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Clathrate hydrate dissociation data were measured for systems comprising of refrigerants (R134a, R410a
and R507) + water + MgCl, at varying salt concentrations. The ternary system for
R134a + water + MgCl, was measured at salt concentrations of (0.259, 0.546, and 0.868) mol.kg™! in the
temperature range of (277.1-283) K and a pressure range of (0.114—0.428) MPa. Hydrate measurements
for the {R410a or R507} + water + MgCl, systems were measured at salt concentrations of (0.259 and
0.546) mol.kg ! in the temperature range of (274.3—293) K and a pressure range of (0.154—1.421) MPa.
The isochoric pressure-search method was used to measure the hydrate dissociation data. This study is a
continuation of previous investigations which focused on obtaining hydrate dissociation data for R134a,
R410a and R507 refrigerants in NaCl and CaCl, aqueous solutions. The measured hydrate dissociation
data can be used to design industrial wastewater treatment and desalination processes. The results show
that the effect of salt concentration on hydrate formation is smaller for MgCl, aqueous solutions
compared to CaCl, and NaCl as salt concentration increases. Modelling of the measured data is performed
using a combination of the solid solution theory of van der Waals and Platteeuw, the Aasberg—Petersen
et al. model, and the Peng—Robinson equation of state with classical mixing rules. The model is in good
agreement with the measured hydrate dissociation data.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Gas hydrate, or clathrate hydrate, formation has been recog-
nised as a promising technology for concentrating aqueous solu-
tions, in comparison to the common technologies which include
evaporation or freeze crystallization, due to its reduced energy
consumption. Gas hydrates are defined as solid crystalline struc-
tures, physically similar to ice, in which gas molecules are sur-
rounded by hydrogen bonded water molecules (which form cages),
at conditions of elevated temperature and high pressure [1-7].
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Generally, there are three typical hydrate crystalline structures
with different cage sizes, shapes, and numbers of cavities or cages:
structure I (sI), structure II (sII) and structure H (sH) [3]. The third
type of structure which is termed structure H (sH) is less common
[3]. Gas hydrate or clathrate hydrate technology has gained interest
from researchers as a means for the production of potable water
from industrial wastewater and seawater. Gas hydrates have been
shown to have positive applications in wastewater treatment and
desalination, CO, capture and separation, separation of close-
boiling point compounds, hydrogen/methane storage, etc [1-6].
The chemical structure of gas hydrates allows for the gas
molecule (refrigerant) to form hydrates with water only. Salts and
other impurities are excluded from hydrate formation, leaving
them in the residual saline water [6,8]. Fresh water is recovered as a
final product when hydrate crystals dissociate. It has been shown
that refrigerants can form clathrate hydrates at pressures below
2 MPa [3,4,8—19]. Refrigerants can play an important role in water
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desalination or wastewater treatment [3,4,8—19]. To develop low
cost desalination processes, a low pressure hydrate medium should
be employed [18—22]. Javanmardi and Moshefeghian [4], Cha and
Seol [8], Eslamimanesh et al. [9], Chun et al. [10], Petticrew [17],
Ngema et al. [18], Ngema [19], and Seo and Lee [22] have reported
that the use of refrigerants to form gas hydrate enables hydrate
formation at near ambient conditions compared to hydrate for-
mation using hydrocarbons. In addition, it was reported that gas
hydrate technology is promising when compared to membrane
desalination processes. Park et al. [7] investigated the potential
application of gas hydrates for desalination processes by studying
the elimination efficiencies for each dissolved mineral salt from
seawater samples. The Inductively Coupled Plasma Atomic Emis-
sion Spectroscopy (ICP-AES) analyser was used to test dissolved
mineral salts in seawater samples. Park et al. [7] showed that in a
single stage hydrate process, 72—80% of each dissolved mineral (K™,
Nat, Mg?*, B> and Ca?*) was removed. Chun et al. [10] measured
the phase equilibrium data for the ternary system chloro(difluoro)
methane (R22) + water + {NaCl, KCl, and MgCl,} at varying elec-
trolyte compositions. The phase equilibrium data were measured in
a temperature range of (273.9—287.8) K and a pressure range of
(0.140—0.790) MPa. It was noted that the addition of electrolytes to
the aqueous solutions inhibit hydrate formation which shifts the
dissociation data towards lower temperatures.

