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e Search for efficient and easy to use
promoters for clathrate hydrate for
mation.

¢ Experimental results obtained by using
high pressure calorimetry and a batch
reactor.

e Data on hydrate phase equilibrium and
kinetics obtained using DIOX, THF,
and SDS.

* The combination of THF or DIOX with
SDS speeds up enclathration.

o THF, used alone or with SDS, is a more
effective hydrate promoter than DIOX.
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1. Introduction

Clathrate hydrates (named hydrates in the following) are ice like
crystalline compounds consisting of a lattice structure formed by a
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ABSTRACT

This paper makes a comparison between tetrahydrofuran (THF) and 1,3 dioxolane (DIOX) in terms of
their respective performances as promoters for the formation of clathrate hydrates with CO,. The aim is
to find products that can be substituted for THF, which is known to be harmful and difficult to handle.
Drawing on a review of the chemical and physical properties of these two organic compounds,
experiments were performed using high pressure differential scanning calorimetry (DSC) and a batch
reactor. Details of the thermodynamic equilibria of mixed THF+ CO, and DIOX+CO, hydrates obtained
with various additive concentrations are provided, along with hydrate kinetics data relating to the
hydrate formation. The effect of the presence of an anionic surfactant, SDS (sodium dodecyl sulfate), on
hydrate formation kinetics was also evaluated, showing that a combination of THF or DIOX and SDS is a
very advantageous solution for accelerating hydrate formation. THF has been found to outperform DIOX
as a hydrate promoter from both a thermodynamic, and a kinetic standpoint in presence of SDS.
However, DIOX remains an interesting practical solution, due to the benefits offered as the least toxic and
aggressive of these two organic compounds.

network of water molecules which, under certain thermodynamic
conditions, can encage individual small guest molecules of suitable
size and shape (Sloan, 2003). Hydrates crystallize with different
structures; the two most common ones encountered in nature or in
laboratories are structures one (sI) and two (slI) (Jeffrey, 1984). Many
details and properties of these compounds can be found elsewhere
in the literature on this subject (Sloan and Koh, 2008). In addition,



hydrates are currently the subject of intensive research studies
aimed at using these compounds in various promising applications
such as gas separation processes (Eslamimanesh et al.,, 2012; Zhong
et al., 2013), sea water desalination (Wang et al., 2013) and refri
geration (Delahaye et al., 2008). In some cases, the application calls
for some fine tuning of the hydrate formation conditions (e.g., the
formation pressure has to be reduced and/or the formation tem
perature increased) or a boost to the kinetic mechanisms of hydrate
formation. For this purpose it is common for chemical additives,
called hydrate promoters, to be added to the water. Among the
various chemical compounds able to act as hydrate promoters,
tetrahydrofuran (THF) and 1,3 dioxolane (DIOX) can be used. Some
of the main relevant properties of these two organic compounds and
their clathrate hydrates are summarized in Table S1 in Supple
mentary information. THF is probably one of the most popular hyd
rate thermodynamic promoter and its efficiency has been already
tested and demonstrated for many systems. DIOX, a cyclic ether like
THF, is a potential candidate as hydrate promoters, much less
studied than THF, but with some interesting properties and advan
tages which will be detailed in the following.

THF is a volatile and extremely flammable substance, with a
characteristic ether like odor, which can form peroxides if stored with
long exposure to air (Uchida et al., 2008). In addition, it is a severe eye
irritant and a mild skin irritant (Arnett et al., 1995). The use of THF in
laboratory experiments can also be responsible for technical problems
with apparatuses and/or analytical devices, essentially due to its
highly aggressive action on some plastics, rubbers, and coatings
(e.g., seals, valves, O rings, etc.) (Mackison et al., 1981). In appropriate
temperature conditions, THF and water form the so called “THF
hydrate” with formula THF 17H,0, which melts congruently at
around 277 K and in which THF molecules occupy only the large
cages of the structure (slI). Detailed information about the full THF
water phase diagram can be found elsewhere in the literature
(Makino et al.,, 2005). In addition, THF is known to act as a powerful
gas hydrate promoter, as it allows mixed gas hydrates (i.e., hydrates
containing both THF and gas, for example THF+ CO, hydrate) to form
at significantly lower pressure and higher temperature than the
hydrate formed without this promoter (CO, hydrate in this case)
(Delahaye et al., 2006). This promoting effect has been demonstrated
in the presence of various gases (such as CO,, N,, CHy, H) and several
gas mixtures (such as CO,+CHy, CO,+N;) (Anderson et al., 2007;
Kang et al., 2001; Lee et al., 2012). Interestingly, it was demonstrated
that using this kind of thermodynamic promoter in combination with
an anionic surfactant such as sodium dodecyl sulfate (SDS) can
considerably enhance hydrate crystallization in quiescent conditions
(Lirio et al., 2013; Ricaurte et al., 2014a), or in porous media (Dicharry
et al,, 2013; Yang et al.,, 2013), and even using a very low dose of THF
(Ricaurte et al., 2014b).

