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Clathrate hydrate slurries are promising systems in the field of cold distribution. In
this work, the L,-H-V equilibrium conditions, the dissociation enthalpy, and the CO,
hydration number of a clathrate hydrate formed from THF/CO,/water mixtures were
studied, using a DSC method. For equilibrium condition determination, THF concen-
tration was varied from 1.0 to 16.0 wt % and CO, partial pressure range was 0.2 to
2.0 MPa. For enthalpy measurements, THF concentration was fixed at 19 wt % and
CO,; partial pressure investigated from 0.2 to 2.0 MPa. Experimental equilibrium tem-
peratures and enthalpy values were in good agreement with the results of a model
combining the van der Waals and Platteeuw approach with the RKS equation of state
associated to a MHV2 mixing rule and UNIFAC model. Equilibrium conditions and
dissociation enthalpy show that THF + CO, hydrate slurries are promising mixtures
for refrigeration application. © 2008 American Institute of Chemical Engineers AIChE J, 54:

1088-1095, 2008
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Introduction

Cold production is not only highly energy consuming but
it also uses greenhouse-effect refrigerants like HFC. To
reduce the quantity of traditional refrigerants, a secondary
circuit may be used for cold distribution. The primary circuit
using the traditional refrigerant is then confined and mini-
mized, and the secondary circuit distributes cold using alter-
native fluids. These can be two-phase refrigerants (solid-lig-
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uid), called phase-change materials, which are more energy
efficient than single-phase refrigerants because of the latent
heat of fusion of the solid.

Clathrate hydrate slurries are promising systems in the
field of cold distribution and storage as phase-change mate-
rials. These crystalline solid compounds are formed by
hydrogen-bonded water structure, different from that of ice,
stabilized by the presence of “guest” molecules of suitable
size and shape inside the cavities formed by the water
molecules. Guest molecules interact with the water host
molecules through van der Waals forces. The melting
temperatures of some clathrate hydrates are consistent with
the temperatures needed in applications such as air condi-
tioning (from 279.15 to 285.15 K) or conservation and
transport of temperature-sensitive materials that must not
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freeze such as some vaccines.! Furthermore, the heat of
dissociation of some clathrate hydrates is higher than that
of other phase change materials with melting temperatures
adapted to these applications, like hydrated salts, paraffin
waxes, or fatty acids (between 142 and 253 kJ kg~ ! at
melting temperature between 281 and 286.45 K, as
reported in the review of Zalba et al.?).

Hydrates formed from gases have been extensively studied
because of their importance in the petroleum industry espe-
cially because they can plug pipelines during the transport of
natural gas or petroleum. But some liquid substances com-
pletely miscible with liquid water can also form clathrate
hydrates, like liquid cyclic ethers (THF, 1,4-dioxan or ethyl-
ene oxide). THF forms a type II clathrate hydrate at atmos-
pheric pressure. It is usually called clathrate hydrate stabi-
lizer because with some guest molecules it can generate a
mixed hydrate at a lower pressure than in the case of
hydrates generated without THF. Various authors have stud-
ied this effect with different guest molecules in various
fields, like Seo et al.®> for CO, separation from power plant
flue gas (N,-CO,-hydrate), Hashimoto et al.* for H, storage
(H,-CO,-hydrate), or Delahaye et al.’ for the use of hydrate
slurries as secondary refrigerant (CO, hydrate). In these cases
the mixed hydrate has a type II structure, THF occupying the
large cavities and the other molecules being logged into the
small ones.*®

In a previous article,” (Lw-H-V) equilibrium conditions
for mixed CO, + THF hydrate were determined using dif-
ferential scanning calorimetry (DSC) experiments and rep-
resented using an equation of state for the liquid phase and
the van der Waals and Platteeuw’ model for the hydrate
phase. Some values of the enthalpies of hydrate dissocia-
tion were also estimated applying Clausius Clapeyron equa-
tion to the equilibrium data.