The generated hydrate dissociation data can be used for the
design of wastewater treatment and desalination processes using
gas hydrate technology. Petticrew [17], Ngema et al. [ 18], and Ngema
[19] investigated the influence of NaCl and CaCl, aqueous solutions
on R134a, R410a and R507 at varying salt concentrations. It was
noted that the addition of NaCl and CaCl; to the {R134a or R507 or
R410a} + water systems shifts the Hydrate—Liquid water—Vapor
(H-Lw—V) phase boundary towards lower temperatures with
increasing salt concentration. Furthermore, it was found that these
systems exhibit a quadruple point, i.e. all four phases, Hydra-
te—Liquid water—Liquid refrigerant—Vapor (H—Lw—Lgefrigerant—V)
coexist. The application of gas hydrates in desalination processes
and saline water systems has been reported in several studies
[1-19,23—50]. Many hydrate phase equilibrium studies have been
done for hydrocarbon/CO,/H,S + salt (mainly NaCl) + water sys-
tems. A comprehensive review for the latter systems is given by
Sloan and Koh [3] and NIST [50]. To the best of our knowledge,
there is limited information for hydrate phase equilibrium in
refrigerant + salt (especially MgCl,) + water systems.

This study is a continuation of previous studies concerning the
effects of NaCl and CaCl;, on hydrate formation using R134a, R410a
and R507 as hydrate formers. In this study, the effect of MgCl,
aqueous solutions in fluorinated refrigerant hydrates is investi-
gated. These refrigerant gases are environmentally friendly (low
global warming potential) and are able to form hydrates at lower
pressures than natural hydrate formers such as methane. These
fluorinated refrigerants are available commercially and there is
some hydrate studies reported in the literature [12,18,19] with pure
water.

In this communication, the hydrate measurements were un-
dertaken at varying concentrations of magnesium chloride in order
to see the effect of salt in R134a, R507 and R410a. Measurements for
the R134a + water + MgCl, system were undertaken at salt con-
centration of (0.259, 0.546, and 0.868) mol.kg™!, while the {R410a
or R507} + water + MgCl, systems were measured at salt con-
centration of (0.259 and 0.546) mol.kg~'. Table 1 presents the range
of conditions for the gas hydrate dissociation experiments. The
experimental dissociation data were modelled using a combination
of the Aasberg-Petersen et al. [51] model which describes the
electrolyte aqueous system; the hydrate phase is described by the
solid solution theory of van der Waals and Platteeuw [52]. The

Table 1
Molality, and temperature and pressure ranges studied for hydrate dissociation
condition measurements (w; = molality of salt in aqueous solution).

Hydrate former Salt w; (molkg™") Temperature (K) Pressure (MPa)
R410a No salt — 277.5 to 293.0 0.179 to 1.421
MgCl, 0.259 276.0 to 291.8 0.155 to 1.343

0.546 2749 to 291.0 0.154 to 1.292

R507 No salt — 277.7 to 283.3 0.221 to 0.873
MgCl, 0.259 276.5 to 282.6 0.212 to 0.823

0.546 274.3 to 280.9 0.174 to 0.769

R134a No salt — 277.1 to 283.0 0.114 to 0.428
MgCl,  0.259 277.1 to 282.3 0.131 to 0.410

0.546 275.4 to 280.9 0.116 to 0.385

0.868 274.7 to 278.9 0.135 to 0.356

Peng—Robinson [53] equation of state with classical mixing rules
was used to describe the (non-electrolyte) aqueous/liquid and va-
por phases. It should be noted that previous studies [9,11,15,17—19]
have shown that R134a forms hydrates of type slI with large cav-
ities. R134a, R410a and R507 have large molecules, which cannot
enter the small cavities of their relevant gas hydrate structures. The
authors have used the latter assumptions in developing the ther-
modynamic model. However, the structure of the refrigerants used
need to be further investigated using physical techniques like
Raman Spectroscopy, or X-Ray Diffraction.