DIOX is also a flammable liquid, but is less volatile than THF, and
with a sweet odor detectable at a higher concentration in air than for
THF (see Table S1 in Supplementary information). Like other ethers
such as THF and ethyl ether, DIOX forms peroxides on exposure to air
(Uchida et al., 2008); however, it does not seem to accumulate them to
dangerously high levels (BASF, 2013). Regarding the toxicological
information presented in Table S1 (i.e., the median lethal dose LDsq
(absorption), the medial lethal concentration LCsq (inhalation) and the
NFPA index), DIOX is less harmful than THF (NFPA (National Fire
Protection Association), 2010, 2002). DIOX forms also a clathrate of
structure (sll), of formula DIOX 17H,O and it proved possible to
unearth data on the static dielectric constant (Venkatesjvara et al.,
1967) and on thermal properties (Ahmad and Phillips, 1987;
Andersson and Ross, 1983; Yonekura et al.,, 1995), along with a diagram
of a solid liquid phase obtained with mixtures of THF and DIOX
(Nakayama and Hashimoto, 1980). Concerning mixed DIOX hydrates,
only results obtained with methane (de Deugd et al., 2001) and Xenon

(Maekawa, 2013) were found, which demonstrates that DIOX works as
a hydrate promoter with these gases.

Very surprisingly, although DIOX and THF have fairly similar
molecular structures, and DIOX has been proposed by chemical
companies (e.g., BASF) as a solvent/reactant that would be an
attractive alternative to THF, very few studies concerning clathrate
hydrates formed with this molecule have been published, and very
little information (e.g., on thermodynamic data, influence on
crystallization kinetics, spectroscopic characterization) is available
in the literature. Finding suitable products that can be substituted
for THF, and characterizing to what extent the proposed molecules
can be used for hydrate based applications, are therefore of great
importance. In this respect, this paper makes a detailed compar
ison between THF and DIOX as hydrate promoters, comparing the
equilibrium data and hydrate formation kinetics data obtained
with pure CO, (with and without SDS), and factoring in safety
considerations and physical/chemical properties.

2. Experimental apparatuses and materials
2.1. High pressure differential scanning calorimeter

Hydrate formation/dissociation studies were performed using a
high pressure differential scanning calorimeter (micro DSC VII
from Setaram). It is based on a symmetrical heat flux design,
according to the Calvet principle (le Parlouér et al, 2004). It
operates between 228 and 393 K thanks to Peltier thermoelectric
devices, with uncertainty estimated at 0.2 K. Heating and cooling
rates are between 0.001 and 2 K min !, and measurements can be
performed at up to 25.0 MPa. The volume of the measurement and
reference gas tight high pressure cells is 1 cm?. The cells are
placed inside the calorimetric block and connected to a gas
controlled panel which contains a 300 cm® vessel to maintain a
constant pressure in the measurement cell. During the experi
ment, pressure is measured using a pressure transducer with
uncertainty estimated at + 0.05 MPa.

2.2. Experimental rig for kinetic experiments

Hydrates are formed in a batch jacketed reactor able to perform
experiments at pressures of up to 20 MPa and temperatures ranging
from 263 to 323 K. Two lateral sapphire windows allow the inside of
the reactor to be observed during the experiment. For gas solubiliza
tion, the cell is equipped with a star shaped magnetic agitator,
driven by a magnetic stirrer located below the cell. Note that this
agitation system is unable to stir any hydrate slurry, which means
that hydrates growth under “quiescent conditions”. The volume of
the reactor is 168.0 & 0.9 cm?, and the temperature is measured by a
PT100 with an accuracy of + 0.2 K. The reactor pressure is measured
with a 0 10 MPa pressure transmitter (PA33X from KELLER) with an
accuracy of +0.02 MPa. Snapshots are extracted from videos
recorded by a conventional webcam (LiveCam Optia AF from
Creative Labs). Data acquisition takes place with a frequency of
1 Hz. More technical details and a diagram of the apparatus are
given in another work (Torré et al., 2012).

2.3. Materials

Information about the materials used for the experiments (CAS
numbers, purity and suppliers) has been collated and is given in
Table 1. The gas used was carbon dioxide (CO,), and initial solutions
were prepared using ultra pure water with a resistivity of
18.2 MQ cm. SDS is only present in the kinetics experiments.



