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Abstract

Natural gas hydrates represent a valid opportunity in terms of energy supplying, carbon dioxide permanent storage and climate

change contrast. Research is more and more involved in performing CO2 replacement competitive strategies. In this context, the

inhibitor effect of sodium chloride on hydrate formation and stability needs to be investigated in depth. The present work analyses

how NaCl intervenes on CO2 hydrate formation, comparing results with the same typology of tests carried out with methane, in

order to highlight the influence that salt produced on hydrate equilibrium conditions and possibilities which arise from here for

improving the replacement process efficiency. Sodium chloride influence was then tested on five CO2/CH4 replacement tests,

carried out via depressurization. In relation with the same typology of tests, realised in pure demineralised water and available

elsewhere in literature, three main differences were found. Before the replacement phase, CH4 hydrate formation was particularly

contained; moles of methane involved were in the range 0.059–0.103 mol. On the contrary, carbon dioxide moles entrapped into

water cages were 0.085–0.206 mol or a significantly higher quantity. That may be justified by the greater presence of space and

free water due to the lower CH4 hydrate formation, which led to a more massive new hydrate structure formation.Moreover, only

a small part of methane moles remained entrapped into hydrates after the replacement phase (in the range of 0.023–0.042 mol),

proving that, in presence of sodium chloride, CO2/CH4 exchange interested the greater part of hydrates. Thus, the possibility to

conclude that sodium chloride presence during the CO2 replacement process provided positive and encouraging results in terms

of methane recovery, carbon dioxide permanent storage and, consequently, replacement process efficiency.
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Introduction

Gas hydrates are ice-like crystalline solid compounds, where,

in presence of suitable conditions of relatively low tempera-

ture and high pressure, small gaseous molecules, also called

“guests”, are trapped inside a hydrogen bonded network of

water molecules, called “hosts” (Sloan and Koh 2008; Sloan

Jr. 2003). The most important difference, existing between

water cage structures typical of hydrates and normal ice, is

the formation of polyhedral structures, which hydrates guar-

antee enough space for containing non-polar guest molecules

(Moridis et al. 2009). Hydrate structures may involve lots of

different “host”molecules; among them, the most investigated

and researched are hydrocarbons, i.e. methane (CH4), ethane

(C2H6) and propane (C3H8) (Sloan Jr. 2003). However, solu-

tions of interest consist in hydrates composed by carbon diox-

ide, flue–gas mixtures, ammonia and so on (Shin et al. 2012).

Natural gas hydrates (NGH) are diffused in deep oceans and in

permafrost regions, or elsewhere, thermodynamic conditions

are suitable and natural gas is present in presence of water

(Mori 2003).

Both the scientific and industrial interests on gas hydrate

were born from their several possible applications, in terms of

gas storage, energy production, carbon dioxide sequestration,

gas separation and desalination (Sun et al. 2018a, 2018b).

Moreover, it is completely justified by quantities: the energy
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producible from hydrocarbons contained into hydrates is at

least two times higher than energy which can be produced

from all conventional energy sources put together (Gambelli

2018). Also considering that, in presence of standard condi-

tions of temperature and pressure, 1 m3 of NGH corresponds

to 164 m3 of released methane (Boswell and Collett 2011),

hydrates are nowadays considered one of the most promising

high-density energy sources.

Several strategies for realizing the CO2 replacement have

been performed; from these, the most known are depressuri-

zation, thermal stimulation, chemical inhibitor injection and a

combination of them (Gambelli 2018). Depressurization strat-

egies are based on reducing hydrate reservoir pressure without

varying temperature, in order to move thermodynamic condi-

tions far from the equilibrium area, or the hydrate stability

zone (HSZ) (Li et al. 2015; Myshakin et al. 2016). With ther-

mal stimulation, the opposite strategy than depressurization is

performed: reservoir pressure remains unchanged, while tem-

perature is increased for going out from the HSZ (Lee et al.