2. Experimental
2.1. Materials

Table 2 presents the details of the suppliers of the chemicals, as
well as the purities of the chemicals used in this study. The purities
for R134a, R410a and R507 were checked using gas chromatog-
raphy (Shimadzu 2010 gas chromatograph (GC) equipped with a
thermal conductivity detector and a Porapak Q column). Ultrapure
Mill-Q water (electrical resistivity of 18 MQ cm at 298.15 K) was
used in all the experiments. The gravimetric technique was used to
prepare the MgCl, aqueous solutions. An analytical mass balance
(Ohaus Adventurer balance, model No. AV 114) which was cali-
brated by the supplier with a stated uncertainty of +0.0001 g in
mass was used for the preparation of the aqueous solutions.

2.2. Apparatus

Fig. 1 shows a schematic diagram of the equilibrium cell and the
apparatus used in this study. A full description of equilibrium cell is
given by Ngema [19]. A platinum resistance thermometer (Pt-100)
was used to measure the equilibrium temperatures. The Pt-100
temperature probe was calibrated using a bath with ethylene gly-
col and a WIKA primary temperature sensor which was connected
to a WIKA CTH 6500 multimeter. The primary temperature sensor
was calibrated by the supplier. It has an uncertainty of +0.03 K. The
resultant combined uncertainty for the reported temperature is
+0.1 K (k = 2). The equilibrium cell pressure was measured using a
WIKA pressure transmitter which has a pressure maximum oper-
ating limit of 10 MPa. It was calibrated in the range of 0—10 MPa
against a standard pressure transmitter from WIKA. The resultant
combined uncertainty for the reported pressure is estimated to be
+0.005 MPa (k = 2).

2.3. Experimental method
The isochoric pressure search method [3,18,19,30] was used to

undertake hydrate dissociation data measurements presented in
this study. Deionized water was first used to clean the equilibrium
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Table 2

Formula, molecular weights, purities, critical properties and acentric factors, and suppliers of refrigerant studied.

Chemicals Formula Molecular weight (g.mol ') Supplier Purity* (mass fraction) T (K) P{MPa) )
Water H,0 18.015° UKZN 1.000 647.14° 22.064° 0.344°
R507 0.5CHF,CF3 + 0.5 CH3CF3* 98.80° Afrox 0.998 343.96" 3.797° 0.304"
R134a CF3CHyF 102.03¢ Afrox 0.999 374.18° 4.057°¢ 0.326°
R410a 0.5CH,F, + 0.5 CHF,CF5® 72.60¢ Afrox 0.998 345.65¢ 49641 0.279"
Magnesium chloride MgCl, 95.21* Merck 0.990
*As stated by the supplier. Checked by GC analysis for the gases and liquids.
T. represents the critical temperature.
P. stands for the critical pressure.
w is the acentric factor.
@ Reference [63].
b Reference [54].
¢ Reference [55].
d Reference [57].
f Reference [64].
& MASS fraction.
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Fig. 1. Schematic diagram of the apparatus: A, Isochoric cell; B, Impeller; C, Neodymium magnet; D, Pressure transducer; E, Data acquisition unit; F, Pt-100; G, Stainless steel stand;
H, Overhead mechanical stirrer; I, Temperature programmable circulator; ], Drain line; K, Chilling fluid; L, Cooling coil; M, Cold finger; N, Liquid syringe with aqueous solution; O,
Refrigerant gas cylinder; P, Vacuum pump; Q, Vacuum flask; R, Mechanical jack; S, Drain valve; T, Inlet valve; U, Loading valve; V, Gas valve, W, Vent valve to atmosphere; X, Vacuum

valve; Y, Water bath and Z, Stainless steel bolts; AA, Mechanical shaft.

cell. Thereafter, acetone was used to rinse the equilibrium cell. The
acetone residual was then drained. The cell was evacuated to a
pressure of 0.2 kPa for a period of 30 min at a constant temperature
of 313.15 K to ensure that there were no traces of impurities.
Approximately 15 cm® of MgCl, aqueous solution was charged into
the cell. The mechanical jack was used to raise the bath until the
equilibrium cell is covered by the bath solution. Refrigerant was
charged into the equilibrium cell through a pressure regulating
valve. The cell contents were then stirred to ensure homogenous
mixing and to allow refrigerant absorption into the solution until
stabilization of the temperature and pressure.

