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Phase equilibrium conditions (dissociation data) for clathrate hydrates (gas hydrates) were studied for
systems involving fluorinated refrigerants + water + single and mixed electrolytes (NaCl, CaCl,, MgCl,
and Na,S0,) at varying salt concentrations in the absence and presence of cyclopentane (CP). The ternary
systems for (R410a or R507) + water + CP were performed in the temperature and pressures ranges of
(279.8-294.4) K and (0.158-1.385) MPa, respectively. Measurements for {R410a + water + (NaCl or
CaCl,) + CP} were undertaken at salt concentrations of (0.10, 0.15 and 0.20) mass fractions in the temper-
ature and pressure ranges of (278.4-293.7) K and (0.214-1.179) MPa, respectively. The temperature and
pressure conditions for the (R410a + water + Na,S0O4) system were investigated at salt concentration of
Water desalination 0.10 mass fraction in range of (283.3-291.6) K and (0.483-1.373) MPa respectively. Measurements for
Refrigerant {(R410a or R507) + water + mixed electrolytes NaCl, CaCl,, MgCl,} were undertaken at various salt con-
Salt centrations of (0.002-0.15) mass fractions in the temperature and pressure ranges of (274.5-292.9) K
Phase equilibrium and (0.149-1.119) MPa in the absence and presence of CP, for which there are no published data related
to mixed salt and a promoter. The phase equilibrium measurements were performed using a non-visual
isochoric equilibrium cell and the pressure-search technique. This study was focused on obtaining equi-
librium data that can be utilized to design and optimize for water desalination process and the develop-
ment of a Hydrate Electrolyte-Cubic Plus Association (HE-CPA) Equation of State based model. The
results indicate hydrate dissociation pressure reduction/hydrate dissociation temperature increase up
to ambient conditions in the presence of promoter (CP). The experimental results were then modelled.
The modelling results are in good agreement with the measured hydrate dissociation data.

© 2019 Elsevier Ltd.
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1. Introduction which were classified as structure I (sI) and structure II (sII). Later,

a third structure, H (sH), was detected by Ripmeester et al. 8], but it

Gas hydrates, or clathrate hydrates, have gained potential to
produce pure/clean water that can be used for drinking as well as
for industrial or agricultural purposes, due to their advantages of
utilizing lower energy consumption in comparison with the reverse
osmosis (RO) and multistage flash distillation (MSF) [1-4]. Gas
hydrate technology shows a potential as a future technique to be
employed at industries to purify wastewater and seawater. Gas
hydrates are like a crystal solid structure which consists of water
molecules which form cage structures due to hydrogen bonding
at elevated high pressures and temperatures [1-7]. Generally, two
types of crystalline gas hydrate structures were initially detected
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is less common. The details pertaining to the characteristics of these
structures can be found elsewhere [3].

Sea water and industrial wastewater contain certain concentra-
tion of common salts which typically include NaCl, MgCl,, CaCl,
and Na,SO4 that are required to be eliminated from the water
[4,9-22]. The traditional desalination processes such as RO and
MSF are used to eliminate salt from water, while these processes
are demanding more energy and expensive, due to the corrosion
of equipment and membrane damage [11]. The use of hydrate
technology in the existence of fluorinated refrigerants as a hydrate
former shows the improvement in the energy efficiency of desali-
nation processes, because it is essential to produce fresh water
from the saline waters at ambient conditions [4,9-22].


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jct.2019.04.012&domain=pdf
https://doi.org/10.1016/j.jct.2019.04.012
mailto:amir_h_mohammadi@yahoo.com
mailto:ramjuger@ukzn.ac.za
https://doi.org/10.1016/j.jct.2019.04.012
http://www.sciencedirect.com/science/journal/00219614
http://www.elsevier.com/locate/jct

60 P.T. Ngema et al./]. Chem. Thermodynamics 136 (2019) 59-76

Fluorinated hydrate former can play a vital role in water desali-
nation [4,9-22]. The refrigerant has an advantage to form gas
hydrate structure with only water. Once hydrate is being formed,
the water ideally has zero salinity, that can be achieved by separat-
ing residual salinity on the surface of hydrate crystal [6,11-
13,19,22]. As a result fresh water would be produced as a desired
product of the desalination process when dissociation of gas
hydrate takes place. It was revealed, in the study of Ngema et al.
[11-13], that refrigerants such as R410a, R507 and R134a were
capable of forming gas hydrates at pressures underneath
1.2 MPa. Consequently, in order to improve the lower cost of the
processes, a hydrate process with low pressure should be utilized
[11-13,22-24].

A number of researchers [4,11-13,19,22,25-27]| have testified
that the utilization of fluorinated hydrate formers for the initiating
the formation process of gas hydrates is capable in comparison to
conventional processes. A brief review for the formation of a gas
hydrate in the addition of a single salt at various concentrations,
using a fluorinated refrigerant as hydrate former is compiled and
presented in Table 1. It was revealed that the addition of salt to
the fluorinated refrigerant + water systems cause the dissociation
temperatures to shift to lower values.

While the use of gas hydrates is well established as means of
water desalination, no publication of research has been found on
the formation of hydrates from water containing mixed elec-
trolytes, using a fluorinated refrigerant and a water insoluble pro-
moter, except for propane (R290) as presented in Table 2. As a
result, this study sets out to undertake extensive laboratory mea-
surements of hydrate formation and dissociation data, resulting
from the use of two selected fluorinated refrigerants (R410a and
R507) on four types of salts (NaCl, MgCl,, CaCl, and Na,SO,4) aque-
ous solutions with and without cyclopentane as a water insoluble
promoter.

A thermodynamic promoter is a compound that is used to facil-
itate hydrate formation by decreasing the required pressure and
raise the temperature [3]. Promoters are typically hydrophobic
which are classified according to their shape, magnitude and
chemical nature [3]. The magnitude of the molecules and type of
structure occupied affect the position of the gas within the struc-
ture of the hydrate [28]. Hydrate promoters can be distinct as “wa-
ter soluble” and “water insoluble” [25]. Water soluble promoters
can be either thermodynamic or kinetic promoters [3]. Thermody-
namic promoters are organic compounds consisting of two types of
molecules that alter gas hydrate formation and dissociation condi-

tion [3]. The first type of molecule does not take part in the crystal
of hydrate cavities [3]. These molecules include THF, acetone, 1,4-
dioxane, etc. [28]. These molecules typically form structure Il in the
presence or absence of a help gas molecule [28]. The second type of
former molecules, like TBAB, TBAC, TBAF, TBPB, etc. takes part in
the structuring of cavities in hydrates called semi-clathrate
hydrate [28]. A number of researchers [28-36] have investigated
the effects of the aforementioned water soluble promoters. For
instance, it was found that TBAB changes the structure of cavities
while THF does not, but both promoters increase the formation
and dissociation temperatures.

Kinetic promoters are typically surfactant molecules, which
include sodium dodecyl sulfate (SDS), that affect the speed of
hydrate formation [37,38]. An ionic surfactant (SDS) increases
hydrate formation rate [39-41]. The use of a surfactant in hydrate
formation is an effective method for reducing power consumption.
Roosta et al. [42] reported on the promotion effect of a surfactant
on gas hydrate formation kinetics. Surfactants are used to improve
the amount of gas used during the formation of hydrate crystals
without affecting the equilibrium conditions [43,44].

The water insoluble thermodynamic promoters typically con-
sist of cyclic hydrocarbons as they are listed in literature [28].
These cyclic hydrocarbons such as methylcyclohexane (MCH),
cyclopentane (CP), cyclohexane (CH), etc. normally form structure
H hydrates (in the presence of a gas called help gas), except for
CP and CH that form slI hydrates [3]. Structure H hydrate formers
fill the large cages of the hydrate structure [3]. They can be utilized
to rise the volume of gas storage in gas hydrates [3,25].

Cyclopentane is chosen to be used as the promoter for the
investigated systems, due to the following advantages [1,44-46]:

e It is water immiscible due to its very low solubility in water
(that is why it is called water insoluble)

o It does not affect the hydrate structure

o It allows the desalinated water and concentrated brine to be
separated easily

e It is environmental friendly and it is not a harmful organic
chemicals

e It is easily recovered due to its immiscibility.

Generally, CP forms structure sl hydrate, as mentioned earlier
[3]. It has a great potential to stabilise the temperature and pres-
sure conditions to less pressures and elevated temperatures, com-
pared to hydrate formers of sl and sH hydrates [3]. Herslund [47]

Table 1
Brief Review for Gas Hydrate Formation in Single Salt Aqueous Solution at Various Concentrations Using a Fluorinated Refrigerant as Hydrate Former.
Hydrate former Salt w; (mass fraction) T/K P/MPa References
R13 Nacl 0.020-0.050 271.7-279.7 0.305-2.030 [18]
R23 Nacl 0.020-0.050 272.6-290.6 0.344-3.440 [18]
R152a Nacl 0.020-0.050 271.0-286.6 0.059-0.413 [18]
R290 Nacl 0.020-0.050 271.0-276.6 0.138-0.471 [18]
R290 CaCl, 0.150 268.7-271.7 0.205-0.412 [78]
R22 Nacl 0.050-0.150 274.0-287.3 0.273-0.775 [26]
R22 KCl 0.050-0.150 275.1-287.8 0.199-0.790 [26]
R22 MgCl, 0.050-0.150 273.9-287.4 0.319-0.783 [26]
R290 Nacl 0.050-0.150 271.5-275.1 0.200-0.400 [52]
R290 KCl 0.050-0.150 273.8-278.0 2.010-3.350 [52]
R410a Nacl 0.050-0.100 276.1-290.9 0.240-1.345 [11]
R410a CaCl, 0.038-0.060 280.8-291.4 0.315-1.341 [12]
R410a MgCl, 0.023-0.047 274.9-291.8 0.154-1.343 [13]
R507 Nacl 0.050-0.100 273.9-281.0 0.226-0.802 [11]
R507 CaCl, 0.038-0.060 274.7-282.5 0.191-0.834 [12]
R507 MgCl, 0.023-0.047 274.3-282.0 0.174-0.823 [13]
R134a Nacl 0.050-0.150 268.1-280.6 0.086-0.383 [11]
R134a CaCl, 0.038-0.060 276.2-281.2 0.125-0.392 [12]
R134a MgCl, 0.047-0.070 274.7-282.2 0.116-0.410 [13]
R22 Nacl 0.030-0.180 273.2-290.2 0.089-0.893 [79]
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Table 2
Brief Review for Gas Hydrate Formation in Mixed Salt Aqueous Solution at Various Concentrations Using a Fluorinated Refrigerant as Hydrate Former.
Hydrate former Salt w; (mass fraction) T/K P/MPa References
R290 NaCl + KCI 0.075 +0.075 265.2-269.1 0.157-0.372 [78]
NacCl + CaCl, 0.075 +0.075 265.9-269.4 0.172-0.418 [78]
CaCl, + KCl 0.075 +0.075 266.3-270.1 0.181-0.432 [78]
CaCl, + NaCl + KCl 0.050 +0.075 + 0.075 [78]
R290 NacCl + KCl 0.050 +0.050 270.4-272.4 0.234-0.441 [80]
NaCl + CaCl, 0.049 +0.038 270.9-273.5 0.234-0.441 [80]
R290 NaCl + KCl + CaCl, 248.0-278.0 0.100-0.540 [81]

compared the use of promoters, CP (slI) and methyl-cyclohexane
(sH), in the presence of methane gas as a help gas. The equilibrium
conditions for both systems were shifted to higher temperatures
and lower pressures [3]. It was also found that CP has higher effect
than the methyl-cyclohexane (sH) [3,47].

