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Abstract: This article consists of an experimental description about how the memory effect inter-
venes on hydrates formation. In particular, carbon dioxide hydrates were formed in a lab-scale
apparatus and in presence of demineralized water and a pure quartz porous medium. The same
gas-water mixture was used. Half of experiments was carried out in order to ensure that the system
retained memory of previous processes, while in the other half, such effect was completely avoided.
Experiments were characterized thermodynamically and kinetically. The local conditions, required
for hydrates formation, were compared with those of equilibrium. Moreover, the time needed for
the process completion and the rate constant trend over time, were defined. The study of these
parameters, together with the observation that hydrates formation was quantitatively similar in both
types of experiments, allowed to conclude that the memory effect mainly acted as kinetic promoter
for carbon dioxide hydrates formation.
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1. Introduction

Gas hydrates are ice-like solid crystalline compounds. In nature, the structures are
formed with water molecules, which are commonly referred as “hosts”. These structures are
filled with gaseous molecules, named “guests” [1]. Seven different typologies of structure
were proved possible to exist; however only three of them were found in nature [2]: the
cubic Structure I (sI), the cubic Structure II (sII) and the hexagonal Structure H (sH). The first
structure contains two small pentagonal dodecahedrons (5'2) and six tetrakaidecahedrons
(14-hedra, 5'262). It is the most studied and experimental replied structure, because
involves as guest compound both methane and carbon dioxide. More in general, it forms
in presence of gaseous molecules having diameters ranging from 4.2 to 6 A. The second
crystalline reticulate is made with sixteen cavities 52 and eight tetrakaidecahedrons (16-
hedra, 5'26%). It can host gaseous molecules having diameter lower than those included in
sl and also higher, in the range about 6-7 A. Typical example of guest molecules are oxygen,
nitrogen, argon (small size molecules) and propane, butane and hydrocarbon gas mixtures
(large size molecules). Finally, the third option is based on three 5'? cages, two irregular
dodecahedrons (435°63) and one tetrakaidecahedron (5'268). This latter structure can
contain molecules with diameter larger than 9 A, for instance, it may encage adamantane
and neohexane. To do this, it also needs to involve small-size molecules, required to reach
a stable configuration for the crystal, such as methane, xenon and hydrogen sulfide.

Probably the most interesting option, for natural gas hydrate exploitation, consists of
the possibility of replacing methane with carbon dioxide molecules, thus allowing, at the
same time, three crucial goals: recover methane, store carbon dioxide in a permanent form
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and preserve natural deposits by avoiding the dissociation of water cages [3]. Theoretically,
the exchange ratio, between methane and carbon dioxide molecules, is equal to one.
However, this value cannot be concretely reached in nature. In the cubic sl, methane
molecules can fill both the small 52 and the large 51242 cages [4,5]; differently, carbon
dioxide molecules can enter only in the second type of cage. It means that, in replacement
processes, the maximum efficiency is approximately equal to 75%. Higher efficiencies can
be reached by using flue-gas mixtures instead of pure carbon dioxide, thanks to the ability
of nitrogen to replace methane molecules in the small cages.

Natural gas hydrates reservoirs were found worldwide, where the conditions were
suitable for their formation and stability. Up to 97% of known reservoirs is sited in deep
marine sediments, due to the contemporary presence of relatively high pressures and low
temperatures [6]. The remaining 3% exists in permafrost regions. It is considered as an al-
ternative energy source, which may counterbalance the continuously growing of the energy
demand and the contemporary depletion of fossil fuel sources. Moreover, the possibility of
performing and even improving the recovery of methane with carbon dioxide utilization
and permanent storage, makes this source a potential leading parameter for the transition
towards RES. However, the current technologies are still far from becoming commercially
attractive and competitive. The main issues stay in the geography and morphology of sedi-
ments, the problems of heat and mass transfer into deposits, the environmental concerning
and, clearly, the costs currently required for hydrates exploitation.

All these reasons explain the relevancy of further scientific efforts in better understand-
ing the hydrate formation and dissociation mechanism, the influence of external elements
on the process (sediments, water composition, and so on) and the intrinsic properties of
the process, such as its stochastic nature (mainly during the initial nucleation phase), the
memory effect and the anomalous self-preservation.

This article aims to experimentally describe two of these key elements, in particular,
hydrates were formed within a small-size porous medium and tests were carried out
alternatively with and without the contribution of the memory effect.

