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Abstract 

Gas hydrates are solid crystalline inclusions of guest molecules in water. In nature, due to high 

pressures and low temperatures, they can be found in deep sea or permafrost areas where water 

molecules form cage-like structures in which stabilizing guest molecules are centered inside. The 

guest molecules are e.g. lower hydrocarbons or carbon dioxide. Former research was mainly 

focused on the exploitation of natural gas hydrate deposits and the prevention of gas hydrate 

formation in gas pipelines. Along with the growing knowledge on gas hydrate properties, new 

applications are conceivable. Nowadays, efficient gas storages, desalination units, gas separation 

processes etc. are thinkable. In the coming decades, the relevance of natural and biogas will rise 

due to the decline of conservative fossil fuels like crude oil. Currently, both gases need to be 

conditioned with a high cost and energy effort.  

The presented thesis follows the attempt to solve these problems by developing an energy saving 

gas hydrate separation process. Therefore, the gas hydrate formation behavior in presence of 

diverse kinetic and thermodynamic promoter mixtures is extensively investigated under different 

conditions and the separation efficiency evaluated. Surface active substances are tested and a 

promoting coating for reactors and particles is designed. A multitude of reactor designs is 

developed, operated and optimized with regard to an improved, targeted gas hydrate formation. 

Furthermore, first-time feasibility studies are performed proving a successful development of a 

promoting coating, a combined biogas production with subsequent gas hydrate separation, and a 

gas hydrate absorption process. Additionally an Excel-Tool© is developed for the prediction of 

gas hydrate equilibria. Supported by simulations, the promising results of this thesis result in 

economic considerations revealing the vast energy and cost saving potential of a gas hydrate 

separation process applicable for bio and natural gas conditioning. Further, a pilot plant is 

designed to allow further research with an industrial and commercial focus in the future. 
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1 Introduction 

Gas hydrates are inclusion-like compounds consisting of water molecules, which act as host 

molecules, and small gas molecules, acting as guest molecules. Under extreme conditions, namely 

high pressure and low temperature found for example in deep-sea and permafrost areas, water 

molecules arrange around the gas molecules in a crystalline framework. First found by Priestley 

in 1778 and designated as “hydrate of gas” by Sir Humphrey Davy in 1811, gas hydrates are known 

to cause problems in gas pipelines where operating conditions allow the possibility of 

spontaneous gas hydrate formation and agglomeration at internals as valves, leading to so-called 

gas hydrate plugs [1,2]. Furthermore, natural gas hydrate deposits show a vast potential as a 

future energy resource since the estimated amount exceeds all other remaining fossil resources 

by a factor of two [3,4]. Therefore, gas hydrate research gains more and more attention since the 

1960s. Nowadays, several application areas have been identified for a targeted gas hydrate 

formation: gas storage and transport, gas separation, desalination, phase change materials, 

biotechnology, food engineering and even electricity supply, whereby this thesis is going to focus 

on the first ones, storage and separation. 

The problem which needs to be overcome for all gas hydrate technologies is the slow, 

crystallization-like formation process only occurring under extreme conditions, and additionally, 

regarding gas separation, a low selectivity. The main approach focuses on the use of kinetic and 

thermodynamic promoters.  

Kinetic promoters accelerate the hydrate growth by facilitating the gas solubility, usually by 

forming a foam or a mushy hydrate plug with a reduced surface tension. Therefore, the most 

common kinetic promoters are surfactants. Amino acids, polymers, starch, saccharide, 

nanoparticles, hydrogels should be mentioned here inter alia. However, kinetics can be enhanced 

by choosing an appropriate reactor design. Usually stirred reactor systems are used in the field of 

gas hydrate research, although to a small extent fixed bed, bubble column or spray reactors are 

utilized as well. 

Thermodynamic promoters shift the equilibrium of gas hydrate formation to moderate conditions 

as these substances are able to form hydrate structures by themselves. In doing so, 

thermodynamic promoters significantly dictate the type of gas hydrate structure formed and 

occupy the corresponding large cages themselves, which cannot be filled by other guest molecules 

anymore.  

 

The presented thesis contributes to the solution of the named problem by investigating the 

potential of the innovative and pioneering gas hydrate separation with a holistic multi-pronged 

approach which combines fundamental research on promoters and reactor designs, simulations 
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and engineering science considerations. After providing an insight into theoretical basics in 

chapter two and explanation of the used experimental set-ups in chapter three, chapter four deals 

with an extensive promoter screening of surfactants, crown and acyclic ethers, amino acids, 

aprotic solvents and fatty acids in different concentrations. Subsequently the development of a 

promoting coating made from different silanes is outlined in chapter five before several technical 

promotion methods are investigated. Different stirrer setups, the influence of the rotation 

frequency and a packed bed as well as a spray reactor design are examined in chapter six. 

Following this, chapter seven deals with the purification of biogas and chapter eight with the 

separation of natural gas by gas hydrate separation in presence of different thermodynamic 

promoters and synergetic additives. Additionally, an Excel©-Tool is developed for the prediction 

of gas hydrate equilibria with a competitive accuracy in chapter nine. This thesis concludes in 

chapter ten with economic considerations based on the preceding findings to answer the 

question: Is the gas hydrate separation process a promising alternative for established processes 

in the field of bio and natural gas conditioning? As an outcome from this question, a pilot plant, 

which can be continuously operated in a laboratory, is designed and installation costs are 

estimated to allow further gas hydrate separation experiments with a clear industrial and 

commercial orientation in chapter 11. At the end, a summary of results, a conclusion and an 

outlook are given. 
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2 Theory 

This chapter contains a general theoretical background for all the performed experiments. It starts 

by answering the question “What are gas hydrates?”, proceeds with the molecular structure and 

formation mechanism of gas hydrates, explains the terms “Promoter” and “Inhibitor”, continues 

with information about bio and natural gas conditioning and closes with possible applications for 

targeted gas hydrate formation. It is stated here that every chapter, dealing with conducted 

experiments during this PhD-project, starts with a separate theoretical section, to give the reader 

a detailed background at the required point. 

2.1 Gas hydrates 

Clathrates are “inclusion compounds in which the guest molecule is in a cage formed by the host 

molecule or by a lattice of molecules” [5]. If the host molecules are solely water molecules, the 

compound counts towards “pure clathrates” and is also called hydrate. Natural hydrates occur in 

every region of the world, where high pressures and low temperatures can be found, for example 

in the deep sea, permafrost areas and even in inland seas or water lakes. Thereby van der Waals 

interactions stabilized cavities are filled with, e.g. small hydrocarbons or carbon dioxide [6]. They 

are known for their vast potential as energy source as there is approximately twice the amount of 

all other fossil fuels deposited in natural gas hydrates [3,4]. Simultaneously, natural methane 

hydrate deposits are regarded as an upcoming danger in the course of the climate change. Due to 

the steady temperature rise in the sea, pessimistic estimations sketch a scenario in which 

methane, from no longer thermodynamic stable hydrate deposits, is released and subsequently 

promotes the greenhouse effect because methane is an even stronger greenhouse gas than carbon 

dioxide. This, in turn, leads to a faster temperature increase in the sea, destabilizing further 

methane hydrate reservoirs, and so on [3]. 

Gas hydrate research began with their accidental creation by Priestley in 1778, while bubbling 

sulfur dioxide through water at 273.15 K [1]. However, the obtained crystals were not named 

hydrates until 1811 when Sir Humphrey Davy wrote about “hydrate of gas” [2]. During the 

following 120 years, gas hydrates drew only little attention to a few researchers like Villard. In the 

1930s, when natural gas pipelines were laid into colder climate regions, methane hydrates 

became an issue attracting attention. First natural gas hydrate deposits were found in the 1960s 

and since, then gas hydrates gained more and more prominence, not only with regard to flow 

assurance or natural gas hydrate exploitation, but also to possible applications [7–12]. 
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2.2 Molecular structure 

Common natural hydrate structures belong to three different crystal structures, sI, sII and sH even 

though there are more known structures in the present. The major difference to ice is that ice 

forms as a pure component, while gas hydrates are only stable with an additional guest molecule. 

It should be mentioned that it is possible to transform structure sII neon hydrates by applying a 

vacuum at extremely low temperatures to form the sixteenth known ice structure, which is 

eventually an empty sII structure [13]. Depending on the guest molecule size, different cage 

structures are formed. The cages built by the water molecules have quadratic, pentagonal and 

hexagonal faces. All structures have in common that they have a small cage consisting of 12 

pentagonal faces forming a dodecahedron. The larger cages have added hexagonal faces and 

structure sH is special in view of a third cage formed by three quadratic, six pentagonal and three 

hexagonal faces. A multitude of these cages in a certain ratio form the structures. An overview is 

given in Figure 2-1 in addition to common guest molecules.  

 

Figure 2-1  Gas hydrate structures 

The numbers on the arrows represent the respective amount of cages in the corresponding 

structure. The number of water molecules per unit cell is also of importance. The formula for an 

unit cell is given by 2(512) ∙ 6(51262) ∙ 46 𝐻2𝑂 for sI, 16(512) ∙ 8(51264) ∙ 136 𝐻2𝑂 for sII and 

3(512) ∙ 2(435663) ∙ 1(51264) ∙ 34 𝐻2𝑂 for sH [6]. If all cages in structure sI or sII are occupied, 

each guest molecule would bind 5.75 or 5.67 water molecules respectively. As there is always the 

possibility of empty cages due to steric barriers, a good rule of thumb is the Villard’s rule as 

approximation for the hydration number. Villard stated that gas hydrates can be expressed by the 

formula 𝑛𝐺𝑎𝑠 ∙ 6 𝐻2𝑂 which is solely and roughly true for small guests occupying both cages of 

structure sI or sII [6].  

2 6

16 8

3 2 1

512 51264

51262

435663 51268

Structure sI 
CH4, CO2, 
C2H6 etc.

Structure sII 
C3H8, C4H10 

etc.

Structure sH 
CH4 + C7H14, 
CH4 + C6H14 

etc.
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2.3 Gas hydrate formation 

Generally the hydrate formation is an exothermic, crystallization-like process, however still 

incompletely explainable. It can be divided into two steps, the nucleation and the growth. The 

following section deals with both topics. 

2.3.1 Nucleation 

Nucleation is a stochastic process, especially occurring at low driving forces, and apparatus-

dependent. The process can be influenced by several parameters like apparatus geometry, water 

contaminants and history or degree of agitation. By using optimized operating conditions the 

nucleation becomes less stochastic. Today the following theories exist to explain the nucleation: 

The labile cluster theory (see Figure 2-2) states that in the hydrate formation region pure water 

exists with transient, labile pentagonal or hexagonal ring structures. If a guest molecule is 

dissolved in the liquid, clusters form immediately and irreversibly. In an equilibrium step, these 

labile cluster agglomerate by sharing faces until a critical value is reached. Then the nucleation is 

completed and growth starts [14].  

 

Figure 2-2  Scheme explaining the labile cluster theory according to [15,16] 

An extension of the labile cluster theory is the nucleation at the interface hypothesis, developed 

by Long and Kvamme, which describes a heterogeneous nucleation right at the interface. The 

guest molecules are adsorbed on the aqueous surface where water molecules form first partial 

and then complete cages. Again, if a critical size is achieved, nucleation is finished and growth 

proceeds [15,16].  

According to molecular simulations, the third hypothesis is the local structuring. Free energy 

calculations showed that labile clusters are thermodynamically unfavorable. Furthermore, it was 

found that guest molecules arrange in hydrate-like configurations restraining the water molecule 

movement. Therefore, the water molecules start to order in a local arrangement around the guest 

molecules until a critical nucleus is attained [17,18].  

A combination of these theories can be found in the so-called “Blob”-Theory, presented in Figure 

2-3. 

Initial Condition Labile Cluster Agglomeration Nucleation and growth
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Figure 2-3  Reaction scheme for the Blob-Theory according to [19] 

Dissolved guest molecules stay in an equilibrium state with a blob. This blob is able to form in two 

irreversible steps, at first an amorphous blob and the crystalline hydrate afterwards [19]. Latest 

studies confirm this mechanism, however the possibility exists that the amorphous state can be 

skipped under some circumstances, resulting in the multi-pathway theory [20]. 