2018; Gambelli and Rossi 2019). The use of chemical inhib-

itors, such as alcohols or sodium chloride, allows to move—in

correspondence of their injection—hydrate equilibrium con-

ditions to lower temperature and higher pressure values; thus,

because P–T conditions of the reservoir remain the same, wa-

ter cage dissociation is provided (Liang et al. 2018). The in-

hibitor effect of inorganic salts is related to their capability of

reducing water activity in the surrounding liquid phase, hin-

dering hydrates formation due to the lack of free water mole-

cules (Xu and Li 2014). Nowadays, the scientific research is

particularly involved in performing the CO2 replacement pro-

cess (Sun et al. 2018c). That method consists in injecting

carbon dioxide inside NGH reservoirs, in order to get methane

and, at the same time, store CO2 (Babu et al. 2015). The

permanent storage of carbon dioxide into water cages previ-

ously occupied bymethane molecules allows to two important

consequences: firstly, NGH reservoirs might become a carbon

neutral energy source (even if it is true only evaluating an ideal

efficiency of the replacement process, where all methane mol-

ecules recovered will be replaced with an equal number of

carbon dioxide molecules); moreover, the insertion of another

gas compound for replacing methane permits to avoid water

cage dissociation (Linga et al. 2007). Where present, hydrate

structures play a key role in terms of seafloor stability

(Ginsburg and Soloviev 1998; Paull and Dillon 2001).

Several researches were carried out for defining the relation

existing between mechanical properties of hydrate-bearing

sediments and seafloor deformation (Mel’nikov and

Kalashnik 2011). Sultan et al. (2004a, 2004b) attributed the

responsibility of soil resistance reduction to the excess of pres-

sure in rock pores caused by hydrate dissociation. The appli-

cability of CO2/CH4 exchange into water cages is based on the

differences in thermodynamic equilibrium conditions which

hydrates assume in function of the “host” gaseous specie:

carbon dioxide is capable to constitute hydrates at lower pres-

sure and/or higher temperature values than methane hydrates.

That difference generates a thermodynamic region between

CO2 and CH4 equilibrium curves, which can be exploited

for promoting the replacement process.

A more effective solution for NGH reservoir exploitation

consists in coupling different strategies: in this sense, the most

applied and verified combination forecasts the simultaneous

use of depressurization and thermal stimulation (Gambelli

et al. 2019a). In this work, we investigated the effect produced

by sodium chloride presence on carbon dioxide hydrate for-

mation, in order to propose a new further possibility: the com-

bination of CO2/CH4 replacement process with the use of

chemical inhibitors. If the hindering effect of NaCl presence

for hydrates is well known and widely documented in litera-

ture (Yu et al. 2018), the possibility that it could make the CO2

replacement process more feasible or not needs to be deep-

ened. Previous works (Gambelli et al. 2019b) proved how the

application of a CO2 replacement method on methane hydrate

core may be favoured, in terms of efficiency, in presence of

sodium chloride. In tests performed in these works, the per-

centage of carbon dioxide present into water cages was higher

than in case of absence of salt (or using pure demineralised

water).

In the first part of the present work, the CO2 hydrate for-

mation process was tested both in demineralised water and in

a aqueous solution containing 37 g/l of NaCl. That specific

value was selected by taking into account that the greatest

number of marine NGH reservoirs are situated in regions

where water salinity is in the range 30–37 g/l. In the second

part, some whole replacement tests were carried out; the meth-

od adopted, for promoting methane escaping and carbon
Fig. 1 Image of the reactor used for hydrate formation and CO2/CH4

replacement into water cages
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dioxide entrapping, was depressurization. For each test, the

quantity of formed CH4 hydrates before the replacement

phase, the amount of CO2 involved in the process and the

difference between hydrate moles present immediately before

and after the replacement process were analysed.

Experimental apparatus

The experimental apparatus was designed for reproducing a

sea bed natural gas hydrate deposit and then recovery methane

(Rossi et al. 2019; Gambelli et al. 2019c), contained into water

cages, via CO2 replacement strategies. It has already been

used in previous works; thus, a more deepened description

of its characteristics and performance (several scientific re-

ports highlight a relation between reactor’s geometrical char-

acteristics and hydrate formation efficiency (Gambelli et al.