About the porous medium, the effect of confinement on the thermodynamic properties
of hydrates formation and dissociation, has been widely explored in the past decades. In
1992, Handa and Stupin observed and quantified the inhibiting effect, associated to a
mesoporous silica sediment, on hydrates dissociation [7]. The same inhibiting action
was found and documented in several following studies [8-17]. Also theoretical studies
were carried out to explained the inhibition due to porous media [18-20]. In particular,
a modified version of the van der Waals-Platteeuw-based thermodynamic model was
used [21-23]. Such modification consisted of considering the reduction of the water activity
due to the presence of the porous medium [24-27].

Conversely, several researchers asserted that porous media can be able to preserve
hydrates structure, thus hindering their dissociation. Ullerich and colleagues proved that,
in presence of a porous medium, water molecules produce a thin layer on the surface
of the sediment, which drastically lowers the hydrates dissociation rate [28,29]. Katsuki
and colleagues studied methane hydrates dissociation in a glass micro model [30]. They
concluded that the release methane molecules do not compose a vapour phase over the
remaining water cages, they diffuse in water and quickly moved to the gas phase. The
hydrate structures close to the gaseous phase dissociate first; conversely, if structures are in
contact with the liquid phase, their dissociation may be temporarily stopped [31].

The hydrates growth in correspondence of the water-guest interface has been widely
studied in the recent years [32-34]. These studies helped in producing a physical picture of
phenomena which commonly occur upon hydrates formation and growth on the water
surface [32]. For instance, it was deinitively established that, when gas hydrates are formed
in unstirred systems, hydrates preferentially form at the water-guest interface and form a
thin film which covers such interface.

Filarski and colleagues tested the effect of differently modified particle beds on
methane hydrate formation [35]. They concluded that these fixed bed systems are able to
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compete with an optimized stirred reactor, but it’s necessary that the fixed bed is slightly
hydrophobic to achieve a high conversion of water into hydrates.

Em and co-workers verified that the improvement in the process kinetics, associated
to the presence of a porous medium, allows to reach similar results in terms of water and
gas conversion into hydrate, even at lower supercooling degrees [36].

When gas hydrates are formed two times consecutively with the same gas and water
mixture, the formation process will occur faster during the second attempt. This phe-
nomenon is referred as “memory effect”. Numerous researches confirmed that hydrate
dissociated solutions allow to faster and more massive formation of hydrates than fresh
solutions [37,38]. Two different theories were elaborated to explain the memory effect.
The first hypothesis is based on the permanence of residual structures in water, while the
second of them considers the permanence of hydrate crystallites diffused in the hydrate
dissociated solution [39]. The first description of such phenomenon dates back to approx-
imately 130 years ago [40,41]; since its discovery, the memory effect was found to be a
crucial parameter for the feasibility of hydrates exploitation in natural reservoirs [42]. The
type of guest compound present into water cages may affect the properties associated to
the memory effect. Takeya and co-workers described it during carbon dioxide hydrates
formation and concluded that it persists only at melting temperatures lower than 298 K [43].
Similar conclusions were possible also for methane hydrates [44]. Also time was proved to
be crucial in the permanence of such effect: the system retain memory of previous formation
of hydrates only if hydrates are decomposed at superheating temperatures, about 2—4 °C
above the equilibrium, for less than two hours [45]. The time factor is probably the reason
why several researchers asserted that memory effect might remain in the system, even
when dissociation temperatures equal or slightly above 298 K are fixed [46,47]. In addition
to the type of guest compound, time and melting temperature, also the porous medium can
make changes in the memory of the system. According to this, several researchers wrote
about the so-called “impurity Imprinting Theory” [48].

In this research, a comparison between carbon dioxide hydrates formation and disso-
ciation, carried out respectively in presence and in absence of memory effect, was made.
As previously explained, experiments were performed in presence of a pure silica porous
medium. Both thermodynamic and kinetic elements were considered. In particular, accord-
ing to previous studies [49,50] and to the current literature [51,52], hydrate formation was
considered a first-order chemical kinetic equation for the time dependence.

The two typologies of tests were compared thermodynamically and kinetically and the
main observed differences have been widely discussed. Experiments allowed to confirm
the kinetic promotion associated to the presence of memory in the gas-water mixture.

2. Materials and Methods
2.1. Experimental Apparatus

Experiments were carried out in a small-scale apparatus, containing a 316 stainless
steel unstirred reactor, a cooling room and a series of devices required for monitoring the
process and for gas injection/ejection. The reactor was built with the aim of obtaining
the same characteristics of the apparatus used in previous researches, whose description
is available elsewhere in literature [53,54]. The internal volume is equal to 1000 cm? and
has cylindrical shape. The geometry of the reactor and its main measures are shown in
Figure 1.
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Figure 1. Scheme of the reactor and its main measures.