2.3.2 Growth 

Hydrate growth is mainly influenced by kinetic, heat and mass transfer restrictions. Today, 

approximately 27 different approaches exist to model the hydrate growth, which can be retraced 

to the following three works. An overview is given by Yin et al. [21]. Vysniauskas and Bishnoi 

described the hydrate formation as a three-step reaction [22]. Englezos and Kalogerakis used a 

crystallization and mass transfer processes for their studies [23]. Skovborg’s and Rasmussen’s 

model states that the entire hydrate formation is mainly limited by the mass transfer of the gas 

through the liquid film at the gas–liquid interphase. In addition, Skovborg used the dataset 

provided by Englezos to calculate the mass transfer coefficients 𝑘𝐿 for methane 

(4.0476 x 10-5 m/s) and ethane (5.457 x 10-5 m/s) hydrate formation [24]. Mathematically, the 

following relation describes the change of the molar amount of the guest molecule over time 
𝑑𝑛𝑖

𝑑𝑡
 

which is proportional to the mass transfer coefficients 𝑘𝐿, the gas-liquid exchange area 𝐴(𝑔−𝑙) and 

the difference between the molar fraction at the interface 𝑥𝑖
𝐼𝑛𝑡  and in the bulk 𝑥𝑖

𝑏 . (See Eq. 2-1) 

This approach leaves heat transfer restrictions unconsidered.  

 𝑑𝑛𝑖

𝑑𝑡
= 𝑘𝐿𝐴(𝑔−𝑙)(𝑥𝑖

𝐼𝑛𝑡 − 𝑥𝑖
𝑏) [

𝑚𝑜𝑙

𝑠
]  Eq. 2-1 

If the gas uptake over time is recorded, hydrate formation shows the following course. (see Figure 

2-4) Until no induction occurred, the cumulated gas uptake is nearly zero, only absorption can be 

recognized. As soon as the nucleation arises, the hydrate growth starts, along with a rapid increase 

in the gas uptake. Afterwards the gas uptake slows down significantly, as most of the water is 

transformed into gas hydrates. Then hydrate formation becomes a diffusion-limited process, until 

no free water is left. 

Dissolved gas Blob Amorphous clathrate Crystalline clathrate
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Figure 2-4  Schematic diagram of the cumulative gas uptake vs. time during gas hydrate formation 

In literature, the gas uptake is normalized as mmol gas per mol water. Therefore, the following 

equation describes the water conversion. 

 C =
𝑛𝐺𝑎𝑠
𝑛𝑊𝑎𝑡𝑒𝑟

∗ 𝐻𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛 𝑛𝑢𝑚𝑏𝑒𝑟 [%] Eq. 2-2 

Dependent on the guest molecules and hydrate structure which is formed, the hydration number 

varies. Structure sI has a hydration number of 5.75 and structure sII 5.67, leaving empty cages 

unconsidered. Literature provides hydration numbers for different gas hydrates which were 

obtained from experiments. For example, for methane hydrate Tulk et al. registered a value of 6.10 

[25]. Kumar et al. found 7.03 for carbon dioxide hydrate [26]. 

2.4 Promoter 

Promoters are substances which influence the hydrate kinetics or thermodynamic equilibrium in 

a positive way with regard to a desired hydrate formation. They are divided into kinetic and 

thermodynamic promoters. 

2.4.1 Kinetic promoters 

Kinetic promoters accelerate the hydrate formation especially the growth. The most common 

class of molecules are surfactants. They are amphiphilic, consisting of a hydrophobic and 

hydrophilic part and are classified based on the charge of the hydrophilic head as anionic, nonionic 

or cationic respectively. Since surfactants lower the surface tension and facilitate the gas 

solubility, they have special relevance in this field. Furthermore, the addition of surfactants 
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influences the morphology of gas hydrates, which is why they play an important role as 

antiagglomerants in the field of flow-assurance [27]. An overview can be obtained from Kumar et 

al. [28]. Most notably, sodium dodecyl sulfate (SDS) is known as an outstanding kinetic promoter 

for methane and carbon dioxide hydrates simultaneously [28]. Further possibilities to promote 

hydrate formation are the use of silica nanoparticles or active carbon [29]. Veluswamy et al. 

showed that amino acids are also capable of promoting methane hydrate formation [30]. Some 

polymers, even ones which are meant to be inhibitors, enhance the kinetics as well [31–33]. It 

should be pointed out, that starch molecules can also act as promoters [34–36]. Therefore, 

research is still proceeding to find new promoters and far away from completion. 

2.4.2 Thermodynamic promoters 

Thermodynamic promoters shift the hydrate formation conditions from extreme to moderate. 

The most common thermodynamic promoter is tetrahydrofuran (THF). The effect is based on the 

property of THF to form large cages of the sII hydrate structures. While building large cages, small 

ones occur as well and nearby gas molecules are able to occupy these. Hence, a mixture of water 

and THF in presence of methane forms mixed sII hydrates which are stable at similar conditions 

like THF hydrates. A comparison between both equilibrium trends is shown in Figure 2-5. 

 

Figure 2-5  Comparison of the P-T-equilibrium of pure methane hydrates [6] and THF + methane mixed hydrates [37] 

Another substance class which represents good promoters includes tetra butyl pnictogen salts 

like tetrabutylammonium bromide (TBAB) or tetrabutylphosphonium bromide (TBPB). They are 

able to form semiclathrates and their promoting effect is similar to THF with the difference that 

these compounds form further clathrate structures which differ from the natural appearing ones. 

Semiclathrates differ from gas hydrates as they act as host and guest simultaneously. Anions 
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replace some water molecules in the clathrate framework leading to broken cages enclosing the 

large cations [38].  

2.5 Inhibitors 

Inhibitors are the opposite of promoters and used to prevent undesired hydrate formation in 

technical systems like gas pipelines where dehydration or trace heating is not an economically 

feasible approach. They are divided into thermodynamic and low-dosage hydrate inhibitors 

(LDHI). This section gives a short overview considering both classes. 

2.5.1 Thermodynamic inhibitors 

In water, solute thermodynamic inhibitors shift the gas hydrate equilibrium conditions towards 

more extreme ones, namely lower temperatures and higher pressures. This effect is similar to the 

operating principle of antifreeze agents used in car radiators. The most commonly used 

substances are alcohols, glycols and salts [27]. Due to its effectiveness, low cost, and easy 

availability, methanol is an inhibitor used in large quantities [39]. However, its use has an 

quantitative limitation and can additionally lead to corrosion problems [39]. Ethanol is often used 

in South America, as it is a waste product which accrues from the sugar industry, but has the 

disadvantage that above a concentration of 5.6 mol% ethanol can form binary hydrates with 

methane counteracting its intended purpose [27]. In case of the glycols, ethylene, diethylene and 

triethylene glycol are the common ones because of the advantage that they can be recovered from 

the process [27,39]. Among those, ethylene glycol has an outstanding position due to its low costs, 

low viscosity, and lower solubility in liquid hydrocarbons [40]. Besides alcohols and glycols, salts 

such as sodium chloride, calcium chloride, potassium formate, and sodium acetate act as 

inhibitors in the gas industry. These salts are commonly used while drilling to prevent hydrate 

formation, sometimes in addition to glycols [27]. However, THI can cause several operational 

issues, which is why research in this field is still under development. A detailed list of these 

operational issues and further information can be obtained from Kelland [27].  

2.5.2 Low-dosage hydrate inhibitors 

Low-dosage inhibitors provide clear advantages, mainly affecting economic parameters, in 

contrast to THIs. For example they can be used in low concentrations (0.1-1.0 wt%), are less 

volatile in comparison to methanol and provide a lower toxicity. There are two classes of LDHIs, 

kinetic hydrate inhibitors (KHI) and anti-agglomerants (AA). Kinetic hydrate inhibitors delay the 

gas hydrate nucleation and/or crystal growth while not influencing the thermodynamic hydrate 
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formation conditions [40]. Their mode of action is based on their uptake on the hydrate surface 

preventing the formation and growth of hydrate crystals. Thereby, the aim is to prevent hydrate 

formation during the residence time of the process stream in the hydrate formation regime. 

Primary, low molecular weight polymers, like polyethylene or polyvinyl chains with attached 

polar groups are used [39]. AAs should neither prevent hydrate formation nor slow down the 

kinetics. The idea behind their usage is to impede the agglomeration of hydrate particles to form 

a hydrate plug. Thereby, a non-sticky slurry is formed in a liquid hydrocarbon phase of the process 

stream, which is also the requirement for their application in the industry. Frequently used AAs 

are surfactants or quaternary ammonium and phosphonium salts [27,39]. 

2.6 Bio and natural gas conditioning 

Figure 2-6 shows the energy production of the U.S. according to the “Annual Energy Outlook 

2017”. It is visible that within the next decades the importance of dry natural gas and renewable 

energy sources are expected to raise and are assumed to become the main energy sources. Hence 

bio and natural gas conditioning to enable these energy sources will be a major topic as well. 

 

Figure 2-6  Energy production of the U.S. according to the “Annual Energy Outlook 2017” [41] 

Table 2-1 shows typical bio and natural gas compositions. Both consist mainly of methane. While 

for the purification of biogas carbon dioxide is the major contaminant, natural gas requires the 

removal of heavy hydrocarbons like ethane and propane as other components like nitrogen, 

hydrogen sulfide, ammonia and chlorine appear only in small amounts. 

0

5

10

15

20

25

30

35

40

45

50

1990 2000 2010 2020 2030 2040 2050

E
n

er
g
y
p

ro
d

u
ct

io
n

 [
M

J 
x
 1

0
1
2
]

Year

Oil Natural gas Renewable energy Nuclear

Hydro Natural gas liquids Coal



Theory | 2 

_______________________________________________________________________________________________________________________________________ 

11 

Table 2-1  Typical bio and natural gas compositions [42] 

Content Dimension Biogas from anaerobic digestion Natural gas 

Lower calorific value MJ/kg 12.3 48 

Methane Vol-% 60 – 70 85 – 92 

Heavy hydrocarbons Vol-% 0 9 

Hydrogen Vol-% 0 -  

Carbon dioxide Vol-% 35 – 40 0.2 – 1.5 

Nitrogen Vol-% 0.2 0.3 – 1.0 

Oxygen Vol-% -  -  

Hydrogen sulfide ppm 0 – 4000 1.1 – 5.9 

Ammonia ppm 100 -  

Chlorine as Cl- ppm 0 – 5 -  

 

The process to purify natural gas is outlined in Figure 2-7.  

 

Figure 2-7  Flow-diagram showing natural gas treatment 

At first, natural gas from the well is separated from crude oil and water via a low-temperature 

separation which is installed at or near the wellhead. To remove residual water vapor, a glycol 

absorption is used. Afterwards, amine absorption removes acid gas components like hydrogen 

sulfide and carbon dioxide. Elemental sulfur can be recovered from the amine treatment with a 

downstream “Claus”-process. The sweetened gas is freed from mercury with the help of a mole 

sieve or activated carbon before nitrogen is taken away by absorption or adsorption. The natural 

gas obtained in this way only consists of hydrocarbons and negligible impurities. To obtain 

saleable natural gas and acquire higher chained hydrocarbons, cryogenic fractionation is 

implemented [40,43]. As cryogenic fractionation is the most energy consuming step in the natural 

gas treatment process, this work focuses on the natural gas fractionation by gas hydrate 

separation. 

 

Biogas treatment to obtain saleable gas is similar to the natural gas treatment with the difference 

that less components have to be removed. First, raw biogas is acquired from a fermentation 

process or rather anaerobic digestion. Water must be removed which can for example be achieved 
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by glycol absorption. Afterwards, hydrogen sulfide is adsorbed on activated carbon or 

chemisorbed on iron. To reduce the carbon dioxide fraction, amine or water absorption can be 

used. Now, the product gas has a mole fraction higher than 0.96 of methane and is saleable after 

compression [44,45]. Figure 2-8 sketches this process. 