2019a; Shagapov et al. 2017)) may be found elsewhere in

literature. The whole reactor is made with 316SS stainless

steel; its internal volume is about 949 cm3 and describes a

cylinder, with 7.3 cm diameter and 22.1 cm height. The lateral

surface has a wall thickness of 0.76 cm, while the upper and

lower section are sealed with two flanges, having 4.7 cm

thickness. The reactor is visible in Fig. 1.

The structure is capable to reach a pressure equal to 150

bar; over that value, a safety valve guarantees the gas outgoing

from the reactor for avoiding danger situations for operators

and reactor breakages. Methane is injected from the lower

flange, while carbon dioxide from the upper. That configura-

tion permits a good approximation of interventions in real

NGH deposit, where CH4 contained into hydrates usually

comes from the floor, while CO2 is introduced from the upper

area. Between gas cylinders and the reactor, two flowmeters

(model El–Flow F–112AC, by Bronkhorst) were inserted for

measuring quantities injected inside. A further channel for gas

flowing is present in the upper flange: it performs the dual

function of gas ejection, when it is necessary, and, thank to a

porous septum, provides the possibility of taking samples for

gas analysis. For internal volume considerations, also pipe

volume before closure due to valve presence was considered.

More detailed information is provided in Table 1.

Two further channels are present in the upper flange for the

insertion of, respectively, a digital manometer and four ther-

mocouples inside the reactor. The manometer, model MAN–

SD by Kobold, has an accuracy equal to ± 0.5% of full scale.

About temperature, four type K thermocouples were selected,

with class accuracy 1. They were disposed at four different

depths, in order to better control the process evolution during

experiments. Starting from the top surface, thermocouples are

Table 1 Reactor’s internal

volume specifications Board height 21 cm Internal pipe volume 1 cm3

Internal height 22.1 cm Volume of intake pipes 18 cm3

Depth from the edge 18.5 cm Gas volume from the high edge 90 cm3

Depth edge to the network 18.3 cm Total volume of free gas 109 cm3

Weld thickness 1.1 cm Internal reactor volume 949 cm3

Thickness from the edge 1 cm Total reactor volume 950 cm3

Internal diameter 7.4 cm

Fig. 3 Scheme of the completely assembled experimental apparatus
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Fig. 2 Thermocouples positioning inside the reactor and relative depths
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positioned, respectively, at 2, 7, 11 and 16 cm depths. Their

positioning is also described in Fig. 2.

While pressure is controlled by injecting different gas

quantities inside the reactor, for temperature condition regula-

tion, the reactor was inserted in a thermostatic bath, filled with

a mixture of water and glycol. Temperature is regulated with a

chiller (model GC–LT by Euro–chiller), which controls glycol

flow into a double cupper coil, which is positioned in the

internal part of the vessel lateral surface and modifies bath

temperature, thus, indirectly, the reactor one. Finally, a

scheme of the completely assembled experimental apparatus

is shown in Fig. 3.

Materials

For better simulating a real seafloor NGH reservoir, the reac-

tor was filled with sand (0.744 l) and distilled water (0.236 l).

Sand consists in quartz spheres having 500 μ and porosity

equal to 34%. Porosity was measured with a porosimeter,

model Thermo Scientific Pascal 140. In tests carried out with

sodium chloride, that compound was obviously added, with a

concentration of 37 g/l. Methane and carbon dioxide used for

hydrate formation have a certification of ultra-high purity de-

gree (UHP), with purity, respectively, equal to 99.97% and

99.99%.

Methods

The first part of experiments carried out describes carbon di-

oxide hydrate formation in presence and in absence of salt. In

both cases, tests were carried out with the same procedure.

Firstly, temperature was reduced until reaching values suitable

for hydrate formation; the temperature range selected was 2–4

°C. Then, CO2 injection started; consequently, pressure in-

creased until reaching the desired value. As soon as

thermodynamic conditions made the process feasible, hydrate

formation begun. The process is exothermic, so hydrate for-

mation is accompanied by a sudden temperature increase. In

correspondence of it, pressure started decreasing, due to gas

molecule entrapment into solid crystalline water cages.

