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Gas hydrates have recently attracted attention due to their potential applications in important not only gas 
separation/recovery but also the related transportation/storage technologies. In this study, hydrate-based gas 
separation from CH4/C3H8 gas mixture investigated and evaluated. The phase equilibrium condition of which 
was predicted using the CSMGem software. Hydrate formation from CH4/C3H8 gas mixture 9.5 % C3H8 at 3.7 
MPa and 275.15 K was also investigated to determine the separation efficiency of CH4. During hydrate 
formation, the vapor phase was analyzed by in situ Raman spectroscopy and double-checked by gas 
chromatography. The Raman data also revealed the structure of the gas hydrate and the time-dependent 
encapsulation of guest molecules. The experimental results demonstrated that highly concentrated CH4 can be 
effectively separated from natural gas hydrates; they will be very useful for methane separation/recovery from 
natural gas. 

1. Introduction 
Natural gas assessed the best replacement and environmentally friendly energy source (Tang et al., 2018). It is 
a mixture of hydrocarbon gases; in particular, it contains predominantly methane and small amounts of other 
gases, such as ethane, and propane (Schicks and Luzi-Helbing, 2013). The expansion in research exploring 
natural gas hydrates due to the world's energy demand. (Tang et al., 2018). Clathrates hydrates (gas hydrates) 
are nonstoichiometric crystalline compounds consisting of water and hydrate molecules (such as natural gas) 
(Cho, 2019). They generally require high operating pressures and low temperatures to be stable. However, 
natural gas hydrates can pose a threat to any oil or gas production system as hydrates can plug off a flow line 
during the production operations (Daraboina et al., 2015), leading to pressure build-up, pipeline rupture, and 
eventual serious production losses. Therefore, the development method for the determination of the vapor 
compositions of natural gas hydrate is important for energy recovery and related transportation/storage 
technologies. 
To date, gas chromatography (GC) and infrared absorption spectroscopy (IR) have been used to analyze the 
natural gas composition. Both analytical methods have their intrinsic limitations; for example, IR cannot detect 
a sample that contains a large of water; therefore, it does not meet the detection requirements for determining 
the methane content in natural gas hydrates (Sharma et al., 2016). As for GC, it is destructive and consuming, 
and it requires a carrier gas (Gao et al., 2019). Unlike these methods, Raman spectroscopy is not affected by 
water molecules due to their small cross-section (Hédoux, 2016), it has a fast detection speed (analysis period 
within 1 min) and high sensitivity. For these reasons, Raman spectroscopy has broad applicability in the real-
time monitoring of methane during the formation of natural gas hydrates. 
In the present study, CH4/C3H8 gas mixture (C3H8 9.5 mol%) was selected as the representative natural gas. 
CH4/C3H8 mixtures may form structure I (sI) or structure II (sII) hydrates depending on the CH4 concentration in 
the feed gas, and structure II hydrates are formed when the initial C3H8 concentration exceeds 8 mol% (Uchida 
et al., 2003).  The hydrate formation of this mixture at 275.15 K and 3.7 MPa has also investigated the separation 
efficiency of CH4. During hydrate formation, the vapor phase was analyzed by GC and in-situ Raman 
spectroscopy. The Raman data also revealed the structure of the gas hydrate and the time-dependent 
encapsulation of the guest molecules. The experimental results demonstrated that highly concentrated CH4 can 
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be effectively separated from natural gas. The novelty of this paper is to investigate and evaluate the 
thermodynamic and kinetic of CH4/C3H8 gas mixture for hydrate-based gas separation. In particular, this study 
provides useful information for separating methane gas from natural gas composed of various components. 

2. Experimental 
2.1 Materials and instruments 

Pure methane (> 99.9 %), propane (> 99.9 %), and a methane/propane gas mixture (90.5 % CH4 and 9.5 % 
C3H8) were supplied by PS Chem Co., Ltd. (South Korea). The experimental equipment (Figure 1) has been 
described in previous study (Truong-Lam et al., 2020). 
 

 

Figure 1: Hydrate reactor layout for gas hydrate formation (GC: gas chromatography; T: temperature, and P: 
pressure) 

2.2 GC conditions 

A gas chromatography (GC) model 7890A from Agilent Hewlett Packard, USA equipped with Thermal 
Conductivity Detector (TCD) and Flame Ionization Detector (FID) system used for the determination of the CH4, 
C3H8 concentration in the gas mixture. For introducing the gas sample into the GC system, an injection pump 
(Model 2HM, Eldex, USA) and a six-port switching valve with a 5 μL sampling loop were used to ensure a 
consistent sample flow. The optimized analytical conditions for GC-TCD and GC-FID methods presented in 
Table 1.  

