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ABSTRACT: To determine the appropriate operating conditions for separating methane (CH4) from drainage coal-bed
methane (CBM) mixed with air, a hydrate-based methane separation method is proposed. The amount of gas uptake, CH4
concentration in decomposed gas phase, CH4 split fraction, and CH4 separation factor are investigated at the initial operating
pressure range of 1.50−4.50 MPa and 279.15 K in the presence of sodium dodecyl sulfate (SDS) with the concentration range of
0−1000 ppm in 1.0 mol % tetrahydrofuran (THF) aqueous solution. The results indicate that the 1.0 mol % THF aqueous
solution with the addition of 300 ppm SDS at 2.50 MPa and 279.15 K is the optimal condition for recovering CH4 from the
drainage CBM via hydrate formation. Under the condition, the final amount of the gas uptake, the CH4 concentration in
decomposed gas phase, the CH4 split fraction, and the CH4 separation factor after a one-stage hydrate-based separation are up to
0.1364 mol, 69.93 mol %, 86.44%, and 10.77, respectively. The result illustrates that the hydrate-based CH4 separation is a
promising method to recover CH4 from the drainage CBM at mild conditions. Moreover, CH4 recovered from the drainage
CBM can be directly utilized in industry.

1. INTRODUCTION
Coal-bed methane (CBM), mainly consisting of methane
(CH4), is a significant source of clean energy with a significant
resources in China. The reserves of the CBM resource buried
to a depth of 2000 m is more than 34 trillion cubic meters,
ranking third in the world.1 It exists in three forms in the coal
seams: absorbed in the porous media, free in the fracture, and
dissolving in the underwater of coal bed.2 Thus, there are two
principles to exploit CBM, such as discharging water3,4 and
replacing with carbon dioxide (CO2).

5 Due to the complicated
coal seam occurrence conditions, reservoir geological con-
ditions, coal distribution, etc., discharging water is most widely
applied to collect CBM through the extraction system of coal
mines.6 Accordingly, the exploited CBM is called drainage
CBM with a low and unstable concentration of CH4 mixed with
air. Consequently, such drawbacks lead to the difficulties and
risks for the subsequent processes of disposing the drainage
CBM. Thus, the drainage CBM can only be emitted into the
atmosphere to ensure the safety of coal mining. As a result, a
large amount of potential clean resources are wasted, and the
environment is contaminated. In China, the amount of CBM
discharged into the atmosphere is approximately 1.94 billion
cubic meters per year, ranking first in the world.7 Therefore, it
is necessary to undertake research on separating and recovering
CH4 from the drainage CBM.
However, the CH4 concentration in drainage CBM is as low

as 15−60 mol % and can even be lower than 15 mol %.8

Drainage CBM can not be utilized directly in industry as
natural gas unless the CH4 concentration in the CBM is higher
than 90 mol %. After the pretreatments of sulfur removal,
desiccation, and deoxygenation, the drainage CBM mainly
contains CH4 and N2. Consequently, the recovery of CH4 from

the drainage CBM is focused on the separation of CH4 from
the CH4/N2 gas mixture. At present, the technologies of
separating the CH4/N2 gas mixture contain cryogenic
fractionation, pressure swing absorption, and membrane
separation. However, those technologies can not recover CH4
from the drainage CBM effectively due to the limitations of
cost and security on facility and operating process.9 For
example, the cryogenic fractionation technology can not ensure
the stable operating condition for the variation of the CH4
concentration in the drainage CBM, which requires changing
the refrigerant composition to obtain a better CH4 separation
efficiency. The pressure swing absorption technology can not
achieve a high CH4 separation efficiency for the limitation of
the absorbent, which has a close separation factor and little
difference in absorbing capacity between CH4 and N2.
Although the membrane separation technology has the
advantage of simple craft and easy operation, it requires a
huge cost of membrane materials. The above traditional gas
separation technologies are not utilized widely in the industry
to concentrate CH4 from the drainage CBM. Therefore, an
alterative safe and efficient way is required to recover CH4 from
the drainage CBM simulation gas (the CH4/N2 gas mixture).
The hydrate-based separation is a potential technology to
achieve the separation purpose.
The basis of the hydrate-based separation is the selective