The mixed THF + CO, hydrate has been proved to have
(T, P) stability conditions and heat of dissociation appropri-
ate to its application as secondary refrigerant. The advantage
of working with CO, containing hydrates is that the hydrate
slurry can be generated by direct gas injection into the water
solution instead of using mechanical methods, as in the case
of ice slurries.

Up to now only estimations of the enthalpy of dissociation
for this mixed hydrate were available.” In this article we give
the results of direct enthalpy measurements performed by
calorimetry for systems having a water/THF mole ratio corre-
sponding to stoichiometric THF hydrate. DSC was chosen to
generate the various measurements, because it is an efficient
technique to study the clathrate hydrates thermodynamics as
pointed out by Dalmazzone et al.®

Together with hydrate dissociation enthalpy, new equilib-
rium values have also been obtained in the present study.
The new equilibrium measurements are compared with mod-
eling results based on a model combining Van der Waals
and Platteeuw’ approach with a predictive equation of state.
As our aim is to consider mainly the heat of hydrate dissoci-
ation, we extended the same model to the representation of
enthalpy data.

Combination of direct calorimetric enthalpy measurements
and Clausius Clapeyron results allowed to estimate the CO,/
water mole ratio in the hydrate and thus the total composi-
tion of mixed hydrates at various pressures.
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Finally, hydrate dissociation enthalpy reported to the mass
of hydrate could be obtained, allowing to compare this value
with that of other phase change materials.

Materials and Methods

The DSC device, HP uDSC VII from Setaram, employed
for the experimental part is similar to that previously shown
by Dalmazzone et al.” It can operate at a temperature
between 228.15 and 393.15 K. The DSC cells are designed
to work up to 40 MPa and their volume is 0.25 cm®. Because
of DSC device characteristics, no stirring can be used. Pres-
sure was measured by a pressure gauge from Bourdon-
Sedeme (0-16 MPa, resolution: 0.01 MPa). A reaction calo-
rimeter, C80 from Setaram equipped with in situ mixing ves-
sels was used for the THF in water dissolution enthalpy
measurements. The samples were made using freshly distilled
and degassed water. Synthesis grade THF from SDS (purity:
99.5 wt %) was distilled on sodium to ensure perfect dryness
and was kept under vacuum. CO, was provided by Air
Liquide (purity: 99.995 vol %).

In this study, mixed THF + CO, hydrate has been gener-
ated into the DSC cell at constant pressure as is explained
hereafter. The sample cell was firstly filled with the proper
water-THF solution (25 mg of sample) and then introduced
into the calorimeter. A rapid cooling program was then
applied to the calorimeter until complete sample crystalliza-
tion, before purging the vessels three times with CO,. Previ-
ous sample crystallization was necessary to prevent THF
elimination during gas purging. At this point, the desired gas
pressure was set and kept constant during the subsequent
steps of the experiment.

In the presence of THF-water mixtures under CO, pressure
several solids may appear upon cooling. Two of them are
CO,-containing hydrates, i.e. single CO, hydrate and mixed
THF + CO, hydrate. Two others are CO,-free phases, i.e. ice
and single THF hydrate. At sufficient pressure, the CO,-con-
taining phases are the more thermodynamically stable phases.
However, inserting the poorly soluble CO, into the solution
requires proper sample stirring. As DSC provides no stirring
possibility, we commonly observed the crystallization of ice
and THF hydrate in competition with more stable CO, and
THF + CO, hydrates. Even though metastable phases should
eventually be changed to stable ones by CO, diffusion, this
process would require a lot of time. To enhance the rate of
phase conversion to CO,-containing hydrates, successive cool-
ing and warming sequences were applied to the samples in a
range of temperatures that was adjusted to successively crys-
tallize and melt ice and single THF hydrate. The maximum
temperature of the sequences was kept lower than the dissoci-
ation temperature of the more stable solid phases, which were
thus allowed to accumulate at each cycle.

