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Abstract
In both natural gas and petroleum reservoirs, the extracted gas is not only composed of methane: a variable and significant quantity of
other compounds, such as different hydrocarbons (ethane, butane, pentane, propane, etc.), inert gas (nitrogen), and toxic and corrosive
molecules (i.e., carbon dioxide and hydrogen sulfide), are present. In order to reach commercial specifications, natural gas has to be
treated, in particular for reaching the minimum gross calorific value required and decreasing CO2 and H2S presence under the
respective tolerance values. To do this, several different treatments are commonly applied, like inlet separation, sweetening, mercury
removal, dehydration, liquid recovery, and, finally, compression for its transportation. Considering the growing demand and the
necessity of exploiting also lower quality natural gas reservoirs, in the present paper, an original solution, for performing a gas
treatment, is proposed and analyzed. It consists of promoting hydrates formation for both different compounds separation and gas
storage. The greatest part of chemicals commonly present in natural gas is capable to form hydrates, but at different thermodynamic
conditions than others. Parameters such as the typology of stored compound and the formation process efficiency aremainly related to
partial pressure of each element. Here, the present strategy has been explored and the results achievable were shown. In particular,
different possible natural gas compositions were taken into account and specifications required for gas commercialization were
considered target of the process. Results led to different possibilities of raw gas treatment: in some cases, gas separation led to
contemporary CH4 storage into hydrate structures, while, in the presence of different mixture compositions, contaminants were
trapped into water cages and methane (and, eventually, other hydrocarbon compounds) remained in the gas phase.
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Introduction

Negative effects related to the presence of impurities in natural
gas (NG) are increasingly involving researcher attention, due
to the necessity of exploiting also reservoirs with a low purity
degree. In fact, the world consumption of natural gas will
reach over 110 trillion standard cubic feet per year and it is
estimated to increase to 200 trillion standard cubic feet per
year by 2040 (IEO, 2016). In contrast with the growing

demand, the greatest part of new discovered NG fields is poor
in quality (Ailin 2018) and has a methane content in the range
of 30–90%. Thus, growing attention is involved in developing
these low-quality gas reserves. Natural gas is classified as
sweet or sour (Demirbas 2010) and that classification depends
by the quantity of acid gases present in the mixture. The main
component of it is methane, but also other hydrocarbon com-
pounds are commonly present, such as ethane (C2H6), pro-
pane (C3H8), isobutene (C4H10), n-butane, pentane (C5H12),
and n-pentane. Rather than hydrocarbons, other substances
are diffused in NG and are, in every case, considered an issue
for human safety, environmental impact, and gross calorific
value of the mixture. Among them, carbon dioxide (CO2) and
hydrogen sulfide (H2S) are the most widely diffused. Other
gases include nitrogen (N2), helium (He), oxygen (O2), hydro-
gen (H2), mercury (Hg), and mercaptans (IEA, 2010). In par-
ticular, mercaptans are responsible of the gas characteristic
odor. Both CO2 and H2S represent the major impurities of
NG and their removal is necessary. Acid gas removal entity
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depends on the desired application; i.e., in an internal com-
bustion engine, a concentration of methane higher to 90% is
required (Harasimowicz et al. 2007). Carbon dioxide re-
moval is necessary for safety and ease of transport reasons
(IEA, 2010). The process of fog liquefying NG to be
transported requires a CO2 maximum concentration lower
to 50 ppm because, at temperatures necessary for gas liq-
uefaction (commonly lower than − 160 °C), CO2 will
freeze, with consequent operational problems, like
flowline blockage (Huo 2012). Moreover, high concentra-
tions of CO2 provoke a reduction of energy yielded when
burning the gas. Hydrogen sulfide presence is critical not
only in terms of energy production but also for human
health. The presence of 3500 ppm and over of H2S in
gas fuels is capable to cause corrosion of engines (Fang
and Zhu 2012) and a quantity of 1000 ppm is potentially
fatal to humans. Based on the US pipeline specifications,
the minimum gross calorific value required for natural gas
is 36.4 MJ per cubic meter, the maximum CO2 amount
should be lower than 2%, hydrogen sulfide should not
exceed 4ppm, and inert gas must remain below 4%
(George et al. 2016). Typical NG treatment, for reaching
commercial specifications, includes inlet separation,
sweetening, mercury removal, dehydration, natural gas
liquid recovery, and compression for transportation
(Zulhairun et al. 2020). In particular, CO2 and H2S are
usually separated from other compounds by using amine
solvents, absorption equipment, and membranes (Duo,
2012; George. et al., 2016). The remaining contaminants
are commonly removed via distillation and absorption.
The main problem of NG treatment stays in the process
complexity and in its costs. Moreover, the necessity of
exploiting reservoirs having a more significant quantity
of impurities will lead to a higher production of CO2