However, CP has very low solubility in water under certain situ-
ations of hydrate formation, for example, the solubility is 86 mg-L™
at 283 K [3]. It forms an organic liquid phase when used an extra
quantity [47]. In the case of an extra quantity of CP present in
the system, the aqueous phase is always saturated. Herslund [47]
revealed that CP solubility in water is limited in relation to its con-
centration with changing temperature and pressure. Consequently,
the gas hydrate stability conditions are dependent on only a small
amount of CP because of its limited solubility, a small quantity is
available in the aqueous phase [48].

Cha and Seol [19] and Corak et al. [20] stated that the formation
of a hydrate in the presence of CP might be employed for seawater
desalination. Nevertheless, the hydrate formation without a pro-
moter was slow, as was the case with any other hydrate formation.
Cha and Seol [19] suggested that either CP or cyclohexane can be
added in the CO, hydrate systems, in order to raise the tempera-
ture required for desalination of seawater with a high concentra-
tion of salt, for the production of fresh water.

There is limited information on the use of CP as a promoter in
the presence of fluorinated refrigerants [3]. This study explores
its potential use in the presence of single salt in a desalination pro-
cess using gas hydrates technology. The use of a single salt in the
presence of fluorinated refrigerants (R410a, R507 and R134a) as
hydrate formers without a promoter was investigated by Ngema
et al. [11-13]. It has been shown that the addition of salt to the
mentioned fluorinated refrigerants + water systems shifts the
hydrate stability conditions to lower temperatures with an
increase in electrolyte concentration. Moreover, it was revealed
that these systems show a quadruple point, which is a condition
where the four phases coexist [11-13].

The objective of this investigation was to obtain a precise
hydrate dissociation data that can be potentially utilized in the
design or optimization existing wastewater plant and desalination
plant. The gas hydrate measurements {(R410a or R507) + water
+ (NaCl or CaCl, or Na,S0,4)} were undertaken at different salt con-
centrations in the absence and presence of CP. The ternary systems
for {(R410a or R507) + water + CP} were investigated in the tem-
perature and pressure ranges of (279.8 to 294.4) K and (0.158 to
1.385) MPa, respectively. Measurements for {R410a + water
+(NaCl or CaCl,) + CP} systems were undertaken at various con-
centrations of (0.10, 0.15 and 0.20) mass fractions in the tempera-
ture and pressure ranges of (278.4-293.7)K and (0.214-1.179)
MPa. The temperature and pressure conditions for R410a + water
+ Na,S0,4 system were studied at salt concentration of 0.10 mass
fraction at (283.3-291.6) K and (0.483-1.373) MPa, respectively.
Measurements for {(R410a+ R507)+ water + mixed electrolytes
(NaCl or CaCl, or MgCl,)} systems were studied at various salt con-
centrations of (0.002-0.15) mass fractions in the temperature and
pressure ranges of (274.5-2929)K and (0.149-1.119) MPa,
respectively, in the absence and presence of CP. The concentra-

tions, temperature and pressure range for single and mixed salts
experiments are summarized in Tables 3 and 4, respectively. The
non-visual isochoric equilibrium cell in cooperate pressure-
search technique was utilized to undertake hydrate dissociation
conditions measurements. The measurements were correlated
using a combination contribution of Deybe-Huckel [49], van der
Waals and Platteeuw [50], and CPA-EoS [51] models. These combi-
nations are formed a new model which is called Hydrate Elec-
trolyte-Cubic Plus Association (HE-CPA). The Deybe-Huckel [49]
was used to model the electrolyte aqueous systems and the crys-
talline solution concept of van der Waals and Platteeuw [50] was
employed to model the hydrate phase and the CPA [51] equation
of state was used for the liquid or vapour phases.

2. Experimental
2.1. Materials

The purity and the information of the chemicals and suppliers
are tabulated in Table 5. A 2010 model gas chromatograph (Shi-
madzu) equipment with a thermal conductivity detector and a
Porapak Q column was utilized to check the purities of the refrig-
erants (R410a and R507). Mill-Q water which has a conductivity of
(5.5555 uS-m~!) at 298.15 K was utilized to prepare aqueous solu-
tion for all systems of interest. The gravimetric method was used to
prepare (NaCl or MgCl, or CaCl, or Na,SO,4) aqueous solutions. A
precise analytical balance, Model AV 114 (Ohaus Adventurer) with
a manufacture error of £0.0001 g in mass was utilized for the syn-
thesis of the electrolyte mixtures. It should be noted that the salt
concentrations in this study correspond to the (water + salt)
system.

2.2. Apparatus

Fig. 1a shows the cylindrical isochoric equilibrium cell used in
this study and it has an approximate volume of 38 cm~. Fig. 1b
shows the agitation device that was used for homogenous mixing
of the content in the equilibrium vessel. It is made of neodymium
magnets and it is consists of four stainless steel impeller blades as
well as Teflon that is use to avoid friction between mechanical
shaft and neodymium magnets. Figs. 2a and 2b respectively show
a flow diagram of the isochoric cell and the apparatus layout used
to undertake gas hydrate measurements. The full details of the
equilibrium cell are specified in literature [11,22]. A class A cera-
mic Pt-100 was utilized to undertake equilibrium temperatures.
It was calibrated by immersing in the temperature controlled bath
with ethylene glycol solution and a standard WIKA temperature
probe connected to a WIKA CTH 6500 multi-meter. The WIKA tem-
perature sensor has a manufacture uncertainty of +0.03 K. The
combined expanded uncertainty in the temperature measurement
is estimated to be +0.03 K (0.95 level of confidence). The pressure in
the isochoric vessel was undertaken with a WIKA pressure trans-
mitter rated pressure up to 10 MPa. It was calibrated in the pres-
sure range between 0 and 10 MPa against a standard pressure
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Table 3

Temperature and Pressure Ranges studied for Hydrate Dissociation Conditions in the Absence and Presence of Cyclopentane (CP) at Various Salt Concentration (w; = Mass

Fraction).
Hydrate systems Salt w; (mass fraction) No. points T/K P/MPa
“R410a + water No salt - 10 277.5 to 293.0 0.179 to 1.421
R410a + water + CP No salt - 7 280.9 to 2944 0.158 to 1.385
PR410a + water NacCl 0.10 8 276.1 to 288.6 0.240 to 1.271
R410a + water + CP Nacl 0.10 7 280.2 to 290.5 0.286 to 1.179
R410a + water + CP Nacl 0.20 7 278.4 to 285.8 0.286 to 0.879
R410a + water + CP CaCl, 0.10 7 281.5t0292.3 0.214 to 1.056
R410a + water + CP CaCl, 0.15 6 279.9 to 289.9 0.217 to 1.004
R410a + water Na,S04 0.10 7 278.3 to 291.6 0.199 to 1.373
PR507 + water No salt - 9 277.7 to 283.3 0.221 to 0.873
R507 + water + CP No salt - 7 279.8 to 284.6 0.248 to 0.858

@ Reference [73],
b Reference [11]

Table 4

Temperature and Pressure Ranges Studied for Hydrate Dissociation Conditions in the Absence and Presence of CP at Mixed Salt Concentration (w; = Mass Fraction).
Hydrate systems (w; = mass fractions) No. points T/K P/MPa
R410a + water + 0.002 CaCl, +0.017 NaCl 7 279.6 to 289.1 0.250 to 1.019
R410a + water + 0.002 CaCl, +0.017 NaCl + CP 6 283.3 to 292.5 0.299 to 1.119
R410a + water + 0.013 MgCl, + 0.0193 NacCl 7 282.3 to 292.9 0.238 to 1.169
R410a + water + 0.013 MgCl, + 0.0193 NaCl + CP 8 279.1 to 288.9 0.244 to 1.018
R507 + water + 0.002 CaCl, +0.017 NaCl 9 277.8 to 283.0 0.149 to 0.730
R507 + water + 0.002 CaCl, +0.017 NaCl + CP 7 279.5 to 284.1 0.436 to 0.677
R410a + water + 0.08 CaCl, + 0.05 NaCl 8 276.4 to 288.8 0.246 to 1.067
R410a + water + 0.08 CaCl, + 0.05 NaCl + CP 7 280.6 to 291.7 0.199 to 1.099
R410a + water + 0.15 CaCl, + 0.05 NaCl 9 274.5 to 282.1 0.279 to 1.074
R410a + water + 0.15 CaCl, + 0.05 NaCl + CP 7 278.1 to 289.4 0.204 to 1.041

Table 5
Purities, Critical Properties, and Suppliers Names of the Refrigerant Studied.
Chemicals Formula Molar mass/(g-mol~') Supplier Purity (mass fraction) T,/K P./MPa [
Water H,0 18.015° UKZN 1.000 647.14° 22.064° 0.344°
Cyclopentane CsHio 70.10 Merck 0.999 511.60° 4.508°
R410a 0.5CH,F; + 0.5 CHF,CF5° 72.60° Afrox 0.998 345.65" 4.964° 0.279°
R507 0.5CHF,CFs + 0.5CH5CF5¢ 98.80 Afrox 0.998 343.96° 3.797¢ 0.304'
Sodium chloride NaCl 58.44 Merck 0.990
Calcium chloride CaCl, 110.98 Merck 0.990
Sodium sulphate Na,S04 142.04 Merck 0.990
2 Ref. [79],
b Reference [72],
¢ Reference [82],
9 mass fraction,
e

Reference [71],
f Reference [83].

