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A B S T R A C T

Toward the widespread adoption of biomass energy for carbon neutral age, demand for biogas separation 
technologies that enables easier operation and maintenance is increasing. CH4 enrichment in biogas in solid 
structure II clathrate hydrate has recently attracted attention, yet the knowledge is limited to the batch-type 
operation, which is far from engineering practice. In the present study, we have conducted hydrate-based CH4 
enrichment experiments with semi-batch and continuous separation methods in CH4 + CO2 + tetrahydropyran 
(THP) + water system, which are closer to applied-side operations. Semi-batch CH4/CO2 separation experiment 
with powder X-ray diffraction (PXRD) measurement revealed that CH4 is enriched in the hydrate phase with its 
mole fraction from 0.60 to 0.81 via the formation of structure II hydrate with THP. The continuous CH4/CO2 
separation experiment showed that CH4 is concentrated in the hydrate slurry during the continuous formation 
process. The concentration of CH4 in the hydrate slurry reached 0.65 in mole fraction at the steady state at t = 24 
h from 0.45 at t = 1h. The experimental results of time-dependent changes in the compositions in the gas phase as 
well as in the hydrate slurry exhibited that the long-term operation of hydrate-based CH4 enrichment was 
achieved and therefore could be implemented on a continuous industrial scale. The overall results demonstrated 
that the continuous CH4 enrichment in biogas is an applicable scheme utilizing structure II hydrate.

1. Introduction

The transition to a carbon neutral society is being actively promoted 
in every field of industry. In 2016, the Paris Agreement was negotiated 
worldwide for mitigating climate change [1]. In 2018, a strategic vision 
called “A Clean Planet for all” was proclaimed by the EU commission, 
targeting an achievement of carbon neutral economy by 2050 [2]. In 
terms of fuel policy, the demand for sustainable fuels which do not in
crease CO2 in the atmosphere during combustion is increasing. One 
approach to substituting fossil fuels is the biomass resources, which are 
biological materials involving sewage sludge, livestock manure, and 
municipal waste [3–5]. Biomass is utilized in the form of biogas obtained 
through methane fermentation process with its main components being 
around 60 % of methane (CH4) and 40 % of carbon dioxide (CO2) [6–9]. 
To adjust the calorific value according to the end-use of the biogas, the 
enrichment of CH4 in biogas should be applied, a process called biogas 
upgrading [3]. Currently, pressure swing adsorption (PSA) technology is 
mainly applied to biogas upgrading [10–12]. However, PSA necessitates 

several columns for biogas compression and depressurization [13] as 
well as an independent procedure for H2S removal [14], accordingly 
complex process and frequent maintenance. An alternative separation 
technique using clathrate hydrate provides a solution to the above 
existing problems. Furthermore, the energy consumption for hydrate- 
based CO2 gas separation is estimated to be between 0.66 and 1.75 
GJ/ton CO2. This is known to be comparable to or even lower than that 
of other existing technologies, such as chemical absorption and mem
brane separation (over 2.0 GJ/ton CO2) [15].

Clathrate hydrates (also known as gas hydrates, hereafter abbrevi
ated as hydrates) are crystalline compounds with ice-like appearances 
having a large capacity of gas storage composed of a lattice of host water 
molecules encaging gaseous or organic guest molecules within its cav
ities. The host water molecules assemble the diverse crystallographic 
hydrate structures which depend on the geometry of the guest mole
cules. Hydrates with structures I, II, and H have widely been known as 
canonical structures, with each structure having its own geometry of 
cavities in the unit cell. The basic principle for hydrate-based mixed gas 
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separation is the guest selectivity of hydrate. The guest selectivity can be 
estimated from the difference in thermodynamic stability of hydrates. 
For example, structure I CO2 hydrate forms at 277 K at 2 MPa [16], 
whereas the formation of structure I CH4 hydrate requires a lower 
temperature below 265 K at the same pressure [17]. Considering CH4 +

CO2 mixed gas separation, previous experimental studies have demon
strated that CO2 is preferentially incorporated in the structure I hydrate 
phase, while CH4 is enriched in the gas phase [18–22]. In the formation 
of hydrates of structure II with a large molecular guest compound, 
however, structure II hydrates that contain CH4 are thermodynamically 
more stable than structure II hydrates that contain CO2. For instance, 
equilibrium conditions for the formation of CH4 + tetrahydropyran 
(THP) hydrate and CO2 + THP hydrate are 290 K and 286 K, respec
tively, at 2 MPa [23]. The inversion in the phase equilibrium conditions 
for CH4-containing and CO2-containing structure II-hydrate-forming 
systems may be used for selective CH4 separation. Lee et al. [24]
investigated the phase equilibria of CH4 + tetrahydrofuran (THF) +
water, CO2 + THF + water and CH4 + CO2 + THF + water systems. They 
were the first to imply the concentration of CH4 in structure II hydrate 
phase in CH4 + CO2 + THF + water system. Seo et al. [25] achieved 
separation experiments using multi-stage batch reactors in two structure 
II-hydrate-forming systems of CH4 + CO2 + tert-butyl alcohol + water 
and CH4 + CO2 + trimethylene oxide + water. Their investigation 
showed that CH4 enrichment from CH4 + CO2 gas mixture in the hydrate 
phase from 50 mol% to 85 mol% can be achieved through four- or five- 
stage batch operation utilizing structure II hydrate.