Figure 1 shows an example of thermogram recorded at 0.5
MPa of CO, and 8 wt % of THF composition. As less stable
phases disappear, the areas of crystallization (exothermic)
and melting (endothermic) peaks decrease slightly. After run-
ning cycles, when the areas of crystallization and melting
peaks remain stable, a slower warming program is applied
until complete dissociation of the hydrate. Hydrate dissocia-
tion step is explained in detail the “Results and Discussion”
section.
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Figure 1. Thermogram obtained for a 8 wt % THF sam- where
ple at 0.5 MPa of CO, with a cyclic tempera- T
ture program followed by a slower warming ARPO — ( Ah/j’o) + / ACP04T )
program to induce dissociation conditions v v /T Pw
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This multicycle protocol has proven to allow controlling
the amount of THF + CO, hydrate formed, from very small
amounts to a quasi total conversion, by varying the number
of cycles.

Modeling of hydrate formation in the water-THF-CO,
system

In the L,-H-V system, equilibrium conditions may be
expressed through the equality of the chemical potential of
all species in all phases. For water, the condition for the
hydrate and the liquid phase is given by:

M=ty M

Taking as reference value the potential of the phase f
Eq. 1 gives:
W=l = A = — ) = A @)
where f refers to an hypothetical empty hydrate reference
phase.

A= P may be expressed as a function of water
activity, a,, and the difference between the chemical poten-

AC,,Wﬁ O and (Ah,~ O)T relative to structure IT are those
given in Munck’s article'' and are essentially similar to the
parameters published by Parrish and Prausnitz'?; for the few
calculations relative to structure I (without THF) the parame-
ters used are those given by Holder.'” All these parameters
are shown in Table 1. A,uwﬁ ~His evaluated using the expres-
sion of van der Waals and Platteeuw’:

—RT )" viln {1 -

Jj=cavities

Auﬁ_H =

> ef,} (6)

i=species

where 0;; is the proportion of cavity j occupied by species i

according to Eq. 7. Its calculation involves the C;; Langmuir
arameters:

P Cy f;

1+ Z Cg,fg

{=species

0y = )

0; is estimated using the temperature dependence Eq. 8
given by Munck et al.'":

A B::
€y =Aexp (7) ®

A; and Bj; parameter values are those given by Munck
et al., except for THF, that only occupies large cavities. The

Table 1. Hydrate Parameters Used for the Calculation of Stability Equilibrium and Enthalpy of Dissociation

Parameters for Eqs. 4 and 5

Parameter Apb0 (F mol™") A0 ( mol™") AVE=0 (m* mol™") ACE 2 G mol ' K™Y
Structure I 1,235% —4,326* 4.60 X 10767 —37.32 + 0.179 (T — 273.15)*
Structure II 883" -52017 5.00 X 10767 -39.16
Langmuir parameters for Eq. 8 co, THF
Compound
Parameter A (K Pah B (K™ A (K Pah B (K)
Structure I Large cavities 419 x 1077F 2,813Jr - -
Small cavities 244 x 10 3,410 - - .
Structure IT Large cavities 8.40 X 10767 2,025" 6.5972% 1003.22*
Small cavities 8.34 x 107107 3,615 - -
*Holder et al.'”
i‘:Munck 1988.1
*Delahaye 2006.°
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Langmuir parameters for THF were determined in a previous
article.> All hydrate parameters are given in Table 1.

The water activity a,, and the fugacity f; of hydrate form-
ing species involved in Eqgs. 3 and 7 are calculated using the
R-K-S equation of state associated to the MHV2 mixing
rule.”® This mixing rule results in a predictive model when
combined to a group contribution G* model such as Lars-
en’s version of UNIFAC model.'* The predictive expression
for the excess properties used in the calculation of hydrate
stability conditions allows to vary the nature of hydrate slur-
ries. The effect resulting from adding new compounds to the
system can be predicted to get adapted stability conditions.