Pressure continued decreasing until reaching the equilibrium

value (which is related to the local temperature). Moles of

carbon dioxide involved in hydrate formation were calculated

using the following equation:

nhyd ¼ Vpore Pi*Z f ‐P f*Zið Þ
� �

= Z f* RT‐P f=ρhyd
� �� �

ð1Þ

where nhyd are the CO2 moles entrapped into hydrate, Z is the

compressibility factor, calculated using the Peng–Robinson

equation, Vpore represents the sand pore volume and ρhyd is

the hydrate ideal molar density and was calculated by using a

density value from literature equal to 91 g/cm3 (Aregba 2017;

Takeyaa et al. 2006).

The second part of experiments did not describe only hy-

drate formation but concerned also CO2/CH4 replacement.

Firstly, methane hydrates were formed in the same way pre-

viously described for CO2 hydrates; then, CO2/CH4
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Fig. 4 Pressure vs temperature: comparison between test 1 (in blue) and

test 3 (in red)
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Fig. 5 Pressure vs temperature: comparison between test 2 (in blue) and

test 4 (in red)

Table 2 Pressure, temperature and moles values related to tests realised

in absence of salt

Pi [bar] Ti [°C] Zi Pf [bar] Tf [°C] Zf CO2hyd [mol]

Test 1 27.43 7.33 0.86 17.48 1.57 0.89 0.102

Test 2 25.23 6.51 0.84 17.09 2.86 0.89 0.083

Table 3 Pressure, temperature and mole values related to tests realised

in presence of salt

Pi [bar] Ti [°C] Zi Pf [bar] Tf [°C] Zf CO2hyd [mol]

Test 3 32.01 6.66 0.80 26.34 1.68 0.83 0.068

Test 4 29.93 6.59 0.81 24.26 3.60 0.85 0.058
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replacement was performed via depressurization: once CH4

hydrate formation finished, the reactor was put in communi-

cation with the external for both injecting inside CO2 and eject

CH4. In this way, a mixture of both species was ejected, while

only pure carbon dioxide entered. After that, the reactor was

closed and the replacement phase occurred. Once the process

finished, respective quantities of CO2 and CH4 involved into

hydrates were evaluated by making gas–chromatographic

analysis. Two different devices were used for analysis:

Molsieve 5A to detect methane and Poraplot PPU for carbon

dioxide. In all cases, measured uncertainty stays in the third

decimal place of output values.

Results and discussion

The first part of this section shows two hydrate formation

tests, realised in presence of salt water (37 g/l of sodium chlo-

ride) and, then, compared with two other tests performed in

pure demineralised water. The most relevant parameters about

tests carried out without salt are shown in Table 2, while the

same information for tests realised in presence of salt is in

Table 3.

In these tables, P and T represent, respectively, pressure and

temperature, while subscripts “I” and “f” describe the moment

in which the hydrate formation process began and when it fin-

ished. Compressibility factor is indicated with letter Z and was

calculatedwith the Peng–Robinson equation. Finally, parameter

CO2hyd shows the quantity (in moles) of carbon dioxide in-

volved into hydrates. The capability of carbon dioxide to dis-

solve in water cannot be neglected; for this reason, the quantity

of carbon dioxide involved into hydrates was calculated consid-

ering both the total amount of gas injected inside the reactor and

the quantity dissolved in water, which was evaluated using the

Henry law. In particular, this last value can be included in the

hydrate counter; in fact, the presence of suitable thermodynamic

conditions makes sure that, with the past of the time, dissolved

CO2 will be entrapped into water cages. The following figures

show a comparison between tests carried out in absence and in

presence of salt. Figure 4 makes a comparison between test 1

and test 3, while Fig. 5 is referred to test 2 and test 4.