The bottom is closed with a 316SS plate having 3 cm thickness, which is directly sealed
to the perimetral wall. Differently, the opposite section is closed with a flange, which
allows to inspect the internal volume, when required. The tightness is ensured with a
spiro-metallic gasket (model DN80 PN 10/40 316-FG C8 OR). Considering that heat is
provided or removed from the external, the cylindrical shape has been chosen to ensure
the thermal uniformity of the internal volume. The perimetral wall has been also equipped
with an integrated coil, which can be used when fast temperature variations are required.
For instance, it is suitable for circulating liquid nitrogen, thus drastically lowering the
internal temperature in few minutes. The internal diameter is equal to 7.79 cm, while the
height is about 21 cm.

Gas is injected from the bottom, where two channels were directly connected to gas
cylinders. Despite the reactor, also these tanks are positioned inside the cooling room, in
order to bring the guest compound to the same temperature of the sediment-water mixture,
before its injection inside the reactor. The choice of injecting the gaseous compound from
the bottom was taken to ensure a better diffusion of guest molecules within sand pores.

On the opposite side, the flange contains five channels. Two of them were used for the
insertion of temperature sensors, another for the pressure transducer. The fourth channel
hosts a safety valve (model E10 LS/150). Finally, the fifth channel is used for gas ejection.
It consists of two different sub-channels: the first allows to quickly eject the gaseous phase,
while the second is equipped with a pressure reducer and a porous septum and can be
used to take gaseous samplings.

The experimental apparatus is schematized in Figure 2.

The cooling room can lower the internal temperature up to —10 °C, with an accuracy
of £0.1 °C. Such room can be controlled manually or directly programmed. With this
second option, temperature can be controlled with high accuracy and its decrease inside the
reactor can be easily defined and ensured to be similar between experiments. Temperature
was measured with Type K thermocouples, having class accuracy 1, while pressure with
a digital manometer, model MAN-SD, with accuracy equal to 0.5 of full scale. Figure 2
shows the positioning of both elements. About thermocouples, six devices were used.
Based on what found in literature, several devices were used and positioned at different
depths and in opposite regions of the reactor, in order to control the whole volume and
detect any possible formation of temperature gradients inside the reactor [55-57].

All sensors were connected to a data acquisition system and managed with LabView.
More detailed information about the data acquisition system can be found in [58].
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Figure 2. Scheme of the experimental apparatus.

2.2. Materials

Before experiments, the reactor was filled with pure demineralized water and sand.
In particular, 270 cm® of water and 800 cm® of sand were inserted. This latter compound
consists of pure silica sand: its grains have spherical shape and diameter in the range
of 150-250 pm. The porosity of sand was measured with a porosimeter, model Thermo
Scientific Pascal 140 and is equal to 34-35%.

Finally, Ultra-High-Purity (UHP) carbon dioxide was used as guest compound. Its
purity degree is approximately equal to 99.99%.

2.3. Methods

After water and sand insertion, the flange was closed. Carbon dioxide was injected at
relatively high temperature, in order to completely avoid hydrates formation during the
injection phase. Immediately after, the reactor was closed. During experiments, none mass
exchange with the external was possible; only heat transfers occurred. The same gas-water
mixture was used for all experiments, which were equally divided in two groups. The
two kinds of test were carried out with the same method, the only difference stayed in the
dissociation temperature: in the first group, it was maintained below 25 °C, in order to
make the system able to retain memory of previous processes (according to [43]), while in
the second group, it was brought above this value.

The formation process started as soon as the cooling room was activated. The cooling
rate was the same in all experiments: the target temperature of the room was fixed at 0 °C
and the internal temperature gradually decrease until stabilize at values slightly above the
fixed value (the system is programmed to approach asymptotically the target temperature).
The trend which temperature assumed over time, is shown in Figure 3.

The enclathration of carbon dioxide molecules caused a slow and gradual reduction
of pressure, which allowed to easily monitor its trend from the external. While temper-
ature was constantly monitored and varied from the external, the local pressure varied
autonomously as a function of temperature and due to the evolution of the hydrate for-
mation process inside the reactor. The stabilization of pressure signed the end of hydrates
formation. The following dissociation phase was carried out by switching off the cooling
room. The reactor slowly tried to establish the thermal balance with the external environ-
ment. In this way, hydrates dissociation occurred slowly and gave us the possibility to
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define the phase equilibrium diagrams for the system. The experiments ended when all
hydrates previously formed were completely dissociated. However, in tests belonging to
the second group, the temperature was still increased until reaching and overcoming 25 °C.