The model was validated in three steps. Firstly, the MHV2
+ modified UNIFAC predictivity was checked and validated
considering the representation of Vapor—Liquid equilibrium
data relative to the water-THF system. Secondly, the repre-
sentation was extended to the stability conditions of single
THF hydrate and the THF Langmuir parameter relative
to the large cavities of the structure II, Cryp py, Was deter-
mined (with 6.5972 K/Pa and 1003.22 K for the parameters
Aryr b and Bryr pip in Eq. 8). Finally, a direct extension of
the modeling was applied to the water-THF-CO, system.
Munck’s values for A; and B;; in Eq. 8 were chosen for
Cco,; calculation.

This model was also used to calculate the hydrate dissocia-
tion enthalpy. It was assumed that the main contribution
comes from the water molecules. The difference between the
partial molar enthalpy for water in the liquid phase and in
the hydrate one is calculated by:

ARE M 9t
T2 9T oT

(C))

where the chemical potential variations are calculated from
Eqgs. 4-8. In these calculations, it is assumed that the contri-
butions of temperature effect on the CO, and THF fugacity
as well as on water activity ay, are small if compared to the
heat of water phase change. Hence the corresponding contri-
butions were neglected.

The validity of these assumptions will be checked by com-
paring the calculated values with the experimental ones.

Results and Discussion
L,,-H-V equilibrium conditions

Several new determinations were carried out at CO, pres-
sures of 0.2, 0.5, 1.0, and 2.0 MPa and for THF mass frac-
tions of 1, 4, 8, 12, 16 wt %, representing an excess of water
with respect to the stoichiometric THF hydrate composition
of 19.07 wt %. Heat flow evolution recorded by the DSC de-
vice upon warming at constant pressure showed two types of
endothermic signals. Invariant-temperature peaks, according
to the rule of phases, denoted the existence of two solid
phases in equilibrium with the vapor and a constant composi-
tion liquid phase. These signals were thus attributed to the
melting of eutectic mixtures composed of one THF-contain-
ing hydrate (either single THF hydrate or mixed THF + CO,
hydrate) and one THF-free phase (either single CO, hydrate
or ice). Progressive peaks marked the melting of the single
phase remaining after the end of eutectic melting, in equilib-
rium with the vapor and the variable composition solution.
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An example of thermogram corresponding to dissociation is
shown in Figure 2.

Both kinds of peak were used to determine the correspond-
ing equilibrium temperature: eutectic melting temperature for
the first kind, temperature limit of hydrate stability for the
second one. A slow warming rate (1.0 K/min) was used for
hydrate dissociation, so the system is considered to be very
close to thermal equilibrium during the whole process. Then,
the temperature corresponding to the end of the melting peak
may be assumed to represent the thermodynamic limit of sta-
bility of the hydrate in the solution. The L-H-V equilibrium
temperatures provided by the DSC experiments and the
model were compared for the same conditions and illustrated
in Figure 3.

The experiments showed that L-H-V equilibrium temper-
atures for mixed THF + CO, hydrate increase with CO,
pressure and THF concentration. Model predictions agree
with this result. From 0.2 till 1.0 MPa, melting temperature
of eutectic mixture (mixed THF + CO, hydrate and ice)
remains nearly constant, since ice melting point change
scarcely with CO, pressure variation. Above this pressure,
CO; hydrate is more stable than ice, as shown by the model
prediction and thus, another eutectic involving single CO,
hydrate and mixed THF + CO, hydrate appears. Since total
conversion to CO,-containing hydrates was not reached in
these experiments, the remaining water could freeze at low
temperature. Then, two constant temperature transformations
were observed upon warming: first, the melting of the eutec-
tic made of metastable ice and mixed THF + CO, hydrate,
followed by the melting of the second eutectic including
both CO,-containing hydrates. Figure 3c shows the second
constant temperature transformation appearing around 278 K.