In both diagrams, the black arrows indicate the time direc-

tion. Hydrate formation describes a pressure reduction, due to

the entrapment of gas molecules into solid structures. Also,

temperature decreased: the initial formation led to a sudden

increase from the thermostatic bath value to peaks shown in

the tables among, while temperature decrease visible in these

diagrams shows the restoration of thermal equilibrium, which

is constantly and slightly hindered by heat produced with the

progress of hydrate formation. Salt presence clearly affects

hydrate equilibrium: for similar temperature values, pressure

is significantly higher in tests carried out in presence of salt. In

previous works (Gambelli et al. 2019b), the same comparison

was made for methane hydrates, reaching the same final con-

clusions, or the inhibitor effect which sodium chloride
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tests realised without salt are dashed, while the continuous line describes
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Table 4 Parameters describing methane hydrate formation phase for all

replacement tests

Methane hydrate formation

Test A Test B Test C Test D Test E

V [cm3] 235 235 235 235 235

Pi [bar] 60.27 60.28 60.71 61.75 58.27

Ti [°C] 3.90 − 0.03 2.63 3.59 2.54

Zi 0.82 0.81 0.82 0.82 0.82

Pf [bar] 55.25 56.34 54.99 56.44 50.79

Tf [°C] 0.12 0.73 2.73 0.82 0.03

Zf 0.83 0.83 0.83 0.82 0.84

nCH4inj [mol] 0.750 0.770 0.759 0.769 0.729

nCH4hyd [mol] 0.061 0.070 0.080 0.059 0.103

Table 5 Parameters describing CO2/CH4 exchange phase for all

replacement tests

CO2/CH4 replacement phase

Test A Test B Test C Test D Test E

Pi [bar] 35.26 35.13 26.71 38.74 29.60

Pf [bar] 36.11 34.72 30.83 38.94 32.23

Pdiss [bar] 12.15 12.87 14.87 24.56 11.68

Tdiss [°C] -0.03 0.30 3.24 7.42 0.16

ndiss [bar] 0.126 0.133 0.152 0.247 0.121

CH4diss [%] 18.21 21.07 27.66 16.89 29.98

CO2diss [%] 81.79 78.93 72.34 83.11 70.02

nCO2hyd [mol] 0.103 0.105 0.110 0.206 0.085

nCH4hyd [mol] 0.023 0.028 0.042 0.042 0.036
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provides on hydrate formation. Topic of the present paper is to

give a contribution in the determination of a possible selective

behaviour of salt in function of the “guest” specie involved

into hydrates. The inhibitor effect of NaCl on the process is

widely proved in literature; however, not enough information

exists about its possible selective behaviour. The topic of this

work is graphically shown in Fig. 6, where equilibrium dia-

grams of CO2 and CH4 formation tests, carried out both in

presence and in absence of salt, were compared.

Methane tests here proposed were previously shown in

Gambelli et al. (2019b) and were selected properly for well

comparing how proved here with carbon dioxide with consid-

eration made in that work, making the same experiments, but

with methane.

The present comparison allows to make some further con-

siderations. First of all, the experimental equilibrium curve

better approximates the theoretical one for lower pressure

values. It depends by different factors. Considering the reactor

dimensions (typical of a lab-scale apparatus), a greater pres-

sure value may trigger the hydrate formation reaction in dif-

ferent areas of the experimental environment and in different

time periods. That phenomenon is observed in P–T diagrams

with a temporary deviation from the trend and can also be

observed in Fig. 6: the left side of CO2 curve realised in pres-

ence of salt clearly describes that. Moreover, it was observed

in several scientific works: Shagapov et al. (2017) explained

how kinetic has a key role in experiments carried out in small

size reactors. In particular, pressure is directly linked to sand

pore saturation degree and the experimental process is nearer

to the theoretical one for lower sand saturation values. The

thermodynamic region available for CO2/CH4 exchange con-

sists in the strip existing between CH4 and CO2 equilibrium

curves in P–T diagrams. In function of pressure, temperature,

gas concentration, partial pressure of each “guest” specie in-

volved, sand porosity and others, these two diagrams may

show some different behaviours. This work suggests that also

water salinity might be considered part of the previous list of

factors. While NaCl inhibitor effect is well known, the

possibility that its effect may be stronger or weaker depending

on pressure, temperature, porosity and, mostly, in function of

the “guest” specie needs to be deepened. Experiments shown

in Fig. 6 suggest that, during hydrate formation, CH4 and CO2

diagrams, due to sodium chloride presence, may vary in dif-

ferent ways from each other. If that variation leads to curve

removal, the greater space between them will guarantee a

higher CO2 replacement process efficiency.