(mainly for separation), making necessary a more inten-
sive and expensive geological storage activity. The pres-
ent work deals with the possibility of adopting the hy-
drates formation process as a strategy for gas mixture
separation. Natural gas hydrates are solid crystalline com-
pounds, which naturally occur in the presence of NG,
water, and necessary conditions of relatively high pres-
sure and low temperature (Rossi et al. 2019). The interest
of researchers for hydrates arisen from NG pipeline block-
age they usually provoked, also at temperatures higher
than 0 °C. Previous works tested and proved the possibil-
ity of removing single compounds from a gas mixture by
hydrate formation, in function of partial pressure that each
species assumes inside the mixture (Gambelli et al. 2019a;
Castellani et al. 2019). Almost all NG components are
able to form hydrate and, in particular, methane, ethane,
propane, isobutane, carbon dioxide, hydrogen sulfide, and
also nitrogen and hydrogen, even if at completely differ-
ent thermodynamic conditions from other compounds,

thus the possibility of simplifying the gas treatment pro-
cess and reducing its costs by separating some elements
from other via hydrate formation. The number and typol-
ogy of gaseous species involved in the process is a func-
tion of their respective quantities in the whole mixture and
pressure and temperature used for the process: in some
cases, contaminants may be entrapped into water cages
and then removed, in order to increase the gaseous mix-
ture purity degree and, in other cases, methane and other
hydrocarbons may be involved in the formation. This sec-
ond solution also allows to provide the solid storage of
methane, which represents a solution of interest for NG
transportation, considering the average density of methane
contained in hydrates (Gambelli et al. 2019b). Different
NG compositions were taken into account and, according
to pressure and temperature required for hydrate forma-
tion of each species described in Sloan Jr and Koh 2008),
the results achievable by varying the process thermody-
namic conditions were shown.

A brief overview on natural gas treatment

The treatment of natural gas consists of a sum of different
processes (Alcheikhhamdon and Hoorfar 2016), which are
(i) phase separation; (ii) acid gas removal; (iii) natural gas
dehydration; (iv) natural gas liquid (NGL) recovery, and (v)
liquefaction of natural gas.

In every NG treatment facility, phase separation is the first
step. Before further processes, natural gas has to be separated
from condensate and water, which might be already present or
produced inside the pipelines, due to the heavy component
condensation. The most used method consists in the gravity
separation process; it focused on the relative density of sepa-
rated fluids. The gas–liquid separation efficiency is given by
the maximum size of liquid droplets allowed to be entrained
with the separated gas.

The acid gas removal units are present at the early stages
of gas handling due to the elevated costs related to the use
of corrosion-resistant facilities. The goal is moving acid
gas quantities below the required limits. Processes adopted
for acid gas removal are grouped with the term “sweeten-
ing.” The present term is also used for CO2 removal be-
cause processes used are the same. Carbon dioxide remov-
al is needed for the prevention of corrosion problems, in-
creasing the NG calorific value, and avoiding frost forma-
tion in refrigerating units. The content of carbon dioxide is
reduced as a function of pipelines required for specifica-
tions (usually 2–3% v/v) (Alcheikhhamdon and Hoorfar
2016). More restrictive requirements occur in the presence
of cryogenic units, in order to avoid the formation of frost
CO2. Here, the presence of such gas should not exceed 50
ppmv (Klinkenbijl et al. 1999). After CO2, the most
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dangerous compound, in terms of pipeline corrosion, is
hydrogen sulfide. However, the prior reason for its remov-
al stays in its toxicity for humans and for the environment
(Beitler et al. 2011). The H2S content inside the treated gas
must be lower than 4–10 ppmv (Centre for Energy
Economics 2004). Also, other contaminants, such as mer-
captans (organosulfur) and carbonyl sulfide need to be re-
moved. In fact, an elevated presence of organosulfur ele-
ments is associated with an incomplete combustion and to
sulfurous acid rains. Because of its toxicity, once removed,
H2S cannot be released in the atmosphere; that gas is usu-
ally flared to produce sulfur oxides (SOx), which are less
dangerous for both humans and the environment (U.S.
Environmental Protection Agency Office 2015). Firstly,
the residual gas is enriched in H2S by scrubbing carbon
dioxide, then one-third of H2S is combusted for SO2 pro-
duction and, immediately after, it reacts with the remaining
quantity of H2S to produce elemental sulfur.