It may be noticed that THF + CO, hydrate is formed at a
much lower pressure than single CO, hydrate. Indeed CO,
hydrate equilibrium pressure at 280 K is 2.9 MPa’ and THF
+ CO, hydrate pressure for 10 wt % THF concentration at
the same temperature is only 0.2 MPa.

Deviation between experimental and predicted equilibrium
temperatures corresponding to CO, pressures between
0.2 and 2.0 MPa for THF concentration between 4 and 16 wt
% are shown in Figure 4. Except for three values (THF at

5 290
Q —_—
+ 285
5
= £
E 10 1za0 @
=1
—g -15 £
f 20 275 &
-25 —— Heat Flow
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=30 A Temperatura
=25 T 265
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Figure 2. Thermogram showing the dissociation of the
hydrate obtained for a 8 wt % THF sample at
0.2 MPa of CO..
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12 wt % with Pco, = 0.5 MPa, and THF at 16 wt % with
Pco, = 0.5 and 1.0 MPa), deviation is less than 1.25 K (* 0.6
K over the deviation center). Despite the discrepancies between
experimental and modeled results, they can be considered as in
good agreement since accuracy in temperature determination
with DSC equipment is 0.5 K (progressive transformations).
Nevertheless, a systematic temperature over-estimation is
observed. The thermodynamic validity of temperature meas-
urements performed by DSC is mainly based on the assump-
tion that the sample remains thermally homogeneous. This
requires properly choosing the warming rate, which must be
low enough with respect to the rate of heat transfer within
the calorimetric system. To verify whether the experimental
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Figure 3. L,,~-H-V equilibrium conditions for water-THF-
CO, system for several CO, pressures: (a) 0.2
MPa, (b) 1.0 MPa, and (c) 2.0 MPa.
DSC results (points) show: A constant temperature transfor-
mations (eutectic mixture dissociation) and O progressive

transformations (THF + CO, hydrate progressive dissocia-
tion). Modeled results (lines) show hydrate dissociation.
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Figure 4. Calculated and experimental L,,-H-V equilib-
rium temperatures for H;O-THF-CO, system
corresponding to CO, pressures between 0.2
and 2.0 MPa for various THF concentration
between 4 and 16 wt %.

conditions could be responsible for the discrepancies
observed, we performed additional experiments using a
warming rate of +0.2 K/min instead of +1 K/min. The
model-experiment deviation at this rate was equivalent to
this observed at +1.0 K/min, thus excluding the warming
protocol as a source of discrepancies. However, considering
that the model use the mixing rule MHV2 and UNIFAC
model resulting in a predictive equation of state, the devia-
tions between calculated equilibrium temperatures and the
corresponding values obtained from experiment is reasonable
(see Figure 4). A better accuracy will be obtained using a
model with adjustable parameters.

Dissociation enthalpy

The dissociation enthalpy has been obtained after integra-
tion of the DSC peak resulting from the evolution of the heat

305
[0
300
_5
. 295
z 3
E 10 290 p
E &
o Te8 §
s 15 g
b 280 =
— Heat Flow
-20
Temperaiure 4 o785
-28 270
500 1500 2500 3500 4500

fime (s)

Figure 5. Thermogram showing hydrate dissociation of
a sample containing 19 wt % of THF at 1.02
MPa of CO,, after a long cyclic program.

The first peak correspond to the dissociation of residual
eutectic phases and the second one correspond to the mixed
hydrate dissociation.
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Table 2. THF + CO, Hydrate Dissociation Enthalpy for Various CO, Pressures: Obtained Experimentally (Exp) and Model
Predictions (Model) in Kilojoules per Mole of Water and Their Percentage of Deviation (% Deviation)

P CO,(MPa) 021 023 037 038 041 052
Ah (k] mol™ 'y 0)
Model 648 654 673 675 678 690
DSC 633 635 680 655 659 6.73
% Deviation -23 -29 1.0 -29 -28 -25

0.71 072 0.74 074 086 095 097 1.00 1.02  2.01

7.06 7.07 7.08 7.09 716 722 723 724 725 761

6.74 698 738 7.12 7.45 7.10 688 691 735 740
—46 —-13 42 04 40 —-16 —48 —47 14 -28

flow with time during the hydrate dissociation. The experi-
mental procedure was similar to the one described in the sec-
tion devoted to L-H-V equilibrium conditions determina-
tion, except that a higher number of temperature cycles
(>50) was used to increase the conversion to the more ther-
modynamically stable phases.