partition of the target component between the hydrate phase
and the gaseous phase. Recently, the hydrate-based separation
technology is generally applied to recover CO2 from flue and
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fuel gas.10−18 However, little is known about recovering CH4
from the CH4/N2 gas mixture. Happel et al.19 first proposed the
different equilibrium conditions of the hydrate formation.
Recently, the hydrate-based separation technology was adopted
in the recovery of CH4 from the CBM resource.20−26 According
to literature, the hydrate formation pressure of CH4, N2, and
the CH4/N2 gas mixture with 50.25 mol % CH4 are 5.02, 28.29,
and 6.13 MPa, respectively, in the pure water system at a
constant temperature (approximately 279.15 K).27−29 Hence,
the CH4 hydrate can be formed more easily than the N2
hydrate by controlling the operating pressure at the constant
temperature.
However, the hydrate formation rate, the amount of the gas

uptake, and the CH4 separation efficiency are key factors which
determine the application of the hydrate-based CH4 separation
technology in industry. Furthermore, in the pure water system,
the hydrate formation pressure of the CH4/N2 gas mixture is
too high to engender huge equipment and operating costs for
the application of the hydrate-based separation in industry and
the hydrate formation rate is too low to achieve large scale gas
separation. In order to effectually lower the hydrate formation
pressure and improve hydrate formation rate, the amount of the
gas uptake, and the CH4 separation efficiency, the hydrate
formation additives or promoters, such as tetrahydrofuran
(THF), sodium dodecyl sulfate (SDS), and tetrabutylammo-
nium bromide (TBAB) are added in the separation processes.
The formation pressure of the CH4 and N2 hydrate sharply
drops in the systems with THF but the amount of the gas

uptake and the CH4 separation efficiency obviously decrease as
well.21,22 However, Zhang et al.22 demonstrated that methane
can be directly separated from the methane, nitrogen, and
oxygen gas mixture via hydrate formation in the tetrahydrofur-
an solution without the pretreatments of deoxygenation.
Nevertheless, the formation pressure of the CH4 and N2
hydrate is quite high in the SDS solution21 and the CH4
separation efficiency is only improved up to approximately 50%
in the TBAB solution in the presence of SDS.23 Therefore, the
above hydrate formation systems are not available to recover
CH4 from the drainage CBM efficiently and reduce the cost in
industrial application. Thus, it is necessary to study a new
system to increase the hydrate formation rate, the amount of
the gas uptake, and the CH4 separation efficiency.
In this work, THF and SDS are adopted as the mixture

promoter. Effects of the additions of the SDS with the different
concentrations in 1.0 mol % THF aqueous solution and the
different initial operating pressures on the hydrate formation
rate, the amount of the gas uptake, the CH4 concentration in
the decomposed gas phase, the CH4 split fraction, and the CH4
separation factor were investigated. The purpose is to find the
optimal condition for recovering CH4 from the drainage CBM.

2. MATERIALS AND METHODS
2.1. Apparatus. Figure 1 shows the schematic of the experimental

apparatus.12 It consists of a supply vessel (SV) and a high hydrate
crystallizer (CR) made of 316 stainless steel. The CR with an effective
volume of 336 mL and the SV with the maximum volume of 1250 mL

Figure 1. Experimental apparatus: CR, crystallizer; SV, supply vessel; T, thermo probe; P1 and P2, pressure transducers; R, resistance transducer;
and GC, gas chromatographer.
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are located inside the temperature-controlled water bath. The CR
contains two visible windows to observe the process of hydrate
formation. The contents in the CR are agitated by a magnetic stirrer
(0−1000 rpm). The pressure in the CR and SV is measured using a
MBS3000 absolute pressure transducer (0−25 MPa) with ±0.02 MPa
accuracy. The temperature in the CR is measured using a Pt1000
thermo probe (JM6081) with the uncertainty of ±0.1 K. The signals of
the pressure and temperature are acquired by a data acquisition system
driven by a personal computer (PC). Hydrate formation experiments
are conducted in a semibatch manner at constant pressure and
temperature. The gas from the SV is supplied continuously into the
CR to ensure the constant pressure of the CR.
2.2. Materials. The CH4 and N2 mixture gas with 50 mol % CH4

