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Abstract: Since 1980, one of the most promising solutions for the exploitation of natural gas hydrate
reservoirs was found to be the replacement of methane with carbon dioxide in order to improve the
efficiency of methane recovery and, at the same time, permanently store carbon dioxide. However, the
process efficiency is still too low and far from reaching technical maturity and becoming economically
competitive. In this sense, studying the intrinsic properties of CO, hydrates formation and dissoci-
ation processes may help in better defining the reasons for this low efficiency and finding feasible
solutions. This work deals with carbon dioxide hydrates formation in a natural silica-based porous
medium and in fresh water. A lab-scale apparatus was used for experiments, which were carried
out consecutively and with the same gas-water mixture in order to detect the possible occurrence of
the “memory effect”. Six tests were carried out: the quantity of gas available for the formation of
hydrates led to an initial pressure equal to 39.4 bar within the reactor (the initial pressure was 46 bar;
however, the dissolution of CO; in water during the first test caused a reduction in the quantity of
gas available for the process). Each experiment started and ended at temperatures equal or higher
than 20 °C. Considering the local pressures, these temperatures ensured the complete dissociation
of hydrates. Besides thermodynamic parameters, the gas consumption and the rate constant were
evaluated throughout the whole of the experiments. Conversely to what is asserted in the literature,
the results demonstrated the weak persistence of the memory effect at a temperature slightly above
25 °C. As expected, ice formation competed with hydrates; however, during tests, it caused the
partial release of carbon dioxide previously trapped into hydrates or dissolved in water. Finally, the
rate constant completely agreed with the labile Cluster Theory and proved that primordial clusters
and hydrate crystals formed and dissociated during the whole test. The first phenomenon was
predominant during the formation phase, while the opposite occurred during the following step. The
rate constant was found to be an effective parameter to quantify differences between measured and
real equilibrium conditions for the system.

Keywords: gas hydrates; CO, sequestration; phase boundary equilibrium; memory effect

1. Introduction

Natural gas hydrates are solid and ice-like crystalline compounds consisting of solid
structures, made with water molecules which contain gaseous molecules. The first com-
pound mentioned is referred to as “host”, while the second plays the role of “guest” [1].
Three different structures exist in nature: the cubic stricture I (sI), the cubic structure II
(sII) and the hexagonal structure H (sH) [2]. One of the most promising properties of gas
hydrates is their relatively high energy density: one cubic meter of methane hydrate can
contain up to 164 m> of methane and only 0.8 m? of water (these two values are referred to
as standard pressure and temperature conditions). In addition, based on current estima-
tions, the amount of gas hydrates diffused worldwide ranges from 10'5 to 107 m3 [3]. This
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means that they potentially contain more than twice the energy which can be still produced
from all conventional energy sources currently known by humans [4]. A second advantage
exists in the possibility of making them a completely carbon neutral energy source [5]. Ap-
proximately 97% of naturally occurring hydrate deposits are offshore reservoirs, while the
remaining 3% are found in permafrost regions [6]. Today, most energy consuming countries
(for instance America, China and Japan) carry out field tests both in offshore and inshore
reservoirs. Methane recovery can be performed with some well-known techniques, such us
depressurization [7,8], thermal stimulation [9,10], chemical inhibitor injection [11], or a com-
bination of them (mainly a combination of depressurization and thermal stimulation) [12].
The first method consists of lowering the local pressure while maintaining a constant tem-
perature in order to move the thermodynamic conditions outside from the hydrate stability
zone and cause methane release. The contrary occurs when the second technique is applied,
and the final achievement is the same. Differently from the previous methods, the use of
chemical inhibitors allows to maintain the local conditions unchanged but, at the same
time, make them unfeasible for methane hydrates stability. Currently, the main challenge
associated with the first two techniques is the high thermal energy required to achieve high
efficiencies, while the main disadvantages, related to the use of chemical inhibitors, are
their high costs and their impact on the surrounding environment. For the first time in
1980, the recovery of methane was proposed to be performed via carbon dioxide injection
in order to favor a direct exchange between these two types of molecules in water cages
and contemporarily increase the efficiency of methane recovery and permanently store
carbon dioxide. This latter compound leads to the formation of more thermodynamically
stable hydrates than methane, thus enabling the exothermic replacement of methane [13].
In the past few decades, the replacement mechanism was deepened both in laboratory
scale apparatuses and directly in field tests. Several studies were carried out, including the
injection of liquid carbon dioxide [14], in situ Raman spectroscopy [15], micro differential
scanning calorimetry [16] and magnetic resonance imaging [17]. However, more efforts are
needed to make this option competitive and feasible for large-scale applications [18].