For precise enthalpy measurements, it is essential to know
the exact amount of hydrate that has been formed. The forma-
tion of solid phases other than the mixed hydrate, such as ice
or single CO, or THF hydrates, would hinder precise determi-
nation of the amount of water involved in the phase of interest.
To eliminate such formation, we used THF concentrations very
close to the stoichiometry of THF hydrate: 19.07 wt % (17
moles of water of structure II hydrate for each mole of THF).
Doing so avoids excess water remain available to form ice or
CO, hydrate. On the other hand, for higher THF concentra-
tions, excess THF would remain liquid and the decomposition
peak would become progressive and thus less convenient for
enthalpy measurements. An example of thermogram corre-
sponding to dissociation is shown in Figure 5.

As explained in the “Modeling of hydrate formation in the
water-THF-CO, system” section, the calculation of the hydrate
dissociation enthalpy was made assuming that the main contri-
bution comes from the water molecules neglecting the deriva-
tives of fugacities with respect to temperature as well as on
water activity. To get comparable results between DSC experi-
ments and model predictions, DSC results have to be corrected
to eliminate the contribution of the enthalpy of dissolution of
THF and CO, into water. Considering that only a little quantity
of CO, is present in the liquid phase its contribution was
neglected. The enthalpy of dissolution of THF in water, Ak,
was obtained for 9.2, 12.2, 15.0, and 19.3 wt % THF concen-
trations at 278.15 and 288.15 K using the C80 calorimeter.
Equation 10 gives the correlation obtained between Ak (in kil-
ojoules per mole of water) and temperature (in K) for a THF
concentration of 19.07 wt %.

Ahy = —0.016502 X T +4.0928 (10)
This value is one-tenth of the dissociation enthalpy and so
not negligible. Therefore, experimental results were corrected
to eliminate this contribution to the DSC measurement.
Table 2 gives the values obtained experimentally and by
the model for the THF + CO, hydrate dissociation enthalpy

expressed in kilojoules per mole of water, Ak, as a function
of the CO, pressure. Table 2 also gives the relative deviation
between experimental and predicted values showing that they
are in a good agreement.

Hydration number of CO; into the THF + CO; hydrate

The hydration number of CO, for the THF + CO,
hydrate, nco,, is defined as the water-to-CO, mole ratio. This
value was determined from the ratio between the hydrate dis-
sociation enthalpy values given in kilojoules per mole of
CO,, AWy, and the values given in kilojoules per mole of
water, Ahy, as:

A, (kJ/molco,)

= ~1a\ /MO co,) 1
1C0: = Aha(KJ /molpo) an

The enthalpy values in kilojoules per mole of water were
directly determined experimentally and by model predictions,
as shown before. As pointed out by Sloan and Fleyfel,'® the
values in kilojoules per mole of CO, can be calculated
from equilibrium data using the Clausius-Clapeyron equation,
Eq. 12.

dlnP B Ahl,
zR

aa/T) (2
where AWy is expressed in kilojoules per mole of CO, con-
sumed by the hydrate formation and z, the compressibility
factor, was given by the Nelson-Obert charts'® for CO,. The
pressure and temperature equilibrium experimental data used
were those obtained at 19 wt % of THF when measuring the
mixed hydrate dissociation enthalpy. AH'y values thus
obtained are shown in Table 3.