 

Figure 2-8  Flow-diagram showing the biogas treatment 

2.7 Gas hydrate applications 

Due to the increasing knowledge towards hydrate properties, several applications are imaginable 

like water desalination, CO2 capture and sequestration, food industry processes, refrigeration, gas 

separation, gas storage as well as transportation. As this work concentrates on gas separation and 

storage, both technologies are further explained in this section. 

2.7.1 Gas separation 

The idea for separating gases by hydrate formation was first proposed by Nikitin who performed 

experiments with a radon-dihydrogen sulfide-sulfur dioxide system in 1936 [46]. Due to affinity 

differences of varying gas species to occupy gas hydrate cages, a mixture of these gases can be 

separated as some components tend to enrich either in the hydrate or in the gas phase. The 

process is sketched in Figure 2-9. 

 

Figure 2-9  Schematic gas hydrate separation process 
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Later, the hydrate phase can be dissociated by depressurization and/or heating thereby releasing 

the stored gas if necessary. As this thesis focuses on biogas and natural gas conditioning, 

exemplary studies dealing with the separation of methane and carbon dioxide via pure gas 

hydrate formation are referenced here [47–52]. 

Over time, many studies were conducted dealing with gas hydrate separation of different gas 

mixtures in presence of different promoters with varying experimental conditions. An overview 

which systems and thermodynamic promoters were investigated is given in Table 2-2.  

Table 2-2  Matrix showing gas hydrate separation investigations in presence of different thermodynamic promoters. 

A – without promoter, B – cyclopentane, C - 1,3-dioxolane, D - 2-methyl tetrahydrofuran, 

E – tetrabutylammonium bromide, F – tetrabutylammonium fluoride, H – tetrabutylammonium nitrate, 

I – tetrabutylphosphonium bromide, J – tetrabutylphosphonium chloride, K - tetrahydrofuran 

Gas 𝐶𝑂2 𝐶𝐻4 𝐻2𝑆 𝑁2 𝐶2𝐻6 𝑆𝑂2 𝐶𝐻𝐹3 𝐻2 

𝐶𝑂2  
A, B, C, 

D, E, I, K 
E 

A, E, H, 
I, J, K 

 E  
A, B, E, 
F, H, K 

𝐶𝐻4 
A, B, C, 

D, E, I, K 
 E E A, K   B, E 

𝐻2𝑆 E E      E 

𝑁2 
A, E, H, 
I, J, K 

E     A  

𝐶2𝐻6  A, K       

𝑆𝑂2 E        

𝐶𝐻𝐹3    A     

𝐻2 
A, B, E, 
F, H, K 

B, E E      

 

It is visible that research concentrates on the purification of fuel, flue and biogas which is 

presumably due to an increased environmental awareness and industrial interest. Therefore, the 

most used promoters are tetrabutylammonium bromide and tetrahydrofuran. An extensive 

overview can be obtained from Eslamimanseh et al. [53]. 

2.7.2 Gas storage 

Already back in 1942, Banesh claimed a patent on storage and transport of natural gas in form of 

gas hydrates [54]. Gas hydrate storages have the advantage of a lower storage space and an energy 

density equivalent to a highly compressed gas, but with less density in comparison to liquefied 

natural gas [6] as 1 m³ of methane hydrate can store up to 170 Nm³ of methane [55]. A comparison 

of the storage capacity in Nm³/m³ of different gas storage technologies is given in Figure 2-10.  
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Figure 2-10 Different gas storage technologies and operating conditions, bubble size represents the storage capacity 

in Nm³/m³: CNG – compressed natural gas, LNG – liquefied natural gas, ANG – adsorbed natural gas, GHS 

- gas hydrate storage adapted from [56] 

With regard to safety aspects, solidified natural gas in form of gas hydrates has a lower pressure 

and is less flammable than the other options. In the 1990s, Gudmundsson suggested several times 

the possibility to ship hydrated natural gas rather than in liquefied form [57–59]. Therefore, the 

Mitsui Shipbuilding in cooperation with the Japanese Maritime Research Institute performed field 

tests with hydrated gas in pellet form [60–62]. According to Veluswamy et al., Japan possesses the 

largest expertise in the area of gas hydrate storage technology as from 2003 to 2008 gradually 

three test facility were put into operation. The first plant had a capacity of 0.6 t per day and the 

last one produced 5 t per day of hydrate pellets [56]. In 2012, the Korea Institute of Industrial 

Technology followed with a pilot plant producing 1 t per day using an especially designed double 

helix hydrate reactor [56]. 

Concerning the costs of storage and transport of natural gas in form of gas hydrate pellets, 

different reports with varying outcome are available. While Gudmundsson and Borehang, 

Javanmardi et al. and other researchers estimated a superior performance of solidified natural 

gas, Najebi et al., Khalilpour and Karimi or Rehder et al. could not confirm these findings [63–68]. 

However, the studies focused partly on certain world regions with strongly differing framework 

conditions and considered the formation of sI methane hydrate in conventional stirred tank 

reactors without any thermodynamic promoters. Recently, Kumar et al. proved the usage of 

seawater for rapid methane storage in sII hydrates promoted by THF which could improve the 

economic efficiency of solidified natural gas significantly [69]. An extensive review dealing with 

the whole topic is given by Veluswamy et al. [56].  
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3 Simulation of gas hydrate equilibrium 

Whether for research or industrial purpose, in the field of gas hydrates it is of high importance to 

have accurate knowledge about the phase equilibrium in presence of different guest molecules. 

However, experiments are costly and time consuming and commercially available software is 

expensive. This chapter describes the development of a Visual Basic© and Microsoft Excel© based 

software tool to determine hydrate equilibrium with an appropriate accuracy. Thereby, it focuses 

on the guest molecules used during this work, namely methane, ethane, propane, carbon dioxide 

and THF. 

In the early years of gas hydrate research, methods like the K-value or the gravity chart method 

were used to predict gas hydrate formation at specific conditions [70,71]. In 1972, Parrish and 

Prausnitz developed a thermodynamic model to predict the phase equilibrium of single and mixed 

hydrates based on a combination of the Kihara potential and the van der Waals & Platteeuw 

model [72]. Afterwards, many, similar thermodynamic models followed, however differing in 

some aspects. For example, the calculation of the vapor liquid equilibrium can be based on the 

Henry’s law, SRK-EoS, PSRK-EoS or CPA-EoS. Furthermore, a necessary Langmuir constant can be 

calculated based on an empirical approach or by calculating the Kihara potential [10,73–78]. 

Newer approaches model the gas hydrate equilibrium via neural networks [79,80]. As 

thermodynamic modelling of gas hydrate equilibrium is a complex topic, the developed program 

will be explained in detail here. 

3.1 Thermodynamics of vapor-liquid equilibrium 

The thermodynamic equilibrium is given if the fugacity 𝑓 of one component 𝑖 is equal in all present 

phases (𝛼, 𝛽, 𝛾 … ). This concept is known as the iso-fugacity criterion [81]. 

 𝑓𝑖
𝛼 = 𝑓𝑖

𝛽
= 𝑓𝑖

𝛾
…  Eq. 3-1 

Thereby, the relation between fugacity 𝑓 and pressure 𝑃 is given by the fugacity coefficient 𝜑. For 

an ideal gas the fugacity coefficient 𝜑 is equal to one [81]. 

 𝜑 ≡
𝑓

𝑃
  Eq. 3-2 

To calculate the fugacity coefficient of a pure component by using a pressure-explicit EoS the 

following equation is used [81]. 
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 lnφ =
1

RT
∫ (P −

RT

v
) dv

∞

v
− ln Z + Z − 1  Eq. 3-3 

As the Peng-Robinson-Stryjek-Vera-EoS has the advantage, in comparison to the Peng-Robinson-

EoS, that vapor pressure of polar components at low temperatures can be calculated 

appropriately, it is used in this work. The EoS has initially the known form of the Peng-Robinson-

EoS [82]. 

 P =
RT

v − b
−

a(T)

v(v + b) + b(v − b)
 Eq. 3-4 

The intrinsic volume of a real gas is given by the constant 𝑏 [82]. 

 b = 0.077796 ∗
𝑅𝑇𝑐
𝑃𝑐

 Eq. 3-5 

The constant a(T) considers that a real gas cannot have an internal pressure equal to zero due to 

a change of the internal energy on isothermal expansion. It is described by [82]: 

 a(T) = αi(T) ∗ 0.457235 ∗
𝑅2𝑇𝑐

2

𝑃𝑐
 Eq. 3-6 

Stryjek and Vera modified the αi(T)-term [82]. 

 αi(T) = [1 + κi (1 − √
T

Tci
)]

2

 Eq. 3-7 

κi is a dimensionless constant which consists of a substance characteristic constant 𝜅𝑙𝑖 , obtained 

from experimental data and a constant κ0i  which depends on the acentric factor 𝜔𝑖  [82]. 

 
κi = κ0i + κ1i (1 + √

T

Tci
)(0,7 −

T

Tci
) 

with κ0i = 0,378893 + 1,4897153 ωi − 0,17131848 ωi
2 + 0,0196554 ωi

3 

 

Eq. 3-8 

To solve Eq. 3-3 the compressibility factor 𝑍 needs to be calculated. Hence, the EoS is transformed 

into a cubic equation which has the form of Eq. 3-9. An analytical solution can be obtained by using 

the Cardano’s formula [81]. 

 
Z3 + (B − 1)Z2 + (A − 2B − 3B2)Z − AB + B2 + B3 = 0 

with A =
a(T)P

(RT)2
 and B =

bP

RT
 

Eq. 3-9 

Now it is possible to calculate the fugacity coefficient of a pure component and determine the 

equilibrium conditions in case of the vapor–liquid-equilibrium. However, in case of gas hydrates 
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at least two components are present, water and a gas hydrate forming guest. Therefore, to 

describe mixtures, the partial fugacity coefficient is needed. By derivation the following equation 

is obtained [81]. 

 (
∂n lnφ

∂ni
)
T,P,nj≠ni

= lnφi =
1

RT
∫ [(

∂P

∂ni
)
T,V,nj≠i

−
RT

V
] dV − ln Z

∞

V

 
Eq. 

3-10 

Furthermore, mixtures affect the van der Waals parameter 𝑎 and 𝑏. The van der Waals co-volume 

𝑏 of a mixture can be corrected by a simple linear mixing rule [81]. 

 b =∑bixi
i

 Eq. 
3-11 

The classic mixing rules for the attractive parameter 𝑎 fail because they only represent nonpolar 

or slightly polar substances, which is why 𝑔𝐸-mixing rules were introduced. Here the first order 

modified Huron-Vidal mixing rule (MHV1) was used [81]. 

 

a

bRT
=∑xi

i

ai
biRT

+
1

C
(
gE

RT
+∑xi

i

ln (
b

bi
)) 

with 𝐶 = −0.53 

Eq. 
3-12 

The excess Gibbs free energy gE can be obtained by using the non-random-two-liquid approach 

[83].  

 

gE

RT
=∑xi

i

(
∑ τjiGjij xj
∑ Gjij xj

) 

with τji =
(gji−gii)

RT
 and Gji = exp(−αjiτji) 

Eq. 
3-13 

(gji − gii) describes the interaction between two different components and αji is a non-

randomness parameter. The interaction (gji − gii) is fitted to experimental data and temperature 

dependency is taken into account by [83]: 

 (gji − gii)  = gij
′ + gij

′′T +
gij
′′′

T
 

Eq. 
3-14 

gij
′ , gij

′′ and gij
′′′ are the fit parameters [83]. However, this approach is pressure independent. 

Therefore, because gas hydrates form within extreme conditions (high pressures), a pressure 

dependent fourth term with another fit parameter gij
′′′′ was added in this work. 

 (gji − gii)  = gij
′ + gij

′′T +
gij
′′′

T
+ gij

′′′′𝑃 
Eq. 