Prior to the formation of the gas hydrate, the temperature and
pressure are stable outside the hydrate formation region. The

system temperature was then slowly decreased to facilitate the
formation of gas hydrates. During this stage, the pressure decreases
linearly with the system temperature. The point at which a rapid
pressure drop is observed indicates the formation of gas hydrate.
Thereafter the hydrate crystals are dissociated by gradually
increasing the system temperature. As the dissociation point is
approached, the incremental step in system temperature is set to
0.1 K. The time taken to reach equilibrium for each system tem-
perature increment of 0.1 K was approximately one hour. Fig. 2
shows a pressure—temperature plot indicative of the isochoric
pressure search method for the formation and dissociation of hy-
drate crystals. The hydrate former is released at the point where the
cooling curve and heating curve intersect. Finally, the system goes
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Fig. 2. Typical hydrate formation and dissociation curves for the R134a (1) + water (2)
system.

back to the initial conditions which are outside the hydrate for-
mation region. Consequently, the point of intersection of the
cooling and heating curves is called the gas hydrate dissociation
point where system temperature and pressure are at equilibrium.

3. Thermodynamic model

The modelling of the measured hydrate dissociation data was
undertaken using a combination of the Aasberg-Petersen et al. [51]
model which describes the electrolyte aqueous system, with the
hydrate phase described by the solid solution theory of van der
Waals and Platteeuw [52]. The Peng—Robinson [53] equation of
state with classical mixing rules was used to describe the
(non-electrolyte) aqueous/liquid and vapor phases. These models
are described in detail by Ngema et al. [18] and Ngema [19]. The
solid solution theory of the van der Waals and Platteeuw [52]
model was modified by Parrish and Prausnitz [61]. Later this
model was adapted by Eslamimanesh et al. [9]. In this study, the
modified model of Eslamimanesh et al. [9] was used to model the
hydrate phase using the computational algorithm (flow diagram) as
presented by Petticrew [17]. In addition, the electrolyte model of
Aasberg-Petersen et al. [51] which was modified by Tohidi et al. [62]
was used in this study.

4. Results and discussion

The vapor pressures of {R410a or R134a or R507} were measured
by Ngema et al. [18] and Ngema [19] to validate the sensor cali-
brations and operating procedure for the equilibrium cell and they
were compared against the available literature [54—56] data.
Ngema [19] measured the binary test systems for {R410a or
R134a} + water and compared the data to literature [10,12,15—17].
These two binary systems were studied to verify the reliability of
the equipment and the isochoric pressure-search method to obtain
reliable gas hydrate phase equilibrium data.

The gas hydrate dissociation data for the {R134a or R507 or
R410a} + water + MgCl, systems are presented in Tables 3—5 and
illustrated in Figs. 3—5. According to Eslamimanesh et al. [9], it is
expected that when the gas hydrate dissociates, pure/clean water is
produced for the proposed desalination process. However, there
can be very small amounts of salt present in the hydrate phase.
Thereafter, the refrigerant is released, and it can be used to form
more hydrate [3,4,6,10,18,19]. The {R507 or R410a or
R134a} + water + MgCl, systems exhibit a quadruple point where
four phases (H—Lw—Lrefrigerant—V) coexist. Previous studies by

Table 3
Experimental dissociation conditions of gas hydrates for the R134a (1) + water (2) +
MgCl, (3) system at various concentrations of Salt.*”

R134a (1) + water R134a (1) + water R134a (1) + water

(2) (2) + 0.259 mol kg ! (2) + 0.546 mol kg !
MgCl, (3) MgCl, (3)
T(K) P (MPa) T(K) P (MPa) T(K) P (MPa)
283.0 0.428 282.3 0.410 280.9 0.385
282.8 0.400 281.9 0372 280.6 0.365
282.4 0.368 2814 0.335 280.3 0.338
2822 0.350 280.9 0.296 279.9 0313
281.6 0.308 280.3 0.256 279.5 0.286
281.0 0.269 279.6 0.224 278.7 0.247
280.5 0.236 278.4 0.173 277.9 0.205
2792 0.180 277.8 0.151 2773 0.178
278.4 0.150 2771 0.131 276.6 0.153
2771 0.114 275.4 0.116

R134a (1) + water (2) + 0.868 mol kg~ MgCl, (3)

2789 0.356
2783 0.317
2779 0.287
2775 0.260
276.9 0.226
276.2 0.198
275.7 0.175
274.7 0.135

2 UT)=+01K k=2.
> U(P) = +0.005 MPa, k = 2.

Table 4
Experimental dissociation conditions of gas hydrates for the R507 (1) + water (2) +
MgCl, (3) system at various concentrations of Salt.*”

R507 (1) + water (2) R507 (1) + water

(2) + 0.259 mol kg !