30

25

[\
()

Pressure [bar]
s

—
[e)

Time [h]

Figure 3. Typical decrease in temperature programmed with the cooling system used during experiments.

Experiments were characterized both thermodynamically and kinetically. While
thermodynamic parameters were directly measured, the rate constant, used to describe
the kinetic of hydrates formation and dissociation, was calculated with the following

Equation (1):
k= _11,1((:02?)[1]_ )

The two terms inside brackets described the whole amount of gaseous carbon dioxide
present inside the reactor, calculated between two consecutive measures. The sampling
time was fixed to 30 s. The uncertainty in the measurement of this parameter depends on
the accuracy of the measuring instruments (which was provided in the previous section)
and falls on the third decimal place. The unreacted carbon dioxide was calculated as
difference between the initial quantity of gas injected inside the reactor and moles already
trapped into water cages.

This latter quantity was evaluated with Equation (2):

Vpore(Pi-1Z; — PiZ;_1)
Z: <RT— B )

PHYD

()

WlOZHYD =

In the equation, the term Vpogg represents the portion of volume available for hydrates
formation; it consists of the sum of free space present within sand pores and between
grains. Pressure and temperature were indicated with their initial letter, while “R” and
“Z" are respectively the gas constant and the compressibility factor. This last parameter
was calculated with the Peng-Robinson Equation (more detailed information about the
procedure followed at this step can be found in [59]. Finally, the term “pyyp” describes the
ideal molar density of hydrates and was defined according to literature [60,61].

The Role of Porous Sand on the Distribution of Hydrates within the Reactor

The addition of sand allowed to a well distributed formation of hydrates along the
whole reactor. The porous medium advantaged the process in two different ways. The



Sustainability 2021, 13, 13797

7 of 21

gaseous compound was injected from the bottom and consequently passed through the
whole reactor, untill filling the free space present immediately below the upper flange.
The sand pores, which occupied one third of the whole sand volume, entrapped gaseous
molecules during this phase. As a consequence of it, thousands of little gas-liquid interfaces
formed in the reactor and interested all its internal volume, with the only exception of the
highest portion of the reactor where neither water nor sand were present.

Moreover, the surface of sand grains acted as promoting agent for hydrates nucleation.
Due to the amount of sand inserted in the reactor (the precise quantity is given in detail in
Section 2.2), the effect of reactor walls on the hydrate formation process can be considered
negligible. The following two pictures show carbon dioxide hydrates formed with the
present experimental apparatus. In the case shown in Figure 4, hydrates were formed in
absence of sand, while Figure 5 is referred to the configuration adopted in the experiments
described in this work.

Figure 4. Carbon dioxide hydrates formed in absence of porous sand.

Figure 5. Carbon dioxide hydrates formed in presence of porous sand.

As expected, without sand, hydrates form only in correspondence of the gas-liquid
interface. Here, hydrates occupied the whole free spase, thus assuming the same circular
shape of the reactor. Conversely, when the reactor was filled with porous sand, carbon
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dioxide hydrates formed everywhere and clearly entrapped sand grains in their framework.
As shown in Figure 5, a single solid compound was found into the reactor and was easily
withdrawn. The situation found in our experiments has been already proved and discussed
in detail in previous works carried out with the same experimental apparatus [58]. It was
observed in literature that, in some studies, the formation of hydrate, carried out in presence
of porous media similar to that used in this work, assumed different configurations. For
instance, in [32] and related works [62], hydrates seemed to form mainly above the porous
medium (also as a function of the high availability of space in this region and due to the
different process conditions) while, in the experiments described in this manuscript, it
exclusively occurred within the sand sediment. In conclusion, the porous medium favoured
high distribution of guest molecules within the reactor and massive formation of hydrates,
which completely absorbed sand grains in their framework.

3. Results and Discussion

As explained in the previous section, carbon dioxide hydrates formation/dissociation
tests were repeated more times consecutively and with the same gas-water mixture. In the
first half of tests, the dissociation temperature was kept below 25 °C, considered the maxi-
mum value possible for the system to retain memory of previous formations. Differently, in
the second half of experiments, this value was exceeded and the memory effect completely
avoided. While temperature was controlled from the external, the pressure exclusively
varied as a function of the internal conditions of the reactor and as a consequence of the
enclathration of guest molecules within solid water cages.