3. Protocols and methods of the experiments

3.1. Protocol for calorimetry experiments

Once prepared, approximately 80 mg of a THF/water or DIOX/
water solution is introduced into the measurement cell of the high

pressure calorimeter. It is then connected to the high pressure
controlled panel. In order to expel the air initially present in the cell
and avoid any loss of the volatile compound (THF or DIOX), the
sample is first crystallized at low temperature (248 K) and then three
purges are performed using CO-.

The reference cell is carefully filled with nitrogen, which does not
undergo any physical or chemical change at the pressure and
temperature of the experiments. The formation of mixed hydrates (i.
e., THF+CO, or DIOX+CO,) compete with the possible formation of
metastable phases (e.g., ice and THF or DIOX hydrates Martinez et al.,
2008), and the formation of single hydrates of CO,. To enhance the
mixed hydrate formation, the sample is subjected to a series of heating
and cooling sequences whose final temperatures are adjusted. The
objective of these cycles is both to reduce the quantity of metastable
phases at low temperature and to achieve a progressive accumulation
of the desired compound (i.e., the mixed hydrate here) in the cell, until
the final heating ramp during which the hydrate dissociation tem
perature is measured. An example of a thermogram, obtained for a
sample containing 10.0 wt% THEF, is plotted in Fig. 1.

This experiment has ten heating/cooling cycles and a final heating
sequence. During the cycle, heating and cooling rates are set to
2Kmin . The last heating run was conducted with a slower rate
(0.1 Kmin ') until dissociation of the hydrate was complete. It high
lights two endothermic peaks: the first peak (marked with a single
asterisk in Fig. 1) is related to the dissociation of the CO, hydrate, and
the second (marked with a double asterisk in Fig. 1) is a progressive

Table 1
Materials CAS numbers, purity and suppliers; superscripts ® and ° refer to phase

equilibrium and kinetics experiments, respectively.

Product CAS Purity (%) Supplier
THF 109-99-9 >99.9 Sigma Aldrich
DIOX 646-06-0 99.5 Alfa Aesar
CO, 124-38-9 99.995 Air liquide?, Linde gas®
SDS 151-21-3 >99.8 Chem-Lab
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Fig. 1. Experimental protocol for hydrate formation and dissociation. HP-DSC
typical experiment (10 temperature cycles followed by a final temperature ramp),
with the H,0+THF 10.0 wt%)/CO, system, at 2.50 MPa of CO,. The * symbol shows
the dissociation of the CO, hydrate and the ~* symbol shows the dissociation of
THF+CO, mixed hydrate; the dot-dashed line shows how determine the dissocia-
tion temperature from the thermogram.

fusion peak relative to the dissociation of the THF+ CO, mixed hydrate.
The temperature pressure equilibrium points for the mixed hydrate
correspond to the melting of the last hydrate crystal which is assumed
to be at the top of the progressive dissociation peak, as proposed by
Delahaye et al. (2006). As in the example presented here, DSC analysis
performed at a CO, pressure of 2.5 MPa on the 10.0 wt% THF solution
gives an equilibrium temperature equal to 290.1 + 0.2 K, (as shown by
the dot dashed line in Fig. 1).

3.2. Protocol for kinetics experiments

As discussed in Section 1, in addition to thermodynamic effects,
the presence of THF and DIOX can also greatly influences the
hydrate formation kinetics. In order to compare the effect of THF
and DIOX and the effect of combining these additives with SDS,
the same molar concentration (i.e., 1.0 mol%) has been used for
THF and DIOX (corresponding to 4.0 wt% of THF and 4.1 wt% of
DIOX). The SDS concentration was constant at 0.3 wt%.

The experiment protocol is as follows: first, a volume of 65 cm? of
solution containing (or not) the additive(s) is loaded into the reactor.
Then, the reactor and lines are purged three times with CO, to
remove any trace of air in the system. It has been demonstrated in a
previous work (Ricaurte et al., 2012) that with the concentration of
organic additives used here, the loss of organic product during this
step is negligible. The reactor is regulated at 293 K under agitation
(600 RPM) and pressurized at 3.0 MPa. The pressure in the reactor is
maintained constant under agitation for 120 min to solubilize the
CO, in the solution. Note that the solubility equilibrium is reached in
about 30 min (the pressure of the gas supply vessel reaches a
constant value at the end of the solubilization process). At this point,
the reactor is closed and the temperature decreased until the target
temperature of 274.6 4+ 0.2 K (suitable for hydrate formation) is
reached. The system is then maintained at this temperature for at
least 10 h. Finally, the reactor temperature is raised again to 293 K at

arate of 0.1 Kmin ! to dissociate the hydrate formed. For reprodu
cibility reasons, note that all the experiments in this section have
been performed four times for each condition and system studied.