" As stated by the supplier. Checked by GC analysis for the gases and liquids. T, is the critical temperature, P, is the critical pressure and o is the acentric factor.

transducer from WIKA. The combined expanded uncertainty in the
pressure measurement is + 0.0007 MPa (0.95 level of confidence).

2.3. Experimental method

Hydrate dissociation data obtained in this study were obtained
by applying an isochoric pressure-search method [11-
13,22,25,52]. The Mill-Q water was utilized to clean the apparatus.
Acetone was utilized to wash the cell, after which the cell was
evacuated to 0.2 kPa for a period of 30 min to make sure there were
no residue of impurities. A volume of 20 cm® of {NaCl or MgCl, or
CaCl, or Na,S04} aqueous solutions with 10% of the approximately
volume of CP was charged into the equilibrium cell. The equilib-
rium vessel was submerged into fluid bath with Polyscience
temperature-controlled and the fluorinated refrigerants were fed
from cylinder through a pressure controlled valve into the vessel.
The electrolyte solution for {(R410a or R507) + water + (NaCl or
CaCl, or MgCl, or Na,S0,4)} systems, either in the absence or pres-

ence of CP was given a period of 30 min to allow the gas to be
absorbed into the solution until the system stabilised. The equilib-
rium cell contents were stirred at stirrer speed of 600 rpm [12,13].

It is important to ensure that the system is at equilibrium out-
side the hydrate stability zone before starting the process. There-
after, the temperature was programmed to drop gradually in
order to allow the hydrate to be formed. During the formation,
the pressure slowly reduced as the temperature of the systems
decreases slowly. At the point where a drastic drop in pressure is
noted, it is a point where the hydrate is being formed. A cycle for
the reduction and increase in temperature and pressure is illus-
trated in Fig. 3a, it is showing gas hydrate formation and dissocia-
tion. Once the hydrate is being formed, the system temperature
was slowly increased. As the heating curve approaches the dissoci-
ation point, the increment step in temperature was set to 0.1 K as
shown in Fig. 3b. Once the equilibrium is attained proximity after
sixty minutes, the temperature is programmed for s step increase
of 0.1 K. At the point where the cycle is formed as illustrated in
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Fig. 1b. Stirring Device Made with Neodymium Magnets.

Fig. 3b, the refrigerant is released. Consequently, the content inside
the equilibrium cell goes back to initial stage where the system is
stable outside hydrate formation zone. The point where the com-
plete hydrate cycle is formed is called hydrate dissociation point,
which is where the hydrate system conditions are at equilibrium.

3. Development of thermodynamic model

In this study, three models were combined into one model,
namely, the van der Waals and Platteeuw, Debye-Hiickel (DH)
and CPA Equation of State (EoS). The combination contributions
were developed from electrolyte-CPA (e-CPA) equation of state
of Maribo-Mogensen [53], consequently, a developed model
namely, Hydrate Electrolyte-Cubic Plus Association equation of
state, is introduced which has the following contributions:

AHE—CPA :ACPA +ADH +AHydrate (1)

From Eq. (1), the model of van der Waals and Platteeuw [50] is
use to model the hydrate phase. This model was amended by
Eslamimanesh et al. [25], which was used in this study, the elec-
trolytes aqueous systems are modeled using Deybe-Hiickel [49],
and CPA [51] equation of state model is used for liquid or vapour

phase. A computational algorithm diagram for the HE-CPA is pre-
sented in Fig. 4.

3.1. The Cubic-Plus-Association equation of state

For any system at equilibrium, the chemical potential of each
component in all coexisting phases are equal. The fugacity of com-
ponent in the liquid phases was calculated using the CPA EoS that
employs the combination of Soave-Redlich-Kwong (SRK) [54] EoS
and association term. The CPA EoS was developed by Kontogeorgis
et al. [51], which is widely used in petroleum industry to describe
the complex solution comprising hydrocarbons and polar/associa-
tion chemicals, including water, alcohols, organic acids, etc. [55].
The CPA EoS provides the following advantages [55]:

o It gives accurate results for multicomponent evaluation using
only the parameters predicted from binary data;

o It uses a scientific formulation, but with a contextual to
described complex mixtures;

o It reduces the classical SRK EoS as it provides a representation of
hydrocarbon phase equilibria. SRK is considered as an accept-
able and effective to calculate the cubic EoS of petroleum fluids.

This is used to describe the physical interactions which can be
employed to different types of hydrogen bonding compounds such
as water [56,57]. The studied systems in the present work contain
water as key component that has self-association [58], conse-
quently, in this study, water is the only associating component.
The water parameters are determined from pure liquid water
properties. Table 6 presents the CPA cross-association energy and
volume parameters for water that are used for the fugacity calcu-
lations. It also presents the energy parameter of the equation of
state given by a Soave [54] type temperature dependency, while
b is temperature independent.

2

aT)=a,|1+¢ (1 - 1)] 2)
T,

272

a, = 0.42747 % Lc 3)
P.

b= 0.08664E 4)

P,
1 = 0.480 + 1.574w; — 0.176? (5)

Kontogeorgis et al. [51,58] proposed the following expression
for CPA EoS:

_RT a(T) 1RT dlng _
P*vm—b‘vm(vmm)‘iv_m(”pw) ZX';(“X’*)
(6)

where p represents the molar density, V,, represents the molar vol-
ume, X4, represents the association term, and x; is the mole fraction.

1

Xa = 5 (7
M LT X A
dlng 197y

Pop ~1-191 ®)

where A%% is the association strength and it can be determined by:
-B;

A — g(p) {exp (SI:T) - 1} by 9)
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Fig. 2a. Schematic Flow Diagram for Isochoric Pressure Equilibrium Cell, [ 13]: 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.

Overhead stirrer

Valve rack
Pressure transducer

Aluminium block

Pt-100
Mechanical shaft

Grant temperature controller
Chiller unit

Fluid bath

Mechanical jack

Fig. 2b. A Layout of the Equipment.

where g(p) is the radial distribution function, " represents the
cross-association energy, f5 stands for the cross-association vol-
ume parameter, b; is the cross parameter obtained from SRK EoS,
R represents the Universal gas constant in J.mol~'.K™!, and T is
the temperature in Kelvin.

The association strength of CPA is reliable on the best of associ-
ation scheme. Table 7 presents the quantity and type of association
sites for the compound. According to Haghighi et al [59], the
association scheme and the quantity of association sites can be
determined by checking, at the location, its constituting hydrogen
atoms and lone pairs on proton acceptor atoms. Huang and
Radosz [60] identified eight different association schemes as
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Fig. 3a. Typical Formation and Dissociation Hydrate Curves for the Refrigerant (1)
+ Water (2) System.
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Fig. 3b. Typical Analysis for the Determination of Hydrate Dissociation Point for the
Refrigerant (1) + Water (2) System.
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Fig. 4. Computational Flow Diagram.

Table 6

CPA Parameters for Associating Compound (Pure Water) [55,56,58].
Compound b/(L-mol~1) ao/(bar-L2-mol~2) c g/bar-L-mol 1) B
Water 1.4515 0.12277 0.6736 16,655 69,200

b is the co-volume, ay and c; are the parameters in the energy term ¢ is the association strength and $ is the association volume parameter; 1 bar = 100 kPa..

presented in Table 7. These association schemes can be used in dif-
ferent molecules depending on the number and type of associating
sites.

In Table 7, the one site (1A) scheme is used for acids, based on
the assumption that the site performs as a glue spot. The site is
capable to bond with a lone pair electron of an H atom or a site
of the similar type. The two-site (2B) or three site (3B) schemes
can be employed for alcohols and amines. In the 3B formalism
for alcohol, sites A and B match to oxygen lone pairs, whereas site
C corresponds to an H atom.

Due to the asymmetry of the association, the fraction of non-
bonded H atoms (Xc) is not equal to the fraction of non-bonded
lone pairs (X4 or Xg). In the 2B formalism, the two lone pairs for
oxygen are taken as a single site [56,57]. The four-site (4C)

association scheme is utilized for hydrogen-bonded compounds,
such as water and glycols. These compounds have two proton
donors and two proton acceptors [56,57].

The selection of association scheme is based on the key
component. In this study, water is a key component of all investi-
gated systems. Consequently, the four-site (4C) association scheme
was selected to be used as it is traditionally used for water within
the CPA framework [58,61-64]. In the 4C formalism, the bonding
arrangement means that all non-bonded site fractions are
equal [64].

The fugacity coefficient, ¢;,can be determined by using Eq. (10):

RTIng, = (Z_I;\l)w — RTInZ (10)
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Table 7
Schematic of Association Schemes [60].

Species Formula Type Site fraction (X)
Acids A 1A X1 =Xa
Alcohols A 3B Xa=Xp; Xc=2Xa-1
—QO:B X1 = XaXgXc
LLd
H
C
2B Xa=Xp
—~« X1 = XaXs

Xa=Xpg=Xc=Xp

H
B
Glycols C A 4C
@: /\o oo o—

X1 = XaXgXcXp
.0 ..
H H
D B
Water A 4C Xa =Xp =Xc=Xp
B:Ej:HC Xq = XaXpXcXp
(X3
H
D
¢ 3B Xa=Xp; Xc = 2Xa-1
@:H A Xi = XaXsXc
.0
H
B
A 3B? Xa=Xp; Xc=2Xa-1
B:" X1 = XaXsXc
(¢
2B Xa=Xgp
% X1 = XaXp
C

2 Assuming one proton donor and two proton acceptors for water results in the
same mathematical expression as if two proton donors and one proton acceptor

where A" represent the remaining Helmholtz energy for the
solution.
PV
Z= WRT (11)
The CPA EoS is the combination of SRK EoS and the association
term, as mentioned earlier:
A(T,P,n) = Aqe(T,P,n) + A

aSS(T’P’n) (12)
The fugacity coefficient for the SRK term can be determined

using Eq. (13) [65]:

As(T.P,n) _ B\ D) B
R nln<1 V> RTBln<1+V> (13)

where V represents the total volume of the system. According to
Michelsen and Mollerup [65], D(T)is used instead of «(T) for consis-
tency. The detail on how to calculate term B is found elsewhere in
literature [55,65]

Thus, the fugacity from CPA is:

fi = %P (14)

where ocan be a vapour or liquid.