In more detail, a deepened comprehension of the hydrate dissociation mechanism
and the wider characterization of natural elements able to intervene on the process,
which are commonly found in natural gas hydrates reservoirs, are needed. Kamath and
co-workers [19] studied the heat transfer properties of the dissociation interface for propane
hydrates. A strong similarity was observed between this process and the nucleate boiling
of liquids. Similar experiments were made with methane and other guest compounds and
the achievements were similar. These experiments allowed us to assert that one of the most
limiting factors is the heat transfer. A model to define the heat and mass transfer during
hydrate dissociation was proposed by Selim et al. [20]. This model considers the presence
of a porous media, as commonly occurs in offshore sediments; it established that the heat
transfer mainly depends on the surrounding sediments [21,22].

The dissociation of hydrate structures produces liquid water, whose molecules form
a sort of insulating layer over the already existing solid cages [23]. This liquid thickness
reduces the heat transfer and consequently lowers the dissociation rate. Conversely, the
gas released during dissociation produces bubbles, which enhance the heat transfer via
convection and favor the dissociation process. Similarly, the mass transfer may represent a
limiting factor during methane hydrates dissociation. Katsuki [24] tested this latter process
in a glass micro model. He concluded that hydrate structures adjacent to the gaseous phase
dissociate first, while direct contact with liquid water may temporarily stop the process [25].
However, immediately after dissociation, methane molecules diffuse in water and migrate
to the gaseous phase, differently from carbon dioxide molecules, which take more time
for migration.

The porous medium plays a key role in this sense. Hachikubo et al. [26] proved that
particle size has a crucial role during hydrates dissociation. They established that the
hydrate dissociation rate is higher in coarse glass sand than in fine silica sand. This is due
to the tendency of water molecules to form a thin layer on grains of this latter compound.
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The process kinetic is also a function of specific properties of hydrate sediments, such
as the so-called “memory effect” and “anomalous self-preservation”. If hydrates are formed
two times consecutively with the same gas—-water mixture, the process will occur faster in
the second attempt. Several studies confirmed the higher suitability of hydrate dissociated
solutions for new formation than fresh solutions [27,28]. Two different hypotheses were
defined to explain such phenomenon. According to the first hypothesis, the memory effect
is due to the permanence of residual structures in water; conversely, the second theory is
based on the permanence of hydrate crystallites [29]. The memory effect was discovered for
the first time approximately 130 years ago [30,31] and was immediately found to be crucial
for their exploitation [32]. Takeya studied the memory effect for carbon dioxide hydrates
and found that it persists only at melting temperatures below 298 K [33]. Similar results
were achieved by using methane as a guest compound [34]. Additionally, time plays a key
role in the permanence of such effects [35]: it disappears when hydrates are decomposed
at superheating temperatures, about 2—4 °C above the equilibrium, for more than two
hours. Moreover, the porous medium might also play a role in this sense; in addition to the
previous mentioned hypotheses, some authors defined the so-called impurity imprinting
theory [36]. The anomalous “self-preservation” was observed for the first time in 1986 [37]
and represents the tendency of gas hydrates to remain stable outside from the hydrate
stability zone, even if for a limited time period.

Experiments described in this manuscript deal with carbon dioxide hydrates forma-
tion and dissociation in the presence of a natural porous medium and fresh water. The
experiments were carried out in a small-scale experimental apparatus and with the same
gas—water mixture in order to observe the properties previously mentioned. In these tests,
temperature was shifted below the ice-point during formation and above 20 and 25 °C
during dissociation. During the discussion of the results, different parameters such as
pressure, temperature, gas consumption and formation rate constant were considered. This
latter parameter was calculated by considering the process describable with the first order
chemical kinetic equation for the time dependence [38,39].

This experimental work allowed us to produce some meaningful achievements. In
the literature, there is a substantial lack of information about the memory effect for carbon
dioxide hydrates and the little information already present must be compared with new
data. Here, such properties were observed and described at different temperatures and its
presence was related to the difference existing between formation and dissociation curves,
widely documented in the literature [29] and commonly observed during experiments [40].
This article also provides useful information about the competition between hydrates and
ice formation when temperature moves below 0 °C. Finally, the rate constant was used to
explain why the kinetic process is often the limiting factor during experiments and field
applications. Thank to this parameter, we were able to establish the uncertainty of pressure
and temperature conditions describing hydrates equilibrium for a certain guest compound.
This latter conclusion was defined according to what was expressed in the Labile Cluster
Theory. This research aims to answer to the substantial lack of data about the presence
of memory effect during the formation of carbon dioxide hydrates. Moreover, differently
from the current literature, such an effect was also investigated at temperatures equal to or
higher than 24 °C. Finally, the experiments allowed us to describe in detail the evolution
of a system with the contemporary formation of ice and hydrates at temperatures slightly
below the freezing point of water.