3.3. Methods and definition of kinetics variables

The calculations of the molar quantities of gas captured were
performed using the Peng Robinson equation of state (PR EoS) (Peng
and Robinson, 1976). To analyze quantitatively the enclathration
kinetics, we have defined several additional variables (where the
initial time t=0 was set to the beginning of the reactor cooling phase):

When two successive hydrate crystallizations occur (e.g., the
mixed hydrate first and then the CO, hydrate), t; and t;
represent the times when the first and the second hydrate
formations are measured, respectively.

né‘gf is the total mol number of CO, captured at the point when
time t equals 800 min.

too, is the time necessary to capture 90% of nggf (see Fig. 2).
(dn/dt)|,,,, is the maximum CO, enclathration rate, obtained

by numerical derivation of the quantity of CO, captured versus

time (see Fig. 2).
t ()], and P (anyat)| are, respectively, the time and the reactor

pressure when the enclathration rate is at its maximum.

4. Results and discussion

4.1. Thermodynamics

To validate the reliability of the experiment protocol defined in
the previous section as a means of obtaining phase equilibrium
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Fig. 3. Comparison between our DSC measurements and data set from literature:
(T, P) equilibrium data of CO, hydrates and of CO,+THF mixed hydrates.

mixed CO,+THF hydrate is shifted to higher temperature for a
given pressure compared to the equilibrium curve of the CO»
hydrate. As an example, the equilibrium point obtained at pressure
2.5 MPa with [THF]=4.0 and then 10.0 wt% is increased to 286.6
and 290.1 K, (respectively), compared with 279.1 K for pure CO>
hydrate at the same pressure.

The same protocol was used for water/DIOX/CO, systems in
order to assess the influence of DIOX on hydrate phase equilibrium.
Two solutions containing DIOX at initial concentrations of 4.1 and
10.2 wt were studied and compared against the results obtained
with THF solutions of similar molar concentrations. Experimental
results concerning the DIOX+CO, mixed hydrate are plotted in
Fig. 4, and the equilibrium data are summarized in Table 3.

For a given pressure, it is clearly apparent that the addition of
DIOX in the same way as THF to water allows the mixed
DIOX +CO, hydrate to form at higher temperatures than those
associated with the pure CO, hydrate. This therefore demonstrates
the effect of DIOX as a thermodynamic promoter. Nevertheless, a
greater effect is achieved when THF is used. For instance, at a
pressure of 2.5 MPa, the equilibrium temperature equals 290.1 and
283.2 K respectively with [THF]=10.0 wt% and [DIOX]=10.2 wt%.
In conclusion, with the same molar concentration of additive, THF
is a better thermodynamic promoter than DIOX.

42. Kinetics

First, it is worth showing that the aqueous solutions containing
THF or DIOX can behave very differently in the presence of CO,,
and these differences could be important for choosing the most
suitable promoter in a practical situation. As preliminary studies,
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Table 2

Experimental (T, P) equilibrium data of CO,+ THF mixed hydrates.
H,0/THF (4.0 wt%)/CO» H,O[THF (10.0 wt%)/CO-
T(K) P (MPa) T(K) P (MPa)
2836+ 02 155 +0.05 287.7+ 02 161 + 0.05
2855+ 02 215+0.05 289.3+ 0.2 2.04 + 0.05
286.6+ 0.2 260 +0.05 290.1+ 02 2.50 + 0.05
2875+ 02 313 +0.05 291.0+ 0.2 2.90 + 0.05
2882 +02 349 +0.05

280 282 284 286 288 290 292

Temperature / K

274 276 278

data, a set of our DSC results was compared with those found in
the literature. Fig. 3 illustrates the comparison between (T, P)
equilibrium data of pure CO hydrates and of THF+ CO, mixed
hydrates (initial THF concentrations of 4.0 and 10.0 wt%). Data
obtained during our experiment campaign on the phase equili
brium of THF+ CO, mixed hydrates are given in Table 2.
Concerning CO, hydrates, good consistency was observed
between our data and those calculated using the CSMGem
program (from Sloan and Koh, 2008). Our data on THF 4+ CO, mixed
hydrates also seem to be corroborated by those of Delahaye et al.
(2006) obtained with [THF]=3.8 and 10.2 wt%, those of Shin et al.
(2009) with [THF]=3.9 wt¥%, and those of Torré et al. (2012) with
[THF] =4.0 wt%. Accordingly, the presented protocol and method
are validated. As expected, these results emphasize the thermo
dynamic promoting effect of THE, i.e., the equilibrium curve of the