Mixed THF + CO, hydrate is supposed to have a type-II
hydrate structure, having 16 small cavities (diameter of 3.91
A) and eight large cavities (diameter of 4.73 A). Only the
small cavities are supposed to be occupied by CO, (diameter
of 5.12 A), because large cavities are occupied by THF (di-
ameter of 5.9 A). If all the small cavities were occupied, the
minimum hydration number for the CO, would be:

min

neo, (13)

Table 3. THF + CO, Hydrate Dissociation Enthalpy for Various CO, Pressures Calculated by the Clausius-Clapeyron
Equation Based on Experimental Equilibrium Data (Exp) at 19 wt % of THF in Kilojoules per Mole of CO,

P CO,(MPa) 021 023 037 038 041 052 071 072 074 074 086 095 097 100 1.02 201
AR (kI molco, ")

Exp X 1072 170 170 169 169 168 1.67 165 165 165 165 164 163 163 163 162 152
AIChE Journal April 2008 Vol. 54, No. 4 Published on behalf of the AIChE DOI 10.1002/aic 1093
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Figure 6. Evolution of (a) the hydration number of CO,
into the mixed THF + CO, hydrate, nco,, and
(b) the ratio moles of CO, per moles of mixed
THF + CO, hydrate, Rco,, with pressure for
19 wt % THF concentration.

Values obtained from experimental and model prediction
data.

Type-II hydrates have 136 moles of water per mole of
hydrate. The number of moles of CO, contained in one mole
of hydrate, Rco, can be determined as:

molCO,  Ahy(J/moly,0)
mol hydrate ~ A//,(J/molco, )

136 moly,o

Rco, = (14)

mOlhydrate

Figure 6 shows the evolution of nco, and Rco, with pres-
sure for 19 wt % THF concentration. As it can be seen, the
obtained hydration number for CO, is significantly higher
than the minimum hydration number shown in Eq. 13.

The maximum Rco, value considering only small cavities
to be occupied by CO, is 16, so the occupancy of small cav-
ities varies between 32 and 42% as CO, pressure increases.
Sloan'” pointed out that typical occupancies of large cavities
in natural gas hydrates are greater than 95%, while occu-
pancy of small cavities are usually on the order of 50%.
The large CO, diameter (5.12 A of diameter) may justify the
low occupancy obtained: small cavities have a diameter of
391 A, a distortion of the structure is necessary to include
CO; into the small cavities of the hydrate.

The molar weight of the THF + CO, hydrate was calcu-
lated using the Rco, values obtained, and thus allowed to cal-
culate the dissociation enthalpy in kilojoules per kilogram of
hydrate (see Table 4). These values, for the range of CO, pres-
sure studied, were lower than those obtained for the CO,
hydrate (374.3 kJ kgnyarae = at 273.65 K'®), but higher than
those of the THF hydrate (262.9 kJ kgnyaraie * at 273.65 K'%).

These values of mixed hydrate enthalpy may seem to dif-
fer from those reported by Delahaye et al.’ where mixed
hydrate showed higher dissociation enthalpy than single CO,
hydrate. Actually, there is no discrepancy, i.e., Delahaye
et al. values were directly obtained by the Clausius-Cla-
peyron equation and so given in kilojoules per mole of CO,
contained into the hydrate (comparable values to those
obtained in the present article and shown in Table 3 for 19
wt % of THF). Single CO, hydrate contains 5.738 moleco,/
Kghydrate and mixed THF + CO, hydrate contains from
1.6 moleco,/kgnydrae (at 0.2 MPa) to 2.055 moleco Kghydrate
(at 2.1 MPa). The different quantity of CO, contained in
mixed and single hydrate per mass unit explains that the
energetic rate between both of them is not the same when
dissociation enthalpy is reported to the mole of CO, or to
the mass of the whole hydrate.