3.2. Electrolyte model

In the presence of electrolyte, the activity coefficient in the
aqueous solution is calculated using the Debye-Hiickel model.
Electrolyte thermodynamic models describe different contribu-

tions to excess Gibbs energy. Normally, they consist of explicit
terms to take into account short-range, intermediate-range and
long-range interactions in the specified solution, as presented in
the following expression:

GE — GSR + GMR + GLR (15)

Table 8 presents common activity coefficient models used in
chemical and wastewater industries [66]. These models are based
on extension of a local composition term (modified NRTL or
UNIQUAC) with an additional model to take the electrolytes into
account. Lin et al. [66] reported that these models require a large
number of interaction parameters to be estimated against the
existing experimental data. These parameters, in general, are not
transferable outside the regime where they are estimated.

The Deybe-Hiickel is the initial point for the development of
activity coefficient models for electrolyte solutions, which was
developed in 1923 by P. Deybe and E. Hiickel. It is considered as
an exact equation to describe the behaviour of an electrolyte sys-
tem at infinite dilution [67]. The following assumptions were made
by Gmehling et al. [67] for the derivation of the Deybe-Hiickel lim-
iting law:

e Only the electrostatic forces between the ions are considered
and all the other forces are negligible;

e The electrostatic interactions are small compared to the thermal
energies;

e The ions are considered as punctual charges with a spherical
field;

e The dielectric constant of the solution is equal to that of the
solvent;

o The electrolyte is completely dissociated;

e Each ion is surrounded by ions of an opposite charge;

o Solutions of electrolyte(s) are diluted to lower concentrations;

e The distribution of ions around a center ion is controlled by
Boltzmann’s law because of existing electric potential.

Table 8
Activity Coefficient Models for Electrolyte Solutions and their Applications [53].
Model Electrolyte OLI mixed Extended
NRTL*? solvent UNIQUAC:™"

electrolyte® &

UNIQUAC' +2nd  UNIQUAC

Non-electrostatic Modified NRTL®

term virial term”
Electrostatic Modified Pitzer-  Modified Pitzer- Extended-
term Debye-Hiickel®®  Debye- Debye-
and Born® Hiickel“® Hiickel®
Parameters 2-4 per binary 3 per binary 4 per
(on ion pair molecule, 2
basis) per binary
Availability Aspen Plus/ Aspen Plus/ Aspen Plus
Properties HYSYS, and Excel
Honeywell
UniSim,
gPROMS, Pro/ll
2 Reference [83],
b Reference [84],
¢ Reference [85],
d Reference [86],
¢ Reference [87],
' Reference [88],
& Reference [89],
' Reference [90],
i Reference [91],
I Reference [92],
k Reference [93],
! Reference [68],
™ Reference [94],
" Reference [95],
o

Reference [49]
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Lin et al. [66] compared the activity coefficient models listed in
Table 6 by conducting ten test systems. These systems include an
aqueous mixture with salts (NaCl, Na;SO4, MgCl,, KNOs3, K5SOy,
MgS0,4, MgNO3) and a mixed solvent system with water and etha-
nol. From Table 6, the Extended UNIQUAC gives good results in the
case of mixed solvent solutions, even at higher concentrations,
despite the Debye-Hiickel assumption that the solvent is pure water
and it does not include the Born term for the Gibbs energy transfer. It
was also found that the interaction parameters of the UNIQUAC
model can be employed to compensate for the alternative represen-
tation of electrostatic interactions. But there was a query about
whether the correlation models could produce accurate predictions
in regions with limited data, which include high temperature or
pressure [66]. In such cases, the fundamental of thermodynamic
modelling of electrolyte aqueous solutions is required.

Long range interactions are taken into account by using the
Deybe-Hiickel model for the electrostatic interactions between
charged ions in aqueous electrolytes systems. It describes the ther-
modynamics of ideal solutions of ions. The interactions between
ions and water are not described by the Deybe-Hiickel model [68].

The activity coefficient of ion is calculated by a Deybe-Hiickel,
which is derived from the total Gibbs excess function by molar
differentiation:

[(MH/RTW = _7? AT (16)
on; — "1+Bavl
InyPH = %2% (17)
where A is the Deybe-Hiickel parameter:

02 \ 2
A= @mNapo) ™ <808rkT> (18)

where e is the electronic charge; &is the permittivity in vacuum;
&is the dielectric constant or relative permittivity of the solvent,
Na is Avogadro’s number, p,is molar density, k is the Stefan-
Boltzmanns constant and T is the temperature in Kelvin. The value
of the Deybe-Hiickel parameter A is 1.1717 (kg/mol)"/* at 298.15 K
[68] and it can be approximated in the temperature range (273.15-
383.15) K by Eq. (19)

A=1.131+1.335%10%(T-237.15) + 1.164
+107°(T — 273.15)? (19)

In Eq. (17), a is a common ion size parameter replacing the indi-
vidual distance of closest approach, a;. The ion size parameter, q, is
within the range of 3.5-6.2 x 10 m [67,68].

Lewis and Randall [69] introduced the concept of ionic strength
in Eq. (17),

1=05% mZ; (20)
i
where m; is the molality (mol.kg'); and Z is the charge component:

Parameter B in Eq. (17), is determined by the following
expression:

_ (262 Nap,\
B= < &0&rkT > (21)

3.3. Hydrate phase model

The hydrate phase is modeled using the van der Waals and Plat-
teeuw [50] model that was adapted by Parrish and Prausnitz [70].

In 2011, this model was developed by Eslamimanesh et al. [25]. In
the present study, the amended model of Eslamimanesh et al. [25]
was selected to be used to model the hydrate phase. This model is
well described in details in literature [2,3,11,22,25]. In this model,

the fugacity of water in the liquid/aqueous phase, (fﬁ,)is equal to

the fugacity of water in the hydrate phase (f"fv)

H MT
H MT Hy — R

fiy = fulexp Bt (22)
where fAW”Trepresents the fugacity of water in the empty hydrate
phase, pfland ™ represent the chemical potential of water in the
filled and empty hydrate, respectively. R and T represent the univer-
sal gas constant and temperature in Kelvin. The crystalline solution
concept [50] can be employed to determine the exponential term in
Eq. (22).

v,

MH _'uMT v
= Z?/Hn(l +ZCijfi) = Zln(l +Zcifff>

i ] 7 ;
(23)

where v/represents the quantity of cavities of type i per water mole-
cule, G represents the Langmuir constant parameter for the interac-
tion for guest molecule and f; represents the fugacity of guest
molecule [2,3,11,22,25]. Consequently, the fugacity of water in the
empty hydrate phase in Eq. (22) can be calculated by the following
expression:

P, MT
MT _ pMT ,MT vy dP
fo =Py dw exp'/PW RT (24)

where v} represents the vapour pressure of the empty hydrate cage,
¢@MTrepresents the correction factor from ideal behaviour, and M7
represents the partial molar volume of water in the empty hydrate.
The exponential term is the Poynting correction. Eslamimanesh

et al. [25] made two assumptions, and Eq. (24) can be rewritten
as [2,3,22,25]

o (PP
fu" =Pexp {%)} (25)

By substitution of Eq. (25) into Eq. (22), the fugacity of water in
the hydrate phase is expressed by:

_pMT )
fﬁ =P exp {W} [(1 +Comat ;/as) ~nan n (1 i Clargef;us[) *%rge}
(26)

14 . .
where f,,; represents the fugacity of hydrate former or refrigerant

in the vapour phase that can be determined by using CPA equation
of state. In this study, the Poynting correction term is negligible due
to dissociation pressures are not very high [25]. Sloan and Koh [3]
described the equations that can be used to calculate pM', and, v
for sl and sl [2,3,22,25]:

for structure I

P = 0.1exp <17.440 - 60(}3 '9> (27)
Vismall = ]/23
V'large =3/23
for structure II

P = 0.1exp (17.332 - 601T7'6> (28)
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V'simall = 2/] 7

V’large =1/17

where pMTis in MPa and T is in Kelvin

Langmuir constants are accountable for the interactions among
the refrigerants and water molecules in the cavities, as stated by
Parrish and Prausnitz [70], for a certain hydrate former evaluated
over a certain range of temperatures [25]. In the model of Eslami-
manesh et al. [25] the model parameters are determined by using
the equation of Parrish and Prausnitz [70].

For a small cavity (pentagonal dodecahedral)

a b
ot = Fexp(7) (29)

and for a large cavity (tetrakaidecahedra (sI) and hexakaidecahedra

(sID)
Clarge = %GXP (%) (30)

where T is the temperature in K, C has units of reciprocal MPa and «’,
b, ¢, d are the adjustable parameters for the Langmuir constant.
The value of #{ can be obtained using the following equation
[25]:
For structure I:

-30
VT = (11.835+2.217 x 10°T+2.242 x 10°T°) 10 Na
NW
—8.006 x 107°P + 5.448 x 107 2P (31)
For structure II:
-30
Wil = (17.13+2249 10 *T+2.013x 10 °T° +1.009 x 10°T°) 10 Na
NW
—8.006 x 10 °P+5.448 x 10" *P?
(32)

where N, is Avogadro’s number and N} represents the number of
water molecules per hydrate cell. P and T represent the pressure
and the temperature, respectively.

We assumed that structure II is formed for the hydrate systems
studied in this work.

The optimum values of the parameters of a Langmuir constant
correlation (¢’ and d’) are estimated by tuning the thermodynamic
model against the measured data obtained in the literature.

4. Results and discussion

The vapour pressures of fluorinated refrigerant (R410a or R507)
were determined by Ngema et al. [11] to confirm the Pt-100 and
pressure transmitter calibrations and operating procedure for the
apparatus. The results agree very well with the one presented in
the literature [71,72]. In 2014, Ngema et al. [11] conducted the test
systems for {(R410a or R134a) + water} and the measured systems
strongly agreed with the data presented in literature [73]. This sys-
tem was conducted to validate the consistency of the apparatus
and the technique used to generate accurate and consistent data.
Fig. 5 represents the measured hydrate dissociation data for the
(R134a + water) system, these data are used later to test the HE-
CPA model.