—— H,0/CO,, [Sloan and Koh, 2008]
-4 H0/CO,, this work

-~ H,O/THF (10.0 wt %)/CO,, this work
- H0/DIOX (4.1 wt %)/CO,, this work

~-#- H,O/THF (4.0 wt %)/CO,, this work --¢- H,0/DIOX (10.2 wt %)/CO,, this work

Fig. 4. Experimental (T, P) equilibrium data of CO»+ THF mixed hydrates ([THF]
4.0 and 10.0 wt%) and for CO,+ DIOX mixed hydrates ([DIOX] 4.1 and 10.2 wt%).

Table 3

Experimental (T, P) equilibrium data of CO,+ DIOX mixed hydrates.

H,0/DIOX (4.1 wt%)/CO,

H,0/DIOX (10.2 wt%)/CO,

T(K) P(MPa) T(K) P (MPa)

2772+ 02 148 +0.05 2804 + 02 1.60 +0.05
2792+ 02 198 +0.05 2822+ 02 2134005
2808 + 02 242 +0.05 2832+ 02 2,59 +0.05
2821 + 02 290 +0.05 2840 + 02 314+ 005
2836+ 02 3.45+0.05 2854 + 0.2 3.58 + 005




test runs were conducted in the reactor with the two systems at
293 K and CO; at 3.0 MPa. The concentrations for these tests are
obtained based on the stoichiometric quantity of additive in water
with respect to the (slII) hydrate formula G 17H,0, where G is THF
or DIOX: the mass concentrations used are thus 19.2 wt% for THF
and 19.6 wt% for DIOX. The observations made during the experi
ments are presented in Fig. 5.

As shown in Fig. 5(a) and (c), the initial solutions before CO,
pressurization are monophasic. After CO, pressurization, it is
clearly apparent in Fig. 5(b) that the water+ THF system rapidly
separates into two liquid phases, contrarily to the water+DIOX
system which remains monophasic, as shown in Fig. 5(d). By way
of consequence, for the water+ THF system, a liquid layer rich in
THF is formed at the top of the solution and can come into direct
contact with the process equipment. The apparition of such an
immiscible phase at this stage may be advantageous in some cases,
for example if a THF water emulsion is desired. However, this
“THF rich” layer is potentially damaging to the process equipment
(e.g, the O rings of the reactor windows in our case), which are
not resistant to this compound when it is used at such high
concentrations. Process equipment can thus be damaged irrever
sibly in a short time, leading to potential hazardous leakages of
flammable/toxic products (gas and/or liquid). Conversely, with the
water + DIOX system, where no phase separation is observed when
CO, is present in these conditions, the solutions involved in the
experiments can be handled far more easily. Stoichiometric con
centrations of THF and DIOX were not investigated in this study for
two reasons: (i) THF at such a high concentration is not suitable for

our process equipment; (ii) in previous results obtained under
batch conditions with a CO,/CHs gas mixture (Ricaurte et al,
2014a), the total quantity of gas enclathrated in hydrates was
found to be much lower at the stoichiometric concentration than
at a lower concentration (e.g., 4 wt% in water).

Fig. 6 shows the variation of the reactor pressure and temperature
over time for the experiments carried out using the aqueous solution
composed of (a) pure water, (b) water+SDS, (c) water+THF, and
(d) water+ DIOX, with snapshots of the bulk taken just before the
reactor temperature was increased for dissociation. For the water+
THF+ SDS and water+ DIOX+ SDS systems, the following are pre
sented in Figs. 7 and 8: evolution of the reactor pressure and
temperature over time, the corresponding P T diagram (only one
experiment is shown for the sake of clarity), and snapshots taken
during the hydrate formation. Table 4 contains all the relevant
analytic and quantitative information for all the systems studied.
Note that the values shown represent the arithmetic average values
associated with the corresponding standard deviations (when several
experiments are considered).