2. Materials and Methods
2.1. Experimental Apparatus

Experiments were performed in a small-scale experimental apparatus, consisting
of a 316 stainless steel reactor and a cooling room and required sensors and auxiliary
devices to manage gas flows inside and outside the reactor. For gas hydrates formation
and dissociation, such a reactor has the same characteristics of the apparatus used in [41].
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It was designed in order to assume the same properties and, at the same time, make it
more manageable.
The reactor has an internal volume equal to 1000 cm?; its geometry is shown in Figure 1.
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Figure 1. Scheme (above) and image (below) of the reactor used for gas hydrates production.

On the top, the reactor is closed with a flange, while the bottom is sealed with a
365S plate, about 3 cm thickness. The flange tightness has been ensured with the use of a
spiro-metallic gasket (model DN8U PN 10/40 316-FG C8 OR). The perimetral wall has an
integrated coil, which is useful when fast cooling or heating is required, or when the target
temperature is outside the operating range of the cooling room.

Gas is injected from the bottom; two channels are placed in communication cylinders
(which are sited inside the room in order to maintain the gas at the same temperature as
the reactor, even before its injection) with the reactor. The reactor has also been used for
injecting gas from the top; however, the first option is usually preferred to obtain a higher
diffusion of gaseous molecules into sand pores. The upper flange has five channels: two of
them are used for temperature sensors, a third for the pressure sensor; the fourth hosts a
safety valve (model E10 LS/150 by New General instruments); finally, the last channel is
used for gas ejection and can also be appositely adapted to take gas samplings for further
analyses. A scheme of the whole experimental apparatus is visible in Figure 2.
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Figure 2. Scheme of the assembled experimental apparatus.

While pressure is directly regulated via gas injection/ejection, temperature is con-
trolled with the cooling room. It consists of a 3 x 3 m? room, in which temperature can be
lowered up to —10 °C, with an accuracy of £0.1 °C. Pressure was measured with a digital
manometer, model MAN-SD, with an accuracy equal to 0.5 of the full scale; conversely,
temperature was measured with six Type K thermocouples. These devices were positioned
at six different depths inside the reactor (3, 7, 8, 12, 15 and 19 cm depth from the top)
and in two opposite sides of the reactor. This solution was chosen for experiments in
which temperature gradients may occur inside the reactor. In the tests carried out in this
work, gradients were not noted, and all thermocouples measured the same temperature
(differences were negligible). Finally, all these devices were connected to a data acquisition
system manufactured by National Instrument and managed in LabView.

2.2. Materials

Ultra-High-Purity (UHP) carbon dioxide was used as a guest compound, while the
formation environment was made with fresh water and a natural porous sand. This latter
compound has a heterogeneous composition: it mainly contains silica (about 99.1 wt%) but
further substances were found in traces. Additionally, the size of its grains is not uniform
and ranges from 0.1 to 1.0 mm. The porosity of the porous medium, considered as sum
of pores volume and space present between grains, was measured with a porosimeter
(model Thermo Scientific Pascal 140, provided by Microtracbel, Japan) and is approxi-
mately equal to 34-35%. More detailed information about this sand can be easily found in
the literature [42].

2.3. Experimental Procedure

Before tests, the reactor was filled with approximately 800 cm® of sand and 270 cm?
of water. Then, the flange was closed. Carbon dioxide was inserted with the opposite
channel [43]. During gas injection, the temperature was kept above 20 °C in order to
completely avoid hydrates formation during this phase (the formation of hydrates during
this step might create uncertainties in defining the exact amount of gaseous moles inserted
in the reactor). Finally, the channel was closed, and no further mass exchanges occurred
with the external.

Experiments were carried out consecutively and only the temperature was modified
from the external. The cooling room was regulated in order to produce a slow and gradual
decrease in temperature inside the reactor during hydrates formation, and an increase, with
the same characteristics during hydrates dissociation. The first phase started at relatively
high temperatures (>20 °C in Test 1 and Test 2 and >26 °C in the remaining experiments)
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and finished at temperatures below the ice-point (approximately —1.5/—2.5 °C). Such a
solution allowed us to observe and describe what happens to the system when hydrates
formation competes with ice formation, both in terms of gas consumption and formation
rate. The time duration of the whole series was approximately equal to 345 h. In the
diagram plotted in Figure 3, all the experiments are shown on the time axis and, in some
cases, the diagrams assume constant trends. This deepened the impossibility of managing
the reactor for such a long time period without pauses. However, these periods did not
cause variations in the results, nor in the accuracy of the data.
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Figure 3. Time lapse of experiments carried out in this study and description of their pressure and
temperature trend over time.