From the applied-side perspective, batch tests are insufficient to 
conclude that structure II-hydrate-forming system can be used for 
practical CH4 enrichment in biogas. As mentioned above, structure II 
hydrates have potential as biogas upgrading material, but there is still no 
direct evidence showing the practicability of gas separation. Continuous 
separation experiments need to be conducted to demonstrate that the 
hydrate-based system works; while batch operation involves several 
series of reactors to obtain purified gas, in the continuous operation, a 
set of procedures starting from the formation of hydrate, via the 
discharge and transportation of the hydrate slurry to the hydrate 
decomposition can be achieved only within a series of reactors. Conse
quently, all of the above procedures can be concurrently performed. The 
capital investments for plant construction and the operation can there
fore be reduced by launching the continuous separation process. To 
demonstrate that hydrate-based separation technology is applicable to 
an industrial-scale equipment, continuous separation experiments are 
essential. This is because only through the experiments can it be clarified 
whether the target hydrate-forming system can experimentally reach a 
steady state in a continuous process, and what values the compositions 
of the gas phase and the hydrate slurry will reach at the steady state. 
Until now, hydrate-based continuous separation experiments of CO2 
have been tested from CH4 + CO2 gas mixture [19], H2 + CO2 gas 
mixture [15,26,27], and N2 + CO2 gas mixture [28]. However, there is 
currently no report of continuous enrichment of CH4 from CH4-con
taining gas mixture. The achievement of continuous CH4/CO2 separa
tion will take advantage over the PSA technology by reducing the 
number of reactors for biogas compression and depressurization. In 
addition, it has been revealed in simulation by Akatsu et al. [29] that 
H2S removal from gas mixtures can be achieved at an early stage of 
continuous hydrate formation, indicating non-necessity of independent 
H2S removal procedure unlike PSA.

In this study, hydrate-based continuous CH4 separation experiment 
from CH4 + CO2 gas mixture was carried out with a goal of biogas 
upgrading. THP was used for structure II hydrate formation as a ther
modynamic promoter. Among diverse guest compounds forming struc
ture II hydrates, THP has been proposed as a practicable guest for 
industrial use for its partial solubility in water [15,23]. While guest 
compounds such as cyclopentane and tetrahydrofuran (THF) are known 
to significantly stabilize structure II hydrates, their industrial applica
tion is hampered by practical drawbacks. The low solubility of 

cyclopentane to water could result in the slow formation kinetics [30]. 
THF is known as one of the critical air pollutants that poses severe 
environmental and health risks [31]. In particular, THF is classified by 
the International Agency for Research on Cancer (IARC) as a Group 2B 
carcinogen, in other words, cancer-causing agent to humans [32]. In 
view of these issues, THP emerges as a safer alternative guest compound, 
as it is not identified as a hazardous air pollutant. In the experiments, the 
time evolutions of gas composition in the gas phase and in the hydrate 
slurry were continuously measured. Semi-batch experiment for CH4/ 
CO2 separation was separately performed to investigate the composition 
in the hydrate phase. To determine the crystalline structure of hydrate 
obtained in the semi-batch experiment, powder X-ray diffraction (PXRD) 
was performed. Based on the above experimental attempts, the practi
cability of hydrate-based continuous CH4 enrichment in biogas was 
evaluated.

2. Experimental section

2.1. Materials

The feed gas utilized in the experiment was CH4 + CO2 mixed gas 
with its certified molar ratio of CH4: CO2 = 0.600: 0.400 (synthesized by 
Taiyo Nippon Sanso JFP Co.). Liquid samples were THP (98.0 mass%, 
Tokyo Chemical Industry Co., Ltd.) and the laboratory-made distilled 
water. The same samples were used for both semi-batch as well as the 
continuous separation experiments.

2.2. Semi-batch CH4/CO2 separation with PXRD analysis

The semi-batch method is a method of producing a product by setting 
some species of the necessary materials in a mixing tank and then 
continuously supplying the remaining materials. The semi-batch appa
ratus used in this study is described in Fig. 1. The hydrate-forming 
reactor with an inner volume of 200 cm3 was charged with 30.2 g of 
liquid water and 8.5 g of liquid THP with prescribed stoichiometric ratio 
of structure II hydrate (the mass fraction of THP, wTHP = 0.22). Since 
THP is partially soluble in water, the phase separation occurs in the 
aqueous phase into (i) liquid water saturated with THP and (ii) liquid 
THP saturated with water. The reactor was evacuated by using a vacuum 
pump and then pressurized with the CH4 + CO2 gas mixture up to 3.0 
MPa at 285.1 K. Fig. 2 shows phase equilibrium points of CH4 + THP 
hydrate [23], CO2 + THP hydrate [23], CH4 simple hydrate [17], CO2 
simple hydrate [16,17] and the experimental conditions in this study. 
The experimental condition of this study, p = 3.0 MPa and T = 285.1 K 
(half rhombus in Fig. 2), was chosen such that the CO2 partial pressure 
(empty rhombus in Fig. 2) falls outside of the CO2 + THP hydrate sta
bility region (the higher-pressure and/or lower-temperature region than 
the empty circles in Fig. 2), while the CH4 partial pressure (filled 
rhombus in Fig. 2) lies within the CH4 + THP hydrate stability region 
(the higher-pressure and/or lower-temperature region than the filled 
circles in Fig. 2). The experimental condition also lies outside of the 
stability region of CO2 simple hydrate.