R507 (1) + water
(2) + 0.546 mol kg !

MgCl, (3) MgCl; (3)
T(K) P (MPa) T(K) P (MPa) T(K) P (MPa)
2833 0.873 282.6 0.823 280.9 0.769
283.0 0.740 2822 0.756 280.5 0.714
282.2 0.611 281.6 0.651 279.6 0.579
281.3 0.504 281.0 0.563 278.8 0.505
280.7 0.444 280.0 0.462 278.0 0.425
280.0 0.370 279.1 0.379 277.2 0.353
279.0 0.297 278.4 0.319 276.2 0.279
278.1 0.241 2775 0.264 275.4 0.231
277.7 0.221 276.5 0.212 2743 0.174

2 UT) =+01K k=2
b U(P) = +0.005 MPa, k = 2.

Ngema et al. [18] and Ngema [19] indicate that a water insoluble
promoter (cyclopentane or cyclohexane) is required for the {R507
or R134a} + water + {NaCl or CaCl,} systems. In this study, the
water insoluble promoter (cyclopentane or cyclohexane) is
required for the {R507 or R134a} + water + MgCl, systems because
their dissociation temperatures are lower than ambient tempera-
ture.  Furthermore, it should be noted that the
R410a + water + MgCl, system forms hydrates at conditions close
to ambient temperatures.

Experimental results show that the addition of MgCl, causes the
phase equilibrium boundary to shift significantly towards lower
dissociation temperatures as salt concentration increases. However,
MgCl;, shows a low inhibition effect on the R410a + water + MgCl,
system compared to the {R507 or R134a} + water + MgCl, systems,
as illustrated in Figs. 3—5.

The systems measured are modelled using a combination of the
Aasberg-Petersen et al. [51] model which describes the electrolyte
aqueous system, with the hydrate phase described by the solid
solution theory of van der Waals and Platteeuw [52]. The
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Table 5
Experimental dissociation conditions of gas hydrates for the R410a (1) + water (2) +
MgCl,, (3) system at various concentrations of Salt.*”

R410a (1) + water R410a (1) + water R410a (1) + water

(2) (2) + 0.259 mol kg ! (2) + 0.546 mol kg !
MgCl; (3) MgCl (3)
T(K) P (MPa) T(K) P (MPa) T(K) P (MPa)
293.0 1.421 2918 1.343 291.0 1.292
291.3 1.185 2915 1.290 289.9 1.122
290.3 1.034 290.5 1.118 288.7 0.983
289.0 0.868 289.3 0.946 287.2 0.811
287.8 0.741 288.0 0.789 285.7 0.668
286.0 0.582 286.3 0.641 284.2 0.548
284.6 0.484 284.6 0.510 282.7 0.446
283.1 0.396 283.3 0.419 281.0 0.357
280.3 0.257 281.9 0.350 2787 0.270
2775 0.179 280.1 0.274 276.9 0.201
278.2 0217 2749 0.154
276.0 0.155
2 UT)=+01K k=2.
> U(P) = +0.005 MPa, k = 2.
0.0 . : r r : : : : : : .
0.2 e -
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Fig. 3. Experimental and calculated hydrate dissociation conditions for the R507 (1) +
Water (2) + MgCl, (3) System. Symbols represent experimental data. Solid lines show
model results: This work: <, No Salt; O, 0.259 mol kg™!; A, 0.546 mol kg~!; — —,
Quadruple Point Line.

Peng—Robinson [53] equation of state with classical mixing rules
was used to describe the (non-electrolyte) aqueous/liquid and va-
por phases. The model for the electrolyte system assumes that in
the vapor phase there are no ions present and the salt does not
enter the hydrate phase.

Table 6 presents the Langmuir constant parameters (¢ and d)
which were obtained using Eq. (1), in the absence of salt. In this
study, the model parameters for the Langmuir constants for the
hydrate former interaction with each type of cavity has been
calculated using Eq. (1) for a large cavity (tetrakaidecahedra (sI) and
hexakaidecahedra (sll)) [9,18,19,60,61].

c d
Clarge = T exp (T) (1)

where T is in K and C has units of reciprocal MPa.