Table 1: Operating conditions of gas chromatography (GC) system, along with those of its thermal conductivity 
detector (TCD) and flame ionization detector (FID) 

Injection  Injection volume 5 µL 
 Temperature 200 ºC 

GC separation 

Column Molecular sieve 13X, packed column stainless steel, 
60/80 Mesh 

Total flow 30 mL/min 
Column flow 2.0 mL/min 
Temperature program 80 ºC (3 min) (rate of 20 ºC/min) → 180 ºC (1 min)  

TCD detection 
Temperature 250 ºC 
Flow gas reference 30 mL/min 
Flow makeup 5 mL/min 

FID detection 
Temperature 250 ºC 
Flow hydrogen 40 mL/min 
Flow air 400 mL/min 
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2.3 In-situ Raman spectroscopic analysis 

A multichannel Raman spectrometer (Lambda Ray Co. Ltd, South Korea) equipped with a laser source of 532 
nm having an incident laser power of 100 mW used for the experiments; its spectral range and resolution were 
834 – 3810 cm-1 and 1 cm-1,. Each Raman spectrum was the average of three accumulations for all the 
experimental conditions, each of which measured over 10 s of spectral integration time. Thus, the Raman 
spectra were collected every 30 s. 

3. Results and discussion 
3.1 Vapor phase of the CH4/C3H8 gas mixture 

Figure 2 compares the chromatograms of the CH4/C3H8 gas mixture obtained under optimum analytical 
conditions using the thermal conductivity detector (TCD) and the flame ionization detector (FID). Each gas 
component was well separated and detected under the given gas chromatography operating conditions.  

 

Figure 2: Gas chromatograms of the CH4/C3H8 mixture measured by (a) a thermal conductivity detector and (b) 
a flame ionization detector, along with their retention times 

The Raman spectrum of CH4 showed a major peak at 2,917 cm-1 corresponding to the symmetric stretching of 
the C-H bonds, while the Raman spectrum of C3H8 exhibited two peaks at 874 and 2,886 cm-1 attributed to C-
C and C-H bonds. The Raman peak positions are consistent with those reported in a previous study (Truong-
Lam et al., 2020). Raman spectra and GC chromatograms of CH4/C3H8 gas mixture were acquired at a pressure 
range of 0.2 to 0.5 MPa and at room temperature (298.15 K). Based on the Placzek’s polarizability theory of 
Raman scattering (White, 2010), CH4 content in the binary mixture gas was calculated as the ratio between the 
areas of C-H peak of CH4 and C-C peak of C3H8, which were selected for this purpose because they were the 
most intense signals (Figure 3). The details of the quantitative analysis of the Raman spectra can be found in 
previous reports (Truong-Lam et al., 2020). 
The GC and Raman spectroscopy techniques were compared by investigating their linearity and accuracy. The 
linearity of both methods for different gas mixtures was determined by analyzing three replicates at each value 
of pressure. The mole fractions of the individual gases were calculated according to the Pitzer correlation 
equation and were plotted against the ratio Raman peak intensity ratio and the peak area chromatogram of each 
component. A detailed calculation method of Pitzer correlation was provided in our previous papers (Truong-
Lam et al., 2020). The linearity results were statistically evaluated for both the GC and Raman spectroscopy 
techniques. The accuracy refers to the closeness of agreement between these analytical methods with a 
standard deviation being < 0.2 % (Table 2). The results indicated that both techniques could achieve good 
linearity and determine the vapor phase composition of CH4/C3H8 gas mixtures.  
The method detection limits (MDLs) and method quantitation limits (MQLs) of in situ Raman spectroscopy and 
GC methods were determined based on signal-to-noise (S/N) of 3 and 10. In particular, the MDLs and MQLs of 
the Raman spectroscopy method for CH4 and C3H8 were derived from the peak positions of 2,917 cm-1 and 
2,886 cm-1 in the spectrum of a blank sample (i.e., air gas); for the GC method, they were estimated according 
to the areas of a blank sample chromatogram at the retention time of CH4 (1.1 min) and C3H8 (4.0 min). Besides, 
to verify the accuracy of these analytical methods, some additional experiments were conducted with the 
constant temperature (298.15 K) and pressure values ranging from 0.2 to 0.5 MPa. The composition calculations 
for the vapor phase of CH4 and C3H8 are described in detail in previous studies (Truong-Lam et al., 2020). The 
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experimental MDLs, MQLs results, along with a comparison of the methane percentages in the vapor phase 
(Table 2), provide a remarkable basis for the development of a method to determine the gas phase in gas 
mixtures, which useful for energy recovery and related transport/storage technologies. 

Table 2: Method detection limits (MDLs) and method quantification (MQLs) of the Raman spectroscopy and two 
gas chromatography (GC) techniques (i.e., with a flame ionization detector (FID) and a thermal conductivity 
(TCD) for methane and its percentages in the vapor phase of a CH4/C3H8 gas mixture. 