Despite pressure and temperature, for each test the gas consumption and the rate
constant were calculated and their trends over time are shown [44,45].

The gas consumption was calculated as a percentage of the initial amount of gas
injected, according to Equation (1):

~ COginj — COyq

GU
CO2inj

x 100 [%] 1

In the equation, the term CO,yy; is the initial amount of carbon dioxide injected
inside the reactor, while CO,g is the quantity of CO, present in the gaseous phase in
correspondence with the specific measure. These quantities were measured in moles by
using Equation (2):

Vreore (PiZs — PiZi)

molyyp = 2, (RT— TN ) [

mol] )

PHYD

In the equation: VpoRg is the volume, present inside pores or between grains, suit-
able to host gaseous molecules, “R” is the gas constant, “Z” is the compressibility factor,
calculated with the Peng-Robinson Equation, “P” and “T”, respectively, indicate pressure
and temperature, subscripts “i” and “f” indicate the beginning and the ending of the time
period considered for the evaluation of moles. Finally, “ppyp” is the ideal molar density

for hydrates and was calculated according to Takeya [46] and Aregba [47].
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Hydrates formation and dissociation were considered a first-order chemical kinetic
equation for the time dependence [38,39] and the formation and dissociation rate constant
were calculated according to it (Equation (3)):

1 COy5) 1
k__tln<coz(i—1) Lmn} ®

Subscripts used in Equation (3) mean that the two quantities of gaseous carbon dioxide
considered belong to two consecutive measures.

Finally, the uncertainty of all measures, used to produce the diagrams shown in the
following section, was defined by considering the accuracy of the instruments (digital
manometer and thermocouples; this information is provided in Section 2.1) and with the
auxilium of the document JCGM 100:2008 (GUM with minor corrections)—Evaluation of
measurement data—Guide to the expression of uncertainty in measurement. The evaluated
uncertainty is equal to £0.01 °C for measurements of temperature and it is equal to £ for
measurements of pressure. The other parameters were calculated and their uncertainty is
exclusively associated with the process detailed in the following section.

3. Results and Discussion

In this section, six experiments have been shown and discussed. As explained in the
previous section, experiments were carried out consecutively and with the same gas—water
mixture in order to observe effects associated with the memory effect.

Figure 3 shows the pressure and temperature trend throughout all the tests.

Figure 3 shows all experiments consecutively and indicates their evolution over time.
The first portion of the diagram (highlighted in the figure and referred to as “gas injection”)
confirmed that carbon dioxide was injected inside the reactor at a high temperature to avoid
hydrates formation during this phase. All experiments began and finished at relatively
high temperatures. The difference between the initial and final pressure observed in Test 1
and Test 2 allowed us to evaluate the quantity of carbon dioxide dissolved in water. The
solubility of this compound in water is equal to 1.688 g/L (evaluated at 20 °C). Test 1
started at 46 bar and finished at 39.4 bar. Moreover, when hydrates were already completely
dissociated (the thermodynamic conditions remained outside from the stability zone for
several hours), a further decrease in pressure was observed, until reaching approximately
37 bar. Measures of pressure did not allow us to distinguish the portion of carbon dioxide
involved in hydrates formation and the one dissolved in water. However, it was previously
proved that this latter quantity, in presence of suitable thermodynamic conditions, will
inevitably form hydrates [48]. The analysis of gas consumption allowed us to well quantify
the amount of carbon dioxide dissolved in water. Moreover, the dissolution of CO, in
water may vary with temperature. Such a variation was observed and described with
parameter GU.

In the first experiments (Test 1 and Test 2), the temperature was brought to approxi-
mately 20 °C to cause hydrates dissociation. Considering the maximum pressure measured
during experiments, at this temperature, hydrates permanence is not possible. However, it
was found that when this temperature was used to dissociate hydrates, the system main-
tained “memory” of the previous presence of hydrate structures. For that reason, in the
following experiments, temperature was shifted above 26-28 °C. Such a range was chosen
because in previous research, the memory effect was found to vanish at these temperatures,
both for carbon dioxide and for methane [33,34]. Differently from what is presented in the
literature, the analysis of pressure-temperature evolution during experiments revealed that
the memory effect also remained at these temperatures (this concept will be deepened in
the paragraph describing pressure-temperature diagrams).