In the following diagrams (Figures 5-10), pressure trend, measured during hydrates
formation, was shown as a function of temperature. Figures 6—8 describe the first group
of experiments, or those carried out with the contribution of the memory effect, while the
following Figures 9-11 show the second group of experiments, during which the system
did not retain memory of the previous processes. In the next pages, the first group will be
referred as “WM” (with memory), while the second group as “NM” (no memory).
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Figure 6. Pressure-temperature trend in Test 1, belonging to group WM (P; = 36.02 bar; T; = 5.9 °C).
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Figure 7. Pressure-temperature trend in Test 2, belonging to group WM (P; = 33.19 bar; T; = 5.9 °C).

40

Pressure [bar]
—_— [\ [\ (98] W
(9] S ()] () ()]

—
(=]

Figure 8. Pressure-temperature trend in Test 3, belonging to group WM (P; = 31.52 bar; T; = 4.1 °C).

Temperature [°C]

N T T 1 T T

B I 1 1 1 I

L i i i i i

LT T T e i T T (TP PRI ST

C i i i | — st

N | basmmnemrm VR Do) T

[ —— I I i i

L i i i i 1

| S Gemmmes PR A Gommmme S s

F ! ! ! ! =T

N 1 1 1 1 ="

B emmimimmo fmmemmm o emim oo meem T T jmmemmm o

C ; ; Lee==="TT ;

- ; hee===="T i i

_:._._._.-__.:.-_;-.-T_.;._.__-_—._.I_._._._._._.;_ ............ I ............. I ____________

:—-__ i 1 1 1 1

B I 1 1 1 I

Frommm b :

- ; ; ; Formation

i e emimimm Locimicem. - L L

X i i N Equilibrium

- i i i ! ;
T A e L A

0 1 2 3 4 5

Temperature [°C]

R It ittt TE L TE PP (e
i i i
i e, i
1 o 1 1 1
e~ i i i i
I Y FE PPN SOOI [ [
i ; ; i e
i a a a T
L e oo Jmimimm Locimim o - DT Jmmm oo -
1 1 1 """ 1
. ! - .
1 ] _’_—" I I 1
L e e e m = _I.__.;._.__—_-.:I__’. __________ Frmem e e s A A
———————T ; i ; i
| | | : -
I dememimmems EIEIETEIEAES LIEIEE - Formation -
1 1 1
| mm=—- Equilibrium [ ._.
1 I I
I ] ] 1 1
i i i i i
1 2 3 4 5 6



Sustainability 2021, 13, 13797

10 of 21

e

T (S P :—::_'_Jn.
< -
= O
— el T L T PETE TP
@ ———’———
S ———-——
= B e P PP SV UEPPIPP
v
7]
<)
R .
- T S L T Ty Formatlon .......

...................................................... Equilibrium | _ _ ]

S S S S S S S "
3 4 5 6

Temperature [°C]

Figure 9. Pressure-temperature trend in Test 4, belonging to group NM (P; = 36.26 bar; T; = 1.1 °C).

40
E D R A O S
[+ __—’
=2 -
o e
R R S L R R P R R R
= ————""
73 ———
@ ————
<] ————
e |5 e e e e e m i m i m e et it i == ]
A~
10 _:_ ............................................... - - .
i Formation
5 L eieiciciciciCicicicicicicicicicii] dmaan Equilibrium |-+
0 = —_—
0 1 2 3 4 5 6

Temperature [°C]

Figure 10. Pressure-temperature trend in Test 5, belonging to group NM (P; = 34.7 bar; T; = 4.3 °C).



Sustainability 2021, 13, 13797 11 of 21

N}
W
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
\

._‘

7y
1
i
i
i
i
i
i
i
i
Y
1
n
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i
i

Pressure [bar]
S
\
\

—_
(e
!

Formation

5 b ] Equilibrium|._._._.

Temperature [°C]

Figure 11. Pressure-temperature trend in Test 6, belonging to group NM (P; = 35.89 bar; T; = 2.4 °C).