After the agitation inside the reactor started with a magnetic stirrer 
at 100 rpm, the formation of hydrate was detected by a pressure 
decrease. The decrease in pressure denoted that the gas was encased into 
the hydrate structure. The reactor was repeatedly recharged with CH4 +

CO2 gas mixture to 3.0 MPa until no further pressure decrease was 
observed. The total volume of gas consumption during the entire semi- 
batch hydrate formation was measured by collecting records of the 
decrease in system pressure. After the pressure reached a steady state, 
indicating that the maximal amount of water and THP in the reactor 
were converted into hydrate, the reactor was cooled below 253 K. The 
crystal sample was collected from the reactor. The sample of hydrate 
crystals was finely powdered below 100 K immediately after the cooling 
of the reactor. To measure the CH4: CO2 composition of hydrate and 
identify the crystalline hydrate structure, experiments with the obtained 
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hydrate samples were conducted with the following procedures.
A fraction of crystal samples was placed in a high-pressure vessel 

with an inner volume of 150 cm3. After evacuating the air inside the 
vessel quickly, the vessel was heated to 300 K to decompose all of the 
crystals. The composition of the gases was measured with gas 
chromatography.

PXRD measurement was performed for the rest of the crystal samples 
by parallel beam optics using Cu-Kα radiation (40 kV, 40 mA: model 

Ultima III, Rigaku Corp.) in the θ/2θ step scan mode with a step width of 
0.02 degree at the temperature of 153 K. Crystalline structure and the 
hydrate lattice constant were analyzed using the RIETAN-FP program 
[33]. The hydrate-to-ice ratio of the sample was determined with the 
Rietveld analysis. The small cage occupancy of the gas molecules in the 
hydrate sample was estimated based on the masses of initially charged 
liquid samples (30.2 g of liquid water and 8.5 g of liquid THP), the 
measured gas consumption during the hydrate formation, the volume of 

Fig. 1. Layout of the apparatus for hydrate-based semi-batch CH4/CO2 separation experiment.

Fig. 2. Pressure–temperature diagram of the experimental condition and phase equilibrium conditions of hydrates. Filled circle: CH4 + THP hydrate [23]. Empty 
circle: CO2 + THP hydrate [23]. Filled triangle: CH4 simple hydrate [17]. Empty circle: CO2 simple hydrate [17]. Cross: CO2 simple hydrate [16]. Half rhombus: 
experimental condition in this study (CH4 + CO2 + THP system). Filled rhombus: CH4 partial pressure of the experimental condition. Empty rhombus: CO2 partial 
pressure of the experimental condition. The experimental condition of this study, p = 3.0 MPa and T = 285.1 K, was selected such that the CO2 partial pressure falls 
outside of the CO2 + THP hydrate stability region, while the CH4 partial pressure is inside the CH4 + THP hydrate stability region.
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the gas phase after the hydrate formation considering the change in the 
total volume of condensed phases inside the reactor [34], and the 
hydrate-to-ice ratio.

2.3. Continuous CH4/CO2 separation

Continuous formation is a method of continuously producing a 
product by supplying all the necessary materials continuously in a 
mixing tank. A characteristic of the continuous formation process is that 
the conditions inside the mixing tank reach a steady state when oper
ating the process. The apparatus for conducting continuous hydrate- 
based CH4/CO2 separation experiments in this study is depicted in 
Fig. 3. The hydrate-forming reactor with a couple of sight glass windows 
was made of stainless steel with a height of 210 mm, a diameter of 70 
mm, and a total volume of 863 cm3. By circulating an ethylene glycol 
solution as a coolant through the jacket covering the reactor, the tem
perature was controlled and measured with a Pt-resistance thermom
eter. The reactor was connected to a magnetic stirrer (model PSM- 
004C01F, Taiatsu Techno Co.) via a drive shaft. The shaft was equip
ped with six-blade impellers designed in a previous study [28] and a 
scraper for agitating the fluids in the reactor. Pressure in the reactor was 
measured using a pressure transducer (model PG-50KU, Kyowa Electric 
Instruments Co., Ltd.). The estimated measurement uncertainty of 
temperature was ±0.2 K. The estimated measurement uncertainty of the 
pressure was ±0.02 MPa. To prevent the backward feed gas flow, a 
check valve was placed between the feed gas cylinder and the reactor. 
Connected to the side wall of reactor was a plunger pump (model NP-LX- 
300, Nihon Seimitsu Kagaku Co., Ltd.) to supply liquid water and THP to 