3-15 

Considering 
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 gE =∑(xigi
E)

i

= RT∑(xi ln(γi))

i

 Eq. 
3-16 

Eq. 3-13 can also be written as [83]: 

 ln γi =
∑ τjiGjij xj
∑ Gkik xk

+∑
xjGij

∑ Gkjk xk
j

(τij −
∑ τnjGnjn xn
∑ Gkjk xk

) Eq. 
3-17 

Now Eq. 3-10 can be complemented with the MHV1 and the fugacity coefficient of one component 

in a mixture can be described as [84]: 

 

ln(φi) =
bi
b
(Z − 1) − ln(Z − B) −

1

2√2
[
ai
biRT

+
ln(γi)

C
                                  

+
1

C
ln (

b

bi
) +

1

C
(
bi
b
− 1)] ln (

Z + (1 + √2)B

Z + (1 − √2)B
) 

Eq. 
3-18 

 

3.2 Thermodynamics of gas hydrate equilibrium 

The starting point of the gas hydrate equilibrium state is also the iso-fugacity criterion. The 

fugacity of water in the liquid 𝑓𝑊
𝐿  and the hydrate phase 𝑓𝑊

𝐻 has to be equal [85]. 

 𝑓𝑊
𝐻 = 𝑓𝑊

𝐿  
Eq. 

3-19 

To determine the fugacity in the hydrate phase, a hypothetical transition of an empty hydrate (𝛽) 

into an occupied hydrate (𝐻) is assumed which can be described by the following equation [85]. 

 𝑓𝑊
𝐻 = 𝑓𝑊

𝛽
exp (

−∆𝜇𝑊
𝐻

𝑅𝑇
) 

Eq. 
3-20 

This equation contains two unknown factors, the chemical potential difference ∆𝜇𝑊
𝐻  and the 

fugacity of an empty hydrate shell 𝑓𝑊
𝛽

. According to the van-der-Waals-Plateeuw approach, the 

chemical potential difference can be described as [85]: 

 ∆𝜇𝑊
𝐻 (𝑇, 𝑃) = 𝜇𝑊

𝛽
− 𝜇𝑊

𝐻 = −RT∑νm
m

ln (1 −∑Θml
l

) 
Eq. 

3-21 

Here νm is the amount of cages of type 𝑚 per unit cell in the corresponding structure. Θml, the 

occupancy of a type 𝑚 cage with the guest component 𝑙, is represented by a Langmuir absorption 

approach [85]. 
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 Θml(T, P) =
Cml(T) fl(T, P)

1 + ∑ Cml(T) fl(T, P)l
 

Eq. 
3-22 

fl is the fugacity of the component 𝑙 and Cml a Langmuir absorption constant which describes the 

tendency of this component 𝑙 to occupy the hydrate cage 𝑚. The Langmuir absorption constant 

Cml results from the stabilizing interactions between the guest and the water molecules. 

Therefore, the Lennard Jones-Devonshire-cell-theory can be used which leads to the following 

equation [85]: 

 Cml(T) =
4π

kT
∫ exp (

−ω(r)

kT
)

R−a

0

r2 dr 
Eq. 

3-23 

Here, R is the free cavity radius, 𝑟 the distance between the guest and a cage center, 𝑎 the radius 

of a spherical core and 𝑘 the Boltzmann constant. ω(r) represents the cell potential as a function 

of the distance of the guest from cavity center. This, can be expressed through the Kihara potential 

[85]: 

 𝜔(𝑟) = 2𝑧𝜖 [
𝜎12

𝑅11𝑟
(𝛿10 +

𝑎

𝑅
𝛿11) −

𝜎6

𝑅5𝑟
(𝛿4 +

𝑎

𝑅
𝛿5)] 

Eq. 
3-24 

𝑧 is a cage type specific coordination number, 𝜖 an energy parameter and 𝜎 the distance between 

the cores at 0 potential energy. With 𝑁 taking values of 10, 11, 4 and 5, 𝛿 is given by [85]:  

 𝛿𝑁 =
1

𝑁
[(1 −

𝑟

𝑅
−
𝑎

𝑅
)
−𝑁

− (1 +
𝑟

𝑅
−
𝑎

𝑅
)
−𝑁

] 
Eq. 

3-25 

There are approaches where the parameters 𝜖, 𝜎 and 𝑎 are fitted to experimental data and the 

Kihara potential and Langmuir constants are calculated during each iteration. Due to the 

time-consuming and complex simulations resulting from this method, it was decided to use the 

approximation suggested by Parrish and Prausnitz [72]. 

 Cml =
Aml
T
exp (

Bml
T
) 

Eq. 
3-26 

Aml and Bml depend on the component, structure and cage type. To calculate the chemical 

potential difference ∆𝜇𝑊
𝐻  , the fugacity of the hypothetical empty hydrate shell fW

β
 must be 

determined. Therefore, the equation Eq. 3-27 is used [85]: 

 fW
β
= PW

sat,β
 φW
sat,β

exp(
VW
β
 (P − PW

sat,β
)

RT
) 

Eq. 
3-27 
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PW
sat,β

and φW
sat,β

 represent the saturation pressure and fugacity coefficient of the empty hydrate 

shell, respectively. As the vapor pressure in the empty hydrate shell is very low, the fugacity 

coefficient φW
sat,β

is equal to one. According to Klauda and Sandler, the volume of the empty hydrate 

shell is given by empirical correlations for structure sI and sII [85]: 

 VW
β,I
= (11,835 + 2,217 ∙ 10−5 ∙ T + 2,242 ∙ 10−6 ∙ T2)3

10−30NA

NW
β

− 8,006 ∙ 10−9 ∙ P

+ 5,448 ∙ 10−12 ∙ P2 

Eq. 
3-28 

 

 VW
β,II
= (17,13 + 2,429 ∙ 10−4 ∙ T + 2,013 ∙ 10−6 ∙ T2 + 1,009 ∙ 10−9 ∙ T3)3

10−30NA

NW
β

− 8,006 ∙ 10−9 ∙ P + 5,448 ∙ 10−12 ∙ P2 

Eq. 
3-29 

NA is the Avogadro’s number and NW
β

 the amount of water molecules in the unit cell. The 

saturation pressure PW
sat,β

 is described by an approach suggested by Růržička and Majer where 

the parameters Aβ, 𝐵𝛽 , 𝐶𝛽and 𝐷𝛽are fitted to experimental data [86]: 

 PW
sat,β

= Aβ ln(T) +
Bβ

T
+ Cβ + DβT 

Eq. 
3-30 

In addition, in mixed hydrates, these parameters are corrected by using a simple mixing rule. 

 Xmix
β

= ∑ 𝑧𝑙𝑋𝑙
𝛽

𝑙  with 𝑋𝑙
𝛽
≡ (Aβ, 𝐵𝛽 , 𝐶𝛽 𝑜𝑟 𝐷𝛽) 

Eq. 
3-31 

𝑧𝑙  is equal to the fraction of the component 𝑙 in the occupied hydrate and can be calculated with: 

 zl =
∑ υmΘmlm

∑ ∑ υmΘmlml
 

Eq. 
3-32 
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3.3 Algorithm 

The implemented algorithm is shown in Figure 3-1.  

 

Figure 3-1  Implemented algorithm to simulate gas hydrate equilibrium 

The algorithm works as follows: 

1. The user enters the amount of substance for each guest component, the equilibrium 

temperature and an estimated pressure. 

2. A PT-Flash is performed to calculate the fugacity of each component in the vapor and 

liquid phase. This step is trivial and will not be explained in detail here. A detailed guide is 

available in Feuerriegel for example [87]. As it was explained in chapter 3.1 the Peng-

Robinson-Stryjek-Vera-EoS, the first order modified Huron-Vidal mixing rule and the non-

random-two-liquid activity coefficient model were used. Necessary parameters can be 

found in the appendix 14.4. 
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mole fraction in 

hydrate
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Chemical potential 

hydrate phase

Vapor pressure empty 

hydrate

Fugacity empty hydrate

Fugacity occupied 

hydrate

Choose structure with lower P

 Θml T, P =
Cml T  fl(T, P)

1 + ∑ Cml T  fl(T, P)l

  W
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m

ln 1 −∑Θml
l
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sat,β
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T
+ Cβ + DβT

fW
β
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 exp
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β
 P − PW
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RT

fW
 = fW

β
 exp

−  W
 

RT

• Cubic EoS– Peng-Robinson-Stryjek-Vera

• Mixing rule – modified Huron Vidal 1 

• Activity coefficient model – Non-Random-Two-Liquid
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3. The hydrate cage occupancy (Eq. 3-22) is calculated using the fugacity in the liquid for 

each component and the empirical approach from Parrish and Prausnitz (Eq. 3-26) with 

constants from Munck et al. [72,88]. In case of THF, new constants were obtained by 

solving equations Eq. 3-23, Eq. 3-24 and Eq. 3-25 numerically. Hereby, the free radius 𝑅 

was taken from Strobel et al. and Kihara parameters from Kang et al. [89,90]. Afterwards, 

the parameters were obtained by fitting Eq. 3-26 to the Langmuir constants in dependency 

of the temperature. Used Aml and Bml parameters are listed in the appendix 14.4. 

4. The chemical potential difference is calculated using Eq. 3-21. 

5. The next step serves to compute the vapor pressure of a hypothetical empty hydrate shell 

by using Eq. 3-30, Eq. 3-31 and Eq. 3-32. Fitted parameters can be found in the appendix 

14.4. 

6. The fugacity of the hypothetical empty hydrate shell is obtained from Eq. 3-27 and, 

depending on the hydrate structure, Eq. 3-28 or Eq. 3-29. 

7. The fugacity of the occupied hydrate is determined (Eq. 3-20). 

8. If the difference between the fugacity of water in the liquid and in the hydrate phase is low 

enough to meet the criterion 휀 < 10−4, the algorithm repeats the calculations for a 

structure SII hydrate. Otherwise a new pressure is predicted using the Newton-Raphson-

method and the algorithm follows a loop until the criterion is met [91]. 

9. After determining both equilibrium pressures, for structure sI and sII, the lower pressure 

corresponds to the thermodynamically favored structure and the user obtains the 

structure, equilibrium pressure and composition of the hydrate phase. 

By making appropriate changes in the algorithm, the developed program is also able to calculate 

equilibrium temperatures originating from a given pressure and construct equilibrium trends for 

set conditions which means pressure and temperature are set by the user. 

3.4 Results and discussion 

To investigate the performance of the developed simulation program, exemplary simulation 

results are compared to experimental results with the help of the percent absolute average 

pressure deviation (% AAD). The % AAD is defined as [85]: 

 % AAD =
100

𝑛
∑
|𝑝𝑖
𝑒𝑥𝑝

− 𝑝𝑖
𝑠𝑖𝑚|

𝑝𝑖
𝑒𝑥𝑝

𝑛

𝑖=1

 
Eq. 

3-33 

Figure 3-2 shows PT-trends obtained from the simulations in comparison to experimental data 

[92]. 
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Figure 3-2 PT-trends obtained from simulations compared with experimental data [92] (Left: CO2, Right: CH4) 

It is shown, that both curves, for pure carbon dioxide and methane hydrate, represent the 

experimental data, visually extremely well. This result is approved by comparing the % AAD to 

previous works which was done in Figure 3-3.  

 

Figure 3-3  % AAD of the simulation results of pure gas hydrates in comparison to other works [75,76,84,85,93–95] 

The wide range of references cover the period from 1998 to 2018 and therefore allow a realistic 

assessment of the simulation results. It is visible that the model, used in this work, is most suitable 

to represent the PT-equilibrium of carbon dioxide hydrates. The other components are simulated 

with an appropriate accuracy and overall the best performance was achieved with the here 

presented model. In sum an average % AAD of 2.15 was achieved. 

Figure 3-4 shows likewise that the predicted PT-trend of mixed methane-propane hydrates 

represents the experimental data qualitatively well. 
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Figure 3-4  PT-trends obtained from simulations compared with experimental data for mixed hydrates from methane 

and propane [155] 

The % AAD for different mixed hydrates in comparison to previous works are presented in Figure 

3-5. 