supplied by Guangdong South China Special Gases Technology
Institute Ltd., China, was used to model the drainage CBM. THF with
a purity of 99.9% was supplied by Tianjin Kermel Chemical Reagent
Co., Ltd., China. SDS with a purity of 99.9% was supplied by Tianjin
Fuchen Chemical Reagent Co., Ltd. The deionized water was obtained
by an ultrapure water system with a resistivity of 18.25 mΩ·cm−1 made
by Nanjing Ultrapure Water Technology Co., Ltd., China. GC522 gas
chromatography (GC) was supplied by Shanghai Wu Feng Scientific
instrument Co., Ltd.
2.3. Procedures. In this work, all hydrate formation experiments

are carried out in a semibatch manner with 180 mL volume of solution
and a continuous supply of gas at constant pressure and temperature.
The experimental procedure of hydrate formation and separation
experiment is similar to that of recovering CO2 from flue or fuel gas.12

In the experiments, the 1.0 mol % THF solutions with different mass
concentration of SDS (0, 250, 300, 500, 1000 ppm) are used. (1)
Before doing the experiment, the CR is cleaned using deionized water
and dried. Then, the 180 mL solution prepared with a desired
concentration is introduced into the CR for each experiment.
Subsequently, the CR with the solution is flushed with the CH4/N2
gas mixture at least four times to ensure that is air-free, and then the
CH4/N2 gas mixture is charged into the cell for the desired initial
operating pressure. (2) Once the temperature is stabilized, the
magnetic stirrer in the CR is started at the speed of 500 rpm and the
experimental time also begins to be recorded as 0. As the gas in the CR
is consumed on account of the hydrate formation, high pressure gas
automatically flows from the SV into the CR to maintain the constant
operating pressure through the proportional−integral−derivative
(PID) control system. During the experiment, the temperature and
pressure in the system are recorded by a PC automatically. (3) After
the system pressure is maintained constant for more than half an hour,

the hydrate formation is considered to be completed. The magnetic
stirrer is stopped, and the residual gas is sampled and analyzed with
GC. Moreover, the change of moles of gas consumption in the CR
(gas uptake) with time (t) can be calculated by the equation given by
Linga et al.18 The moles of the gas uptake (ΔnH) can be expressed as
follows:

Δ = −
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where z is the compressibility factor calculated by Pitzer’s
correlation.30 The subscript t refers to time t. The subscript 0 refers
to the initial time. The subscript G refers to the gas phase in the
crystallizer. The subscript SV refers to the gas phase in the supply
vessel. (4) After the end of hydrate formation, the pressure in the CR
is quickly depressurized to atmospheric pressure, and then, it is closed.
Thus, the hydrate is allowed to dissociate completely by heating to
293.15 K. Subsequently, the gas, which evolved from the decomposed
hydrate and was released from the solution, is collected in the CR, and
the composition of the decomposed gas phase is determined by GC.

Prior to commencing the separation experiment, one cycle of
hydrate formation and decomposition is carried out to ensure the
memory effect. The solution with the memory effect can obviously
shorten the induction time of the hydrate formation.31

2.4. CH4 Separation Efficiency. The separation efficiency can be
determined by the CH4 recovery or split fraction (S.Fr.) and CH4
separation factor (S.F.), which can be obtained according to the
following equations.17,32
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where nCH4

feed is defined as the moles of CH4 in the feed gas. nCH4

H and
nCH4

G are the moles of CH4 in the hydrate and gas phases, respectively.
nN2

H and nN2

G are the moles of N2 in the hydrate and gas phases,
respectively.