the reactor. The time required to operate the plunger pump during the 
supply of the liquids was measured using a stopwatch (model SW-121 
wt, Dretec Co., Ltd.). The vessels for sampling the gas phase and the 
hydrate slurry were connected to the bottom part of reactor. The vessel 
for gas sampling has an inner volume of 75 cm3. The vessel for slurry 
sampling with an inner volume of 40 cm3 (Vessel (1) in Fig. 3) was 
equipped with another same-size vessel (Vessel (2) in Fig. 3) for hydrate 
dissociation in the slurry and subsequently gas/liquid separation. The 
pressure of the gas dissociated from the slurry was measured with 
another pressure transducer (model PG-50KU). The mass of the sampled 
slurry was measured with an electronic balance (model UX420H, Shi
madzu Corp.). It should be noted that the recovered THP and water from 
the obtained slurry can be reused in actual plant operations; THP is well- 
known to produce almost no peroxide after 30 days of air exposure 3536
and can thus be stably and safely reused for continuous hydrate for
mation. Moreover, the long-term stability of the thermophysical prop
erties of hydrate has been experimentally demonstrated by Yamamoto 
et al. [37] through the 200 cycles of hydrate formation and dissociation. 
The compositions of the gas phase and the gaseous components obtained 
from the sampled hydrate slurry were analyzed using a gas chromato
graph (model GC 3210, GL Sciences Inc.). The analytical standard de
viation for gas chromatography was determined to be 0.001 in mole 
fraction by more than five-time injections of the same mixed CH4 + CO2 
mixed gas sample, which was used as the uncertainty of the measure
ment. For the evacuation of the entire apparatus, a vacuum pump was 
attached.

The flow diagram for the operation of continuous hydrate-based 
CH4/CO2 separation is shown in Fig. 4. Before the experiment, the air 

Fig. 3. Layout of the apparatus for continuous hydrate-based CH4/CO2 separation experiment.
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inside the reactor was evacuated. The first step of the process was the 
injection of 300 cm3 of THP + water mixture. The mass fraction of THP 
in the mixture, wTHP, was set to wTHP = 0.11 or wTHP = 0.055. These 
fractions were set as the half portion of wTHP = 0.22, which corresponds 
to the stoichiometric composition of the structure II hydrate, or a quarter 
of that portion. CH4 + CO2 gas mixture was then supplied to 3.0 MPa to 
the reactor. The reactor was cooled to 285.1 K. Agitation in the reactor 
with the magnetic stirrer was initiated at 400 rpm or 80 rpm, the rate set 
by trial and errors. Once the initial hydrate formation was observed 
visually (t = 0), the continuous operation every hour was started. The 
feed gas supply was paused temporarily for the moment of sampling 
procedure. Approximately 530 cm3 (NTP) from the gas phase and 40 
cm3 of the hydrate slurry were sampled from the reactor. Sampling of 
hydrate slurry was conducted in the vessel (1) in Fig. 3 by opening the 
valve (A) while closing the valves (B), (C), and (D). The sampled slurry 
was transported to vessel (2) by opening the valve (B), where the hy
drate was decomposed at 298 K for 40 min and subsequently the 
recovered gas was separately collected in the upper vessel (1). The 
remaining liquid THP + water mixture obtained from the sampled slurry 
was discharged. The mass and the temperature of the remaining liquid 
collected in the vessel (2) were measured. The gas compositions in both 
of the sampling vessels were analyzed using a gas chromatograph and 
hourly recorded. The equivalent amount of liquid water and THP was 
refilled to the reactor to maintain the prescribed wTHP inside the reactor. 
Through the entire experiment, the discharge flow rate of the plunger 
pump was fixed at 600 mL/min, namely 10 mL/s. By measuring the time 
required to operate the plunger pump, the supply volume of the liquid 
sample was adjusted. For example, when refilling a 29.6 g of THP +
water mixture (26.3 g of water and 3.3 g of THP), the plunger pump was 
operated for 2.6 s to supply the water, followed by 0.4 s to supply the 
THP. After refilling the THP and water in this manner, we confirmed that 
the system pressure was unchanged before the discharge of hydrate 
slurry, meaning that an equal volume of liquid had been resupplied. 
Immediately afterwards within a few seconds, the feed gas supply was 
resumed. The above procedure was repeated for over 24 h until the 
compositions of both phases reached a steady state.

3. Results and discussion

3.1. Semi-batch CH4/CO2 separation with PXRD analysis

Hydrate-based semi-batch CH4/CO2 separation experiment was 
performed in CH4 + CO2 + THP + water system to evaluate the con
centration of CH4 in the hydrate phase formed with intermittently 
supplied CH4 + CO2 gas mixture. The CH4: CO2 composition in the gas 

phase before hydrate formation and the composition in the hydrate 
phase after hydrate formation were quantified with gas chromatog
raphy. The result of the measurement is summarized in Table 1. As 
shown in Table 1, the initial composition of the feed gas was CH4: CO2 =

0.600: 0.400. After the hydrate formation in semi-batch reactor, the 
composition in the hydrate phase reached CH4: CO2 = 0.811: 0.189. The 
mole fraction of CH4 increased from 0.600 to 0.811, demonstrating that 
CH4 was preferably captured and therefore concentrated in the hydrate 
phase. The measured gas consumption during the entire semi-batch 
hydrate formation was 2.4 L at 0.1 MPa, 285.1 K. This volume of the 
gas consumption indicates the amount of gas incorporated in the hy
drate. This value is approximately more than 100 times larger than the 
amount of gases dissolved in water; the calculated amount of CO2 and 
CH4 dissolved in 30.2 g of water are 2.48 × 10-2 L and 1.02 × 10-3 L, 
respectively. Thus, the higher solubility of CO2 compared to CH4 in 
water has no more than 1 % effect on the preferential capture of CH4 by 
hydrate formation. The result revealed that hydrate-based CH4 enrich
ment in CH4 + CO2 gas mixture can be achieved in CH4 + CO2 + THP +
water system.