Technologies adopted for gas sweetening are liquid desic-
cant absorption, solid desiccant adsorption, and membrane
separation. The optimal strategy is chosen time per time as a
function of maximum acid gas concentration tolerated,
technology’s reliability, process capacity, and others
(Tennyson and Schaaf 1977). However, the most adopted
strategy for acid gas removal consists of liquid desiccant pro-
cesses (Arnold and Stewart 2008).

Dehydration consists in liquid water removal from NG,
which is naturally present inside reservoirs with oil and gas.
Water provokes humidification of the gas, with an equilibrium
quantity of water vapor. That equilibrium is a function of
pressure, temperature, and gas composition; in particular,
higher temperature or lower pressure and a higher acid gas
concentration are related to a higher NG water saturation limit
(Zirrahi et al. 2010). Dehydration is necessary for avoiding
condensation in pipelines and gas handling facilities, where
it would contribute to causing pressure drop and corrosion.
Another significant issue associated with water present in nat-
ural gas stays in the potential formation of hydrate compound,
which are capable to completely avoid the gas flow into pipe-
lines (Gambelli 2018; Gambelli et al. 2019c). Different strat-
egies for gas dehydration have been performed in the past
decades and the appropriate technology is chosen by taking
into account the maximum quantity of water which can be
tolerated in the gas, rather than gas processing capacity, pro-
cess conditions, and facility location. The most used methods
are liquid desiccant absorption and solid desiccant adsorption
(Anyadiegwu et al. 2014).

In the major part of cases, natural gas is saturated with an
equilibrium quantity of heavy hydrocarbons, having a high
molecular weight. That quantity is a function of the reservoir
oil properties and is also related to pressure and temperature
reached during the gas treatment phases. In particular, NG
absorbs a greater amount of such hydrocarbons in presence

of relative high temperature and low-pressure values. Unlike
the previously described contaminants, heavy hydrocarbons
also provide some positive contribution to the whole mixture.
They have a higher calorific value than methane; thus, their
presence enriches the specific NG and increases its commer-
cial price. The main problem associated to heavy compo-
nents is their tendency to condensate and so lead to two-
phase flow and slugging regime in gas transport facilities.
That phenomenon is avoided by a hydrocarbon dewpoint
verification process: when necessary, a partial heavy com-
ponent removal from NG is performed to reduce the
dewpoint below the maximum tolerated value for gas trans-
port. Another reason for heavy component limitation in NG
is the necessity of not exceeding with the mixture calorific
value. In fact, lots of turbines and gas burners are designed
to work with fuel gases having a specific calorific value
range (usually they are designed to work with fuels having
the same specification required for NG production) (Farag
et al. 2011; Kurz et al. 2004). The hydrocarbon dewpoint
control is an alternative possibility to define the NGL re-
covery process. The separation of NGL is carried out in an
external refrigeration unit, where appropriate thermody-
namic conditions promote the high dewpoint hydrocarbons
condensation.