Previous studies of Ngema et al. [11-13] indicated that the
water insoluble promoter either cyclopentane or cyclohexane is
required for the {(R410a or R507) + water + (NaCl or CaCl,)} sys-
tems in order to increase hydrate dissociation temperatures near
to ambient conditions. Although, it was stated that the (R410a
+ water) system was forming hydrates near to ambient tempera-
tures. Consequently, in this study, the CP was selected to be used
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Fig. 5. Experimental and Estimated Hydrate Dissociation Conditions for the R134a
(1) + Water (2) Test System: Symbols Represent Experimental Data: @, Liang et al.
[96]; =, Model Results.

for the {(R410a or R507) + water + (NaCl or CaCl,)} systems to raise
the hydrate dissociation temperatures close to ambient conditions.

In this study, the hydrate dissociation conditions measurements
for {(R410a or R507) + water + single and mixed electrolytes (NaCl,
CaCl,, MgCl, and Na,S04)} systems were undertaken at various salt
concentrations in the absence and presence of CP as presented in
Tables 9-14 and shown in Figs. 6-15. Hydrate dissociation data
for {(R410a or R507)+ water + mixed electrolytes (NaCl, CaCl,
and MgCl,)} systems were measured at maximum concentrations
of electrolytes at a typical industrial wastewater treatment plant
such as Tutuka Eskom, Sasol Secunda and Oil field brine [74-76]
as well as at higher concentrations up to 0.15 mass fraction. The
selected maximum concentration for industrial wastewater covers
the maximum electrolyte concentrations in seawater.

4.1. Effect of cyclopentane

Experimental results indicate that the addition of electrolytes
has an inhibiting effect to shift the hydrate phase equilibrium
boundary to slightly lower temperatures, but in the presence of
CP the R410a systems are closed to ambient temperatures. Conse-
quently, CP makes an impressive increase of hydrate dissociation
temperatures for R410a systems with electrolyte.

The results presented in Fig. 6 for the (R410a + water + CP) sys-
tem show that by the addition of CP the dissociation temperatures
increase by 2.4 K compared to the system without CP. For (R410a
+water + 0.10 mass fraction of NaCl+CP) system, it can be
observed that the hydrate dissociation temperatures increase by
2.7 K compared to the same system in the absence of CP that
was measured by Ngema et al. [11] as shown in Fig. 7. The
{R410a + water + (0.10 and 0.15) mass fraction of CaCl, + CP} and
R410a + water + 0.10 R410a + water + 0.10 mass fraction of Na,-
S04} systems are showing inhibition effects by shifting hydrate
phase equilibrium boundaries to lower hydrate dissociation tem-
peratures as shown in Figs. 8 and 9, respectively.

The results for the (R507 + water + CP) system show an increase
in hydrate dissociation temperature by 1.3 K when compared to
the (R507 + water) system measured by Ngema et al. [11] in the
absence of CP as shown in Fig. 10. However, the (R507 + water) sys-
tem measured by Ngema et al. [11] shows the hydrate dissociation
temperatures lower than ambient temperature, in this study, it
was found that the hydrate dissociation temperatures for this sys-
tem are lower than ambient temperature even in the presence of
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69

Experimental H-L,,-L, -V (Hydrate - Aqueous Rich - Organic Rich - Vapour) Hydrate Dissociation Conditions for the R410a (1) + Water (2) + NaCl (3) + CP (4) System at Various
Salt Concentrations.”

R410a (1) +water (2)+CP (3)

R410a (1) + water (2) +0.10” NaCl (3)

R410a (1) + water (2) +0.10° NaCl (3)

R410a (1) + water (2) +0.20° NaCl (3)

+CP (4) +CP (4)

T/K P*P/MPa  P<VMPa  AD T/K P*P[MPa  P<!/MPa  AD T/K P*P[MPa  P</MPa  AD T/K P™*P/MPa  P<!/MPa  AD

2944  1.385 1.372 0.009 2886 1271 1.272 0.001 2905 1.179 1.172 0.006 2858 0.879 0.867 0.014
2937 1.187 1.178 0.008 2869 1.032 1.036 0.016 289.6 1.041 1.035 0.006 2852 0.792 0.785 0.009
2926 0.997 0.991 0.006 2855 0.853 0.859 0.007 288.6 0.901 0.903 0.002 2841 0.676 0.676 0.000
2903 0.742 0.749 0.009 2839 0.703 0.696 0.010 2874 0.767 0.761 0.008 2831 0.587 0.581 0.010
287.0  0.469 0.475 0.013 2821 057 0.559 0.019 286.0 0.633 0.628 0.008 2815 0476 0.469 0.015
283.8 0.271 0.275 0.015 280.7 0.472 0.469 0.006 2832 0.444 0.441 0.007 280.1 0386 0.383 0.008
280.9 0.158 0.160 0.013 2784 0349 0.344 0.014 2802 0.286 0.283 0010 2784 0.286 0.282 0.014

276.1 024 0.238 0.008

cal __ pexp
ap = P2l p

represents the experimental and calculated pressure in MPa.

2 U(T) (0.95 level of confidence) = 0.1 K, U(P) (0.95 level of confidence) = 0.007 MPa, U(w; = mass fraction of salt) (0.95 level of confidence) = 0.0002 g. A precise analytical
balance, model No. AV 114 (Ohaus Adventurer) with a manufacture error of £ 0.0001 g in mass was utilized for the synthesis of the electrolyte mixtures. It should be noted

that the salt concentrations in this study correspond to the (water + salt) system and the R410a is measured as a gas.

b Values are in mass fraction for water + salt.

Table 10

Experimental H-L,-L, -V (Hydrate - Aqueous Rich - Organic Rich - Vapour) Hydrate Dissociation Conditions for the R410a (1) + Water (2) + CaCl, (3) + CP (4) System at Various
Salt Concentrations.”

PR410a (1) + water (2)

R410a (1) +water (2)+CP (3)

R410a (1) +water (2) +0.10° CaCl; (3)

R410a (1) + water (2) + 0.15° CaCl; (3)

+CP (4) +CP (4)
T/K P*PMPa  P/MPa AD T/K P*P/MPa  P“/MPa  AD T/K P*P|MPa  P/MPa  AD T/K P*P[MPa  P/MPa  AD
2930 1.421 1.426 0.015 2944 1385 1.372 0.009 2923 1.056 1.049 0.007 289.9 1.004 0.998 0.006
2913  1.185 1.175 0.008 293.7 1.187 1.178 0.008 290.7 0.835 0.841 0.007 288.1 0.795 0.793 0.003
2903  1.034 1.026 0.008 292.6 0.997 0.991 0.006 290.0 0.777 0.774 0.004 2858 0614 0.602 0.020
289.0 0.868 0.865 0.003 2903 0.742 0.749 0.009 287.6 0.587 0.583 0.007 2834 0413 0.414 0.002
287.8  0.741 0.745 0.005 287.0 0.469 0.475 0.013 2849 0.385 0.382 0.008 279.9 0217 0.213 0.018
286.0 0.582 0.590 0.014 283.8 0271 0.275 0.015 2815 0214 0.219 0.023
2846 0484 0.490 0.012 2809 0.158 0.160 0.013 2923
283.1  0.396 0.393 0.008
2803  0.257 0.260 0.012
2775 0179 0.180 0.006

AD = "me;i’exp‘ , P-represents the experimental and calculated pressure in MPa.

2

2 U(T) (0.95 level of confidence) = 0.1 K, U(P) (0.95 level of confidence) = 0.007 MPa, U(w; = mass fraction of salt) (0.95 level of confidence) = 0.0002 g. A precise analytical
balance, model No. AV 114 (Ohaus Adventurer) with a manufacture error of £0.0001 g in mass was utilized for the synthesis of the electrolyte mixtures. It should be noted

that the salt concentrations in this study correspond to the (water + salt) system and the R410a is measured as a gas.

b Reference [11],
¢ Values are in mass fraction for water + salt.

Table 11

Experimental H-L,-L, -V (Hydrate - Aqueous Rich - Organic Rich - Vapour) Hydrate Dissociation Conditions for R410a (1)+ Water (2) + Na,SO,4 (3) System at Various

Concentrations of Salt.”

PR410a (1) + water (2)

R410a (1) + water (2) + 0.100° Na,SOy4 (3)

9R134a (1) + water (2)

T/K P°*P|MPa Pe3/MPa AD T/K P°*P|MPa P</MPa AD T/K P°*P|MPa P /MPa AD
293.0 1.421 1.426 0.015 291.6 1.373 1.359 0.010 288.6 1.271 1.248 0.018
291.3 1.185 1.175 0.008 289.6 1.067 1.063 0.004 286.9 1.032 1.024 0.008
290.3 1.034 1.026 0.008 288.2 0.901 0.905 0.004 285.5 0.853 0.856 0.004
289.0 0.868 0.865 0.003 285.4 0.627 0.632 0.008 283.9 0.703 0.710 0.010
287.8 0.741 0.745 0.005 283.3 0.463 0.464 0.013 282.1 0.570 0.574 0.007
286.0 0.582 0.590 0.014 281.0 0316 0.320 0.013 280.7 0.472 0.476 0.008
284.6 0.484 0.490 0.012 2783 0.199 0.202 0.015 278.4 0.349 0.353 0.011
283.1 0.396 0.393 0.008 276.1 0.240 0.242 0.008
280.3 0.257 0.260 0.012

2775 0.179 0.180 0.006

cal _ pexp
AD = ‘p‘ﬁifi", P-represents the experimental and calculated pressure in MPa.

2 U(T) (0.95 level of confidence) = 0.1, U(P) (0.95 level of confidence) = 0.007 MPa, U(w; = mass fraction of salt) (0.95 level of confidence) = 0.0002 g. A precise analytical
balance, model No. AV 114 (Ohaus Adventurer) with a manufacture error of £0.0001 g in mass was utilized for the synthesis of the electrolyte mixtures. It should be noted

that the salt concentrations in this study correspond to the (water + salt) system and the R410a is measured as a gas.

b Reference [11],
¢ Values are in mass fraction for water + salt,
d Reference [96],
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Table 12
Experimental H-L,-L,-V (Hydrate - Aqueous Rich - Organic Rich - Vapour) Hydrate Dissociation Conditions for the R507 (1) + Water (2) + Salts (3) + CP (4) System at Industrial
Salt Concentrations.”