For the semi-batch operation, there are previous investigations to 
quantify the time-resolved gas uptake during the hydrate formation 
[38–40]. Only a few experimental techniques, such as Raman spec
troscopy, can determine the time-resolved compositions of the gas and 
hydrate phases during hydrate formation [41,42].

The PXRD profiles of hydrate in the same semi-batch hydrate for
mation method in CH4 + CO2 + THP + water system measured at 153 K 
are presented in Fig. 5. All of the diffraction patterns and the peak po
sitions presented in Fig. 5 was obtained with the calculation from the 
Rietveld analysis. The assignment of the PXRD patterns shown in Fig. 5
indicated that the crystalline structure of the hydrate formed with CH4, 
CO2, and THP is structure II. The lattice constant determined by the 
PXRD analysis was 1.73064(5) nm. This lattice constant of CH4 + CO2 +

THP hydrate lies between the values of lattice constant of CH4 + THP 
hydrate and CO2 + THP hydrate, which were reported to be 1.72998 nm 
and 1.73300 nm, respectively, at 153 K [43]. A slight expansion of the 
lattice of CH4 + CO2 + THP hydrate compared to CH4 + THP hydrate 
would be induced by the partial occupation of CO2 in the hydrate 

Fig. 4. Schematic block flow diagram of the continuous hydrate-based CH4/CO2 separation.

Table 1 
CH4: CO2 composition before and after hydrate-based semi-batch separation.

Mole fraction before the hydrate 
formation

Mole fraction after the hydrate 
formation

CH4 0.600 0.811
CO2 0.400 0.189
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structure. The hydrate-to-ice ratio of the sample was determined to be 
structure II hydrate: ice Ih = 0.96: 0.04 with the Rietveld analysis. The 
small cage occupancy of CH4 and CO2 in total in the formed structure II 
hydrate was estimated to be 58 %, based on the above determined 
water-to-hydrate conversion ratio (96 %), masses of charged liquids, the 
measured gas consumption, and the estimated gas phase volume after 
the hydrate formation.

Udachin et al. [44] performed single XRD analysis on THP simple 
hydrate and suggested the presence of guest–host hydrogen bonding by 
determining the distance between the O atoms of THP and cage water 
molecules. Iino et al. [23] characterized CO2 + THP hydrate and CH4 +

THP hydrate using PXRD. They reported that the small cage occupancy 
of CH4 in the CH4 + THP hydrate (above 98 %) was higher than that of 
CO2 in the CO2 + THP hydrate (59 %). Based on the above studies, 
Narayanan et al. [43] investigated these binary guest hydrates using 
molecular dynamics simulations and PXRD. They observed that the 
lattice of the CO2 + THP hydrate expanded compared to that of the CH4 
+ THP hydrate. This expansion could be attributed to the asymmetry of 
the CO2 molecule, which could distort the small cages of structure II 
hydrate and hinder the encasement of CO2 within the small cages.

The results have proved that CH4 was enriched in the structure II 
hydrate phase in CH4 + CO2 + THP + water system. The CH4 selectivity 
in CH4 + CO2 gas mixture of THP as an structure II-hydrate-forming 
guest compound was proved to be comparably high to other structure 
II-forming compounds tested in a previous study by Seo et al. [25]; their 
batch experiment in the systems with tert-butyl alcohol or trimethylene 
oxide showed that the CH4 obtained from the structure II hydrate phase 
increased from 0.600 to 0.701 or 0.746 in mole fraction. The semi-batch 
results of this study, therefore, implied that the semi-batch operation 
enables more effective conversion of water to hydrate compared to the 
batch operation. As mentioned above, the hydrate-to-ice ratio of the 
above semi-batch sample was determined to be structure II hydrate: ice 
Ih = 0.96: 0.04 with the Rietveld analysis. On the other hand, based on 
the gas uptake data for hydrate-based batch separation study by Seo 
et al. [25], the water-to-hydrate molar conversion is estimated to be 
maximal 77 %. Therefore, the semi-batch operation could exhibit a 

higher water-to-hydrate conversion than the batch operation. Conse
quently, the higher water-to-hydrate conversion for the semi-batch 
operation could contribute to the higher CH4 selectivity compared to 
the batch operation.

3.2. Continuous CH4/CO2 separation

Continuous hydrate-based CH4/CO2 separation experiment was 
conducted in CH4 + CO2 + THP + water system at first with the THP 
mass fraction wTHP = 0.11 under the stirring rate of 400 rpm. Temper
ature and pressure conditions were 285.1 K and 3.0 MPa, respectively. 
The THP mass fraction was set to the half portion of the stoichiometric 
composition of the structure II hydrate, wTHP = 0.22. Previous THP- 
hydrate-based continuous formation experiments revealed that with 
wTHP = 0.22, the THP mass fraction would be too high and caused 
clogging of reactor with hydrate crystals. In contrast, when wTHP = 0.11 
was chosen, the fluidity of the hydrate slurry can be maintained within 
the entire process of continuous operation 15,28. However, the experi
mental trial in this study, with wTHP = 0.11 at 400 rpm, failed after t =
3h. The failure in continuous operation was detected by measuring the 
mass of sampled slurry, which is presented in Fig. 6. As shown in Fig. 6, 
from t = 0 to t = 3h, the mass of sampled slurry decreased from around 
40 g to 0 g. This mass drop in sampled slurry was likely caused by the 
stacked hydrate accumulation on the walls and the bottom of reactor, 
preventing the discharge of liquid when sampling. The photographs 
inside the reactor during the experiment for each condition are shown in 
Fig. 7(a). The mechanism for clogging hydrate was illustrated in Fig. 7 
(b). Once the hydrate accumulation happens, the continuation of the 
continuous separation process turns into an impossible task. To solve the 
above problem, either the stirring rate or the THP mass fraction should 
be reduced to control the solid fraction of the slurry and maintain the 
fluidity of slurry. Therefore, another experimental run in CH4 + CO2 +