Finally, natural gas liquefaction is necessary for its trans-
portation via pipelines. The gas transport phase is accompa-
nied by technical, economical, and political problems
(National Petroleum Council 2011) and the liquefaction of
NG may contribute to reduce their entity. Firstly, the gas to
liquid volume ratio for a unit mass is 600:1; moreover, the
energy density of liquefied natural gas is comparable with
other fuels (i.e., it is at least 60% diesel oil). Natural gas liq-
uefaction requires cryogenics conditions (− 162 °C)
(Songhurst 2014). The liquified natural gas units need a more
restrictive raw gas treatment before the liquefaction process
(Klinkenbijl et al. 1999). In particular, carbon dioxide content
must be lower than 50 ppmv, in order to avoid frost formation.
About hydrogen sulfide, its contents must be reduced to 0–4
ppmv. Also, the dehydration process has to respect more re-
strictive requirements: the maximumwater content accepted is
1 ppmv. The contemporary mercury removal (if present) is
needed for avoiding metal embrittlement corrosion and con-
sequent gas losses (Wilhelm 2009). The maximum gas mer-
cury tolerated is equal to 10 ng/Nm3 and that results is usually
reached by using solid desiccants. A last consideration about
inert gases contribution is needed. Their presence strongly
reduces the NG heating value, rather than increasing transport
phase costs (greater volumes) and gas volatility. Nitrogen is
the most diffused inert gas in NG. It is usually separated from
the remaining mixture upstream of the liquefaction unit, or
downstream, by exploiting the difference in boiling point be-
tween methane and nitrogen for gas-liquid separation
(Mitariten 2001). In fact, natural gas liquefies at − 162 °C,
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while nitrogen needs lower temperatures (− 195.8 °C) (Finn
and Nitrogen 2007).

Methods

Hydrate formation conditions, for each species present in
NG mixtures and capable of being involved in that pro-
cess, were defined by taking into account data reported
in Sloan Jr and Koh 2008) and published elsewhere in
the literature. In a temperature range of 273–285 K, for
each degree, the pressure value required for hydrate for-
mation was defined for methane, ethane, propane, bu-
tane, hydrogen sulfide, nitrogen, and carbon dioxide.
Then, six different NG compositions were proposed, dif-
ferent from each other in particular for CH4, CO2, and
H2S respective percentages. Five possible mixture pres-
sure values were taken into account for hydrate forma-
tion: 20, 40, 60, 80, and 100 bar. For each value, differ-
ent possible results of hydrate formation, as a function of
different temperature values present in the range describe
previously, were discussed for all NG mixtures defined.
In the “Results and discussion” section, five tables for
each different mixture are shown: every table is related
to specific pressure values and shows which compounds
are capable of forming hydrates at different temperature
values. Hydrate formation was evaluated by considering
partial pressure of all species, calculated with the Dalton
law.

Results and discussion

Once evaluated the possible NG compositions, six different
mixtures were assumed. In Table 1, only elements capable to
form hydrates were shown in terms of percentage composi-
tion. If their sum is different from 100%, the reason stays in

the assumption that some other compounds are present in the
gaseous mixture but are not capable to form hydrate. Also,
nitrogen and hydrogen were added to this last group; even if
they theoretically might produce hydrates, pressure, and tem-
perature required conditions and their respective continued
presence in the mixture, makes their involvement in the for-
mation process unfeasible.

Considering that raw natural gas commonly consists of 30–
90% methane (Zulhairun A.K., 2020), these six compositions
move from 38 to 88 % of it. Other hydrocarbons and contam-
inant quantities ware widely varied from Hp. 1 to Hp. 6. In
particular, CO2 moved from 3 to 20%, while H2S was in the
range of 3–7 %. Heavy hydrocarbons moved from 1–2% to
10–11%. As previously explained, other compounds, such as
nitrogen, C5+ hydrocarbons, hydrogen, oxygen, and mercury,
were not considered because, due to their chemical structure
or to their very contained presence, they could not form
hydrates.

Thermodynamic conditions for hydrate formation

In this section, a graphical description of gas hydrate forma-
tion in presence of a single type of guest is shown. The dia-
grams are based on a data collection of equilibrium values
previously published in the literature. Finally, the last diagram
proposed describes thermodynamic equilibrium conditions
for hydrate containing natural gas mixtures. In that case, the
specific composition of each mixture has been reported, in
order to provide a clear idea about the weight of each gaseous
species contained in the mixture.