 

Figure 3-5  % AAD of the simulation of mixed hydrates results in comparison to other works [75,84,85,93] 

The model developed by Dehaghani and Karami is overall the best to describe the PT-equilibrium 

of mixed hydrates. The difference to the here developed algorithm is that it uses the UNIQUAC 

activity coefficient model and additionally not uses the Parrish and Prausnitz approximation (Eq. 

3-26) or the roundabout approach with a hypothetical empty hydrate shell. Instead, equality of 

the chemical potential difference in the hydrate and the liquid phase is set as the criterion for the 

phase equilibrium [84]. Obviously, this leads to better results in case of mixed hydrates but not of 

pure hydrates. This shows that the two used approximation equations (Eq. 3-26 and Eq. 3-30) 

represent a source of error which should be changed or improved in future works. However, the 
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tool designed in this work, showed the second-best performance in comparison to former studies. 

In addition, it can describe mixed hydrates with THF with an accuracy of 5.99 % AAD. In 

comparison to Strobel et al., who achieved an accuracy of 2.9 % AAD with regard to THF + 

methane hydrates, it is still worse, but the here named reference focused especially on mixed 

hydrates from THF which was not the aim of the model illustrated here [89].  
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4 Experimental setups 

The following chapter deals with the used experimental setups in detail. Besides of a brief 

description and schematic figures, the accuracy of measurement is declared. Some experiments 

needed special changes in the setup and are explained in the section for the experimental series 

itself. 

4.1 Parr high pressure autoclave system 

High pressure experiments were performed in a stirred autoclave type “4568”, manufactured by 

Parr Instruments. The reactor has two observation windows and can be filled with anything after 

detachment from its tongue-and-groove flange. Its operating window ranges between 0 to 

200 bar(g) and -10 to +150 °C. The reactor can be tempered by using a thermostat type “Presto 

A40” manufactured by Julabo, which can directly control the reactor temperature via a Juchheim 

Pt100-temperature sensor. The cooling performance is 0.9 kW, the heating performance 2.7 kW. 

The pressure was measured with a “4848B Rosemount” sensor and controlled by using a control 

valve. Additionally, the system is equipped with a torque measurement delivered by Parr 

Instruments and the flow into the reactor can be measured by using a “mini cori-flow” coriolis 

mass flow system manufactured by Bronkhorst. To compress gas, a two-stage compressor station 

can be used consisting of a compressor type “DLE 2-5-2-GG” and “DLE 30-GG-H2” manufactured 

by Maximator. For stirring a self-priming paddle shaped gas entry stirrer and a pitched blade 

stirrer were available. Whereas the paddle stirrer can only stir the liquid phase, the pitched blade 

stirrer can freely be positioned along the stirrer shaft. Data logging was done with a PC and either 

with the software “Labview” or “Specview”. The accuracy of the measurements can be obtained 

from Table 4-1 and a P&ID is shown in Figure 4-1.  

Table 4-1 Accuracy of measurements for the high pressure Parr reactor 4568 

Parameter Device Accuracy 

Mass flow �̇� [g/h] Bronkhorst mini cori-flow ≤ 1.12 % of measured value g/h 

Mass 𝑚 [g] Sartorius LE1003s ± 0.001 g 

Pressure 𝑝 [bar(g)] Emerson Rosemount 2088 0.1 % of calibrated value (± 0.18 bar) 

Temperature 𝑇 [°C] Juchheim PT100 ± 0.1 + 0.0017 * 𝜗 K 

Torque 𝑀 [Ncm] Parr DR-2500 ± 0.1 Ncm 
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Short sign C-01 C-02 E-01 R-01 T-01 T-02 

Name Compressor Compressor Thermostat Autoclave Vessel Vessel 

Technical data   2.7 kW 0.6 L 0.5 L 0.5 L 

Permitted pressure 

[bar(g)] 
  1.7 200 200 200 

Permitted 

temperature 

[°C] 

100 100 250 150 150 150 

Material    T316 316L 316L 

Figure 4-1  P&ID for the high pressure Parr reactor 4568 system 

4.2 Büchi low pressure system 

The Büchi reactor system consists of a 0.5 L glass reactor manufactured by Büchi AG type 

”ecoclave 1”. It is equipped with a controllable Heidolph stirrer motor type “RZR2102”, a “mini 

cori-flow” coriolis mass flow system manufactured by Bronkhorst and a thermostat “Presto A40” 

by Julabo. The stirrer setup consists of a self-priming paddle shaped gas entry stirrer in the liquid 

phase and a pitched blade stirrer in the gas phase. Temperature and pressure were measured and 

controlled by a process control system “deltaV” delivered by Emerson. In addition, the system is 

connected to a 0.7 L Amar reactor which was used as deposit for gases and their mixtures. The 

accuracy of the measurements can be obtained from Table 4-2. A process and instrument diagram 

can be obtained from Figure 4-2. 
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Table 4-2  Accuracy of measurements for the low pressure Büchi reactor system 

Parameter Device Accuracy 

Mass flow �̇� [g/h] Bronkhorst mini cori-flow ≤ 1.12 % of measured value g/h 

Mass 𝑚 [g] Sartorius LE1003s ± 0.001 g 

Pressure 𝑝 [bar(g)] Siemens SITRANS P200 0.25 % characteristic curve (± 0.04 bar) 

Temperature 𝑇 [°C] Julabo PT100 ± 0.15 + 0.002 * 𝜗 K 

 

 

Short sign E-01 R-01 T-01 

Name Thermostat Autoclave Deposit 

Technical data 2.7 kW 0.5 L 0.7 L 

Permitted pressure [bar(g)] 1.7 12 100 

Permitted temperature [°C] 250 150 250 

Material 316L Glass 316L 

Figure 4-2  P&ID for the low pressure Büchi reactor system 
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5 Promoter screenings 

Due to the slow kinetics of hydrate formation and to enable gas hydrate applications, it is 

necessary to find a promoter which enhances the kinetics of hydrate formation. This chapter 

describes all performed experiments with regard to this topic. Different surfactants, crown and 

acyclic ethers, amino acids, aprotic solvents and fatty acids with varying concentrations were 

tested regarding their promoting or inhibiting effects on methane hydrate formation. Experiments 

were performed in stirred autoclaves either at high pressure in the Parr reactor system or low 

pressure in the Büchi reactor system in presence of THF as thermodynamic promoter. 

5.1 Influences of surfactants  

Surfactants have been focused several times as kinetic promoters. An exemplary overview is given 

in the work of Kumar et al. [28]. Due to a reduced surface tension, the gas transport into the liquid 

phase is enhanced and further the gas hydrate formation. At the same time, the promoting effect 

differs from surfactant to surfactant and from gas to gas compound. 

5.1.1 SDS, HDA and lecithin 

The following experimental series investigates the performance of sodium dodecyl sulfate (SDS) 

and hexadecylamine (HDA) in comparison to lecithin as a renewable and biodegradable raw 

material on the mixed hydrate formation of THF and methane.  

Sodium dodecyl sulfate is an anionic surfactant consisting of a sulfate group and a C12-chain. (See 

Figure 5-1) 

 

Figure 5-1  Structure of the dodecylsulfate anion 

Hexadecylamine is a nonionic surfactant consisting of an amine-group and a C16-chain. (See Figure 

5-2) 

  

Figure 5-2  Structure of hexadecylamine 

Lecithins are mixtures of glycerophospholipids including phosphatidylcholine, 

phosphatidylethanolamine, phosphatidylinositol and phosphatidic acid. The used lecithin is based 

on soybeans and therefore consists of at least 30 % of phosphatidylcholine. The structure is given 

in Figure 5-3. 
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Figure 5-3  Structure of phosphatidylcholine 

In this experimental series the induction, growth and formation time of methane-THF hydrates 

were determined in presence of each substance in concentrations of 0.5, 1.0 and 3.0 wt%. In 

addition, the system without promoter was measured as a reference.  

Experimental procedure 

The experimental series was performed in the Büchi reactor system (see chapter 4.2). Millipore 

water was degassed 15 min under vacuum, 250 mL of the hydrate forming mixture (5.56 mol% 

THF + water + surfactant) were weighed out and filled into the reactor which was closed 

afterwards. The stirrer was turned on and operated at a rotation frequency of 300 rpm. The 

reactor was cooled down to a temperature of 2.5 °C ± 0.5 °C. Before the measurement started, the 

reactor was purged 3 times to a pressure of 4 bar(g) and drained to a pressure of 0.5 bar(g), filled 

with methane to an operating pressure of 8 bar(g) and the gas counter was reset. The 

measurement started and it was waited until gas hydrates formation occurred. Due to the gas 

hydrate formation, a heat agglomeration inside the reactor occurred. The time at the start of the 

gas hydrate formation and at the highest reached temperature were recorded. Hence, the 

temperature trends were used to evaluate the induction and growth time. In addition, the final 

gas uptake was calculated by dividing the gas counter values by the molar mass of methane and 

the molar amount of the used water. The tests ended ten minutes after the temperature maximum 

was reached. Five repetitive measurements were performed to investigate promoting effects. An 

exemplary experimental trend is given in Figure 5-4. 
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Figure 5-4  Representative experimental trend for the experimental series of chapter 5.1.1 

Results and discussion 

The results of the experimental series are shown in Figure 5-5. Therein, the hydrate induction and 

growth time for methane-THF hydrate in presence and absence of SDS, HDA and Lecithin in 

concentrations of 0.5, 1.0 and 3.0 wt% is plotted. 

 

Figure 5-5  Average induction time [min] and growth time [min] with standard deviation of five measurements for 

methane-THF hydrate formation in presence of SDS, HDA and lecithin in different concentrations [wt%] 

Starting with the induction time, it is conceivable that the standard deviation is continuously 

wide-spread proving again that nucleation is stochastic. All values are in the same range in 

comparison to the pure water tests. SDS 0.5 wt% shows the longest and HDA 1.0 wt% the shortest 

induction time. By comparing the growth times, it is visible that all substances act as promoters, 
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accelerating the hydrate growth. A ranking in view of the suitability can be compiled in the 

following order: SDS > lecithin > HDA.  

Figure 5-6 shows the average final gas uptake of the here conducted experiments. 

 

Figure 5-6  Average final gas uptake [mmol/mol] with standard deviation of five measurements for methane-THF 

hydrate formation in presence of SDS, HDA and lecithin in different concentrations [wt%] 

It is shown, that all substances reached similar final gas uptakes expect SDS in all concentrations 

and lecithin with 3.0 wt%. Both low SDS concentrations raised the final gas uptake whereas SDS 

and lecithin with 3.0 wt% had an inhibiting effect. This is consistent with the work of Kang et al. 

who observed an inhibiting effect with an excess amount of SDS [96]. Due to the outstanding 

growth times and final gas uptakes, SDS shows the best promoting effects in a concentration of 

1.0 wt%. That SDS is especially a good promoter for methane hydrate formation, has been 

investigated by several works before and was proven here again [28]. For example Morajevi et al. 

showed that SDS in concentration of 500 ppm had the best promoting effect and in addition they 

found a minimum for the induction time approximately at 450 ppm which is the critical micelle 

concentration [97]. This correlation is interesting because Di Profio et al. discovered that at 

hydrate formation conditions no micelles are formed [98]. This was confirmed by Alberti et al. 

with the help of MD simulations [99]. All substances were used in concentrations above the CMC 

and the best promoting effects were achieved in a concentration of 0.5 wt%. 
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Figure 5-7  Comparison of temperature trends [°C] for a representative water and SDS 0.5 % test 

Figure 5-7 exemplary shows a comparison between a representative water and SDS 0.5 % test to 

point out the effect of a two stage hydrate formation process. During the experiments it was 

observed, that THF hydrates form, followed by the filling of small hydrate cages with methane, 

indicated by a second significant raise in the temperature. The time between both events is clearly 

reduced by the promoters leading to smaller growth times. 

This experimental series has shown once more, that surfactants promote the induction and the 

growth time due to their lowering effect on the surface tension. The outstanding outcome of this 

work is that even with lecithin, a renewable and biodegradable raw material, a respectable 

promoting effect can be achieved. Therefore, with regard to environmentally friendly process 

requirements, renewable surfactants appear as a good alternative for promoting hydrate 

formation although further substances should be tested to achieve nearly the same or even a 

better kinetically promotion than SDS. 