That thesis was now supported with data obtained from

five complete CO2 replacement tests, carried out in presence

of salt. As explained previously, depressurization was adopted

as strategy for performing CO2/CH4 replacement. Table 4

summarises all parameters of interest about hydrate formation

phase of these tests, while Table 5 shows the CO2/CH4 re-

placement process. The following figures describe pressure

and temperature trend over time for all of them.

Letters and subscript here present and also used previously

in the text have the same meaning specified before. Reactor

internal free volume is shown with letter “V” and is the dif-

ference between the overall volume (949 cm3) and portions

occupied by quartz sand (491 cm3) and water (236 cm3). Sand

volume portion needs to be better specified: it occupies 744

cm3 but the presence of internal pores, which characterise the
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total volume for 34%, has to be taken into account.

Considering volumes described by channels used for gas in-

jection or measure device insertion, the total free volume

available for gas injection is properly 235 cm3. In Table 4,

parameters nCH4inj and nCH4hyd describe, respectively, moles

of methane injected inside the reactor and the respective part

involved in hydrate formation. In Table 5, Pi and Pf have the

samemeaning of their respective in Table 4, but are referred to

the replacement process. Pdiss and Tdiss are indicated pressure

and temperature reached inside the reactor once hydrate dis-

sociation was completed. In this case, temperature was used

for evaluating moles of gas entrapped into hydrates (ndiss),

whose composition was established via gas-chromatographic

analysis (CH4diss and CO2diss). Finally, considering moles of

formed hydrates and percentages of both species, the mole

quantity of carbon dioxide and methane entrapped into water

cages was calculated (nCO2hyd and nCH4hyd).

Seen in Table 4, moles of CH4 formed in the first phase in

significantly lower than the same value related to tests carried

out in absence of salt. According to how present in literature,

the introduction of sodium chloride, while keeping the same

test setting, led a decrease in moles of hydrates formed.

However, moles of carbon dioxide involved into hydrates

during the replacement phase are higher than methane

entrapped during the first step. Comparing these two values,

the difference clearly appears: before replacement, formed

methane hydrates are in the range 0.059–0.103 mol, while

carbon dioxide hydrates formed during replacement are in

the range 0.085–0.206 mol. Several factors caused that differ-

ence. Reactor free volume for hydrate formation in particular

contained 235 cm3 before CH4 hydrate formation and less for

CO2 formation, due to the presence of already formed solid

structures; thus, the lower presence of already existing hy-

drates led to a greater space and free water availability for

new hydrate formation. Also, methane hydrate dissociation

was particularly pronounced, with a consequent higher re-

placement rate.

The final amount of CO2 hydrates is given by the sum of

two different contributions: new structure formation and re-

placement of methane in already existing water cages. As

explained previously, the first quantity increased, but it is

not directly related to the replacement process, so it cannot

be taken into account for considerations about replacement

process efficiency. On the contrary, the consistent methane

hydrate dissociation was directly related to a more effective

replacement, which led to an efficiency improvement. Moles
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of methane remained into water cages are in the range 0.023–

0.042, or a little part of the initial quantity, lower of the re-

spective value measured in tests without salt and available

elsewhere in literature.

Thus, sodium chloride presence improves the replacement

process efficiency and is able to increase the percentage of

carbon dioxide storage. Nevertheless, a precise definition of

replacement process efficiency needs of a clear distinction

between these two quantities.

In Figs. 7, 8, 9, 10, 11, 12, 13, 14, 15 and 16, pressure and

temperature trend over time for all tests done is provided.

About temperature diagrams, the first peak indicates that

hydrate formation reaction began; the reaction exothermic be-

haviour is particularly pronounced during first nucleus consti-

tution and, in contained volumes as the used experimental

apparatus, causes a sudden temperature increase. In all tests,

immediately after that peak occurred, pressure began to de-

crease and continued until reaching stability, then it remained

constant. Temperature variation in the middle of each respec-

tive diagram is simply due to the reactor opening for carbon

dioxide injection and methane ejection; it has no scientific

relevance. However, it may be useful for graphically dividing

the two phases which compose all tests and also to understand

if CO2 hydrate reaction started during its injection or imme-

diately after. Diagrams’ part at left of that temperature peak

describe CH4 hydrate formation, as Figs. 4 and 5, while the

right side of each figure is related to the replacement process.