THP + water system with wTHP = 0.11 at a reduced stirring rate of 80 
rpm was conducted. The reduction of the stirring rate should result in 
the reduction of sites of hydrate nucleation and growth in the reactor, 
thereby contributing to the control of solid fraction of the slurry. 

Fig. 5. Powder X-ray diffraction pattern of hydrate formed in the system of CH4 + CO2 + THP + water. The measurement was performed at 153 K. The lattice 
constant of hydrate was determined to be 1.73064(5) nm. The red tick marks and the black line in the upper part indicate the diffracted pattern and calculated 
pattern from the Rietveld analysis. The blue line is a deviation between the diffracted and calculated patterns. The green tick marks denote the peak positions 
obtained with the calculation from the Rietveld analysis for structure II hydrate and hexagonal ice (Ih), respectively. The figure also shows the Miller indices for sII 
hydrates with 2θ angles of 45 degrees or less. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.)
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Nevertheless, the experimental trial with these conditions also failed at t 
= 7h in the same way. The reason why the accumulation of hydrate 
tended to occur in this CH4 + CO2 + THP + water system could be that 
the driving force for the hydrate formation was maintained during the 
continuous formation process. Previous continuous formation experi
ments mentioned above 15,28 employed H2 + CO2 gas mixture or N2 +

CO2 gas mixture as feed gas. In these systems for CO2 capture, the partial 
pressure of CO2 decreased over the continuous hydrate formation pro
cess, thereby reducing the driving force and causing the hydrate accu
mulation less likely to occur. By contrast, this study employed CH4 +

CO2 gas mixture as feed gas. The use of different feed gases should affect 
the driving force, which in turn has an influence on the possibility of 
hydrate accumulation. To further improve the conditions enabling 

stable continuous operation, another experimental run with wTHP =

0.055 at 80 rpm was tested.
The continuous hydrate-based CH4/CO2 separation experiment was 

performed in CH4 + CO2 + THP + water system with the THP mass 
fraction wTHP = 0.055 at 80 rpm. The experimental temperature and 
pressure conditions set through the entire experiment were 285.1 K and 
3.0 MPa, respectively. Under these conditions, hydrate-based contin
uous operation with the feed CH4 + CO2 gas mixture (CH4: CO2 = 0.60: 
0.40) succeeded with the changing compositions of gas and slurry 
phases reached a steady state after over 24 h. The stirring power/ 
volumetric energy consumption (P/V) was estimated to be 133 kW/m3 

in this system, based on the stirring power with the used magnetic stirrer 
of 40 W. The time evolutions of recorded compositions for the gas phase 
and for the hydrate slurry during the measurement are presented in 
Figs. 8 and 9, respectively. While multiple trials were conducted for each 
experimental condition, the technical challenges with continuous sep
aration resulted in an error in data acquisition or recording on some sets 
of trials. Consistent hourly data recording on CH4: CO2 mole fraction 
was not always successful across all trials. Therefore, we showed a set of 
complete and representative hourly-recorded data sample for each 
experimental condition in the figures. Both figures describe the corre
lation between the elapsed time, t, and xi,gas or xi,slurry. xi,gas indicates the 
recorded mole fraction of gaseous component i (CH4 or CO2) in the gas 
phase, whereas xi,slurry denotes the recorded mole fraction of the 
component recovered from the hydrate slurry. As shown in Fig. 8, in the 
first hour t = 1h, xCH4,gas had increased from the initial composition 0.60 
to 0.61, where xCO2,gas decreased from the initial composition 0.40 to 
0.39. This increase in xCH4,gas from the feed gas composition could be 
caused by the preferable dissolution of CO2 into the liquid phase. With 
the time proceeded from t = 1h to t = 25 h, xCH4,gas has then gradually 
decreased from 0.61 to 0.58, while xCO2,gas has increased from 0.39 to 
0.42. After t = 25 h, the mole fractions reached a steady state, with xCH4, 

gas being 0.58 and xCO2,gas being 0.42. The continuation of hydrate- 
forming operation and the steady state for three more hours until t =
27 h was experimentally confirmed. This result suggests that CH4 is 
preferentially captured in the hydrate structure, while CO2 is enriched in 
the gas phase through the continuous separation process.

The time evolution of CH4 and CO2 mole fractions recovered from 

Fig. 6. Time evolution of the mass of sampled liquid (mixture of THP and 
water) recovered from the hydrate slurry during the continuous hydrate-based 
CH4/CO2 separation in the CH4 + CO2 + THP + water system at T = 285.1 K, p 
= 3.0 MPa. ●: wTHP = 0.11 at 400 rpm; ▴: wTHP = 0.11 at 90 rpm; ■: wTHP =

0.055 at 80 rpm.