5.1.2 SDS, Tween80, Triton X-100 and PFOA 

This chapter follows thematically chapter 5.1 and investigates again the influences of different 

surfactants on the hydrate formation. Since surfactants decrease the surface tension and enhance 

the transport of gas molecules into the liquid phase, it should be possible to increase the 

promoting effect - compared to SDS - even more by using fluorosurfactants. Furthermore, García-

Aguilar et al. showed that nonionic surfactants with high HLB (hydrophilic-lipophilic balance) 

numbers increase the methane solubility [100]. Therefore, a second approach aims to use 

nonionic surfactants with high HLB numbers to facilitate methane hydrate formation. 
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The concept of the HLB number goes back to Griffin who introduced the HLB number as the ratio 

between the lipophilic molar mass 𝑀𝑙 and the molecules overall molar mass 𝑀. This leads to the 

following equation: 

 𝐻𝐿𝐵 = 20 ∗ (1 −
𝑀𝑙

𝑀
)  Eq. 5-1 

The number 20 is a freely chosen scaling factor. A HLB number of 1 describes a lipophilic 

substance whereas a value of 20 represents a hydrophilic compound [101]. 

In this experimental series, SDS was used as a benchmark and the investigated system focuses on 

mixed methane-THF hydrate formation. (See chapter 5.1) The following substances were 

examined. 

Tween 80, also known as Polysorbate 80, is a nonionic surfactant and emulsifier used in foods, 

cosmetics and medicine. The critical micelle concentration of Tween 80 in pure water is reported 

as 0.012 mM [102]. Its HLB number is 15. A promoting effect was confirmed for carbon dioxide 

hydrate and cylcopentane-carbon dioxide-hydrate formation [103–105]. Figure 5-8 shows its 

structure. 

 

Figure 5-8  Structure of Tween 80 (w + x + y + z = 16) 

Triton X-100 is a nonionic surfactant and a commonly used detergent in laboratories. The critical 

micelle concentration of Triton X-100 in pure water is reported as 0.22 mM [106]. Its HLB number 

is 13.5. Ethane hydrate formation is promoted by this surfactant [107]. Figure 5-9 shows its 

structure. 

 

Figure 5-9  Structure of Triton X-100 (n = 8 – 9) 
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Perfluorooctanic acid (PFOA) is a synthetic perfluorinated carboxylic acid and fluorosurfactant. It 

is used in industrial applications as a surfactant in the emulsion polymerization of fluoropolymers 

and in the manufacturing process of polytetrafluoroethylene which is commercially known as 

Teflon. According to Yu et al. the CMC has a value of 3.8 mM  and a HLB number of 17.8 [108]. Its 

structure is shown in Figure 5-10. 

 

Figure 5-10  Structure of PFOA 

In this experimental series, the induction time and the gas uptake of a water-methane-THF 

hydrate was measured in presence of each substance in the CMC. In addition, the system without 

promoter was measured.  

Experimental procedure 

The experimental series was performed in the Büchi reactor system (see chapter 4.2). Millipore 

water was degased 15 min under vacuum and 250 mL of the hydrate forming mixture (5.6 mol% 

THF + water + surfactant in the CMC) was weighed out and filled into the reactor which was 

closed afterwards. The reactor was purged 3 times to a pressure of 5 bar(g) and drained to a 

pressure of 0.5 bar(g). Subsequently, while stirring, cooling began until an operating temperature 

of 6 °C was reached. The stirrer rotation frequency was set to 900 rpm. In order to start the 

measurement, the reactor was filled with methane to an operating pressure of 8 bar(g) and the 

gas counter was reset. During the measurement, temperature and gas flow were recorded to 

determine the induction time and the gas uptake. The test ended 110 min after the start. The 

whole process was automated by using the “delta V” process control system. Five repetitive 

measurements were performed to investigate promoting effects. An exemplary experimental 

trend is given in Figure 5-11. 
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Figure 5-11  Representative experimental trend for the experimental series of chapter 5.1.2 

The measurement started as the experimental pressure of 8 bar(g) was reached and held 

constant. After approx. five minutes the temperature rises significantly indicating the onset of the 

gas hydrate formation and therefore the induction time. Due to heat accumulation in the reactor 

and progressing gas hydrate formation, the temperature reaches a maximum temperature of 

14 °C which cannot be compensated by the thermostat. However, gas uptake is recorded and after 

110 minutes the experiment ended. 

Results and discussion 

Figure 5-12 shows again that nucleation is a stochastic process and visualized by large error bars. 

With regard to the effectiveness to promote the gas hydrate induction, SDS showed the best 

results followed by Tween 80. Triton X-100 and PFOA have a similar performance but in 

comparison to the other it is worse. 
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Figure 5-12  Average induction times [min] with standard deviation for methane-THF hydrate formation in presence 

of different surfactants  

Figure 5-13 presents the averaged gas uptake in mmol gas per mol water in the first 80 minutes 

after induction. The trends show that in the first 10 minutes PFOA and Triton X-100 displayed the 

best performance. Most of all, this is caused by their effect to reduce the surface tension even 

stronger than SDS or Tween 80. Especially, PFOA reduces the surface tension to 15.2 mN/m which 

is weaker than SDS does with 38 mN/m [109]. The trends of Tween 80 and Triton X-100 are 

primarily traced back to the enhanced solubility of methane due to their high HLB numbers. After 

15 minutes the trends are changing and SDS becomes the best promoter while Triton X-100 and 

PFOA follow in second place. Tween 80 is the worst promoter of the tested substances. The 

superior performance of SDS in comparison to Tween 80 was found during carbon dioxide 

hydrate formation as well [104,105]. The excellent effect of SDS is either explainable by the 

lowering of the surface tension or the HLB number. Therefore, morphological and steric reasons 

are considered to be responsible for this phenomenon as the hydrate formation becomes a 

diffusion-limited process during plug formation. This hypothesis is supported by a recent 

molecular dynamic study which stated that SDS molecules adsorb on the gas hydrate surface with 

their hydrophobic tails by anchoring into the open cages of the growing gas hydrate while the 

polar head groups protrude uncovered into the liquid phase. Thereby, adsorbed SDS molecules 

alter the hydrate morphology leading to an increased porosity, improving the mass transfer of 

methane significantly and enhancing the hydrate growth kinetics [110]. 
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Figure 5-13  Average gas uptake [mmol/mol] during methane-THF hydrate formation for five repetitive measurements 

with standard deviation in presence of different surfactants in the CMC 

This experimental series has shown that lowering the surface tension and increasing HLB 

numbers lead to a massive facilitation of hydrate formation at the beginning. The induction times 

were stochastic and especially high for Triton X-100 and PFOA. The highest gas uptake is achieved 

by using PFOA, though comparable to SDS. However, Tween 80 and Triton X-100 showed an 

inhibiting performance on the final gas uptake. 
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5.2 Influences of phase transfer catalysts and aprotic solvents 

A phase-transfer catalyst or PTC is a catalyst that facilitates the migration of a reactant from one 

phase into another phase where the reaction occurs. Therefore, phase-transfer catalysis is a 

special form of heterogeneous catalysis and normally used for reactions were an ionic surfactant 

is soluble in the aqueous phase but insoluble in the organic phase. The PTC links the two phases 

enabling a faster reaction at the interphase. PTC is also employed in liquid/solid and liquid/gas 

reactions. Typical PTCs are quaternary ammonium salts, crown ethers and phosphonium 

compounds [111–114].  

In difference to protic solvents like methanol, ethanol or water, aprotic solvents possess no 

positive polarized hydrogen atom and are not able to form hydrogen bonds. In addition, they have 

high dipole moments and permittivity which can be useful in view of the solubility of substances 

[115]. This experimental series was performed to determine the influences of both substance 

classes on gas hydrate formation. The following chemicals were used: 

15-crown-5 is a crown ether and a cyclic pentamer of ethylene oxide that forms complexes with 

various cations. It is used as PTC and its structure is shown in Figure 5-14 [116].  

 

Figure 5-14  Structure of 15-Crown-5 

Propylene carbonate (PC) is a carbonate ester derived from propylene glycol and an aprotic 

solvent with a high molecular dipole moment. It is used in lithium batteries as electrolyte 

component as well as in some adhesives, paint strippers, and in cosmetics. Further it is used as a 

solvent for the removal of carbon dioxide from natural and synthesis gas in absence of hydrogen 

sulfide [117,118]. The structure is displayed in Figure 5-15. 

 

Figure 5-15 Structure of propylene carbonate 
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sulfoxide [119] - and 15-crown-5 in concentrations of 0.1, 0.2 and 0.5 mol%. In addition, the 

system was measured without any additive.  

Experimental procedure 

The experimental series were performed in the Parr reactor system (see chapter 4.1). Millipore 

water was degassed 15 min under vacuum and 250 mL of the hydrate forming mixture (water + 

additive) was weighed out and filled into the reactor which was closed afterwards. The reactor 

was purged three times to a pressure of 5 bar(g) and drained to a pressure of 0.5 bar(g). 

Subsequently, cooling began until an operating temperature of 4 °C was reached. To start the 

measurement, the reactor was filled with methane to an operating pressure of 100 bar(g) and the 

gas counter was reset. Afterwards, the stirrer was turned on and set to a rotation frequency of 900 

rpm. During the measurements, temperature and gas flow were recorded to determine the 

induction time and the gas uptake. The test was operated with a duration of 24 hours. Three 

repetitive measurements were performed to investigate possible promoting effects. An exemplary 

experimental trend is given in Figure 5-16.  

 

Figure 5-16  Exemplary experimental trend for experimental series of chapter 5.2 

In addition, the gas hydrates were once dissociated after a measurement by heating to 20 °C in 

order to evaluate the equilibrium temperature and to identify thermodynamic effects. Figure 5-17 

shows an exemplary experimental trend. 
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Figure 5-17  Exemplary experimental trend to determine the equilibrium temperature for experimental series of 

chapter 5.2 

Results and discussion 

Figure 5-18 shows the average induction times with standard deviation for this experimental 

series. Obviously in comparison to pure water, each substance has an inhibiting effect. 15-crown-

5 in a concentration of 0.2 mol% showed three times absolutely no nucleation during the 24 hours 

of measurement. The wide-spread deviation proves the stochastic character of nucleation. 

 

Figure 5-18  Average induction times [min] with standard deviation for methane hydrate formation in presence and 

absence of 15-crown-5 and PC 

The average gas uptake can be obtained from Figure 5-19. In view of the kinetic effects, it is stated 

that especially PC exhibits a promoting effect in the first 9 hours. Beyond this point, water showed 
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concentrations an inhibiting effect whereas the lower concentration of 0.1 mol% had a stronger 

effect. As 15-crown-5 in a concentration of 0.2 mol% had no nucleation in the first 24 hours, no 

conclusion about the kinetics can be made. 

 

 

Figure 5-19  Average gas uptake [mmol/mol] during methane hydrate formation in presence and absence of 15-crown-

5 and PC 

Figure 5-20 displays the measured equilibrium temperatures. The results show that all substances 

had a slight thermodynamic inhibiting effect, PC even more than 15-Crown-5. 
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Figure 5-20  Equilibrium temperatures [°C] of methane hydrates in presence and absence of 15-crown-5 and PC 

The key findings are that both substances showed inhibiting effects with regard to the induction 

and thermodynamic equilibrium. Especially 15-crown-5 with its additional kinetically inhibiting 

effect demonstrated a good performance in a concentration of 0.2 mol%. This is explainable by 

the fact that Merkel proved that particularly ether groups have an inhibiting effect [120]. 