PR507 (1) + water (2) R507 (1) +water (2)+CP (3) R507 (1) + water (2) + 0.002¢ CaCl, (3) R507 (1) + water (2) + 0.002¢ CaCl, (3)
+0.017¢ NaCl (4) +0.017° NaCl (4) + CP (5)

T/K P*P[MPa  P“!/MPa  AD T/K P*P[MPa  P“)/MPa  AD T/K P*P[MPa  P</MPa  AD T/K P*P[MPa  P<!/MPa  AD
283.7 0.873 0.864 0.010 2846 0.858 0.845 0010 2832 0.831 0.823 0.010 2840 0.778 0.775 0.005
2832 0.740 0.733 0.009 2842 0.744 0.736 0.011 2829 0.759 0.750 0.012 2840 0.776 0.773 0.010
2825 0.611 0.607 0.007 283.6 0.604 0.609 0.008 2824 0.678 0.671 0.010 2834 0.667 0.661 0.009
281.6  0.504 0.506 0.004 2826 0474 0.476 0.004 2823 0.670 0.663 0.010 2825 0.537 0.539 0.004
281 0.444 0.443 0.002 2826 0.482 0.484 0.004 2815 0.555 0.555 0.000 281.8 0.447 0.443 0.009
280.1 0.370 0.369 0.011 281.1 0345 0.350 0.014 281 0.503 0.499 0.004 2809 0364 0.363 0.003
2793 0.297 0.307 0.034 2798 0248 0.251 0.012 280.1 0.408 0.411 0.007 2795 0.248 0.250 0.008
2781  0.241 0.244 0.012 2793  0.350 0.347 0.009

277.7 0221 0.223 0.009 277.8  0.250 0.252 0.008

jcal _pexp . .
AD = Jp‘pr;[, P-represents the experimental and calculated pressure in MPa.

2 U(T) (0.95 level of confidence) = 0.1 K, U(P) (0.95 level of confidence) = 0.007 MPa, U(w; = mass fraction of salt) (0.95 level of confidence) = 0.0002 g. A precise analytical
balance, model No. AV 114 (Ohaus Adventurer) with a manufacture error of +0.0001 g in mass was utilized for the synthesis of the electrolyte mixtures. It should be noted
that the salt concentrations in this study correspond to the (water + salt) system and the R507 is measured as a gas.

b Reference [11],

¢ Values are in mass fraction for water + salt.

Table 13
Experimental H-L,,~-L, -V (Hydrate - Aqueous Rich - Organic Rich - Vapour) Hydrate Dissociation Conditions for the R410a (1) + Water (2) + Salts (3) + CP (4) System at Industrial
Salt Concentrations.”

R410a (1) + water (2) + 0.002" CaCl, (3) R410a (1) + water (2) +0.002" CaCl, R410a (1) + water (2)+0.013" MgCl,  R410a (1) + water (2) + 0.013” MgCl,

+0.017" NaCl (4) (3)+0.017" NaCl (4) + CP (5) (3)+0.019" NaCl (4) (3)+0.019" NaCl (4) + CP (5)

T/K P*P[MPa  P®'/MPa  AD T/K P*°|MPa  P®/MPa  AD T/K P*P|MPa  P®/MPa  AD T/K P*°[MPa  P®/MPa  AD
2894 1.019 1.024 0.005 2925  1.119 1.108 0.010 2889 1.018 1.021 0.003 2929 1.169 1.153 0.014
289.3  1.008 0.997 0.011 290.8  0.907 0.904 0.001 2876 0.847 0.855 0.009 2918 0.990 0.981 0.009
2884 0.893 0.887 0.007 289.5 0.742 0.751 0.012 2875 0.860 0.852 0.002 2918 0976 0.977 0.001
2869 0.730 0.725 0.007 289.5 0.730 0.739 0.012 2867 0.767 0.769 0.003 290.0 0.804 0.801 0.001
2847 0.562 0.556 0.007 2862  0.468 0.470 0.004 285 0.614 0.611 0.005 2882 0.657 0.639 0.008
281.3  0.354 0.358 0.011 283.3  0.299 0.301 0.007 2832 0.477 0.481 0.008 2859 0.455 0.452 0.004
279.6 0.250 0.253 0.012 281.6 0.392 0.382 0.010 2823 0238 0.232 0.008

279.1 0.244 0.245 0.004

cal _pexp . R
AD = ‘p‘p?if;", P-represents the experimental and calculated pressure in MPa.

2 U(T) (0.95 level of confidence) = 0.1 K, U(P) (0.95 level of confidence) = 0.007 MPa, U(w; = mass fraction of salt) (0.95 level of confidence) = 0.0002 g. A precise analytical
balance, model No. AV 114 (Ohaus Adventurer) with a manufacture error of + 0.0001 g in mass was utilized for the synthesis of the electrolyte mixtures. It should be noted
that the salt concentrations in this study correspond to the (water + salt) system and the R410a is measured as a gas.

b Values are in mass fraction for water + salt.

Table 14
Experimental H-L-L, -V (Hydrate - Aqueous Rich - Organic Rich - Vapour) Hydrate Dissociation Conditions for the R410a (1) + Water (2) + Salts (3) + CP (4) System at Higher
Salt Concentrations.”

R410a (1) + water (2) + 0.080" CaCl, R410a (1) + water (2) + 0.080" CaCl, R410a (1) + water (2) + 0.150" CaCl, R410a (1) + water (2) + 0.150" CaCl,
(3) +0.050" NacCl (4) (3)+0.050° NaCl (4) + CP (5) (3) +0.050" NaCl (4) (3)+0.050° NaCl (4) + CP (5)
T/K P*P/MPa  P¥/MPa  AD T/K P*P/MPa  P/MPa  AD T/K P*P/MPa  P?/MPa AD T/K P*P/MPa  P?/MPa AD
288.8  1.067 1.059 0.007 2917 1.099 1.089 0.009 2822 1.074 1.064 0.009 2894 1.041 1.023 0.017
2888 1.083 1.067 0.006 289.8 0.809 0.799 0.012 2818 0.996 0.986 0.010 2866 0.742 0.734 0.011
286.6  0.809 0.811 0.002 2884 0.664 0.662 0.003 280.6 0.811 0.805 0.007 286.8 0.761 0.756 0.007
2846 0.651 0.646 0.008 286.4 0.499 0.505 0.012 2807 0.832 0.823 0.011 2851 0.621 0.615 0.010
2829 0.532 0.533 0.002 2864 0513 0.508 0.010 279.7 0.699 0.696 0.004 2828 0.466 0.457 0.004
2812 0437 0.440 0.007 2832 0314 0316 0.006 2793 0.648 0.647 0.002 2802 0.306 0.301 0.013
2793 0351 0.355 0.011 2806 0.191 0.193 0.010 2779 0519 0.525 0.012 2781 0204 0.199 0.020
2764  0.246 0.243 0.016 276.1  0.374 0.378 0.011

2745 0279 0.283 0.014

cal __€Xp
AD = "J‘PE*X’;"‘, P-represents the experimental and calculated pressure in MPa.

2 U(T) (0.95 level of confidence) = 0.1 K, U(P) (0.95 level of confidence) = 0.007 MPa, U(w; = mass fraction of salt) (0.95 level of confidence) = 0.0002 g. A precise analytical
balance, model No. AV 114 (Ohaus Adventurer) with a manufacture error of + 0.0001 g in mass was utilized for the synthesis of the electrolyte mixtures. It should be noted
that the salt concentrations in this study correspond to the (water + salt) system and the R410a is measured as a gas.

b Values are in mass fraction for water + salt.

CP, as a result R507 would not be suitable for gas hydrate technol- industrial maximum concentrations of electrolytes found in the
ogy for desalination process. wastewater and seawater [74-76]. It is revealed that in the pres-

Fig. 11 presents system containing mixed electrolytes in the ence of CP the hydrate dissociation temperatures increase by 2.4 K.
absence and presence of CP, then the (R410a + water + 0.002 mass For the (R507 + water + 0.002 mass fraction CaCl, + 0.017 mass

fraction CaCl, + 0.017 mass fraction NaCl) system was measured at fraction NaCl + CP) system, it is found that the hydrate dissociation
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Fig. 6. Experimental and Estimated Hydrate Dissociation Conditions for the R410a
(1)+Water (2) in the Absence and Presence of CP Systems: Symbols Represent
Experimental Data: @, Ngema et al. [11] in the Absence of CP; This Work: #, in the
Presence of CP; =, Model Results.
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Fig. 7. Experimental and Estimated Hydrate Dissociation Conditions for the R410a
(1) + Water (2) + NaCl (3) + CP (4) System: Symbols Represent Experimental Data:
M, Ngema et al. [11] #0.10 Mass Fraction in the Absence of Salt ; This Work: @, in the
Absence of Salt + CP; #, ®0.10 Mass Fraction + CP; A, #0.20 Mass Fraction + CP; w,
Model Results. *Values are in mass fraction for water + salt.

temperatures increase by 1.2 K at higher pressure of 0.759 MPa and
increase by 1.7 K at lower pressure of 0.250 MPa as shown in Fig. 12.
The (R410a + water + 0.013 mass fraction MgCl, + 0.019 mass frac-
tion NaCl) shows an increase in the hydrate dissociation tempera-
tures by 2.9 K at a higher pressure of 1.017 MPa and an increase
by 3.2 K at lower pressure of 0.238 MPa as shown in Fig. 13.