Fig. 7. (a) Photographs and (b) illustration inside the reactor describing hydrate accumulation on the wall during the trial of hydrate continuous formation.
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the hydrate slurry is presented in Fig. 9. As shown in Fig. 9, the xCH4,slurry 
was 0.45 at t = 1h, gradually increased with time, and reached 0.65 at t 
= 24 h. This result demonstrates that the continuous hydrate-based CH4 
enrichment from the CH4 + CO2 gas mixture using THP has succeeded. 
The composition changed from CH4: CO2 = 0.60: 0.40 as the feed gas to 
CH4: CO2 = 0.65: 0.35 in the hydrate slurry phase after reaching the 
steady state in continuous operation.

Fig. 10(a) presents the time evolution of the measured pressure of the 
gas recovered from the slurry. The slurry was heated at T = 296.6 K in 
the Vessel (1) with an inner volume of 40 cm3, which is depicted in 
Fig. 3. Fig. 10(b) shows the temporal evolution of the hydrate volume 
fraction in the slurry, Φh, estimated based on the measured pressure 
depicted in Fig. 10(a), the mass of sampled liquid presented in Fig. 6, 
and the small cage occupancy of hydrate (58 %) determined in the 
Section 3.1. As shown in Fig. 10(a), the pressure of recovered gas from 

the sampled hydrate slurry was around 1 MPa in the first few hours and 
increased with time. Reaching the steady state after t = 25 h, the pres
sure reached 3.7 MPa. As shown in Fig. 10(b), Φh was around 0.1 in the 
first few hours. Φh also increased with time and reached 0.43 at the 
steady state after t = 25 h. Controlling the solid fraction of the slurry is 
critical for ensuring the transportation from the reactor in continuous 
processes. When the solid fraction is too high, slurry may adhere to the 
vessel walls, potentially causing clogging [45]. The hydrate volume 
fraction obtained in this experiment, Φh = 0.43, may represent the 
critical volume fraction (Φcrit).

During the continuous CH4 separation process, xCH4,slurry increased 
from 0.45 to 0.65 until reaching the steady state. This could be attrib
uted to the increase in the amount of CH4 in the sampled hydrate slurry 
as time proceeded. The CH4 uptake into the hydrate per unit mass ξCH4, 

slurry can be calculated as follows: 

ξCH4, slurry =
nCH4 ,slurry

mslurry
(1) 

where nCH4,slurry denotes the amount of the captured CH4, which was 
calculated from the measured pressure, temperature and mole fraction 
in the dissociated hydrate slurry. mslurry stands for the mass of measured 
sampled slurry. The time evolution of the CH4 uptake during the 
continuous separation process is described in Fig. 11. As shown in 
Fig. 11, ξCH4,slurry at t = 1h was 0.7 mol/kg. As time proceeded, ξCH4,slurry 
increased from t = 1h to t = 15 h to reach 2.0 mol/kg. The value of ξCH4, 

slurry was maintained around 2.0 mol/kg after t = 15 h and reaching the 
steady state. This tendency could be caused by the increase in the 
amount of formed hydrate in the reactor; at the start of the continuous 
hydrate formation process, the formed amount of hydrate would be 
little, or the CH4 concentration in the hydrate phase would be lower. The 
amount could be increased over time during the continuous hydrate 
formation process. This increasing tendency implied that the driving 
force for hydrate formation was maintained over the entire process in 
this CH4 + CO2 system, as mentioned above in the first paragraph.

The obtained results of this study clearly revealed that CH4 is 
enriched in structure II hydrate in CH4 + CO2 + THP + water system 
both with semi-batch and continuous operations. The result demon
strates a trend in hydrate-based gas capture from CH4 + CO2 gas mixture 
opposite to that of the previous study using structure I hydrate; Tomita 
et al. [19] performed continuous hydrate-based separation experiments 
in CH4 + CO2 + water system, showing that CO2 is concentrated in the 
structure I hydrate slurry. Against the fact that hydrate formation from 
CH4 + CO2 gas mixture induces structure I CO2-rich hydrate, the results 
of this study presented that the addition of THP as a large molecule guest 
compound (LMGC) for continuous hydrate formation promotes struc
ture II CH4-rich hydrate. The continuous CH4/CO2 separation experi
ments in this study showed that CH4-rich hydrate can be formed 
continuously during long-term operations. The obtained time- 
dependent tendency of the compositional changes in hydrate indicated 
that the CH4 enrichment in the structure II-hydrate slurry tested in this 
study is similarly efficient compared to the CO2 enrichment in the 
structure I-hydrate slurry by Tomita et al. [19]; in both of the mea
surements, compositions of the targeted gas (CH4 or CO2) in the hydrate 
slurry have increased in approximately 20 %. These insights will 
enhance the development of biogas separation technology which could 
stabilize CH4 into hydrate slurry.

Table 2 summarizes the experimental achievement of structure II- 
hydrate-based CH4 enrichment from CH4 + CO2 gas mixture. By look
ing at the individual compositional change indicated in Table 2, the 
separation performance of the continuous separation process is lower 
compared to the batch and semi-batch separation processes. As deter
mined in the Section 3.1, the hydrate solid fraction of the semi-batch 
sample was 0.96. For the continuous process, the hydrate solid frac
tion in the slurry was estimated to be 0.43 at the steady state, as depicted 
in Fig. 10(b). Therefore, the semi-batch operation could exhibit a higher 

Fig. 8. Time evolution of the recorded compositions of the gas phase for 
continuous hydrate-based CH4/CO2 separation in the CH4 + CO2 + THP +
water system at T = 285.1 K, p = 3.0 MPa, wTHP = 0.055 at 80 rpm. The 
subscript i denotes CH4 or CO2. ●: Mole fraction of CH4; ▴: Mole fraction of 
CO2. The estimated uncertainty of measurement was 0.001 in mole fraction.