Table 1. Experimental Conditions along with Composition Analysis and Separation Efficiencies for Different Systems

concentration in
residual gas

phase (mol %)

concentration in
decomposed gas
phase (mol %)

runs system T (K)
P

(MPa) CH4 N2 CH4 N2

gas uptake
(mol) S.Fr. S.F.

ti
a

(min)
Vb

(mol/min) × 10−3

1 1.0 mol % THF 279.15 3.50 47.37 52.63 58.09 41.91 0.1490 0.7218 2.38 8.5 1.43
2 1.0 mol % THF + 250 ppm

SDS
279.15 3.50 42.10 57.90 66.40 33.60 0.1632 0.6183 3.56 5.2 1.29

3 1.0 mol % THF + 300 ppm
SDSc

279.15 3.50 46.06 53.94 58.78 44.22 0.1501 0.7757 2.17 7.2 1.65

4 1.0 mol % THF + 300 ppm
SDS

279.15 3.50 45.61 54.39 65.73 41.27 0.1682 0.8187 3.34 2.3 1.39

5 1.0 mol % THF + 500 ppm
SDS

279.15 3.50 45.24 54.76 65.17 34.83 0.1454 0.6880 3.79 1.6 1.97

6 1.0 mol % THF + 1000 ppm
SDS

279.15 3.50 41.68 58.32 71.19 29.81 0.1185 0.7732 7.49 1.5 1.14

7 1.0 mol % THF + 300 ppm
SDS

279.15 1.50 38.43 61.57 70.59 29.41 0.0808 0.9005 15.08 42 0.44

8 1.0 mol % THF + 300 ppm
SDS

279.15 2.50 39.46 60.54 69.93 30.07 0.1364 0.8644 10.77 9.5 1.11

9 1.0 mol % THF + 300 ppm
SDS

279.15 4.50 45.23 54.77 64.35 35.65 0.1636 0.6908 3.60 1.4 1.49

aInduction time. bCH4−N2 gas hydrate formation rates for 1 h after nucleation.14,38 cFresh water
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3. RESULTS AND DISCUSSION
In this work, a total of nine experimental runs were carried out
to investigate the CH4 separation efficiencies of hydrate
formation at the different conditions, including the fresh and
memory water (runs 3 and 4), the different SDS concentrations
in the 1.0 mol % THF aqueous solution (runs 1, 2, 4, 5, and 6)
and the different initial operating pressure (runs 4, 7, 8, and 9),
to find the optimal operating conditions for recovering and
concentrating CH4 from the drainage CBM via hydrate
formation. Table 1 summarizes the results from the separation
experiments with the different conditions.
3.1. Memory Effect. Memory refers to the situation where

water that is used in the experiments has experienced hydrate
formation.33 As a typical case, Figure 2 gives the moles of gas

consumed (amount of gas uptake) for hydrate formation in the
presence of the 300 ppm SDS in the 1.0 mol % THF aqueous
solution with fresh and memory water at 279.15 K and 3.50
MPa for runs 3 and 4. It can be seen from Figure 2 that the
time corresponding to point A is the induction time in the
memory water and that corresponding to point B is the
induction time in the fresh water. The explanation for this can
be given elsewhere.14 As shown in Figure 2, the induction time
in the memory water (2.3 min) is approximately a third as long
as that in the fresh water (7.2 min) due to the memory effect. It
can also be seen from Figure 2 that the moles of gas uptake
with the fresh and memory water increase gradually in the
processes of the hydrate formation and reach the plateau after
approximately 2.0 and 2.5 h, respectively. It may be due to the
fact that the gas hydrate forms substantially and agglomerates at
the gas/liquid interface as the experiments progress. Extensive
hydrate formation and crystal agglomeration result in the
accumulation of crystals as stagnant pockets at the gas/water
interface which prevents more gas from coming into contact
with the water. The similar phenomenon can be found
elsewhere.31 In addition, it is also shown in Figure 2 that the
final amount of the gas uptake obtained from the memory
water (0.1682 mol) is approximately 12% higher than that
obtained from the fresh water (0.1501 mol). Figure 3 gives the
CH4 concentration in decomposed gas phase, the CH4 split
fraction, and the CH4 separation factor for 1.0 mol % THF
aqueous solution in the presence of 300 ppm SDS with the

fresh water and memory water at 279.15 K and 3.50 MPa. As
shown in Figure 3, the CH4 concentration in the decomposed
gas phase, the CH4 split fraction, and the CH4 separation factor
with the memory water, approximately 65 mol %, 82%, and
3.34, are higher than those with the fresh water, approximately
58 mol %, 78%, and 2.17, respectively. Hence, the memory
water is more abstractive and effective for the CH4 recovery
from the CH4/N2 gas mixture in the application in industry.
Actually, using the memory water circularly to recover CH4
from the drainage CBM meets also the requirement of the
operational process in industry. Thus, the following experi-
ments are carried out in the memory water.