Finally, during the last phase of hydrates formation, the temperature was brought
slightly below the ice-point in order to cause the partial formation of ice inside the reactor
and describe the related effects. In all tests, when the temperature approached 0 °C,
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the formation process was expected to finish and all pressure diagrams approached a
horizontal trend. Consequently, ice formation did not particularly affect this process.
However, it caused an increase in the free gas present inside the reactor. This latter
experimental evidence was observed with parameter GU and has been discussed in the
related paragraph.

3.1. Pressure—Temperature Diagrams and Comparison with Equilibrium Phase Boundaries for
CO; Hydrates

Figures 4-9 show the pressure—-temperature trend for each test. Hydrates formation
and dissociation are indicated with two different colors (hydrates formation is in red, while
the blue color was used for the following dissociation). Finally, a black pointer was used to
describe CO; hydrates equilibrium. It was drawn by using equilibrium data previously
collected from literature [2,49-60].
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Figure 4. Pressure-temperature trend observed in Test 1.
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Figure 5. Pressure-temperature trend observed in Test 2.
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Figure 9. Pressure-temperature trend observed in Test 6.

In all diagrams, two arrows were inserted to show how tests proceeded over time:
similarly to the diagrams, a red arrow was used for hydrates formation and a blue one for
their dissociation.

As explained in Section 2, all tests started in a thermodynamic condition widely
unfeasible for hydrates formation, or on the right of the equilibrium diagram (the black
line in diagrams). On the right side of the equilibrium, the formation and dissociation
trends were extremely similar between each other. In this region, the relationship between
pressure and temperature was almost exclusively associated with the equation of state
of gases; this explained such a similarity. Conversely, on the left side, the two phases
showed relevant differences and assumed a trend similar to that described in [29], which is
schematized in the following Figure 10.

o]

Pressure [bar]

Temperature [°C]

Figure 10. Illustration of CO, hydrate formation and dissociation on a pressure-temperature diagram,
according to [29].

According to Li et al. [29], the two phases can be divided into several different steps
and often present differences, thus producing a closed figure, as shown in Figure 10. In
most cases, the dissociation curve is more adherent with the equilibrium configuration
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because it is less affected by “disturbing variables” which often intervene during formation.
The first variable is the stochastic nature of the process, mainly during the initial nucleation
phase. Even if the thermodynamic conditions are feasible for hydrates formation along the
whole reactor, the process might not occur immediately everywhere. Due to the exothermic
nature of the reaction, the formation of hydrates and their subsequent growth leads to a
very visible increase in temperature, especially in small-scale reactors. After such a peak,
pressure and temperature started decreasing together due to the entrapment of gaseous
molecules into water cages. However, the occurrence of further formation and growth of
hydrates nuclei lead to secondary temperature peaks, delayed over time if compared with
the first one. These peaks cause a relevant variation in temperature; however, they do not
significantly modify the pressure, thus moving the overall thermodynamic condition away
from the equilibrium boundaries. A second variable is associated with hydrates or, in some
cases, ice formation. The early formation of solid structures can reduce the permeability of
the sediment and hinder the diffusion of gas molecules in the whole reactor. Consequently,
hydrates formation may be less abundant than that expected, and the pressure drop less
pronounced. Moreover, the heat released during secondary formation of nuclei usually
leads to a fast increase in temperature (less than one minute may be enough to observe an
increase in temperature of some degrees) and can generate undesired gradients, even if for
a very contained time lapse.

However, neither formation nor dissociation followed the equilibrium line in these
tests. This can be explained by considering the chemical composition of the sand, where,
despite silica, it contains other compounds, some of them already known to inhibit the
process. Previous studies, carried out with the same porous medium, have proved the
inhibiting role of this sand during hydrates formation and dissociation for carbon dioxide
and also in the presence of different guest compounds [61,62].

The observation of a pressure-temperature trend during tests confirmed the occurrence
of the so-called “memory effect”. From Test 1 to Test 6, differences existing between
formation and dissociation curves narrowed. In particular, the dissociation phase remained
similar in all experiments, while hydrates formation changed and became more and more
similar to dissociation. The gas—water mixture maintained a memory of the previous tests
and hydrates formation occurred on a more homogeneous manner. In addition, challenges
related to gas diffusion in the whole sediments had the possibility to affect the process
only in Test 1, while in the other experiments this issue obviously disappeared. In this first
test, the difference between the two phases was extremely pronounced. In the following
two tests, it reduced drastically, but the two phases remained well distinguishable. Finally,
in the other three tests, the two phases were overlapped (with an only little exception
occurring in Test 5). Because the experiments were carried out with the same method and
the same conditions, such a linear trend was associated with the memory effect and to the
role it played in making hydrates formation more homogeneous, linear and adherent with
the equilibrium conditions for the system (CO, + natural porous sand). These data suggest
that the memory effect also occurred at temperatures above 25 °C. In the literature, a few
studies were proposed about memory effect for carbon dioxide hydrates and some of them
asserted that for such a system, the memory effect has the same properties