Fig. 9. Time evolution of the recorded compositions of the hydrate slurry for 
continuous hydrate-based CH4/CO2 separation in the CH4 + CO2 + THP +
water system at T = 285.1 K, p = 3.0 MPa, wTHP = 0.055 at 80 rpm. The 
subscript i denotes CH4 or CO2. ●: Mole fraction of CH4; ▴: Mole fraction of 
CO2. The estimated uncertainty of measurement was 0.001 in mole fraction.
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water-to-hydrate conversion within a single reactor than the continuous 
operation. Consequently, the higher water-to-hydrate conversion for the 
semi-batch operation could contribute to the higher CH4 selectivity 
compared to the continuous operation.

Nevertheless, it is essential to understand the properties related to 
the continuous process to scale up and to implement the hydrate-based 
biogas separation plants. In general, the design of large-scale plants is 
predicated on continuous operation. The detailed engineering designs of 
scaled-up continuous hydrate formation processes with water inlet flow 
rates of 1 to 82 tons per hour have been provided in previous publica
tions [46–49]. This is because the process design and operation can be 
greatly simplified by introducing the continuous formation system; both 
the batch and semi-batch system can only treat the limited volume of gas 
per single reactor and would therefore require numerous sets of reactors 
for large-scale operation. On the other hand, for continuous operation, 
only a single reactor unit would suffice for each gas separation step. 
Aiming at large-scale operations, a practical reactor design with a 
tubular reactor utilizing two phase flow composed of continuous liquid 
water and dispersed guest gas phases has been experimentally investi
gated [47,48]. The introduction of two-phase flow reactors may enhance 
the removal of hydrate formation heat and the mixing of water and the 
guest compounds for improved kinetics. The practical advantage and 
industrial relevance thus lie in terms of technical and economic 
perspectives.

4. Conclusions

In the present study, CH4/CO2 gas separation experiments using the 
formation of hydrate in CH4 + CO2 + THP + water system were per
formed with semi-batch and continuous separation methods aimed at 
biogas separation. For both types of experiment, measurements were 
conducted at 285.1 K and 3.0 MPa. Results obtained from the semi-batch 
experiment revealed that CH4 is concentrated in the hydrate phase from 
CH4: CO2 = 0.60: 0.40 to CH4: CO2 = 0.81: 0.19. The crystalline struc
ture of the CH4 + CO2 + THP hydrate was identified structure II by 
employing the PXRD analysis. The results suggested that THP can sup
port the capture of CH4 via structure II hydrate formation. Continuous 
separation experiment for over 27 h in CH4 + CO2 + THP + water 
system demonstrated that the composition in the hydrate slurry reached 
CH4: CO2 = 0.65: 0.35 at the steady state, where the continuous CH4 
enrichment in the hydrate has succeeded. In the continuous separation 

Fig. 10. (a) Time evolution of the pressure of the gas recovered from the sampled slurry for continuous hydrate-based CH4/CO2 separation in the CH4 + CO2 + THP 
+ water system at T = 285.1 K, p = 3.0 MPa, wTHP = 0.055 at 80 rpm. (b) Time evolution of the estimated hydrate volume fraction in the slurry, Φh, for continuous 
hydrate-based CH4/CO2 separation in the CH4 + CO2 + THP + water system at T = 285.1 K, p = 3.0 MPa, wTHP = 0.055 at 80 rpm.

Fig. 11. Time evolution of the CH4 uptake into the hydrate slurry per unit mass 
ξCH4, slurry for continuous hydrate-based CH4/CO2 separation in the CH4 + CO2 
+ THP + water system at T = 285.1 K, p = 3.0 MPa, wTHP = 0.055 at 80 rpm. 
The estimated uncertainty of measurement was 0.02 mol/kg.

Table 2 
Experimental results of structure II-hydrate-based CH4 enrichment from CH4 +

CO2 gas mixture.

Method of gas 
separation

Feed gas 
composition by mole 
fraction

Composition after 
hydrate formation

Separation 
factor α

Batch process 
(Seo et al. 
[25])

CH4: CO2 = 0.61: 
0.39

CH4: CO2 = 0.74: 
0.26

1.82

Semi-batch 
process (this 
study)

CH4: CO2 = 0.60: 
0.40

CH4: CO2 = 0.81: 
0.19

2.84

Continuous 
process (this 
study)

CH4: CO2 = 0.60: 
0.40

CH4: CO2 = 0.65: 
0.35

1.24
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experiment of this study, a slurry with a hydrate volume fraction (Φh) of 
0.43 was successfully discharged from the reactor without clogging to 
the reactor walls, which may represent the critical volume fraction 
(Φcrit). The overall results presented in this study showed that structure 
II hydrate is a promising material for CH4 capture in biogas not only in 
terms of batch-type operation as indicated in previous studies but also 
with semi-batch as well as the continuous separation methods, both of 
which being preferable for engineering practice.
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