Figures 1, 2, 3, 4, 5 and 6 show two different trends: meth-
ane, carbon dioxide, and nitrogen assume the same behavior,
or a relatively gradual increase in pressure needed for hydrate
formation with the increasing temperature; conversely, eth-
ane, propane, and butane have an almost constant trend of

Table 1 Different natural gas composition considered for the hydrates
formation process evaluation

Gas mixture composition [%]

Hp. 1 Hp. 2 Hp. 3 Hp. 4 Hp. 5 Hp. 6

CH4 88.0 78.0 68.0 58.0 48.0 38.0

C2H6 2.0 4.0 7.5 7.5 10.0 11.0

C3H8 1.0 3.0 5.0 7.0 8.0 10.0

C4H10 1.0 3.0 5.0 7.0 8.0 10.0

H2S 3.0 5.0 5.0 5.0 7.0 7.0

CO2 3.0 4.0 5.0 10.0 12.0 20.0
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Fig. 1 Phase equilibrium diagram for pure methane hydrate (Bavoh et al.
2017; Bottger et al. 2016; Gambelli and Rossi 2019; Kassim et al. 2019;
Saberi et al. 2018; Sadeq et al. 2017; Semenov et al. 2015; Shu et al.
2019)
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pressure, until reaching a critical temperature value, after
which pressure immediately and drastically increases.
Obviously, even if the trend is similar, each compound is
characterized by different specific equilibrium values. In par-
ticular, carbon dioxide equilibrium occurs milder conditions
than methane hydrate, even if the thermodynamic region be-
tween the two respective equilibrium curves can be considered
relatively narrow, while nitrogen hydrates require significant-
ly more severe conditions to be formed.

About the other compounds, pressure-temperature equilib-
rium values are close to each other and extremely lower than
the previous compounds. Conversely, once the critical tem-
perature value is reached, pressure increases drastically and
hydrate formation requires more severe conditions than other
compounds.

If natural gas mixtures are directly involved in hydrate
formation, the equilibrium trend assumes a different configu-
ration if compared with single species and it is a function of
the specific concentration of each compound, as it is possible
to see in Fig. 7.

In Fig. 7, seven different natural gas mixtures have been
shown, having the following concentrations, here expressed in
molar fraction: NG1: 0.8721 CH4, 0.0126 C2H6, 0.001 C3H8,

0.0508 CO2, 0.0635 N2; NG2: 0.7213 CH4, 0.01 C2H6,
0.0007 C3H8, 0.2186 CO2, 0.0496 N2; NG3: 0.82 CH4,
0.113 C3H8, 0.042 C4H10, 0.05 CO2; NG4: 0.7354 CH4,
0.175 CO2, 0.0696 H2S, 0.02 N2; NG5: 0.8502 CH4, 0.0501
CO2, 0.0947 H2S, 0.05 N2; NG6: 0.8251 CH4, 0.11 CO2.
0.0349 H2S, 0.03 N2; and NG7: 0.9112 CH4, 0.0503 C2H6,
0.0149 C3H8, 0.069 C4H10, 0.0048 CO2, 0.0046 N2.
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Fig. 2 Phase equilibrium diagram for pure ethane hydrate (Sloan and
Koh, 2008; Sundramoorthy et al. 2016)
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Fig. 3 Phase equilibrium diagram for pure propane hydrate (Mooijer-van
den Heuvel et al. 2002; Thakore and Holder 1987)
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Fig. 4 Phase equilibrium diagram for pure butane hydrate (Thakore and
Holder 1987; Buleiko et al. 2018)
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Fig. 5 Phase equilibrium diagram for pure carbon dioxide hydrate (Chen
et al. 2009; Herri et al. 2011; Khan et al. 2017a; Khan et al. 2017b; Kyung
et al. 2014; Nema et al. 2017; Shicai et al. 2015; Gambelli and Rossi
2020; Gambelli et al. 2020)
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Fig. 6 Phase equilibrium diagram for pure nitrogen hydrate (Herri et al.
2011; Yasuda et al. 2013; Jarrahian and Nakhaee 2019)
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In all cases, the main component is methane, which ranged
from 0.7213 to 0.9112 mf; for that reason, the equilibrium
behavior of hydrate with those natural gas mixtures is very
similar to that of methane. However, data present in the liter-
ature only describe mixtures having a high percentage of
methane. Conversely, in the following sections, methane con-
centration was significantly lowered than those values, vary-
ing from 88 to 38%.

Mixture having a CH4 content of 88 %

Results reached for mixture 1 are shown in Tables 2, 3, 4, 5,
and 6. In all cases, tables are ordered in function of mixture’s
pressure, from 100 to 20 bar.