In this case, plots describing pressure–temperature curves are

not useful because the process involves both species and ther-

modynamic conditions do not permit methane hydrate equi-

librium, making that kind of diagram not useful for further

considerations. In the same way, in pressure diagrams, the

two phases are divided by the pressure decrease present in

the middle (it obviously occurred in correspondence of the

temperature peak), which was generated for promoting the

replacement phase. About that temperature peak, even if the

procedure adopted is similar in all test, in some cases, thermo-

couples registered a decrease in temperature, while in other

cases, the contrary occurred. Temperature decrease is due to

gas expansion inside the reactor which accompanied pressure

reduction, while its increase proves hydrate formation during

the injection phase, due to heat released by the reaction. The

final temperature drop is related to the complete ejection of

gaseous compound from the inlet, in order to allow and prop-

erly evaluate hydrate dissociation. In pressure diagrams, the

difference between trend CH4 hydrate formation and CO2

replacement phase needs to be deepened. In all tests, during

the first phase, only methane hydrate formation occurred, with

the consequent pressure decrease clearly visible in all dia-

grams. On the contrary, the replacement phase described the

balancing between CH4 hydrate dissociation, which provoked

an increase in pressure and CO2 hydrate formation and the

respective pressure reduction. That explains why the massive

CO2 hydrate formation was not accompanied by pressure de-

crease. Pressure trend in Figs. 11 and 15 well described that

aspect. Immediately after pressure decrease carried out for

promoting CO2/CH4 replacement, an initial increment was

registered, proving how in that phase the leading parameter

is methane hydrate dissociation; then, pressure slightly de-

creased due to the prevalence of CO2 hydrate formation. In

this sense, pressure decrease is more related to new structure
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formation than CO2 hydrates originated by the replacement

process.

Conclusions

The present work makes part of a wider experimental research

involved in defining how sodium chloride intervenes in the

CO2/CH4 exchange process into natural gas hydrate reservoirs

and what about possibilities of exploiting its characteristic for

improving the process efficiency.

Firstly, hydrate formation in presence of 37 g/l of so-

dium chloride was performed for both species. Results

proved the inhibitor potential which salt assumed during

the process, suggesting the possibility of a selective be-

haviour in function of the guest specie present into water

cages. Topic of this paper is verifying if a chemical in-

hibitor (salt in this case) may be considered helpful during

the CO2 replacement application. The last part of experi-

mental section describes five tests in which CO2/CH4 ex-

change was carried out via depressurization. As expected,

salt brought to a lower methane hydrate formation during

the first phase of all test (which was in the range 0.059–

0.103 mol). A particularly positive response came from

the total amount of carbon dioxide involved in hydrate

formation (0.085–0.206 mol), which had a dual prove-

nience: a higher new structure formation, favoured by a

higher space and free water available for the process, due

to a previous lower CH4 hydrate formation and a greater

CO2/CH4 replacement rate. Methane contained into hy-

drates after the formation process was particularly

contained (in the range of 0.023–0.042 mol), proving that

the greatest part of hydrates, composing the lab-scale res-

ervoir, were interested in the replacement process. Finally,

experimental results reached in this work brought to the

following conclusion: even if sodium chloride is a chem-

ical inhibitor for hydrate, it may be considered a potential

allied for improving the CO2/CH4 exchange process into

natural gas hydrate reservoirs. In particular, it may be

helpful for both increasing the quantity of methane recov-

ered and also the quantity of carbon dioxide permanently

stored in solid form. Thus, the suggestion of considering

another coupling between strategies used for intervening

in hydrate reservoirs, rather than the combination of de-

pressurization and thermal stimulation, or the adoption of

chemical inhibitors, such as sodium chloride, together

with CO2 replacement strategies. In this experience,

NaCl was selected for its diffused presence in correspon-

dence of seafloor reservoirs, its low cost and the neutral

impact on hydrate environment. In further works, the

adoption of other typologies of chemical inhibitors will

be investigated.
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