3.2. Effect of SDS Concentration. Figure 4 shows the
change of gas uptakes for hydrate formation in the 1.0 mol %

THF aqueous solutions in the presence of SDS with the
different concentrations at 279.15 K and 3.50 MPa for runs 1,
2, 4, 5, and 6. As seen, the hydrate formation rate in the initial
stage of the hydrate formation process is high and, then,
reduces gradually. Eventually, the hydrate formation rate for
runs 1, 2, 4, 5, and 6 has little change after approximately 3.1,

Figure 2. Gas uptake curves for 1.0 mol % THF aqueous solution in
the presence of 300 ppm SDS with fresh and the memory water at
279.15 K and 3.50 MPa for runs 3 and 4.

Figure 3. CH4 concentration in decomposed gas phase, CH4 split
fraction (S.Fr.), and CH4 separation factor (S.F.) for 1.0 mol % THF
aqueous solution in the presence of 300 ppm SDS with the fresh water
(a) and memory water (b) at 279.15 K and 3.50 MPa.

Figure 4. Gas uptake measurements for five experiments conducted at
3.50 MPa and 279.15 K in the systems with different SDS
concentrations (0, 250, 300, 500, 1000 ppm) for runs 1, 2, 4, 5, and 6.
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3.6, 2.2, 1.7, and 3.0 h, respectively. The reason for this is
explained in Figure 2. In addition, from Figures 4 and 5a, it can
be found that the maximum of the gas uptake (0.1682 mol) can
be obtained in the system with 300 ppm SDS and the minimum
(0.1185 mol) can be obtained in the system with 1000 ppm
SDS.
It is noted that the final amount of gas uptake presents an

increasing trend for the systems with SDS concentration from 0
to 300 ppm. However, the final amount of gas uptake reduces
with the increase of SDS concentration from 300 to 1000 ppm.
As seen from Table 1 and Figure 5a, the final amount of the gas
uptake in the system with 250 ppm SDS is 0.1632 mol and it is
enhanced 9.5% relative to the system without SDS (0.1490
mol). The final amount of the gas uptake in the system with
300 ppm SDS is up to 0.1682 mol, which is 12.9% higher than
that in the system without SDS. In addition, it is found that the
final amount of the gas uptake in the system with 1000 ppm
SDS is 0.1185 mol, and it is decreased by approximately 21%
relative to that in the system without SDS. The differences of
the gas uptakes in the systems with various SDS concentrations
are because of the characteristics of SDS as a surfactant in the
solution. We fitted the critical micelle concentration (CMC)
data of SDS at different temperatures given by the
literature34−37 and determined that the CMC of SDS at
279.15 K is approximately 350 ppm in the work. Thus, the SDS
concentration of 300 ppm is slightly lower than its CMC and
that of 500 ppm is higher than its CMC. When the SDS
concentration is lower than CMC, with the increase of the SDS
concentration, DS− monomers in the solution gradually
accumulate on the gas/liquid surface, gradually form the DS−

monomolecular film, and, thus, cause the gradual decrease of
the surface energy, i.e., the gradual decrease of the surface
tension. When the SDS concentration is equal to the CMC, the
DS− monomolecular film is saturated by DS− monomers. At
the time, the surface tension is lowest. When the SDS
concentration is higher than CMC, the DS− monomers exist
in the solution in the form of the micelles. During the period,
the system surface tension remains the lowest value and has no
change. Therefore, the surface tension in the system with the