Pressure 
(MPa) 

In-situ Raman spectrometer GC-FID GC-TCD 
CH4  
(%) 

MDLs  
(mg/L) 

MQLs  
(mg/L) 

CH4  
(%) 

MDLs  
(mg/L) 

MQLs  
(mg/L) 

CH4  
(%) 

MDLs  
(mg/L) 

MQLs  
(mg/L) 

0.2 90.45 

98.24 327.47 

90.54 

2.3 7.7 

90.65 

2.5 8.3 0.3 90.44 90.62 90.46 
0.4 90.46 90.35 90.50 
0.5 90.43 90.39 90.27 
 

 
Figure 3: Raman spectrum of CH4/C3H8 gas mixture  

3.2 Thermodynamic and dynamic experiments on CH4/C3H8 hydrate formation 

To determine the hydrate phase equilibrium (hydrate (H) – liquid water (Lw) – vapor (V)) of CH4, C3H8, and 
CH4/C3H8 mixture in pure water, the CSMGem software was utilized; the data were calculated in the temperature 
range of 273.15 – 278.15 K (Figure 4). The Pitzer correlation used to determine the number of moles of mixed 
gas consumed. Details of these calculations can be found in previous study (Truong-Lam et al., 2021). The 
equilibrium pressure of hydrate former directly related to the hydrate structure. Structure I hydrate (CH4) requires 
higher pressure as compared to CH4/C3H8 hydrates which are structure II hydrates, consistent with the results 
obtained by Truong-Lam et al. The phase equilibrium data in Figure 4 used to determine the condition of hydrate 
formation, the experiment carried out at 3.7 MPa, and 275.15 K. 
Figure 5 illustrates Raman spectra associated with CH4/C3H8 hydrate formation at 3.7 MPa, 275.15 K. One 
Raman spectrometer used for the vapor phase analysis and another for investigating the hydrate lattice. The 
C–H and C-C bonds of C3H8 in the gas phase exhibited signals at 2,886 and 887 cm-1, while two peaks observed 
at 2,870 and 2,878 cm-1 were attributed to the C–H stretching of the C3H8 molecules in the large cage of sII. 
The CH4 molecules showed three characteristic peaks associated with C–H stretching in the vapor phase, and 
the large and small cages of sII, 2,917, 2,904, and 2,914 cm-1. The vapor phase tended to become enriched in 
CH4 (2,917 cm-1) during hydrate formation (Figure 5 (a)). After 60 min, the intensity Raman signal at 887 cm-1 
and 2,887 cm-1 of C3H8 gradually decreased to near zero in the end of the experiment. These results could be 
useful for further studying methane gas separation/recovery processes.  

16



The intensities of both the CH4 and C3H8 hydrate peaks increased as the hydrate formation proceeded (Figure 
5(b)), consistently with previous results (Truong-Lam et al., 2020). Their positions did not change when 
increasing the CH4 concentration in the vapor phase. The results revealed the formation of sII CH4/C3H8 
hydrates and the presence of C3H8 in large cages of sII, whereas CH4 could enter all the available cages (large 
and small cages of sII hydrates). These observations differ from some previous findings (Kumar et al., 2019). 
Kwak et al. (2018) reported shifting of the CH4/C3H8 hydrate structure when the propane concentration in the 
vapor phase is below 8 %. This difference was probably due to the initial pressure conditions, which did not lead 
to the formation of structure I hydrates in the present study. These results will play an important role in natural 
gas transportation/storage and its extraction/collection from existing hydrate reserves 
 

 

Figure 4: Phase equilibrium condition of CH4, C3H8 and CH4 (90.5 %)/C3H8 (9.5 %) mixture 

 

Figure 5: In-situ Raman spectra showing the hydrate formation in a CH4/C3H8 gas mixture at 3.7 MPa and 
275.15 K. (a) vapor and (b) hydrate phase analyses. 
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4. Conclusion 
The formation of CH4/C3H8 hydrate from a CH4/C3H8 gas mixture (9.5 % C3H8 + 90.5 % CH4) for application in 
hydrate-based gas separation investigated from a thermodynamic and kinetic point of view. The in-situ Raman 
spectroscopy results revealed that the C3H8 molecules occupied only the large cage of structure II hydrates, 
while the CH4 ones could form both the large and small cages of structure II hydrates. During the kinetic 
experiments on the CH4/C3H8 hydrate formation, the vapor composition was determined through in situ Raman 
spectroscopy and the results were consistent with those obtained by GC. The vapor phase in the reactor was 
almost pure CH4 by the end of the hydrate formation process. Further studies will be conducted on other gas 
mixtures of particular interest in the field of natural gas hydrates 
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