Each figure shows two diagrams: the first was drawn with a continuous black line
and describes the formation process during the test, while the second appears with a
dotted line and represents the theoretical equilibrium for carbon dioxide hydrates. It was
defined by collecting experimental values produced in literature in the last years [63-76].
The formation process took place in a considerably more linear way in Tests WM than
in Tests NM, proving the high impact of memory effect on the process. In particular, in
Tests WM, the formation of hydrates started at relatively high temperatures (in Test 1 and
in Test 2, the process began at temperatures approximately equal to 6 °C). Differently, in
Tests NM, the process occurred only after the system reached lower temperature values
(2 °C or less). It means that, in absence of memory effect, the reaction required more
severe thermodynamic conditions to start and the pressure started decreasing, due to
hydrates formation, only when the system was widely within the hydrate stability zone.
The comparison with the phase boundary equilibrium line for carbon dioxide hydrates,
well highlighted this latter aspect. In Tests WM, the formation curve approached the
equilibrium one. A clear difference existed anyway and deepened of several reasons. Firstly,
the presence of a pure quartz porous sediment, which contributed to shift the formation
conditions to higher pressures and lower temperatures, as explained in [18-20]. In addition,
hydrates formation and dissociation always present differences between each other, and the
equilibrium is defined with the second type of curve. These differences mainly depend on
the stochastic nature of the formation process, especially during the initial formation of the
first hydrate nuclei. Conversely, hydrates dissociation is a more deterministic process and
is consequently more adherent to the real trend. However, in all Tests WM, the formation
trend clearly followed the equilibrium curve. A completely different behavior was noticed
in Tests NM, where none similarity, between the experimental and the theoretical lines,
was found.

The process required lower temperatures to begun, thus the initial distance from the
equilibrium was significantly higher. Then, the process defined a vertical trend, having the
temperature already reached its minimum (in all tests, the temperature was kept above
0 °C, to avoid hydrate formation inside the reactor). This concept has been schematized in
the following Figure 12, where both trends were shown together.
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Figure 12. Schematization about how the two different formation processes occurred: in Test
WM, the process approached the equilibrium curve while, in Tests NM, hydrates formed at almost
constant temperature.

The phase boundary equilibrium line divides the region of stability for hydrates
from the instability zone. However, when the thermodynamic conditions are shifted to
the stability zone, the formation rarely occurs immediately and in correspondence of the
equilibrium conditions. Before formation, the system must pass through the so-called
metastability zone, or a thermodynamic region where conditions are already feasible for
hydrates formation but the process is still not enough stimulated and does not occur
massively. The size of such region is function of several variables, such us, the type of
sediment, the specific guest involved and, more in general, the process conditions. When
the local conditions are within the hydrate stability zone, the distance between these
conditions and those of equilibrium, can be considered a driving force for the process.

In addition, due to the presence of a porous medium within the formation environ-
ments, further details about the thermodynamics of the process are needed. A phase can be
defined as a uniform ensemble of molecules at a fixed average density and temperature [77].
Usually, the chemical potential for different components is considered to be the same in all
phases; however, it is acceptable only if the phases are in an equilibrium system.

If the number of thermodynamic variables is higher than that of conservation equa-
tions, the system results mathematically under determined. In this case, the best solution
to determine the distribution of phases and the composition over in phases, consists of the
determination of the free energy minimum. In addition, even if the system is over deter-
mined, there is no certainty on the uniform chemical potentials of components across phase
boundaries [78]. For that reason, pressure and temperature equilibrium curves are almost
exclusively defined from system exclusively containing pure guest formers and water. In
this latter case, only one thermodynamic variable can be defined if the system is going to
approach the thermodynamic equilibrium. In most of experiments, as in those shown in
this work, hydrates are formed at thermodynamic conditions within the stability zone and,
in particular, temperatures are often lower than those defining the boundary conditions.
Heterogeneous hydrate formation can be reached with appropriate stirring, but the degree
of subcooling can represent a further variable to consider, because the subcooling degree
affects the filling fraction of guest molecules and the stability of hydrates.

The nucleation of hydrates towards mineral surfaces is thermodynamically favourable
and also the molecular transport of guest molecules is improved. More in depth, the porous
sediment exercises four different actions on hydrate formation [78]. If pores are excessively
small (usually less than 10-50 nm), they cause extra strain in the hydrate lattice. The result
is the need of higher temperatures and/or lower temperatures to reach the stabilization
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of hydrates. The size of pores is proportional to the grain size. In addition, the respective
positioning of solid particles represents a limitation for local movements of guest molecules,
which gain more time for nucleation [79,80].

Non-polar guest compound can be trapped in structured water, but the nucleation
phase rarely reaches the completion if such structure does not reach a separate hydrate
former phase. In this sense, the porous sediment affects the process in two opposite ways.
The surfaces of pores and grains play the role of inhibitors, because hydrate water can never
touch mineral surfaces (that condition is associated to the low chemical potential which
water has in the first adsorbed layers). Conversely, these surfaces are able to concentrate
hydrate formers via direct adsorption and act as potential nucleation sites.