Seeing Tables 2, 4, 5, and 6 clearly appears how, in the
function of different pressure and temperature values, several
solutions are possible. With the present natural gas composi-
tion, three different solutions are feasible: (i) hydrate forma-
tion involving only methane; (ii) CH4 and H2S hydrate forma-
tion, and (iii) CH4, C4H10, and H2S hydrate formation. In

every case, irrespective of the selective NGmixture, that strat-
egy has to be accompanied with other further operations. For
example, in the case of contemporary CH4 and H2S entrap-
ment inside water cages, a consequent step for H2S removal
will be necessary. The only exception is given by pure meth-
ane hydrate formation. In that case, also the presence of other
compounds usually diffused in natural gas, but non considered
in this section, may be neglected, because of the unfeasibility
of hydrates formation for them. Thus, when only CH4 hydrate
formation occurs, two targets can be reached at the same time:
methane separation from other contaminants and its storage in
solid form (which is a potential definitive solution for gas
transportation). Even in this case, some further operation will
be necessary for the remaining gas treatment. Hydrogen sul-
fide must be separated from other gases and converted in SO2

or in pure sulfur, before being released. To do this, the same
method should be applied, in particular by considering its
different behavior in forming hydrates than other contami-
nants. However, this further aspect, or the contaminant mix-
ture treatment carried out without a selective hydrate
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NG2; Mu L. and Cui Q., 2019

NG3; Bishnoi P.R. and Dholabhai P.D., 1999

NG1; Mu L. and Cui Q., 2019

NG4, Liu H. et al., 2017

NG5; Liu H. et al., 2017

NG6; Liu H. et al., 2017

NG7; Xu S. et al., 2017

Fig. 7 Phase equilibrium
diagrams for gas hydrate
containing natural gas mixtures
having different concentrations
(Liu et al. 2017; Xu et al. 2017;
Mu and Cui 2019; Bishnoi and
Dholabhai 1999)

Table 2 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 100 bar, for mixture 1

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗
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formation process, will be deepened in future works. Pure
methane hydrates may be produced at the following different
thermodynamic conditions (related to the whole mixture):
100 bar and 284 K, 80 bar and 283–285 K, 60 bar and 279–
280 K, and, finally, 40 bar and 276 K. Hydrates involving
both methane and hydrogen sulfide are possible in presence
of 100 bar and 274–283 K, 80 bar 273–280 K, 60 bar and
273–280 K, and, finally, 40 bar and 273–275 K. Even if that
case requires a second step for pure methane production, it
may be preferred to the previous solution, due to the consid-
erably higher range of possibility to reach it and to the signif-
icant difference in pressure–temperature conditions between

hydrates formation about the two different compounds. In
fact, gas mixture separation via hydrate formation in the
presence of only two different species is absolutely easier
and more efficient than in the presence of several different
elements. Finally, a mixture of CH4, C4H10, and H2S hy-
drates is possible only with 100 bar and 273 K. In con-
clusion, with NG compositions similar to the present one,
hydrate formation is a particularly effective strategy for
heavy hydrocarbons, carbon dioxide, and inert gas remov-
al and, in the presence of specific pressure, and tempera-
ture conditions are also able to perform hydrogen sulfide
separation.

Table 3 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 80 bar, for mixture 1

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 4 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 60 bar, for mixture 1

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 5 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 40 bar, for mixture 1

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗
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Mixture having a CH4 content of 78 %

This second mixture leads to another different possibility,
or the H2S removal from NG via its entrapment inside water
cages. The formation of only H2S hydrates occurs at several
different thermodynamic conditions: 100 bar and 284–285
K, 80 bar and 282–285 K, 60 bar and 280–283 K, 40 bar
and 276–280 K, and, finally, 20 bar and 273–275 K
(Tables 7, 8, 9, 10, and 11). Even in this case, methane
may be entrapped into hydrates; the main difference with
the previous composition is the unfeasibility of entrapping

only methane. Three different mixtures into hydrates are
possible: (i) CH4 and H2S; (ii) CH4, C4H10, and H2S; and
(iii) CH4, C3H8, C4H10, and H2S. Even here, the contem-
porary formation of CH4 and H2S hydrates cover the
greatest combination of analyzed pressure and temperature
values. Unlike the first mixture, also propane may be
entrapped, in particular at 100 bar and 273–276 K, 80 bar
and 273–274 K, and 60 bar and 273 K. Thus, with gas
mixture composition similar to this one, the immediate pro-
duction of pure methane hydrates is no longer possible.
However, hydrogen sulfide removal in solid form is now

Table 6 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 20 bar, for mixture 1

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 7 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 100 bar, for mixture 2

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 8 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 80 bar, for mixture 2

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗
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feasible, and also propane can be involved in the formation
process.