SDS concentration of 300 ppm is smaller than that in the
system with the SDS concentration of 250 ppm. Consequently,
the lower surface tension, which means lower surface energy,
leads to the gas dissolving in the solution more easily. Hence,
the final amount of gas uptake in the system with 300 ppm SDS
is higher than that in the system with 250 ppm SDS. However,
when the SDS concentration is higher than its CMC, with the
increase of the DS− micelles, more crystal nucleuses for hydrate
formation are bundled in the hydrophobic domains formed by
adsorbed DS− monomers and the contact of gas and hydrate
crystal nucleuses is frustrated to form more hydrates.31 Thus,
the gas uptake reduces as the SDS concentration increases from
500 to 1000 ppm.
In addition, as shown in Figure 5b, the CH4 concentrations

in the decomposed gas phase obtained from the systems with
SDS are higher than that obtained from the system without
SDS (approximately 58 mol %). This indicates that DS−

monomers are favorable for forming the CH4 hydrate
preferentially in THF solutions. This may be attributed to
the existence of the DS− monomolecular film and the abundant
SDS micelles in solutions, which make the CH4 molecules go
into the solution more easily than the N2 molecules because
CH4 and DS− have similar alkyl radical structures. Also, it can
be seen from Figure 5b that the CH4 concentration in the
decomposed gas phase at the SDS concentration of 250 ppm
(less than CMC) is slightly higher than that at the SDS
concentrations of 300 ppm (close to CMC) and has little
change in the SDS concentration range from 300 to 500 ppm.
Subsequently, the CH4 concentration has a relatively large
increase with the SDS concentration changes from 500 to 1000
ppm. The reason is not very clear. This requires our further
research in the future work. The N2 concentration in the
residual gas phase has the similar change trend with the CH4
concentration in decomposed gas phase as the SDS
concentration increases from 0 to 1000 ppm.
The CH4 separation factor indicates the separation ability of

recovering CH4 from the CH4/N2 gas mixture. Figure 5c shows
the changes of the CH4 separation factor with the increase of
SDS concentration at 279.15 K and 3.50 MPa after one-stage

Figure 5. Hydrate formation from systems with 1.0 mol % THF solution in the presence of 0−1000 ppm SDS at 279.15 K and 3.50 MPa: (a) the gas
uptake, (b) N2 concentration in residual gas, and CH4 concentration in decomposed gas phase and (c) CH4 split fraction (S.Fr.) and CH4 separation
factor (S.F.).
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hydrate-based separation. Moreover, it has a similar change
trend with the CH4 concentrations in the decomposed gas
phase with the increase of SDS concentration. Thus, the
experimental results indicate that the CH4 separation factors in
the systems with SDS are higher than that in the system
without SDS (approximately 2.4). This proves that SDS has a
positive influence on the recovery of CH4 from the CH4/N2 gas
mixture via hydrate formation. It can be seen in Figure 5c that
the CH4 separation factor only changes by approximately 0.2
with the increase of SDS concentration from 250 to 500 ppm.
However, when the SDS concentration is 1000 ppm, the CH4
separation factor is twice as high (up to approximately 7.5) than
that in the SDS concentration range of 250−500 ppm. This
possibly results from the existence of the abundant SDS
micelles in systems with 1000 ppm SDS. Thus, the addition of
SDS is also helpful to enhance the CH4 recovery ability from
the CH4/N2 gas mixture with the hydrate-based separation
technology.
Generally, the CH4 split fraction is another significant

parameter in the industrial application. A separation process
with a higher CH4 split fraction value can produce more
products. Consequently, a bigger economic benefit can be
obtained. Figure 5c also gives the change of the CH4 split
fraction vs the SDS concentration at 279.15 K and 3.50 MPa
after one-stage hydrate-based separation. The experimental
results indicate that the maximum of the CH4 split fraction
(81.87%) obtained in the system with 300 ppm SDS is
approximately 10% higher than that obtained in the system
without SDS (72.18%). Furthermore, the minimum of the CH4
split fraction (61.82%) is obtained in the system with 250 ppm
SDS. It illustrates that the maximum of the CH4 split fraction
can be obtained when the SDS concentration is near its CMC
value.
Thus, as seen from Figures 4 and 5, the experimental results