A brief study is required for Test 1. Here, formation and dissociation were also different
outside from the hydrate stability zone and two different arguments can be used to explain
it. Firstly, the abovementioned difficulties in gas diffusion along the whole internal volume
occurred only during this test (after the first dissociation, gas molecules had the possibility
to occupy the whole sediment, because they did not find further impediments). The
initial portion of hydrates dissociation was equal to that observed in formation; then, a
drastic increase in pressure was observed at a constant temperature. In this phase, the
temperature was below 0 °C and the presence of ice, which inevitably occurred, since the
system remained below 0 °C for many hours, hindered the escape of CO, molecules from
water cages. As soon as the temperature approached 0 °C, these molecules found a way
to move from the dissolved hydrates structure to the gaseous phase present above the
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sediment. This second effect is clearly predominant and more interesting from a scientific
point of view (as previously asserted, the first aspect is due to the experimental procedure
and can be found only during the first test of the series). When the temperature moves
below the freezing point of water and the contemporary formation of ice and hydrates is
observed, the dissociation curve might be not completely adherent to the process. While
the capture of gas into solid structures can be exclusively attributed to the formation of
hydrates, the following increase in pressure is also affected by the presence of ice. For
instance, if some hydrates nuclei form and are then completely surrounded by ice structures,
their dissociation (independently from the reason) cannot lead to an increase in pressure,
because the gas released from hydrates remains trapped in the ice cavity (which is not
hydrate) and cannot be detected from the pressure transducer. As soon as this quantity
of gas finds a way to escape, the system immediately registers an instantaneous increase
in pressure. The difference in pressures measured at the beginning and at the end of the
whole experiments is due to the dissolution of carbon dioxide and is explained in more
detail in the next paragraph.

3.2. Analysis of Gas Consumption over Time

Gas consumption was measured over time and its trend is shown in Figures 11-16.
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Figure 11. Gas consumption observed in Test 1.
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Figure 12. Gas consumption observed in Test 2.
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Figure 13. Gas consumption observed in Test 3.
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Figure 16. Gas consumption observed in Test 6.

As expected, this parameter strictly followed the pressure trend over time. The highest
consumption was measured during the first phases of hydrates formation. Then, it lowered,
reached the maximum and stabilized. The following decrease is associated with hydrates
dissociation. Once the dissociation finished, this parameter should have been equal to
zero. Conversely, this did not occur in Test 1 and Test 2, where some of the carbon dioxide
molecules did not turn back into the gaseous phase, and in Test 3 and Test 4, where it
reached negative values. In Test 1, approximately 17.2% of the initial quantity of CO,
injected was not released at the end of hydrates dissociation. However, the thermodynamic
conditions and the time considered to complete the process impeded the presence of
hydrates at this phase. The “lost” quantity corresponded to the amount of carbon dioxide
dissolved in water. Test 1 started immediately after gas injection, or as soon the reactor
was closed. Consequently, CO, molecules dissolved in water during Test 1 and Test 2.
Only in these two experiments did the gas consumption remain significantly above zero
after the complete dissociation of hydrates. Moreover, such a phenomenon decreased with
time and, in Test 2, occurred with lower intensity. In tests from 3 to 6, the whole amount
of gas captured during hydrates formation was then released during dissociation. The
percentage of gas dissolved in water is a function of the temperature and, in particular, a
reverse proportionality exists between these two parameters. This explains why in Test
4 the final gas consumption was below zero. The whole quantity of gas involved in the
process was released and, in addition, a portion of gas dissolved in water moved again to
the gaseous phase. In Test 3, the dissociation temperature was moved for the first time up to
26 °C, while in the previous experiments it was limited to approximately 20 °C; even higher
values were reached in Test 4 (=28 °C). These higher temperatures led to the migration of
some CO, molecules dissolved in water to the gaseous phase. Such a quantity moved the
gas consumption below zero and can be quantified with this parameter. Finally, in the last
two experiments, the final temperature was not varied and remained approximately equal
to zero. As a consequence, the quantity of carbon dioxide dissolved in water remained
stable and the parameter GU only measured the amount of gas involved in the hydrates
formation/dissociation process. For that reason, it started from zero and approached the
same value at the end of the dissociation phase.

This parameter assumed a dual behavior as a function of temperature, in particular, in
the presence of temperatures above or below the ice-point.