Mixture having a CH4 content of 68% (Tables 12, 13,
14, 15, and 16)

With the constant reduction of methane presence in the NG
mixture, several further options become feasible. Even in
this case, carbon dioxide is not involved in hydrate forma-
tion and a promising option consists of forming only H2S

hydrates, in order to separate this compound from the NG
mixture. For the first time, also ethane may be involved in
the formation process. With this kind of gas composition,
two further options of interest are feasible: pure carbon
dioxide removal and heavy hydrocarbon removal. In the
presence of specific conditions, all species are able to form
hydrates, rather than carbon dioxide. In particular, it occurs
at 100 bar and 273–276 K and 80 bar and 273–274 K. In the
presence of such conditions, CO2 may be removed in its
gaseous phase, and then the remaining mixture needs of

Table 9 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 60 bar, for mixture 2

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 10 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 40 bar, for mixture 2

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 11 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 20 bar, for mixture 2

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗
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further treatments for acid gas removal and so on. On the
contrary, some particular conditions lead to the formation
of hydrates containing only H2S and some heavy hydrocar-
bons. In the presence of 40 bar and 275 K, only H2S and
C4H10 are capable to form hydrates, while in the presence
of 40 bar and 274 K, also propane can be added to the
previous. This second solution permits to carry out a gas
sweetening operation and, at the same time, to decrease
natural gas dewpoint by removing a part of heavy hydro-
carbons present inside.

Mixture having a CH4 content of 58%

Even with this kind of mixture, three main options are pos-
sible: H2S removal, CO2 separation in gaseous phase, and
H2S and heavy hydrocarbon removal. H2S removal occurs
at 100 bar and 281–285 K (Table 17), 80 bar and 280–285
K (Table 18), 60 bar and 278–283 K (Table 19), and 40 bar
and 277–280 K (Table 20). Carbon dioxide separation in
gaseous form is possible at 100 bar and 273–276 K and at
80 bar and 273–274 K. A further possibility consists in

Table 12 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 100 bar, for mixture 3

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗

C2H6 ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 13 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 80 bar, for mixture 3

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗

C2H6 ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 14 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 60 bar, for mixture 3

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗
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removing both CO2 and C2H6 in gaseous form and is pos-
sible only at 60 bar and 273–276 K. The last option con-
sents the separation of all heavy hydrocarbon compounds,
with the only exception of ethane; it may be performed at
60 bar and 277 K, 40 bar and 273–276 K, and, finally, at
20 bar and 273–275 K (Table 21).

Mixture having a CH4 content of 48%

For the first time, the partial pressure of carbon dioxide is
enough elevated to permit hydrates formation, that occurs

only at 100 bar and 273 K (Table 22). This particular case is
not interesting because also all other species are involved in
the process, without any exception. Here, the possibility of
heavy hydrocarbon removal, accompanied with H2S separa-
tion, is more pronounced than in previous NG compositions.
In particular, it occurs at 80 bar and 278 K (Table 23), 60 bar
and 275–278 K (Table 24), 40 bar and 273–276 K (Table 25),
and 20 bar and 273 and 275 K (Table 26). Carbon dioxide
separation in gaseous form is possible at 100 bar and 274–277
K, 80 bar and 273–276 K, and, finally, 60 bar and 273–274 K.
A little further option consists in removing both carbon

Table 15 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 40 bar, for mixture 3

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 16 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 20 bar, for mixture 3

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 17 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 100 bar, for mixture 4

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗

C2H6 ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Page 11 of 17     846Arab J Geosci (2021) 14: 846



dioxide and butane in gaseous form; it is possible only at
100 bar and 277–279 K and 80 bar and 277 K.

Mixture having a CH4 content of 38%

Natural gas mixtures, having a methane concentration equal
to 38%, were described in Tables from 27, 28, 29, 30, and 31.