According to Nickolov et al. 15-crown-5 is able to bind up to 15 water molecules [121] and that 

would hinder the formation of hydrate cage structures. Furthermore, all substances had a lower 

gas uptake than pure water. It was found that propylene carbonate is at least suitable as a 

potential kinetic promoter for the first 9 - 10 hours. A possible explanation for this is that 

propylene carbonate, due to its high dipole character, increases the solubility of methane in water, 

but in the course of gas hydrate formation it seals the pores of the hydrate bulk and thus prevents 

further diffusion of methane into the cages. Furthermore, as PC is a carbonate ester, it is classified 

as a potential inhibitor [27]. 
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5.3 Influences of crown ethers  

The preceding chapter 5.2 showed an inhibiting performance of 15-crown-5 on the methane 

hydrate formation. Additionally, a suspicious anomaly was found while using 15-crown-5 in a 

concentration of 0.2 mol% as no induction occurred. Therefore, the question rose up if there is an 

optimal concentration of 15-crown-5 to achieve an inhibiting effect and the experimental series 

of this chapter was performed. Three different crown ethers were tested in different 

concentrations to determine their effect on methane hydrate formation in more detail. The 

structure of 15-crown-5 is already known from chapter 5.2. Furthermore, 12-crown-4 and 18-

crown-6 were tested. The structures can be obtained from Figure 5-21. 

 

 

Figure 5-21  From left to right the structure of 12-crown-4, 15-crown-5 and 18-crown-6 

The following concentrations were tested: 

 12-crown-4 was tested in a concentration of 0.1 mol%  

 15-crown-5 in a concentration of 0.15 mol% and 0.3 mol%  

 18-crown-6 in a concentration of 0.1 mol% and 0.5 mol% 

Experimental procedure 

The experiments were conducted analogously to chapter 5.2 with three repetitive measurements. 

Results and discussion 

Figure 5-22 shows the average induction time from three repetitive measurements with standard 

deviation. In nearly all cases an immediate induction occurred. Only in case of 18-crown-6 

induction times are higher especially in a concentration of 0.5 mol%, resulting in an inhibiting 

effect. Compared to the measurements of chapter 5.2 15-crown-5 has a promoting character 

which contradicts the previous results. 
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Figure 5-22  Average induction time [min] with standard deviation for methane hydrate formation in presence of 

different crown ethers with varying concentrations 

The average gas uptake over time is presented in Figure 5-23. The obtained relations from the 

induction times are reflected here again. All crown ethers showed a promoting effect except of 18-

Crown-6 with 0.5 mol%. The trends are optically similar and only show little differences.  

 

Figure 5-23  Average gas uptake [mmol/mol] over time for methane hydrate formation in presence of different crown 

ethers with varying concentrations 

The results for the 15-Crown-5 ether in all measured concentrations including the trends from 

chapter 5.2 are compared in Figure 5-24. While inhibiting effects were obtained in the preceding 

measurements, now promoting effects occurred. No clear relation between the concentration and 

the kinetic of methane hydrate formation was found. 
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Figure 5-24  Average gas uptake [mmol/mol] over time for methane hydrate formation in presence of 15-crown-5 in 

different concentrations 

All these findings with regard to the kinetics can also be recognized in Figure 5-25 which shows 

the average final gas uptake. All ethers in every concentration showed similar promoting results. 

No correlation between concentration or number and the final gas uptake of ether groups was 

obtained. The former measurements (15-crown-5 0.1 and 0.5 mol%) resulted in an inhibiting 

effect afflicted with large error bars.  

 

Figure 5-25  Average final gas uptake [mmol/mol] with standard deviation for methane hydrate formation in presence 

of different crown ethers with varying concentrations 

Last, the thermodynamic effects are discussed based on Figure 5-26. The equilibrium 
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stronger thermodynamic inhibition than the other ethers, further test should be performed to find 

an optimal concentration for each ether. 

 

Figure 5-26  Equilibrium temperature [°C] during dissociation of methane hydrates in presence of different crown 

ethers with varying concentrations 

Finally, it is stated that the effects on methane hydrate formation kinetic could not be clearly 

identified and a tendency towards promotion was found here which is in conflict with the former 

results. However, these effects are small and not even nearly as good to enhance gas hydrate 

formation as other known promoters. Furthermore, the thermodynamic inhibition would not be 

desired with regard to the usage in an industrial application. Therefore, the obtained results are 

unsatisfactory from a scientific point of view. Nevertheless, from an application oriented and 

economic standpoint, further investigations on crown ethers as inhibitors would make no sense, 

as these substances are far more expensive than methanol or ethylene glycol. 
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5.4 Influences of amino acids 

This chapter deals with the effects of different amino acids with differing hydrophobicity on the 

formation of mixed methane-THF hydrates. Hydrophobic amino acids were already tested as 

thermodynamic inhibitors. While using glycine, L-alanine and L-valine in a concentration range of 

0.1-3.0 mol% as thermodynamic inhibitors for CO2-hydrate formation, all substances were less 

efficient than methanol, but have the advantage that they are environmentally friendly and 

nonvolatile [122]. A thermodynamic inhibiting effect caused by glycine and L-leucine (0.05-1.5 

wt%) was found for THF-hydrate formation as well [123]. Roosta et al. used different amino acids 

in a concentration of 0.5 and 1.5 wt%. While the hydrophilic amino acids L-histidine and L-

glutamine showed a promoting effect on ethane and methane-propane hydrate growth, 

hydrophobic amino acids, namely glycerine and L-serine acted as inhibitors for ethane, methane-

propane. The methane-THF hydrate formation was inhibited in all cases [95]. Further studies 

proved a promoting effect on methane hydrate formation. Bhattacharjee et al. showed that L-

histidine (0.1-1.0 wt%) is able to improve the hydrate formation kinetic and gas uptake 

significantly but not as good as SDS [124]. Veluswamy et al. tested tryptophan (0.0009-0.0264 

mol%), histidine (0.035-0.116 mol%), arginine (0.031-0.103 mol%) and L-leucine (0.1-1.0 wt%) 

with regard to methane hydrate formation and all substances showed a promoting effect. The 

main influencing factors are the hydrophobicity and the side chain characteristics. Longer side 

chains and a hydrophobic characteristic tend to enhance the hydrate formation [30,125]. Not 

investigated extensively by now is the formation of mixed methane-THF hydrates in presence of 

amino acids which is the subject of this following chapter. The used amino acids are tabulated in 

Table 5-1. Concentrations of 0.1, 0.5, 1.0 and 3.0 wt% were chosen. 



Promoter screenings | 5 

_______________________________________________________________________________________________________________________________________ 

49 

Table 5-1  Overview of amino acids used in experimental series of chapter 5.4 

Name Side chain polarity 

[126] 

Hydropathy index 

[127] 

Structure 

Glycine Nonpolar -0.4 

 

L-arginine Basic polar -4.5 

 

L-isoleucine Nonpolar 4.5 

 

L-lysine Basic polar -3.9 

 

Experimental procedure 

The experiments were conducted analogously to chapter 5.1.2 and five repetitive measurements 

were performed. 

Results and discussion 

Figure 5-27 shows the average induction times for all tested amino acids in their corresponding 

concentration. 
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Figure 5-27  Average induction times [min] with standard deviation for methane-THF hydrate formation in presence of 

different amino acids with varying concentrations 

The induction times are widespread and the stochastic character of hydrate nucleation is once 

more demonstrated. While induction times are very low and similar in case of a concentration of 

0.1 wt%, induction times become more random in case of the higher concentrations. Outstanding 

here is L-arginine in a concentration of 1.0 wt% as only one of five repetitive measurements 

started to form hydrates after 89.8 minutes hinting towards an inhibiting effect. Inhibiting effects 

were also found with glycine in the concentration of 0.5 and 1.0 wt%, L-lysine in the concentration 

of 0.5 and 3.0 wt%. L-isoleucine is not awarded with an inhibiting effect as induction times were 

still low and the widespread deviation allows no clear statement.  

  

Figure 5-28  Average gas uptake [mmol/mol] over time for methane-THF hydrate formation in presence of different 

amino acids in a concentration of 0.1 wt% (left) and 0.5 wt% (right) 
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Figure 5-28 shows the gas uptake over time for different amino acids in the concentrations of 0.1 

and 0.5 wt%. It can be seen, that in the first 15 minutes no difference to the pure water + THF 

system can be observed. Afterwards, all amino acids have a promoting effect, whereby L-arginine 

is the worst and L-isoleucine the best promoter. However, in a concentration of 0.1 wt% the trends 

fan out reaching a lower final gas uptake in comparison to the comparative probe. While using 0.5 

wt%, trends are narrowed and reach a nearly equal end gas uptake which is still lower than that 

of pure water + THF. Therefore, in the concentrations 0.1 wt% and 0.5 wt% all amino acids 

enhance the kinetics but to the disadvantage of a lower gas uptake. With higher concentrations 

new effects occur as Figure 5-29 shows. 

  

Figure 5-29  Average gas uptake [mmol/mol] over time for methane-THF hydrate formation in presence of different 

amino acids in a concentration of 1.0 wt% (left) and 3.0 wt% (right) 

In a concentration of 1.0 wt% all amino acids have a kinetic promoting effect right from the 

beginning of the experiments. The trend of L-arginine stops after 30 minutes as only one attempt 

induced successfully but exceeded the experimental time. Glycine and L-lysine reach once more a 

lower end gas uptake with regard to the comparative probe. Only L-isoleucine shows a promoting 

effect over the whole experimental time. With regard to 3.0 wt% glycine and L-lysine have an 

inhibiting effect and no significant difference between the trends of L-isoleucine, L-lysine and the 

water measurement can be seen. The end gas uptake for L-isoleucine is slightly higher than that 

of water and L-lysine is classified below these two. For the greater clarity all average final gas 

uptake are displayed in Figure 5-30. 
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Figure 5-30  Average final gas uptake [mmol/mol] with standard deviation for methane-THF hydrate formation in 

presence of different amino acids with varying concentrations 

Summarizing it can be said (see Table 5-2): All amino acids showed a kinetically promotion up to 

a concentration of 3.0 wt% and the gas uptake was lower in comparison to water. In a 

concentration of 3.0 wt% the kinetic effect shifted to no effect or inhibition. Exceptions are an 

increased gas uptake in the case of L-isoleucine, which was achieved in concentrations ≥ 1.0 wt% 

and L-arginine with no effect on the kinetics with 0.1 wt% and no assessment of the gas uptake 

due to high induction times while using 1.0 wt%. Therefore, the conclusion is that indeed longer 

side chains and a hydrophobic characteristic improve the hydrate formation. However, the 

influences of amino acids are highly concentration dependent and further research has to be done 

to understand the mechanism behind their effects [19,66]. 

 

Table 5-2  Summarized results of the influences of different amino acids with varying concentrations on the 

methane-THF hydrate formation kinetics and gas uptake 

 0.1 wt% 0.5 wt% 1.0 wt% 3.0 wt% 

 Kinetic Uptake Kinetic Uptake Kinetic Uptake Kinetic Uptake 

Glycine ↑ ↓ ↑ ↓ ↑ ↓ ↓ ↓ 

L-isoleucine ↑ ↓ ↑ ↓ ↑ ↑ − ↑ 

L-lysine ↑ ↓ ↑ ↓ ↑ ↓ ↓ ↓ 

L-arginine − ↓ ↑ ↓ ↑  − ↓ 
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5.5 Influences of fatty acids 

As SDS is known as one of the kinetic promoters, it seems obvious that fatty acids in general, and 

especially sodium dodecanoate, could be good promoters as well. However, fatty acids were 

neither tested as promoters nor inhibitors for gas hydrate formation. Therefore, this chapter deals 

with the screening of four saturated fatty acids with raising carbon chains from C8 to C14. 

The term fatty acids includes all saturated and unsaturated aliphatic carboxylic acids with a chain 

lengths ranging from C6 to C24. They play an important industrial role, as already back in 2000 

world production was about 5.4 x 106 t per year and is still estimated to grow [128]. Fatty acids 

act as raw material for the production of soaps, esters, alcohols or amides and can be found in 

textiles, cosmetics, rubber, waxes, plastics etc.. Saturated fatty acids of a chain length of 14 or 

higher are not classified as being dangerous to water because of a low toxicity and easy 

biodegradability. Saturated acids up to C12 are classified as slightly water endangering [128]. 