As conclusion of the present reasoning, gas hydrates in sediments are not able to
establish the thermodynamic equilibrium, since pressure and temperature are only two of
several independent thermodynamic variables that control hydrate stability. In presence
of porous sediments, hydrates are thermodynamically over determined. Thus, pressure
and temperature stability limits cannot describe the equilibrium of the system by their
own and the best solution to address this problem consists of the free energy minimizing
approach [78].

Figures 6-11 proved that, when the system retained memory of previous formations,
the process needed of a lower driving force than that required in Tests NM, thus the
metastability zone was inevitably much thinner.

The wide initial distance between experimental and theoretical conditions, clearly
affected the linearity of the process. In Tests NM, several secondary peaks in temperature
where noticed, in particular in Test 4 (where an intense peak temporarily made the local
conditions closer to the equilibrium ones) and in Test 6 (numerous secondary peaks led
to the definition of a stepped trend). The presence of these secondary peaks denoted that
the formation process was not homogeneous in the whole reactor and, in some portions of
it, it occurred with a certain delay. The consequent production of heat, generated the fast
variations in pressure visible in Figures 9-11.

In Tests WM, the pressure drop associated to hydrates formation ranged from 9.1 to
15.4 bar, proving that hydrates formed massively also in absence of memory.

The analysis of thermodynamic conditions observed during experiments, suggested
that the memory effect mainly acted as kinetic promoter for the process. Thanks to this
phenomenon, the process occurred earlier and started at higher temperatures; moreover,
it immediately interested the whole volume available for the reaction. In conclusion, the
presence of memory effect did not affect the final quantity of hydrates produced; however,
it made the process more deterministic and predictable.

The difference in time spent for hydrates formation is well visible in Figures 13-18,
where the rate constant was shown for each experiment. As for the previous diagrams, the
first half is related to Tests WM, while the second to Tests NM.

These diagrams immediately show a further relevant difference between the two
groups of experiments. Hydrates formation required more time in absence of memory
effect. In Tests WM, approximately 3646 h were needed, while in Tests NM up to 164 h
were required. As expected, the process was faster in tests where the memory of previous
formations was maintained.
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Figure 14. Rate constant measured during hydrates formation in Test 2 (with memory).
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Figure 18. Rate constant measured during hydrates formation in Test 6 (no memory).

The rate constant was calculated every 30 s, by considering the amount of gas in-
volved in hydrates formation between two consecutive measures. Positive values mean
that, in the time lapse considered, hydrates formation exceeded their dissociation, while
the opposite happens in periods having negative k values. Diagrams clearly show an
alternation between positive and negative values, proving that hydrates formed and dis-
sociated continuously. In ideal processes, the rate constant during the formation phase



Sustainability 2021, 13, 13797

17 of 21

always assumed positive values. However, the trend observed in these experiments can be
explained with the Labile Cluster Theory, which characterizes the first phase of hydrates
formation, or the nucleation process [2,51,52]. The theory is based on four different steps.
At the beginning, primordial labile clusters, composed by a guest molecule surrounded
by 20-24 water molecules, form in the gas—water mixture. Then, free water molecules
absorb guest molecules and generate the first unstable 5'? cages. These cages can grow
or dissociate. The growing process is mainly due to the collision between different cages.
When vertices are shared, small sI units are formed; conversely, when faces are shared,
small slI cages are produced. Like the previous 5'2 cages, also these structures can dis-
sociate or continue their growth, via collision and aggregation processes. The process
continues in this way until hydrate nuclei reach the so-called critical size and the massive
growth begins. More in general, when the labile clusters form during the initial nucleation
phase and, then, continue their growth, until reaching the critical size, monotonic growth
occurs. This phenomenon has been explained with the excess Gibbs free energy which
exists between a little solid particle of solute and the solute in solution. The excess Gibbs
free energy consists of the sum of the surface excess free energy and the volume excess free
energy. While the first term was proved to increase with the size of clusters, the volume
excess free energy decreases. In particular, the surface excess free energy is proportional
to 12 (where “r” means the average radius sof the cluster), while the volume excess free
energy is proportional to r°. It means that, the overall Gibbs free energy decreases with
the growing size of the clusters. Figures 13-18 exactly describe the continuous formation
and dissociation of hydrates which characterized the whole formation phase. Because the
formation process occurred close to the phase equilibrium boundaries for the system and
due to the modality of growth of hydrates inside the reactor (the formation process did not
start from a single nucleation point; thanks to the presence of porous sand, which ensured
high concentration of guest molecules along the whole reactor) numerous nucleation sites
formed and the phases described in the Labile Cluster Theory interested the whole reactor
and were responsible for the trend observed in Figures 13-17. This behavior is also respon-
sible for the stochastic nature of the process: the contemporary occurrence of hydrates
formation and dissociation causes differences with the ideal trend and, more in general,
lowers the process.