At higher concentrations of 0.08 mass fraction of CaCl, and 0.05
mass fraction of NaCl, it is found that the hydrate dissociation tem-
peratures increase by 3.2 K in the presence of CP as shown in
Fig. 14. Further, increasing the concentration of CaCl, to 0.15 mass
fraction and keeping NaCl at 0.05 mass fraction, it is also found that
dissociation temperature increases by 7.6 K at higher pressure of
1.074 MPa and increases by 5.7 K at lower pressure of 0.279 MPa
as shown in Fig. 15. All results for R410a systems show that it
can be utilized as a potential hydrate former for gas hydrate tech-
nology for desalination processes due to their hydrate dissociation
temperatures are close to ambient temperature.
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Fig. 8. Experimental and Estimated Hydrate Dissociation Conditions for the R410a
(1)+Water (2) + CaCl; (3) + CP (4) System: Symbols Represent Experimental Data:
This Work: #, in the Absence of Salt + CP; @, °0.10 Mass Fraction + CP; A, °0.15
Mass Fraction + CP; =, Model Results. *Values are in mass fraction for water + salt.
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Fig. 9. Experimental and Estimated Hydrate Dissociation Conditions for the R410a
(1)+Water (2)+NaySO4 (3) System: Symbols Represent Experimental Data: @,
Akiya et al. [73] in the Absence of Salt; This Work: in the Presence of Salt: 4, °0.10
Mass Fraction; =, Model Results. *Value is in mass fraction for water + salt.
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Fig. 10. Experimental and Estimated Hydrate Dissociation Conditions for the R507
(1) +Water (2) + CP (3) System: Symbols Represent Experimental Data: 4, Ngema
et al. [11] in the Absence of CP; This Work: @, in the Presence of CP; =, Model
Results.
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Fig. 11. Experimental and Estimated Hydrate Dissociation Conditions for the R410a
(1) +Water (2) +20.0020 Mass Fraction of CaCl, (3) +20.017 Mass Fraction of NaCl
(4)+ CP (5) Systems: Symbols Represent Experimental Data: B, Ngema et al. [11] in
the Absence of Salt and CP; This Work: #, Mixed Salt in the Absence of CP; ®, Mixed
Salt in the Presence of CP; A, R410a + Water + CP; =, Model Results. *Values are in
mass fraction for water + salt.
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Fig. 12. Experimental and Estimated Hydrate Dissociation Conditions for the R507
(1) +Water (2) +20.0020 Mass Fraction of CaCl, (3) +20.017 Mass Fraction of NaCl
(4) + CP (5) System: Symbols Represent Experimental Data: B, Ngema et al. [11] in
the Absence of CP; This Work: #, Mixed Salt in the Absence of CP; ®, Mixed Salt in
the Presence of CP; A, R507 + Water + CP; =, Model Results. *Values are in mass
fraction for water + salt.

4.2. HE-CPA equation of state model

The measured systems were modelled using a combination of
various contributions in order to completely develop a HE-CPA
equation of state as presented in Eq. (1). The modelling of the elec-
trolyte systems is based on the assumptions that no ions are pre-
sent in the vapour phase and electrolyte does not enter the
hydrate phase.

The HE-CPA equation of state was first tested using known sys-
tems for {(R410a or R134a or R507)+ water} from literature
[73,77]. Figs. 5, 6 and 10 show that the model results strongly agree
with literature [73,77] hydrate dissociation data. Furthermore, it is
noted that the HE-CPA model shows impressive results for mea-
sured hydrate systems for {R410a + water + single and mixed elec-
trolytes (NaCl, CaCl,, MgCl, and Na,SO4)} in the absence and
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Fig. 13. Experimental and Estimated Hydrate Dissociation Conditions for the R410a
(1) +Water (2) +20.013 Mass Fraction of MgCl, (3) +?0.019 Mass Fraction of NaCl
(4)+ CP (5) System: Symbols Represent Experimental Data: B, Ngema et al. [11] in
the Absence of CP; This Work:®, Mixed Salt in the Absence of CP; 4, Mixed Salt in
the Presence CP; A, R410a in the Presence of CP; =, Model Results. *Values are in
mass fraction for water + salt.
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Fig. 14. Experimental and Estimated Hydrate Dissociation Conditions for the R410a
(1) +Water (2) +20.08 Mass Fraction of CaCl, (3) + #0.05 Mass Fraction of NaCl (4)
+ CP (5) System: Symbols Represent Experimental Data: This Work: A, R410a in the
Presence of CP; @, Mixed Salt in the Absence of CP; @, Mixed Salt in the Presence of
CP; =, Model Results. *Values are in mass fraction for water + salt.

presence of CP, as shown in Figs. 6-15. The results obtained show
that R410a is a suitable fluorinated refrigerant to be employed in a
water desalination process. R410a shows impressive hydrate dis-
sociation temperatures near ambient temperatures.

Tables 15 presents the Langmuir constant parameters (c and d)
for the (refrigerant + water) system were achieved by using Eq.
(27), then, the obtained Langmuir constant parameters were
regressed using the measured hydrate dissociation data in the
presence of pure water. Eq. (27) was selected to be used to deter-
mine parameters R410a and R507 because these fluorinated refrig-
erants have large molecules, thus, they cannot inter the small
cavities of their applicable gas hydrate structures. The constant
parameters were determined based on the assumption that
R410a and R507 are pure gases.
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Fig. 15. Experimental and Estimated Hydrate Dissociation Conditions for the R410a
(1) +Water (2) +°0.15 Mass Fraction of CaCl, (3) + 0.05 Mass Fraction of NaCl (4)
+ CP (5) System: Symbols Represent Experimental Data: This Work: A, R410a in the
Presence of CP; @, Mixed Salt in the Absence of CP; #, Mixed Salt in the Presence of
CP; =, Model Results. “Values are in mass fraction for water + salt.

Table 15

Langmuir Constants Parameters Used in this Study.
Hydrate systems C'[(K-MPa™!) d'[K
R134a 5.700 x 1073 4908.75
*R410a 4.750 x 1073 5969.68
“R507 4.500 x 10 6233.08
Cyclopentane 2.156 x10™* 5950

¢’ and d’ are the adjustable parameters for the Langmuir constant.
2 Rerefence[11].

Table 16
Average Absolute Deviation (AAD) for R410a and R507 Measured Systems in the
Presence of Salt and Promoter.

Measured Systems AAD

“R410a (1) + water (2) 0.008
R410a (1) + water (2)+ CP (3) 0.010
R410a (1) + water (2) +0.100 NaCl (3) 0.008
R410a (1) + water (2) +0.100 NaCl (3) + CP (4) 0.009
R410a (1) + water (2) + 0.200 NaCl (3) + CP (4) 0.010
R410a (1) + water (2)+0.100 CaCl, (3) + CP (4) 0.009
R410a (1) + water (2) +0.150 CaCl, (3)+CP (4) 0.010
R410a (1) + water (2) + 0.100 Na,SOy (3) 0.008
PR134a (1) + water (2) 0.008
“R507 (1) + water (2) 0.010
R507 (1) + water (2)+ CP (3) 0.009
R507 (1) + water (2) + 0.002 CaCl, (3) + 0.017 NaCl (4) 0.008
R507 (1) + water (2) +0.002 CaCl, (3)+0.017 NaCl (4) + CP (5) 0.007
R410a (1) + water (2) + 0.002 CaCl, (3) +0.017 NaCl (4) 0.009
R410a (1) + water (2) + 0.002 CaCl, (3)+0.017 NaCl (4) +CP (5) 0.008
R410a (1) + water (2) +0.013 MgCl, (3) + 0.019 NaCl (4) 0.006
R410a (1) + water (2) + 0.013 MgCl, (3) +0.019 NaCl (4) + CP (5) 0.006
R410a (1) + water (2) + 0.080 CaCl, (3) + 0.050 NaCl (4) 0.007
R410a (1) + water (2) + 0.080 CaCl; (3) + 0.050 NaCl (4) + CP (5) 0.009
R410a (1) + water (2) + 0.150 CaCl, (3)+ 0.050 NaCl (4) 0.008
R410a (1) + water (2) + 0.150 CaCl, (3) + 0.050 NaCl (4) +CP (5) 0.009

AAD% :%Z?’J%, P-present the experimental and estimated pressure in
MPa. '

@ Reference [11],

b Reference [96].

In the HE-CPA model used, it is revealed that the model pro-
vides an adequate illustration of the measured hydrate dissociation
data. The average absolute deviation (AAD), in Eq. (28) was used to

minimize the c and d parameters for the HE-CPA model. Table 16
presents the calculated average absolute deviations for all mea-
sured hydrate dissociation data, which shows a good agreement
between the measured and estimated hydrate dissociation condi-
tions. The measured pressures are within uncertainty as they show
errors less than 1%, which indicate that the results are satisfactory.
Consequently, the HE-CPA model can be used to predict any sys-
tems of interest as it leads to satisfactory predictions as shown in
Figs. 5-15.

100
N

exp al
[P P

AAD(%) = e

(33)

i

where N represents the quantity of hydrate dissociation data points,
subscript i referred to ith experimental and calculated hydrate dis-
sociation data points and superscript “exp” and “cal” are experi-
mental and calculated hydrate dissociation data points,
respectively.

4.3. Enthalpy of hydrate dissociation

The energy required for the hydrate systems containing elec-
trolytes is determined by the enthalpy of hydrate dissociation. It
is an essential property for the design of a gas hydrate based desali-
nation process. The Clausius-Clapeyron equation was used to esti-
mate enthalpy of hydrate dissociation.

AH = —RZ (d(h}P )> (34)
d(7)

where Z represents the compressibility factor, which is calculated
by using SRK equation of state [54], R represents universal gas
constant and d(InP)/d(1/T) is the gradient obtained by plotting
InP vs 1/T using experimental hydrate dissociation data. Table 17
presents the calculated values for enthalpy of dissociation that have
been plotted in Fig. 16. Three hydrate formers are reported in
Table 17 (R410a, R507 and R134a). From Fig. 16, it is observed that
R507 systems have high enthalpy compare to R134 and R410a. It is
noted that the measured dissociation temperatures for R507 sys-
tems are lower than R410a systems. This shows that more energy
is required for R507, consequently, it is not a suitable hydrate
former for a hydrate based desalination process as well as R134a
for the same reasons.

5. Conclusion

Hydrate dissociation conditions measurements indicate that
R410a in the presence of CP has a potential to be used for gas
hydrate based water desalination processes. Cyclopentane shows
impressive results to shift the hydrate phase boundary to near
ambient temperature. The results show that R507 is not suitable
for gas hydrate based water desalination processes since the
hydrate dissociation temperatures are not close to ambient tem-
perature even in the presence of CP. The measured hydrate disso-
ciation data in the absence and presence of single and mixed salts
were satisfactorily correlated with a developed HE-CPA equation
of state based model. In the HE-CPA model, the hydrate phase is
modeled using the solid solution theory of van der Waals and Plat-
teeuw [50], the electrolyte aqueous system is modeled using
Deybe-Hiickel [49], and the CPA [51] equation of state is used
for modeling liquid or vapour phase. This model is reliable and pro-
vides acceptable results as it shows the average absolute devia-
tions that are less than 1%.