indicate that the system with SDS can effectively recover CH4
from the CH4/N2 gas mixture via hydrate formation. Hence, it
is determined that the system with 300 ppm SDS in 1.0 mol %
THF aqueous solution is the optimal system to recover CH4
from the CH4/N2 gas mixture via hydrate formation by
considering comprehensively the CH4 separation factor and the
CH4 split fraction along with the hydrate formation rate, the
amount of the gas uptake, and the CH4 concentration in the
decomposed gas phase. Thus, the following experiments are
carried out in the 1.0 mol % THF aqueous solution in the
presence of 300 ppm SDS.
3.3. Effect of Initial Operating Pressure. The influences

of the different initial operating pressures (1.50, 2.50, 3.50, and
4.50 MPa) on the gas uptakes, the CH4 concentrations in
decomposed gas phases, the CH4 split fractions, and the CH4
separation factors are investigated in the system with 300 ppm
SDS at 279.15 K for runs 4, 7, 8, and 9. As shown in Figure 6,
the amount of the gas uptake increases with the increase of the
initial operating pressure from 1.50 to 3.50 MPa. It may be
attributed to the fact, on the one hand, that the higher initial
operating pressure makes more gas go into the THF aqueous
solution and furthermore causes more gas hydrate to form,
resulting in more gas consumed; on the other hand, the
increase of the amount of gas going into the solution correlates
with the enhancement of the gas hydrate growth rate, which
also means the enhancement of the gas consumption rate.
However, the amount of gas uptake at 4.50 MPa is slightly
smaller than that at 3.50 MPa. This may be due to the fact that
the gas hydrate forms substantially and agglomerates at the gas/

liquid interface when the initial operating pressure is relatively
high. Extensive hydrate formation and crystal agglomeration
results in the accumulation of crystals as stagnant pockets at the
gas/water interface which prevents more gas from coming into
contact with the water. Thus, more agglomeration results in a
smaller amount of gas in the solution for hydrate formation. It
can be seen in Figure 7a that the maximum amount of gas
uptake at 3.50 MPa is 0.1682 mol, which is slightly higher than
the final amount of gas uptake at 4.50 MPa (0.1636 mol). In
addition, the final amount of gas uptake at 3.50 MPa is twice
that at 1.50 MPa (0.0808 mol).
It can be seen from Figure 6 that the hydrate formation rates

slow down and reach the individual plateau after approximately
4.56, 3.19, 2.22, and 2.20 h at 1.50, 2.50, 3.50, and 4.50 MPa,
respectively. Similar behaviors were observed for runs 1−6.
Generally, the hydrate formation rates at 3.50 and 4.50 MPa are
higher than those at 1.50 and 2.50 MPa. In addition, the
reaction time at 3.50 and 4.50 MPa shortens by approximately
2 h, compared with that at 1.50 MPa.
Figure 7b shows the changes of the N2 concentration in the

residual gas phase and the CH4 concentration in the
decomposed gas phase at the initial operating pressure range
from 1.50 to 4.50 MPa in 1.0 mol % THF aqueous solution in
the presence of 300 SDS after one-stage hydrate-based
separation at 279.15 K. As seen, they all decrease with the
increase of the initial operating pressure. It is noted that the
higher initial operating pressure can not entrap more of the
CH4 molecules in the hydrate slurry phase. As seen in Figure
7b, the N2 concentrations in the residual gas phase decrease
from 61.57 mol % at 1.50 MPa to 54.39 mol % at 3.50 MPa and
the CH4 concentrations in the decomposed gas phase decrease
from 70.59 mol % at 1.50 MPa to 64.35 mol % at 4.50 MPa.
Moreover, as shown in Figure 7c, the CH4 split fraction shows a
similar reduction trend with the increase of initial operating
pressure and achieves the biggest value of approximately 90%
when the initial operating pressure is 1.50 MPa. In fact, the
above change characteristics can be explained by the different
selectivity of CH4 and N2 in the hydrate formation process with
the different initial operating pressures. In comparison to the
N2 molecules, the CH4 molecules are preferential to form the
CH4 hydrate at a lower initial operating pressure; however, the