Comparing the trends obtained in Figs. 6 8, it is clearly apparent
that two different system behaviors occur: (i) when THF and DIOX
are mixed with SDS a dramatic decrease in the reactor pressure is
observed during the experiment, and the pressure finally stabilizes
at a constant value before dissociation begins; (ii) in the experi
ments where only one type of additive (i.e., DIOX, THF or SDS) is
used, or none, the reactor pressure decreases very slowly at a quasi
constant rate until the temperature has climbed back up to its initial
value for dissociation. Note that the presence of 0.3 wt% SDS has no

Fig. 5. Snapshots of solutions of organic additives at stoichiometric concentrations for (sll) hydrate formation in presence of CO, at 3.0 MPa. The agitation was stopped for
taking the pictures. [THF] 19.6 wt%; [DIOX] 192 wt¥; T 293 K. (a) H,0+ THF: initial state before CO, pressurization; (b) H>0+THF+ CO,: 30 min after CO, solubilization
(no sensible change after 24 h); (c) HO+ DIOX initial state before CO, pressurization; (b) H>0+ DIOX+ CO,: 24 h after CO, solubilization.
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Fig. 6. Experimental data of hydrate formation from aqueous solutions containing a single type of additive (no additive combination). Reactor pressure and temperature over
time with: (a) only water (no additive); (b) water+ 0.3 wt¥% of SDS; (c) water+4 wt% of THF; (d) water+4.1 wt% of DIOX. 4 experiments were done for each system. The
asterisk symbol * shows the temperature peak produced by the hydrate crystallization.

measurable influence on the hydrate equilibrium conditions (Torré
et al, 2012).

With pure water, or water+SDS, hydrate forms during only one
experiment out of the four carried out in each case. When crystal
lization effectively occurs, the hydrate formation can easily be identi
fied by a sudden increase in the reactor temperature pointed out by
the single asterisk in Fig. 6(a) and (b). At these pressure and
temperature conditions, the operating point is located in the hydrate
region. As no thermodynamic promoter is present here, the hydrate
which has crystallized at this temperature is unambiguously the CO,
hydrate. In addition, observation of the reactor interior reveals inter
esting details: as shown in the corresponding snapshot of Fig. 6(a),
when no additive is used a crust is formed at the water gas interface,
and is likely to prevent the CO, diffusing from the gas to the water.
When SDS is added to water see snapshot of Fig. 6(b) the liquid/gas
interface appeared to be covered by a hydrate layer and a thin layer of
a solid was observed to be deposited on the reactor windows (note
that due to the turbid aspect of the solution, it is not possible at this
point to clearly distinguish whether hydrates are also present in the

bulk). In a previous study (Ricaurte et al, 2013), we estimated
assuming ambient pressure conditions and the same surfactant
concentration (ie, 0.3 wt¥%) the Krafft temperature of the SDS at
289+ 1K, which agrees with the value of 285+ 4 K proposed by
Watanabe et al. (2005). Therefore, the turbidity observed at the
hydrate forming temperature (Tag=274.6 + 0.2 K) with SDS solutions
(no other additive present) is due to the precipitation of the surfactant,
as the solution is maintained at a temperature several Kelvins below
the Krafft temperature of the SDS.

If we now consider the THF+SDS system, the sudden tem
perature increase of several Kelvins measured during the cooling
phase of the reactor (peak signaled by a single asterisk in Fig. 7) is
the exothermic signature of a hydrate crystallization. In this case,
hydrates crystallize in the whole bulk, as proven in the snapshots
of Fig. 7. In the P T diagram presented in Fig. 7(b), since this
crystallization point is located between the equilibrium curves of
pure CO> and mixed THF+CO, hydrates, this formation is logically
attributed to the THF+ CO, mixed hydrate. Then, when the system
crosses over the CO» hydrate equilibrium curve (ie., it enters the
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Fig. 7. Experimental data for the system THF+ SDS with 4 wt% of THF and 0.3 wt% of SDS (4 experiments). (a) Evolution of the reactor pressure and temperature over time;
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with the experimental data from Table 2 (full circles), the dotted line represented the CO, hydrate equilibrium calculated with the CSMGem program (Sloan and Koh, 2008);
the empty diamond is the theoretical equilibrium pressure calculated with CSMGem at the final experimental temperature (error bar is from the temperature uncertainty).