The enthalpy of hydrate dissociation was calculated using
Clausius-Clapeyron equation. It was revealed that hydrate formers
(R507 and R134a) are not suitable for hydrate based water
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Table 17

Estimated Enthalpy of Hydrate Dissociation.
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R410a (1) + water (2)

R134a (1) + water (2)

R410a (1) + water (2) + 0.1NaCl

R410a (1) + water (2) + 0.1NaCl

(3) (3)+CP (4)

T(K) AH/(k]-mol~1) T/K AH/(k]-mol~1) T/K AH|(kJ-mol1) T/K AH/(k]-mol~1)
293.0 69.58 283.0 124.15 288.6 69.94 290.5 76.21
2913 75.91 282.6 125.38 286.9 73.31 289.6 78.19
290.3 78.04 281.9 126.85 285.5 75.73 288.6 80.16
289.0 80.31 281.4 128.24 2839 77.67 287.4 81.97
287.8 81.99 281.4 128.37 282.1 79.36 286.0 83.75
286.0 84.07 280.7 129.29 280.7 80.61 283.2 86.21
284.6 85.33 280.4 129.73 2784 82.17 280.2 88.28
283.1 86.46 280.0 130.34 276.1 83.56
280.3 88.26 280.0 130.45
277.5 89.26 2793 131.37

278.4 132.59

277.6 133.25

275.8 134.25

R410a (1) + water (2) + 0.2NaCl

R410a (1) + water (2) + 0.1CaCl,

R410a (1) + water (2)

R410a (1) + water (2)

(3)+CP (4) (3)+CP (4) +0.15CaCl, (3)+CP (4) +0.1Na,S04 (3)
T/K AH/(KJ-mol ™) T/K AH|(k]-mol™1) T/K AH/(kJ-mol ™) T/K AH/(KJ-mol ™)
285.8 85.11 293.7 109.33 291.9 95.94 291.6 77.33
285.2 86.44 292.7 113.48 290.1 99.28 289.6 82.07
283.1 89.43 292.0 114.48 287.7 102.35 288.2 84.50
281.5 91.01 290.2 117.83 287.8 102.08 285.4 88.39
280.1 92.29 290.2 117.62 285.4 105.22 283.3 90.68
278.4 93.73 287.9 121.35 282.6 108.35 283.3 90.97
285.3 124.33 281.0 92.72
278.3 94.35

R410a (1) + water (2) + 0.05NaCl
(3)+0.08CaCl; (4)

R410a (1) + water (2) + 0.05NaCl
(3)+0.08CaCl; (4) +CP (5)

R410a (1) +water (2) + 0.05NaCl
(3)+0.15CaCl; (4)

R410a (1) + water (2) + 0.05NaCl
(3)+0.15CaCl; (4) + CP (5)

T/K AH/(k]-mol~") T/K AH/(kJ-mol 1) T/K AH/(k]-mol ") T/K AH/(kJ-mol ")
288.8 66.21 294.6 93.04 282.2 90.75 289.4 92.47
288.8 66.00 292.7 97.60 281.8 92.24 286.6 97.29
286.6 69.28 291.2 99.76 280.6 95.65 286.6 96.96
284.6 71.08 289.2 101.99 280.7 95.26 285.1 99.19
282.9 72.42 289.2 102.20 279.7 97.63 283.4 101.64
281.2 73.48 286.2 104.93 279.3 98.53 281.1 104.15
279.3 74.44 283.8 106.77 277.3 100.69 279.3 105.75
276.4 75.63 276.1 103.21
274.5 104.81

R410a (1) + water (2)
+0.002CaCl, (3) + 0.017NaCl (4)

R410a (1) + water (2)
+0.002CaCl, (3) + 0.017NaCl

R410a (1) + water (2)
+0.0013MgCl, (3) + 0.019NaCl

R410a (1) + water (2)
+0.0013MgCl, (3) + 0.019NaCl

(4)+CP (5) (4 (4)+CP(5)
T/K AHJ/(k]-mol~") T/K AH/(kJ-mol ") T/K AHJ/(k]-mol~") T/K AH/(kJ-mol~")
289.3 103.11 2925 105.17 288.9 105.81 292.9 108.66
289.4 102.92 290.8 108.89 287.6 108.90 291.8 112.03
288.4 105.11 289.5 111.77 287.5 108.64 291.8 112.29
284.7 110.71 289.5 111.99 286.7 110.30 290.0 115.35
281.3 114.20 286.2 116.40 285 112.97 288.2 117.93
279.6 115.96 283.3 119.25 283.2 115.34 285.9 121.51
281.6 116.80 282.3 125.36
279.1 119.40

R507 (1) + water (2)

R507 (1) + water (2) + CP (3)

R507 (1) + water (2)
+0.002CaCl; (3) + 0.017Nacl (4)

R507 (1) + water (2)
+0.002CaCl; (3) + 0.017NaCl

(4)+CP (5)

T/K AH/(k]-mol™") T/K AH/(kJ-mol ") T/K AH/(k]-mol™") T/K AH/(kJ-mol ")
283.3 126.46 284.6 139.76 283.0 162.45 284.0 186.96
283.0 131.25 284.2 144.12 282.9 165.53 284.1 187.23
282.2 135.55 283.2 149.11 282.4 168.79 283.4 191.99
281.3 138.96 282.6 153.68 282.3 169.09 282.5 197.66
280.7 140.84 282.6 153.39 281.5 173.60 281.8 201.50
280.0 143.14 281.1 157.95 281.0 175.62 280.9 204.96
279.0 145.35 279.8 161.13 280.1 179.17 279.5 209.77
278.1 147.04 279.3 181.32

277.7 147.64 277.8 185.02
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Table 17 (continued)

R410a (1) +water (2)+CP (3)

T(K) AH (kJ.mol )
294.4 85.70
293.7 89.10
292.6 92.14
290.3 96.01
287.0 100.03
283.8 102.95
280.9 104.62
230 [2] K. Tumba, P. Reddy, P. Naidoo, D. Ramjugernath, A. Eslamimanesh, A.H.
Mohammadi, D. Richon, ]. Chem. Eng. Data 56 (2011) 3620-3629.
210 | ] [3] E.D. Sloan, C.A. Koh, Clathrate Hydrates of Natural Gases, 3rd ed., CRC Press,
Taylor & Francis Group, London, New York, 2008.
[4] J. Javanmardi, M. Moshefeghian, Appl. Thermodyn. Eng. 23 (2003) 845-857.
190 [ N 1 [5] C.P. Huang, O. Fennema, W.D. Poweri, Cryobiology 2 (1966) 240-245.
A, [6] A. Eslamimanesh, A.H. Mohammadi, D. Richon, P. Naidoo, D. Ramjugernath, J.
170 }F A“ E Chem. Thermodyn. 46 (2012) 62-71.
(m] o A [7] K. Park, S.Y. Hong, J.W. Lee, K.C. Kang, Y.C. Lee, M.-G. Ha, ].D. Lee, Desalination
Z 150 | = ] 274 (2011) 91-96.
g ®o oo % [8] J.A. Ripmeester, ].S. Tse, C.I. Rateliffe, Nature 328 (1987) 469-478.
j * osee ® [} [9] A.D. Khawaji, LK. Kutubkhanaha, J.-M. Wie, Desalination 221 (2008) 47-69.
= 130 | 0 ° ] [10] S.A. Kalogirou, Prog. Energy Combust. Sci. 31 (2005) 242-281.
< A A % b ‘9 [11] P.T. Ngema, C. Petticrew, P. Naidoo, A.H. Mohammadi, D. Ramjugernath, ]J.
1o } A o A. A n 0:). 1 Chem. Eng. Data 59 (2014) 466-475.
um | | a A AQ. A( N X o X [12] P.T. Ngema, P. Naidoo, A.H. Mohammadi, D. Richon, D. Ramjugernath, ]J. Chem.
9 | o® *é“- 2.0 A e o X | Eng. Data 61 (2016) 466-475.
A A A O '(’-O. * [13] P.T. Ngema, P. Naidoo, A.H. Mohammadi, D. Richon, D. Ramjugernath, Fluid
0 X X xTx Ax A ) R ] Phase Equilib. 413 (2016) 92-98.
r & < T [14] J. Sugi, S. Saito, Desalination 3 (1967) 27-31.
[15] R.AA. McCormack, R.K. Anderso, Clathrate desalination plants preliminary
50 . . - . . . - . . . - research study, Water Treatment Technology Program Report No. 5, Thermal
272 274 276 278 280 282 284 286 288 290 292 294 296 Energy Storage, Inc., San Diege, CA, 1995.
T/K [16] AJ. McCormack, G.A. Niblock, Build and operate a clathrate desalination pilot

Fig. 16. Estimated Enthalpy of Hydrate Dissociation: This work: <, A; ®, B; A, C; =,
D; +E; ®F, ®G; ®H; " [; x,]; ,,K; A, L; + M; H,N; A,0; O,P; ® Q; (,R; A, S;
©®, T; & U. A: R410a (1) +water (2); B: R134a (1) + water (2); C: R410a (1) + water
(2)+20.1NaCl (3); D: R410a (1)+water (2)+20.1NaCl (3)+CP (4); E: R410a (1)
+water (2) +?0.2NaCl (3) + CP (4); F: R410a (1) + water (2) +20.1CaCl, (3) + CP (4);
G: R410a (1)+water (2)+20.15CaCl, (3)+CP (4); H: R410a (1)+ water (2)+2-
0.1Na,S04 (3); I: R410a (1) + water (2) +20.05NaCl (3) + #0.08CaCl; (4); J: R410a (1)
+water (2)+20.05NaCl (3) +20.08CaCl, (4)+CP (5); K: R410a (1)+ water (2) +2-
0.05NaCl (3) +?0.15CaCl, (4); L: R410a (1) + water (2) + #0.05NaCl (3) + %0.15CaCl,
(4)+CP (5); M: R410a (1) + water (2) +20.002CaCl, (3) +?0.017NaCl (4); N: R410a
(1) + water (2) +20.002CaCl, (3) +20.017NacCl (4) + CP (5); O: R410a (1) + water (2)
+0.0013MgCl; (3) +%0.019NaCl (4); P: R410a (1) + water (2) +%0.0013MgCl, (3)
+20.019NacCl (4) + CP (5); Q: R507 (1) + water (2); R: R507 (1) + water (2) + CP (3);
S: R507 (1) + water (2) +20.002CaCl, (3) +20.017NaCl (4); T: R507 (1) + water (2)
+20.002CaCl, (3)+20.017NaCl (4)+CP (5); U: R410a (1)+ water (2)+CP (3). *-
Values are in mass fraction for water + salt.

desalination processes as they have higher enthalpies compared to
R410a. This shows that more energy is required for R507 and
R134a hydrates.
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