Sloan and Koh [3], Eslamimanesh et al. [9], Petticrew [17],
Ngema et al. [18], Ngema [19], Mohammadi et al. [58], and
Mohammadi and Richon [59], used the following values for struc-
ture II of the gas hydrate v/spq =2/17 and v/jyrge = 1/17 for the

0.4

0.2
0.0

0.2
0.4
0.6
0.8

-1.0

In (P/MPa)

-1.2
-1.4
-1.6

274 276 278 280 282 284 286 288 290 292 294
T/K

Fig. 4. Experimental and calculated hydrate dissociation conditions for the R410a
(1) + Water (2) + MgCl; (3) System. . Symbols represent experimental data. Solid lines
show model results: This work: <, No Salt; O, 0.259 mol kg~ '; A, 0.546 mol kg~ !; — —,
Quadruple Point Line.

In (P/MPa)

274 275 276 277 278 279 280 281 282 283 284
T/K

Fig. 5. Experimental and calculated hydrate dissociation conditions for the R134a (1) +
Water (2) + MgCl; (3) System. Symbols represent experimental data. Solid lines show
model results: This work: <, No Salt; O, 0.259 mol kg~'; A, 0.546 mol kg~*; O,

0.868 mol kg~'; — —, Quadruple Point Line.

Table 6

Regressed Langmuir constants parameters for refrigerant gas hydrates.
Hydrate former ¢ (KMPa™') d (K) AAD?
R134a 5.70 x 1073 4908.71 5.30
R410a 4.75 x 1073 5969.68 0.79
R507 4.50 x 1074 6233.08 0.83

P Calculated hydrate dissociation pressure.
PE*P: Experimental hydrate dissociation pressure.
N: Number of data.

a AAD(%) — %Z{V‘Pl(aliplbm‘

B!

number of cavities of type i per water molecule in the unit hydrate
cell (v;). The optimum values of the constants c and d are calculated
by fitting the thermodynamic model to the measured hydrate
dissociation data. Subsequently, the constants were regressed to
adjust the parameters to dissociation data in the presence of MgCl,
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Table 7
Constants for Eq. 2
A B C D E
MgCly? —6.420*10%° 1.066*107%2 —6.186*10°"" —4,556*107%3 -1.312*107%

@ Reference [62].

aqueous solutions using constants listed in Table 7. For more details
refer to Ngema et al. [18] and Ngema [19]. Aasberg-Peterson et al.
[51] and Tohidi et al. [62] used Eq. (2) to undertake calculations for a
number of water-electrolyte and gas-electrolyte systems.

A+ BT + Cx + Dx2 + ETx

where hjs is an interaction coefficient between the dissolved salt
and a non-electrolytic component. A, B, C, D and E are constants
which are listed in Table 7, x is mole fraction, and T is temperature
in K. By using the model combination, it was shown that the
model provides a satisfactorily representation of the experimental
hydrate dissociation data. It should be noted from Table 6 that the
Langmuir constants and average absolute deviation (AAD) for the
R134a + water system compare favourably with that of Eslami-
manesh et al. [9].

5. Conclusions

Gas hydrate dissociation conditions for {R410a or R507 or
R134a} + water + MgCl, systems were measured at varying salt
concentration. It was observed that hydrate dissociation data for
R507 and R134a are not suitable for desalination processes near
ambient conditions. In this case, a water insoluble promoter
(cyclopentane or cyclohexane) is recommended to be added in the
{R507 or R134a} + water + MgCl, systems, which can shift the
H—L—V equilibrium phase boundary closer to ambient conditions.
It was observed that the influence of MgCl, aqueous solutions is
less significant compared to NaCl as salt concentration increases.
The results show that the MgCl, salt has an inhibition effect on the
hydrate formation, in which the H-L,,—V equilibrium phase
boundary is shifted towards lower temperatures. Experimental
dissociation data were correlated using a combination of the
Aasberg-Petersen et al. [51] model which describes the electrolyte
aqueous system, the hydrate phase is described by the solid solu-
tion theory of van der Waals and Platteeuw [52]|. The Pen-
g—Robinson [53] equation of state with classical mixing rules was
used to describe the (non-electrolyte) aqueous/liquid and vapor
phases.
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