CO> hydrate stability zone), the presence of this mixed hydrate
coupled with the surfactant triggers the formation of the CO,
hydrate, leading to a rapid drop in the reactor pressure. For the
following, it is important to mention that the hydrate formation
kinetics considered here is that of the pure CO, hydrate, which
takes place (in the CO, hydrate stability zone) at an average
temperature of 274.6 + 0.2 K. Note that, at this stage, the mixed
hydrate (i.e., a CO,+THF hydrate in that case) is already formed
into the bulk, and we assume no thermodynamic effect of the
thermodynamic promoter on this kinetics (as the organic com
pound has been consumed in the first crystallization).
Simultaneously with the CO» enclathration, the temperature of
the liquid phase again increases by several Kelvins. The hydrate
formation ends when the reactor pressure becomes equal to the L,
H V equilibrium point of the CO, hydrate, as it is strongly corrobo
rated by the theoretical equilibrium point calculated using the
CSMGem program (Sloan and Koh, 2008). It is also worth noting
from Table 4 that the time when the enclathration rate is at its
maximum (t 4, /o), = 187 + 39 min) coincides with the maximum
temperature measured, the latter peak being due to the hydrate
crystallization (t; =189 + 40 min). Finally, the pressure associated
with the maximum enclathration rate was found to be nearly
constant and equal to 2.05 + 0.03 MPa. The determination of this
value can be very useful for improving the kinetic performance of a
hydrate based contactor working in a semi continuous mode (Torré

et al., 2012). Interestingly, when THF is added to the water (see Fig. 6
(c)) the formation of the mixed THF+ CO> hydrate occurs a relatively
short time 24+ 4 min after the reactor begins to cool, leading to a
sudden increase in the bulk temperature by several Kelvins (shown
by the single asterisk in Fig. 6(c)). As this time is comparable to the
one obtained for THF+ SDS (23 + 4 min), it can be concluded that the
presence of the surfactant in the solution does not reduce the time
needed for the first crystallization to develop. Thus, THF used alone
does not, under these conditions, enhance the rate of CO, consump
tion (compared to the two additives being used in combination). This
last result is in agreement with a previous one (Ricaurte et al., 2013)
obtained with a CO,/CH4 gas mixture instead of pure CO-.

With the DIOX+SDS system, similar global tendencies are
observed as for the THF+SDS system. Again, a good reproduci
bility of the general behavior is obtained as all runs result in two
successive crystallizations, which are indicated by a single and a
double asterisk in Fig. 8(a). The first hydrate formation is mea
sured as taking much longer than with the THF+SDS system: an
average value of 120 +38 min is obtained for the DIOX+SDS
system, compared to only 23 +4min for THF+SDS. There is a
satisfactory explanation for this slowness: the fact that DIOX has a
weaker thermodynamic promoting effect, as it was clearly demon
strated previously by the analysis of the results plotted in Fig. 4. By
analogy with the THF+SDS case, and in spite of the fact that the
first crystallization point is located inside the CO, hydrate stability
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Table 4

Kinetics analytical information corresponding to the various systems studied for Tay,g 0f 274.6 +0.2K. t; is the time of mixed hydrate formation; t; is the time for pure CO,
hydrate formation; the total mol number of CO, captured is considered t 800 min. Four experiments were done for each system studied.

System studied Hydrates? (for 4 exp.) t; (min) t> (min) "3",' (mol ( x 10%)) too (min) (dn/dt) |max (molmin ' (x10%) t(dn/dr)l_, (min) P(d"/df)|.., (MPa)
Pure water Yes (1/4) - 300 54 - - - =
No (3/4) - - 53+0.1 - - - -
Only SDS Yes (1/4) - 505 56 - - - -
No (3/4) - - 54+01 - - - -
Only THF Yes (4/4) 24+4 - 39+0.1 - - - -
Only DIOX No (4/4) - - 52+0.1 - - - -
SDS -+ THF Yes (4/4) 23+4 189+40 10.7+01 206+37 29+02 187 +39 2.05+0.03
SDS+ DIOX Yes (4/4) 120 +38 440+ 130 104+ 01 444 +131 12+01 431 +130 1.87 +0.02

zone for the DIOX+SDS system, we suppose that the formation
mechanism remains identical for the two ethers: first, the mixed
hydrate DIOX+CO, crystallizes first, and then the pure CO,
hydrate forms later. Concerning the hydrate formation rate, the
maximum value obtained with DIOX +SDS is ~24 less than with
THF+- SDS, with tgp, values much higher than for THF (compared
to the system THF+ SDS, it takes about twice as long to capture
90% of the total quantity of CO. using the DIOX+SDS system).
Again, the pressure associated with the maximum enclathra
tion rate was nearly constant, but slightly lower for DIOX+SDS

(1.87 + 0.02 MPa) compared to THF+SDS. Finally, the system
stabilizes at the same triphasic  i.e, the liquid hydrate vapor
(Ly, HV) CO, hydrate equilibrium point as with THF+ SDS.
Surprisingly, when only DIOX was used (see Fig. 6(d)), no crystal

lization was observed for the four experiments carried out. This
behavior demonstrates that the presence of the surfactant in the
solution is of paramount importance for achieving CO, enclathra

tion at a high rate. Therefore, the DIOX+ SDS combination appears
less advantageous than THF + SDS in terms of induction time (time
to crystallize the first hydrate), and also in terms



of the overall kinetics if we look at parameters such as the
maximum enclathration rate and the time to reach the L, H V
equilibrium value.