Figure 6. Gas uptake measurements for four experiments conducted at
279.15 K and different initial operating pressures (1.50, 2.50, 3.50, and
4.50 MPa) in the systems with 1.0 mol % THF solution in the
presence of 300 ppm SDS for runs 4, 7, 8, and 9.
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N2 molecules can begin to compete with the CH4 molecules for
hydrate cage (512) occupancy with a higher initial operating
pressure, resulting in the decrease of the CH4 concentration in
the decomposed gas phase, and the CH4 split fraction decreases
with increasing the initial operating pressure.
As shown in Figure 7c, the CH4 separation factor decreases

from 15.08 to 3.44 with the increase of the initial operating
pressure from 1.50 to 3.50 MPa, and it is 10.77 when the initial
operating pressure is 2.50 MPa. However, it is 3.60 when the
initial operating pressure is 4.50 MPa. This illustrates that the
low initial operating pressure at 1.50 and 2.50 MPa have better
separation ability for recovering CH4 from CH4/N2 gas mixture
than that at 3.50 and 4.50 MPa. Hence, it is unfavorable for
recovering CH4 from CH4/N2 gas mixture with the high initial
operating pressures.
Generally, it can be seen from the above analysis, the lower

initial operating pressure can result in the higher N2

concentration in residual gas phase, CH4 concentration in
decomposed gas phase, the CH4 separation factor, and CH4

split fraction. However, it can be seen from Figures 6 and 7a
that the hydrate formation rate and the final amount of the gas
uptake at 1.50 MPa are too low to be feasible in industry.
Therefore, it is necessary to determine an appropriate initial
operating pressure for the separation process. It can be found
from Figure 7 that the values of the N2 concentration in the
residual gas phase, the CH4 concentration in the decomposed
gas phase, the CH4 split fraction, and the CH4 separation factor
at 2.50 MPa are 60.54 mol %, 69.93 mol %, 86.44%, and 10.77,
respectively. They are slightly less than those at 1.50 MPa,
which are 61.57 mol %, 70.59 mol %, 90.05%, and 15.08,
respectively. Hence, it is determined that the initial operating
pressure of 2.50 MPa is the optimal condition for recovering
CH4 from the CH4/N2 gas mixture in the system in the
presence of 300 ppm SDS in the 1.0 mol % THF aqueous
solution by considering comprehensively the amount of the gas
uptake, the hydrate formation rate, the CH4 concentration in
the decomposed gas phase, the N2 concentration in the residual
gas phase, and the CH4 split fraction and separation factor.

4. CONCLUSIONS

In this work, the optimal operating condition and the
corresponding CH4 separation efficiency for recovering CH4

from the CH4/N2 gas mixture via hydrate formation were
investigated in the 1.0 mol % THF aqueous solution at 279.15
K. It is found that the memory water has an advantage to
recover CH4 from the CH4/N2 gas mixture. The system with
the SDS concentration nearby CMC and the operating
conditions with low initial operating pressure are helpful to
recover CH4 and can enhance the separation efficiency.
However, the amount of the gas uptake is low in the system
with SDS concentration above 300 ppm or at 1.50 MPa. Thus,
the 1.0 mol % THF aqueous solution in the presence of 300
ppm SDS with the initial operating pressure of 2.50 MPa is the
optimal for the CH4 separation purpose. Under these
conditions, the final amount of gas uptake, the CH4

concentration in the decomposed gas phase, and the CH4

split fraction and separation factor after the one-stage hydrate-
based process are 0.1364 mol, 69.93 mol %, 86.44%, and 10.77,
respectively. Thus, the data illustrate the conceptual process
that CH4 in drainage CBM can be recovered efficiently via
hydrate-based separating technology at mild conditions in
industry.
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Figure 7. Hydrate formations from systems with 1.0 mol % THF in the presence of 300 ppm SDS at 279.15 K and different initial operating
pressures: (a) the gas uptake, (b) N2 concentration in the residual gas and CH4 concentration in the decomposed gas phase, and (c) CH4 split
fraction (S.Fr.) and CH4 separation factor (S.F.).
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