In some tests, the gas consumption also increased at temperatures below 0 °C, while
in other tests, for instance in Test 3 and in Test 5, it lowered, even if the thermodynamic
conditions were extreme inside the hydrate stability zone. Additionally, in experiments
where GU continued to decrease, the pressure gradient lowered significantly. Considering
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the time lapse, during which the temperature remained below the ice-point, this means that
the ice formation competes with hydrates. Figures 11-16 proved that when the temperature
reached the ice-point, hydrates formation had already occurred abundantly; consequently,
ice and hydrates competed in the small amount of free space that remained and only a very
contained amount of gas was involved in this competition. However, in Test 3 and in Test
5, ice formation led to a partial release of gas and a consequent reduction in parameter
GU. Further analyses will be performed to understand if the gas released in this phase
belonged to the amount trapped into hydrates, to the amount dissolved in water, or both
of them. As soon as the temperature started increasing again (it was regulated from the
external) and approached 0 °C, the pressure decreased again, with a trend similar to that
observed during the initial phase of hydrates formation. The higher temperature made
hydrates formation more probable than ice formation and a higher quantity was trapped in
the unit of time, if compared with that observed at temperatures lower than 0 °C. Finally,
the dissociation phase started, and the gas consumption dropped until the process ended.
This brief analysis allowed us to assert that above 0 °C, hydrates formation is obviously
predominant, while at a lower temperature, it has to compete with ice-formation. Such
information has already been proved and discussed in the literature. However, these
experiments proved that the competition between these two compounds is a function of
temperature and, when the system is close to 0 °C, hydrates formation prevails.

3.3. Analysis of Formation and Dissociation Rate Constant

This paragraph analyses the formation/dissociation rate constant measured during
the experiments and shows its trend over time. While the time axis is in hours (as in
previous diagrams), parameter “k” has been calculated in minutes (min~!). The unit was
chosen according to the information present in the literature: we opted to use the same unit
in order to improve the comparability of the results with the material already present in
the literature.

The following Figures 17-22 show the rate constant trend over time observed during
each experiment.
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Figure 17. Description of parameter “k” over time in Test 1.
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Figure 18. Description of parameter “k” over time in Test 2.
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Figure 19. Description of parameter “k” over time in Test 3.
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Figure 21. Description of parameter “k” over time in Test 5.
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Figure 22. Description of parameter “k” over time in Test 6.

In all experiments, the rate constant alternated positive and negative values, proving
that hydrates contemporarily formed and dissociated. Such behavior was observed during
the whole of the experiments, or both during hydrates formation and dissociation, but
with different intensity. During the formation process, hydrates mainly formed, while the
contrary happened during the following dissociation phase. The overall trend was shown
with a tendency line, which provided a clear idea about how the process worked. The
alternate trend shown by parameter “k” strongly agrees with the Labile Cluster Theory.
Such a theory describes in detail the formation mechanism of the first hydrates nuclei and
is consequently mainly related to the initial nucleation phase. However, the presence of
thermodynamic conditions particularly close to the equilibrium phase boundary and the
continuous variation of them by varying temperature from the external led to a continu-
ous generation/destruction of labile clusters and hydrates nuclei, thus making the LCT
extendible to the whole process. According to this theory, the process begins with free
gas molecules, which absorb the guest molecules and firstly form labile clusters for then
generating the first unstable 5'2 structures. These compounds can dissociate again into
free water and gas molecules or continue their growth via collision and aggregation with
surrounding structures. When the cages share their vertices, small sl units are formed,
while small sII units are formed when cages share their faces. Once again, these more
complex structures may dissociate or continue their growth via aggregation. The process
continues in this way until the nuclei reach the so-called critical size. The stepped trend
of parameter “k” exactly described such a contemporary formation and dissociation of
hydrate structures.

Theoretically, the surface between the tendency line and the time axis should be equal
above and below such an axis. Even if a strong similarity between these two surfaces was
found in all experiments, only in Test 5 and in Test 6 did it effectively occur. On the other
hand, a small difference was noted; this was related to the variations in the quantity of
carbon dioxide dissolved in water.

In all tests, the formation phase appeared as a more gradual and lower process
compared with the following dissociation. The two respective phases are highlighted in
Figure 17 (Test 1) and can be extended to all other figures due to the similarity between all
tests carried out in this work.

Among these two phases, hydrates formation always showed a higher alternation
between positive and negative values. More in general, its trend was not the same in all
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experiments. Conversely, the rate constant had a more deterministic trend during the
dissociation phase and showed high similarity between tests. This specific property proved
again that hydrate formation is a more stochastic process than the dissociation one, mainly
for effects related to the nucleation phase. Regarding formation, the results obtained in
this study were compared with those already available in the literature. To do this, the
average “k” value for the formation phase was calculated for each experiment. The results
are shown in Table 1.

