R22 consumed (experimentally measured) and the non-linear integration of the fugacity
function at a speciﬁc time.
To check our approximation, we represented the time-dependent
behavior of kapp calculated using Eq. (6) and the experimental data for
the mole number of consumed R22. As shown in Fig. 9a, the apparent
rate constant rapidly increases in the initial stage, up to ∼40 s, and then
it is stabilized at ∼300 s with a steady state value. It has been reported
that the increase in kapp at the beginning is due to the increased number
of hydrate particles [60].
The calculated values of kapp at the steady state are listed in Table 3.
For pure R22 hydrate, the apparent rate constant kapp is calculated to be
7.5965 × 10−4 mol s−1 MPa−1 at 278 K. When considering the amount
of water used, it stands for 1.5193 × 10−4 mol-gas/molH2O s−1 MPa−1. This value has a similar order of magnitude compared
to those for R407C (2.75 × 10−4 mol-gas/mol-H2O s−1 MPa−1 at
281.8 K
and
7.3 bar)
and
R507C
hydrate
formations
(0.8333 × 10−4 mol-gas/mol-H2O s−1 MPa−1 at 279.9 K and 7.5 bar)
[59]. Using all the calculated values of kapp (Table 3), the amount of
R22 consumed during hydrate formation can be predicted as a function
of time. As shown in Fig. 9b, the predicted results are in a good
agreement with the experimental kinetics, even though there is a slight
deviation at the initial stage.

3.5. Proposed process of hydrate-based desalination using R22 hydrate
Fig. 11 represents the proposed diagram of hydrate-based desalination using R22 hydrate. This conceptual process of hydrate-based
desalination technology can be divided into three sections; (1) hydrate
formation stage, (2) hydrate separation stage, and (3) hydrate decomposition stage (Fig. 11). This study focuses on the hydrate formation
stage, and the key ﬁndings can be addressed as follow; (1) salts cannot
participate in the hydrate framework, (2) aqueous salt concentrations
during hydrate formation are constantly changed, (3) the hydrate formation kinetics can be signiﬁcantly aﬀected by the concentration of the
salt solutions, (4) a new kinetic model for theoretically predicting the
formation kinetics of gas hydrates in salt environments is established.
Higher hydrate conversion indicates more fresh-water recovery, and
thus; the continuous injection of hydrate-forming agent (R22 gas) is an
important parameter for the development of HBD process during hydrate formation stage.
In the hydrate separation stage, a small amount of salt ions may
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Recycled - R22 Gas(CHClF2)

R22 Gas(CHClF2, ~ 5 bar)
1. Hydrate
Formation

2. Separation

3. Hydrate
Decomposition

Fresh Water
Concentrated Brine Solutions
Brine Solutions
Fig. 11. Schematic process diagram of hydrate-based desalination using R22 hydrate.

Finally, the multi-stage formation of R22 hydrates in the presence of
10 wt% NaCl solution at 274 K revealed that the equilibrium pressure of
the R22 hydrates in the presence of salts gradually increases with each
progressive stage, leading to high hydrate yields and increased salt
concentration in the brine solutions. This study provides key parameters for developing the HBD technology.

remains in the grain boundary phase between hydrate-solid crystals.
Therefore, post-hydrate treatment processes should be considered in
stage 2 (Fig. 11). Han et al. [62,63] reported that ﬁltration, washing,
centrifuging, and sweating treatments of hydrate crystal could enhance
the salt rejection percentage (salt removal). The eﬀect of post-treatment
on the salt rejection in desalination by R22 hydrates should be identiﬁed in future studies. In addition, depressurization or thermal stimulation method can be applied for hydrate decomposition process to
obtain fresh-water. Especially, R22 gas is considered as ozone depleting
materials as well as greenhouse gases. Therefore, it is necessary to take
into account a careful recycle of R22 gas in the desalination process.
Badu et al. [64] reported that two major parameters of water recovery and energy consumption are crucial for practical application of
HBD process and HBD process has following advantages in comparison
with other conventional desalination technologies such as reverse osmosis (RO) and multi-stage ﬂash distillation (MSF); (1) typical water
recovery in MSF is up to 20%, but HBD process can show higher water
recovery (52% water recovery in this study), (2) RO technology is
usually operated at pressures of 50–80 bar, but HBD process using R22
hydrate can be operated at pressure of 5 bar, (3) energy consumption
for HBD process can be dramatically reduced by utilizing LNG waste
cold energy [65].
There are still many challenges for commercialization of HBD process for fresh-water recovery, zero liquid discharge, and heavy metal
separation from aqueous salt solutions. The present study provides
useful insights for separating ionic compounds from aqueous solutions
by hydrate-based separation processes.
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