This last NG composition has the lowest methane content;
here, CO2 is about 20% and its entrapping into water cages
occurs in a more extended range of thermodynamic condi-
tions. Only hydrogen sulfide and H2S with heavy

hydrocarbon separation are the two options of interest.
About this second possibility, some differences occur if com-
paring this case with the previous NG mixtures. For the first
time, the hydrate formation process can be used for removing
all heavy hydrocarbons capable of forming hydrates (ethane,
propane, and butane), together with hydrogen sulfide. It oc-
curs in correspondence of 80 bar and 276 K and 60 bar and
273–275 K.

In conclusion, with elevated concentration of methane in
natural gas mixtures, the main possibility related to hydrate
formation consists in separating methane from all other

Table 18 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 80 bar, for mixture 4

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 19 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 60 bar, for mixture 4

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 20 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 40 bar, for mixture 4

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗
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Table 21 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 20 bar, for mixture 4

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 22 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 100 bar, for mixture 5

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CO2 ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 23 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 80 bar, for mixture 5

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 24 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 60 bar, for mixture 5

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗
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compounds and, at the same time, storing it in solid form.
With the decrease of its concentration, firstly also the possi-
bility of involving only H2S in hydrate formation and, thus,
removing it occurs. Then, also carbon dioxide removal in
gaseous form and heavy hydrocarbon separation by their en-
trapment into hydrates, together with hydrogen sulfide, be-
come feasible. In particular, with the reduction of methane
presence, this last option becomes more and more pronounced
and extended to a wider range of pressure–temperature condi-
tions, until reaching the possibility of contemporary removing
all heavy hydrocarbon present into natural gas and capable to

form hydrate (this last consideration excludes C5+ hydrocar-
bons because, due to their always limited presence, they can-
not be involved in the process).

Conclusions

The term natural gas indicates a gaseous mixture mainly com-
posed of methane, and also comprising some different com-
pounds, such as heavy hydrocarbons, acid, and inert gases.
While the first group may represent a valid opportunity for

Table 25 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 40 bar, for mixture 5

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 26 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 20 bar, for mixture 5

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 27 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 100 bar, for mixture 6

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CO2 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗
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Table 28 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 80 bar, for mixture 6

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CO2 ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 29 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 60 bar, for mixture 6

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 30 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 40 bar, for mixture
6

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✓ ✗ ✗ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

Table 31 Contribution of different compounds to the hydrate phase as a function of temperature and with mixture pressure equal to 20 bar, for mixture 6

Temperature [K]

Gas 273 274 275 276 277 278 279 280 281 282 283 284 285

CH4 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C2H6 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C3H8 ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

C4H10 ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

H2S ✓ ✓ ✓ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗

CO2 ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗ ✗
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increasing the NG calorific value, the other two groups only
bring several issues in terms of gas transportation, pipeline
corrosion, gas calorific value reduction, toxicity for humans
and for the environment, and so on. Even heavy hydrocarbons
may constitute a problem, due to their higher tendency to
condensate than methane, thus necessitating gas treatment be-
fore its commercialization. After a brief overview of the most
important phases related to the gas treatment process, the pres-
ent work suggests a further option, consisting of the use of the
hydrate formation process as a strategy for different NG com-
pound separation. Based on data presented elsewhere in the
literature, six different NG compositions were supposed and
their capability of forming hydrates was verified at five differ-
ent pressure values, i.e., 100, 80, 60, 40, and 20 bar and in a
temperature range of 273–285 K. Starting from the assump-
tion that some elements are not capable to produce hydrates
(because of their chemical structure or their very contained
presence) and that also contaminant mixtures must be treated
before being released in the external environment, the hydrate
formation process cannot be only used, but may replace some
alternative and more energy-intensive and costly operations.
Results reached for these different mixtures highlighted the
possibility of performing different targets, depending on the
percentage of methane present in the NG mixture. In case of
high CH4 concentrations, the most effective solution consists
in pure methane separation and its entrapment in a solid form
that makes it immediately ready for transportation. With the
decreasing of CH4 concentration in NG, other options become
more feasible: (i) hydrogen sulfide removal in solid form; (ii)
pure carbon dioxide (or carbon dioxide with part of heavy
hydrocarbon separation in gaseous form); and (iii) contempo-
rary hydrogen sulfide and heavy hydrocarbon removal in solid
form. This last possibility is the most feasible in correspon-
dence of mixtures having the lowest CH4 content and, in some
cases, brings to all heavy hydrocarbon removal (obviously,
only the species capable to form hydrates), together with hy-
drogen sulfide.
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