Table 1. Average “k” values measured during the formation phase of each test.

Test n° k [mol/min]
1 89 x 107*
2 2.82 x 107
3 225 x 1074
4 2.63 x 1074
5 1.16 x 1074
6 391 x 1074

The results shown in Table 1 strongly agree with the current literature. Chaturvedi
and colleagues [63] evaluated the formation rate in pure water and with the presence
of porous sediments. During the formation of hydrates, they measured values ranging
from 1.9 x 10~° mol/min to 3.5 x 10~3 mol/min in pure water and values ranging from
2.28 x 10~% mol/min to 9.68 x 10~% mol/min in the presence of porous sediments. With
the only exception of Test 2, all values obtained in this study are extremely close or
within the range obtained by Chaturvedi and colleagues. Similar results were also veri-
fied in previous research [5], where this parameter varied from 6.23 x 10~° mol/min to
6.53 x 10~* mol/min. In this latter study, as in [41], the highest values were obtained when
the reaction began and the first nuclei of hydrates occurred in the system.

The formation rate constant also gave an idea of the uncertainty associated with
measures. The dissociation phase can be used to describe the equilibrium phase boundary
for the system. However, the detected conditions did not describe exactly the equilibrium,
because they also considered the formation of new hydrates structures, which clearly
occurred and was noted with parameter “k”. If only negative values were found during
dissociation, this phase and the real equilibrium conditions would have coincided. In
this sense, the analysis of the rate constant allowed us to explain the differences which
commonly occur between the experimental and theoretical values regarding equilibrium.
In this work, such a difference mainly depended on the chemical composition of sand; thus,
the weak variation due to this “undesired formation” had a negligible effect and was not
observed in Figures 4-9.

4. Conclusions

This experimental study deals with carbon dioxide hydrates formation with fresh
water and a natural porous medium with a variegated chemical composition and is char-
acterized in previous research. Experiments were carried out consecutively: the same
gas—water mixture was used for each of them. Thanks to this solution, it was possible
to detect variations related to the memory effect. Firstly, the pressure and temperature
trend over time was shown for all experiments; then, thermodynamic conditions were
combined to characterize the phase equilibrium for the system, which was then compared
with the theoretical equilibrium, previously defined with values taken from the literature.
Moreover, gas consumption was measured throughout the experiments and expressed as
a percentage of the initial quantity of gas injected inside the reactor. Finally, the process
was considered as a first order chemical kinetic equation for the time dependence and
the formation/dissociation rate constant was calculated according to it. These analyses
allowed us to assert the following conclusions:
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Data about pressure and temperature conditions and the comparison between experi-
mental and theoretical equilibrium proved the persistence of the so-called “memory
effect” during tests. The difference between formation and dissociation diagrams
constantly decreased from Test 1 to Test 3, while in the remaining three tests, the two
curves were perfectly overlapped. In particular, in Test 1, the difference between the
formation and the dissociation curves reached values up to 4.5 bar, while in Test 6,
such a difference was completely negligible (absent or lower than 0.1 bar).
Conversely to the evidence presented in the literature, this work led us to assert that
the “memory effect” also partially persists at temperatures equal or slightly above
25 °C. In the literature, there is a substantial lack of information about the properties
of such a phenomenon in the presence of carbon dioxide and the present work proved
the need for further insights.

The gas consumption allowed us to quantify the percentage of carbon dioxide dis-
solved in water and its variation over time as a function of the local thermodynamic
conditions. Moreover, this parameter assumed a dual behavior in the presence of tem-
peratures, respectively, above or below the freezing point. In the latter case, it showed
a partial increase. Its trend proved the expected competition between ice and hydrates
formation; in addition, it proved that ice formation also caused a partial release of
gas molecules. Similar to point 2, here, further research will focus on defining if the
released quantity was related to the portion of CO, trapped into hydrates, dissolved
in water, or both.

The analysis of the formation/dissociation rate constant confirmed what was asserted
in the Labile Cluster Theory and extended its conclusion to the whole process (both
formation and dissociation). During experiments, the thermodynamic conditions
varied and, especially during hydrates dissociation, constantly remained close to the
phase boundary equilibrium; consequently, labile clusters and hydrates nuclei formed
and dissolved along the whole process.

Finally, such a parameter allowed us to characterize and explain the differences
which often occur between experimental and theoretical equilibrium values. Hydrates
formation constantly occurred during the dissociation phase, even if clearly less
pronounced than hydrates dissociation. This secondary phenomenon affected the
thermodynamic conditions and moved them away from the equilibrium. The analysis
of parameter “k” allowed us to well identify and quantify it in order to give an idea
of the uncertainty associated with the measurements.
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