Conclusion

In the present study, mixed THF + CO, hydrate formation
conditions and its dissociation enthalpy were experimentally
determined on water-THF-CO, system using a DSC device.
A model combining the van der Waals and Platteeuw
approach with the Redlich-Kwong-Soave equation of state
associated to a Modified Huron-Vidal (MHV2) mixing rule
and UNIFAC model was employed to predict equilibrium
temperatures and dissociation enthalpy of the mixed THF +
CO, hydrate. Phase diagrams for CO, pressures between 0.2
and 2.0 MPa and THF concentration between 1 and 16 wt %
were then proposed showing eutectic phases composition and
its evolution with pressure. Experimental results were com-
pared with modeled predictions and a good agreement was
found.

Dissociation enthalpy of THF + CO, hydrate per mole of
water was also measured by DSC for a THF concentration of
19 wt % and CO, pressures from 0.2 to 2.0 MPa. These val-
ues were compared with modeled predictions and a good
agreement was found, validating the assumptions made in the
model. Clausius-Clapeyron equation was used with the equi-
librium data obtained at 19 wt % of THF to calculate the dis-
sociation enthalpy of the mixed THF + CO, hydrate per
mole of CO, contained within the hydrate. CO, hydration
number for the mixed hydrate was then estimated. Finally,
dissociation enthalpy per mass of mixed THF + CO, hydrate
was calculated. This enthalpy study seems to confirm mixed
THF + CO, hydrate as a suitable solid to be used in the
field of cold storage and cold distribution.

Table 4. THF + CO, Hydrate Dissociation Enthalpy Based on Experimental Equilibrium Data (Exp) at 19 wt % of THF in
Kilojoules per Kilogram of Hydrate

P CO, (MPa) 021 023 037 038 041 052 071 072 074 074 08 095 097 .00 1.02 2.01
AH (kJ kg™ ")
Exp X 1072 265 266 283 274 275 280 281 290 305 295 3.08 261 286 287 304 3.04
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Notation
a,, = activity in water
A;; = Langmuir constant parameter for component i in cavity j
(KPah)
Bj; = Langmuir constant parameter for component 7 in cavity j
(K)
C;; = Langmuir constant for component i in cavity j (1 Pa™ h
L-H-V = aqueous liquid-hydrate—vapor
f; = fugacity for component i (Pa)
P = pressure (Pa)
R = universal gas constant (J mol ' K1)
T = temperature (K)
T\t = reference temperature (K)
T, = standard temperature (K)
Xn,0 = mass fraction of water
z = gas compressibility
nco, = hydration number for CO, into the THF + CO, hydrate
(molyy,0 molco,” ")
n® = minimum hydration number for CO, into the THF +
CO; hydrate (moly,o molcozfl)
Rco, = mole of CO, contained in one mole of THF + CO,
" hydrate (molco, molhydme’l)

Greek letters

p = theoretical empty hydrate
ACP~0 = heat capacity difference of water between phase f and
P pure liquid water phase (J mol ' K™ ')
ARP~0 = molar enthalpy difference of water between f and
v pure liquid water phases at T,y and zero absolute pres-
sure (J mol™ 1)
(Ah&*O)T = molar enthalpy difference of water between [ and pure
% liquid water phases at temperature T, and zero absolute
pressure (J mol )
Eg = partial Ellolar enthalpy of water in the hydrate phase (J
moly,o )
AWH—F = partial molar enthalpy difference of water between
hydrate phase and f§ phase (J moleo_l)
Ahg = THF in water dissolution enthalpy (J moleofl)
Ahg = THF + CO, hydrate dissociation enthalpy (J moleo_')
Ahi1 = THF + CO, hydrate dissociation enthalpy (J molcozfl)
‘ug = water chemical potential in hydrate (J mol 1)
—L

Au = water chemical potential difference between f and lig-
uid phases (J mol ™1
(AHIH))TP = water chemical potential difference between phase f§
and pure liquid water at temperature 7 and at pressure
P (Jmol™h
AP0 = water volume difference between S and pure liquid
W water phases in standard conditions (m3 mol l)
y. = number of type j cavities per water molecule in unit cell

Hz'j = fractional occupation of cavity j by component i
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