In Tests WM, the rate constant ranged on average between +0.01 (min~!) in Test 2 and
in Test 3, while it assumed slightly higher values, about £0.015 (min~!) in Test 1. Differ-
ently, higher values were measured in Tests NM, where it oscillated within +0.04 (min~!)
in all experiments. To validate results obtained in this work, these values were compared
with previous works [1,49,50] and with results reached by other research groups [81]: these
results were proved to be consistent with what already present in literature. Such difference
confirmed what observed with the pressure-temperature description of experiments: in
presence of memory, the process was more linear and better approached the theoretical
trend. A less pronounced oscillation of k values means that the formation process was
gradual and less dependent on the local thermodynamic conditions. Even if the local
pressure and temperature gradually became closer to those of equilibrium, none relevant
variation was observed in hydrates formation. In Tests WM, the rate constant remained ap-
proximately equal from the beginning to the ending of the formation process: its oscillating
range remained the same along each experiment. Conversely, in Tests NM, with the de-
creasing of distance between experimental and theoretical thermodynamic conditions, the
rate constant increased in modulus, until reaching its maximum values, in correspondence
of the process ending. Also this phenomenon can be explained with the memory effect.
Experiments carried out in absence of it, generally showed higher k values. However, at the
beginning of each process, the system was widely within the hydrate stability zone, much
more than Tests WM. In that configuration, both groups of experiments generated similar
k values. The situation changed with the going on of the process. Thanks to the memory
of previous formations, the formation process in Tests WM was less dependent than the
local thermodynamic conditions, and parameter k assumed a visibly more stable trend, if
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compared with what observed in the other group of experiments. Conversely, due to the
lowering of pressure inside the reactor, Tests NM registered an increase of this parameter.
The highest oscillations were reached in correspondence of the process ending, where the
system had already reached the stability and the quantity of hydrates instantaneously
formed is completely balanced from the amount of hydrates dissociated. This equilibrium
made the pressure and temperature constant and marked the end of the formation process.

4. Conclusions

The present work deals with an experimental description about effects attributable
to the presence of memory effect. Two different groups of experiments were carried out.
A lab-scale experimental apparatus, expressly designed to reproduce offshore hydrate
reservoirs, was used. In both cases, carbon dioxide hydrates were formed in presence
of demineralized water and a pure quartz porous medium, which acted as sediment for
hydrates. Experiments were made with the same gas—water mixture. The only difference
stayed in the maximum temperature reached during the hydrates dissociation phase: in the
first group, it was maintained below 25 °C, considered the upper limit for the retainment
of memory; differently, in the second group such limit was exceeded.

Experiments were analysed both thermodynamically and kinetically; the following
crucial differences were noted and discussed in the text:

i. In the presence of memory effect, the formation trend was almost linear and well
approximated the phase boundary equilibrium. The distance between the two
curves mainly depended on the presence of the porous medium, with its specific
characteristics, and on the process variables which always characterize the for-
mation phase (equilibrium lines are defined during dissociation). Conversely, in
tests without memory, the process started only after the system entered widely
within the stability zone; thus, it occurred at lower temperatures and its trend was
completely different from the equilibrium curve.

ii. Time required for the process completion was drastically higher in tests without
memory, up to four times higher.
iii. The rate constant showed an oscillating trend in both situations, proving that the

hydrates formed and dissociated continuously, according to the Labile Cluster
Theory. However, in Tests with memory, oscillations were less pronounced.

iv. Moreover, in tests with memory, the rate constant remained constant over time,
proving that the process was less dependent from the local thermodynamic condi-
tions and. In particular, from their variation (remaining them within the hydrate
stability zone). Differently, in tests without memory, the rate constant increased
with time. Such phenomenon was explained with the decrease between experi-
mental and equilibrium thermodynamic condition, which gradually reduced in
intensity the driving forces of the process.

Finally, the pressure drop observed in the two groups of experiments was completely
comparable. It means that, hydrates formed massively in both cases. This latter consid-
eration allowed us to conclude that the memory effect mainly acted as kinetic promoter
for the process and, due to the tendency of hydrates to contemporary form and dissociate
at conditions close to those of equilibrium and also to the narrow thermodynamic region
which is generally available for CO,/CHjy replacement in natural reservoirs, it might
represent the key factor to consider for making these processes effectively attractive and
suitable for large scale applications.
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