Interestingly, observation showed that the hydrates visible through
the reactor windows for the THF+SDS and DIOX+SDS systems had
very different morphologies. In Figs. 7 and 8, the snapshot shown by a
single asterisk was taken just after the first hydrate crystallization, and
the one indicated by a triple asterisk was taken just before the
dissociation. With the THF+SDS system (Fig. 7), it is clear that the
first crystals formed in the whole bulk and then others grew along the
sapphire surface. With the DIOX+SDS system (Fig. 8), the first
crystallization also occurs in the bulk, but there is almost no growth
of crystals on the reactor windows. This observation was made in
every one of the experiments carried out with these two systems. One
can assume that if a difference of hydrate growth on the walls applies
to the whole reactor, it can significantly influence the hydrate
formation kinetics. One assumption, to explain the enclathration
performance observed for systems with kinetic promoters in quiescent
conditions, postulates that a porous medium forms on the reactor
walls by progressive aggregation of small hydrate particles. If the
network of hydrates formed can be wetted by the solution, the liquid
is sucked by capillarity through the porous structure, and the hydrate
formation can be qualified as “capillary driven”. This mechanism has
been already discussed and shown visually (Gayet et al., 2005; Zhang
and Lee, 2009) and is in close relationship with the adsorption of
surfactants on hydrates (Aman et al.,, 2013; Lo et al,, 2010). Differences
in the physico chemical properties of the systems studied (e.g.,
THF+SDS and DIOX+SDS) such as the adhesion force between
the hydrate(s) and sapphire, or the wettability of the hydrate/solution
toward the process materials may significantly impact the capillary
driven mechanism and could explain the differences in the kinetic
performance of these combination of additives.

5. Conclusions and prospects

The search for THF substitutes to enhance hydrate formation is
an important goal, both for fundamental investigations and for
practical applications, as it is hardly conceivable that large quan
tities of THF could be used in the future if hydrate based processes
have to be scaled up at industrial level.

From a practical point of view, DIOX should be chosen in
preference to THF as the former is less toxic, less volatile, and
much less aggressive to process equipment. Interestingly, at high
concentrations (e.g., ~20 wt% in water) and with CO, at 3.0 MPa, a
DIOX water solution does not separate into two liquid phases at
ambient temperature (293 K), contrarily to the water+THF sys
tem. However, for the same concentrations of organic additives in
water, the mixed hydrate THF+CO, is formed at higher tempera
ture and lower pressure than the DIOX+CO, mixed hydrate.
Therefore, using CO, as guest, the respective positions of the L,,
H V equilibrium curves demonstrate unambiguously that THF is a
better thermodynamic hydrate promoter than DIOX.

If a low concentration of thermodynamic promoter is used, the
global hydrate formation mechanism could be summarized in the
two following steps: (i) a mixed hydrate (i.e., THF+CO, or DIOX
+CO0,) first crystalizes into the bulk, and (ii) this mixed hydrate
triggers, when SDS in present, the formation of the pure CO,
hydrate and influences its kinetics. Concerning the CO, hydrate
formation kinetics, only the use of a combination of THF or DIOX
together with the anionic surfactant SDS yields a high rate of CO,
consumption. Therefore, THF (used in combination to SDS) as a
hydrate promoter still appears most favorable in the scope of this
work performed with CO,, from a kinetic standpoint. Nevertheless,
due to the very advantageous and user friendly qualities of DIOX

(compared to THF), DIOX remains attractive in practical applications
if moderate promoting effects are satisfactory.

The reason why these combinations of additives are so efficient is
not yet fully understood. However, some of our observations suggest
that physico chemical parameters (such as the adhesion force
between hydrates and/or with the process materials, and/or the
wettability of the aqueous solution toward the same) play an
important role in the kinetic promotion effects. We believe that
factors linked to the “capillary driven” mechanism  in which the
solution is pumped through a porous medium formed by the
aggregation of hydrate particles on the reactor walls are of
paramount importance. The formation of this porous hydrate struc
ture may be directly correlated with an anti agglomerant effect of
SDS on the CO,, and THF+CO, or DIOX+CO, mixed hydrates.
However, this last point has not been clearly demonstrated to date.
Understanding the role of the surfactant in the action mechanism, as
well as the influence of the crossed interactions between the
surfactant and the thermodynamic promoter, calls for further experi
ments which are currently in progress in our laboratory.
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