Therefore, they have superior properties in comparison to SDS with regard to impacts on the 

environment. Fatty acids can also act as surfactants, as they consist of a hydrophilic head and a 

hydrophobic tail. Table 5-3 shows the fatty acids with their corresponding CMCs used in this 

experimental series 

 

Table 5-3  Investigated fatty acids, CMCs obtained from [129,130], surface tension σ obtained from [131] 

Name Structure Linear formula CMC 

[mM] 

𝜎 

[mN/m

] 

Sodium octanoate 

(SO)  

CH3(CH2)6COONa 
300 40 

Sodium decanoate 

(SD)  

CH3(CH2)8COONa 
86 37 

Sodium 

dodecanoate 

(SDD) 

 

CH3(CH2)10COONa 

29.9 24 

Sodium myristate 

(SM)  

CH3(CH2)12COONa 
4.5 35 

Experimental procedure 

The experiments were conducted analogously to chapter 5.1.2. For each fatty acid five repetitive 

measurements were performed. 
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Results and discussion 

The average induction times shown in Figure 5-31 have a widespread standard deviation with 

exception of SM which has a proportionate induction time. In comparison to water, the induction 

times are nearly 10 times and in the case of SD nearly 20 times higher. Therefore, all fatty acids 

inhibit the hydrate nucleation. 

 

Figure 5-31  Average induction times [min] with standard deviation for methane-THF hydrate formation in presence 

of different fatty acids in the CMC 

Figure 5-32 indicates, that all fatty acids act as kinetic promoters, at least in the first 50 minutes 

after hydrate induction occurred. Thus, SO shows the strongest promoted kinetics. In general this 

effect is once more attributed to a lowering of the surface tension, as the fatty acids act as 

surfactants. Afterwards, SM still has the kinetically promoting characteristic, whereas SDD 

behaves similar to water and SO and SD become kinetic inhibitors. 
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Figure 5-32  Average gas uptake [mmol/mol] over time for methane-THF hydrate formation in presence of different 

fatty acids in the CMC 

A look at the final gas uptake presented in Figure 5-33 shows that with increasing carbon chain 

length, the final gas uptake rises. 

 

Figure 5-33  Average final gas uptake [mmol/mol] with standard deviation for methane-THF hydrate formation in 

presence of different fatty acids in the CMC 

As no literature regarding the effects of fatty acids is available for the comparison, studies dealing 

with the impact of sodium alkyl sulfates with varying carbon-chain lengths are used here. Okutani 

et al. tested SDS, sodium tetradecyl sulfate and sodium hexadecyl sulfate and found no qualitative 

differences in the methane hydrate growth behavior. However, water to hydrate conversion was 

nearly the same for all substances. Sodium tetradecyl sulfate showed a high formation rate in low 

concentrations which is why it was suggested as the most favorable promoter of these three [132]. 

If SDS, sodium tetradecyl sulfate and sodium hexadecyl sulfate are used in the CMC, no difference 
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between these substances concerning the final gas uptake and kinetics were observed [133]. 

Dicharry et al. showed that there is no significant difference between sodium alkyl sulfates in a 

range of C8 to C16 with regard to the total gas consumption whereas the rate of hydrate growth 

raised from C10 to the highest value for C14 and declined notable afterwards with higher carbon 

chain length [134]. This shows, that in the case of sodium alkyl sulfates, with the same carbon 

chain length like the fatty acids used here, no significant differences were found. In contrast, the 

fatty acids accelerated the hydrate formation in the first 50 minutes as well. Though they differed 

afterwards in their behavior as SO and SD lowered the storage capacity whereas SM had an 

enhancing effect. Therefore, SM is a promising alternative to SDS as a promoter for gas hydrate 

applications and possibly, higher fatty acids could even perform better. SDD could delineate some 

kind of boundary for the classification as promoter or inhibitor with regard to the final gas uptake. 

5.6 Influences of glycol ethers 

Glycol ethers are used in industry in pharmaceuticals, cosmetics, textiles, rubber and ceramics 

due to their advantageous solubility properties. Furthermore, most glycol ethers are water-

soluble, biodegradable and only a few are considered toxic [135]. As the influences of crown 

ethers (see Chapter 5.2 and 5.3) could not be clearly identified, a study is conducted here with the 

corresponding acyclic ethers, i.e. tetraethylene (TEG), pentaeythlene (PEG) and hexaethylene 

(HEG) glycol. The universal structure of the used polyethylene glycols is given in Figure 5-34 with 

n = 4, 5 and 6 respectively. 

 

Figure 5-34  Universal structure of a polyethylene glycol 

As glycols like ethylene, diethylene and triethylene glycol are used in the field of flow assurance, 

inhibiting effects are expected for all substances [21]. The following concentrations were tested: 

 TEG was tested in a concentration of 0.1 mol%, 0.3 mol% and 0.5 mol%  

 PEG was tested in a concentration of 0.1 mol% 

 HEG was tested in a concentration of 0.1 mol% 

Experimental procedure 

The experimental series was performed in the Parr reactor system under transient conditions 

(see chapter 4.1). First, Milli-Q Water was degassed 15 minutes under stirring. Afterwards, the 

corresponding polyethylene glycol in a set concentration was added. The autoclave was filled with 

250 mL of the hydrate forming mixture and tempered to 40 °C to prevent the “memory-effect”. 
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Thereafter, the reactor was cooled down to the experimental temperature of 4 °C and the reactor 

was purged three times by pressurizing to 5 bar(g) and depressurizing to 0.5 bar(g). Then, the 

reactor was filled with methane to the starting pressure of 150 bar(g) The measurements started 

with the stirrer turn on, set to 900 rpm and ended after 19 hours. As measurements were 

performed under transient conditions, the pressure inside the reactor dropped over time due to 

the progressing enclathration of gas molecules into the growing gas hydrate structure. Therefore, 

the pressure trend can be converted into the gas uptake by using the Peng-Robinson equation of 

state. Three repetitive measurements were performed for each glycol ether. 

Results and discussion 

All experiments showed an almost immediate induction with the exception of two experiments 

for TEG 0.3 mol%. The average induction times are shown in Figure 5-35.  

 

Figure 5-35  Average induction times [min] with standard deviation for methane hydrate formation in presence of 

different polyethylene glycols with varying concentrations 

The average gas uptake trends over three repetitive measurements are given in Figure 5-36 to 

compare the influences on gas hydrate formation kinetics. 
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Figure 5-36  Average gas uptake [mmol/mol] over time for methane hydrate formation in presence of different 

polyethylene glycols with varying concentrations 

It is visible that all substances show a clearly kinetically inhibiting effect in comparison to 

measurements without any additives. TEG in all concentrations and PEG take nearly the same 

course and start to divide after approximately 12 hours. HEG has a slightly higher growth speed 

in comparison to the other polyethylene glycols. Therefore, the kinetically inhibiting effect seems 

to be less pronounced than the other polyethylene glycols. With the help of Figure 5-37, which 

features the average final gas uptake with standard deviation, a ranking can be created. 

 

Figure 5-37  Average final gas uptake [mmol/mol] with standard deviation for methane hydrate formation in 

presence of different polyethylene glycols with varying concentrations 

The tested polyethylene glycols can be arranged in the following order starting with the least 
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HEG 0.1% < PEG 0.1 mol% < TEG 0.1 mol% < TEG 0.3 mol% < TEG 0.5 mol%. 

Thus, it is stated that the here found kinetically inhibiting effect increases with a smaller molecule 

size and particularly in higher concentrations. To conclude, the inhibiting effect of acyclic ethers 

was proven once more in this chapter. As higher mole fractions of a polyethylene glycol contribute 

more to the inhibiting effect than its amount of ether groups, it is clear why ethylene glycol as a 

low cost, low viscosity, and in liquid hydrocarbons low soluble inhibitor has an outstanding 

position [34]. 
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6 Promoting coating  

This chapter deals with the development of a surface active coating to promote gas hydrate 

formation and parts have been published in [136]. Former studies already considered the use of 

inhibiting coatings [137]. For example, Schultz et al. and Merkel developed an inhibiting surface 

based on polyethylenglycol [120,138]. An anti-agglomeration effect was achieved by the usage of 

polydimethylsiloxane [139]. To obtain promoting effects, Li and Wang modified particles with 

octadecyltrichlorosilane reducing the induction time of gas hydrate formation [140]. 

Furthermore, thermodynamic promotion was observed during gas hydrate formation in “dry 

water” made from water and hydrophobic nanoparticles [141]. Nguyen et al. stated that a 

hydrophobic surface can lead to an interfacial gas enrichment (IGE) and an increased tendency of 

local ordering of water thereby leading to promoted gas hydrate formation [142]. Different 

surface characteristics have a clear influence on the gas hydrate formation. This chapter 

investigates the influences of surfaces modified with silanes of varying chain length, and therefore 

different contact angles and hydrophobicity, on methane hydrate formation under transient and 

stationary operating conditions in a stirred tank reactor.  

6.1 Modification procedure and evaluation of the coating characteristics 

The tested silanes are triethoxysilanes with varying chain length. Additionally a 

superhydrophobic silane with a fluorized carbon chain is tested. The structures can be obtained 

from Table 6-1. 
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Table 6-1 Used silanes with corresponding structure for the development of a promoting coating 

  Name Structure 

Ethyltriethoxysilane  
(ES) 

 

n-Octyltriethoxysilane 
(OS) 

 

n-Dodecyltriethoxysilane 
(DS) 

 

1H, 1H, 2H, 2H 
Perfluorooctyltriethoxy-

silane 
(PS) 

 
  

Experimental procedure 

For this experimental series, object slides to determine contact angles and reactor fitting soda-

lime glasses simulating a coating were modified similar to the process of Kutelova et al. and Jradi 

et al. [143,144]. Initially, the slides and glasses were cleaned and activated by oxidation with 

peroxymonosulfuric acid (POMSA) which lasted for 24 hours. Afterwards, both were washed with 

deionized water and dried at 70 °C followed by conditioning with ethanol and a further drying at 

70 °C. Subsequently, the materials were modified by using a fresh solution of ethanol and 1 Vol-% 

of a corresponding silane. To specify an appropriate reaction time for the silanization, an object 
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slide was treated for 1, 4, 7 and 14 days with each silane. The in this way found reaction time was 

applied to glasses for the reactor coating. The reaction is illustrated in Figure 6-1.  

 

Figure 6-1  Reaction scheme for the silanization of glass 

The contact angle measurements were conducted by using a device from Dataphysics type “OCA 

15 plus”. Three object slides were prepared for each silane and measured five times. 

Results and discussion 

The objective of this experimental series was to measure the contact angle of surfaces modified 

by silanization as a measure of their hydrophobic character and to find an appropriate reaction 

time for the surface treatment of the reactor fitting soda-lime glasses. Figure 6-2 shows the results. 
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Figure 6-2  Average results from the contact angle measurements with standard deviation. Steel reference obtained 

from [145]. 

According to Chang and Hsiao, 316L steel has a contact angle of 74.2 ° and is used to characterize 

the surface of the Parr reactor [145]. Another reference measurement of an object slide after the 

treatment with POMSA and ethanol after the first conditioning process was performed to 

characterize a clean glass surface. The results seem realistic as, for example, a contact angle for 

water on an ES-surface is given in literature with a value of 80 ° and 100 ° on a DS-surface 

[146,147]. One can see that after a silane modification for at least four days, all object slides had 

higher contact angles and therefore an increased hydrophobicity in comparison to a cleaned glass 

or steel surface. Beyond four days, the differences between the silanized surfaces became worse 

that is why a reaction time of 4 days was chosen for the modified reactor fitting glasses. A detailed 

explanation of the mechanism exceeds the scope of this section. Potentially multi molecular layers 

occurred which are linked in a loose network, and/or intermixed besides of the fact that covalent 

bonds may form, break and reform continuously. In addition, functional groups are not absolutely 

orientated planar on the substrate surface [148]. The successful silanization of the reactor fitting 

glasses was verified optically and is shown in Figure 6-3.  
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Figure 6-3  Optical verification of the successful silanization of the reactor glasses. a – unprocessed glass, b – ES, c - 

OS, d – DS, e – PS 
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6.2 Influences in presence of the promoting coating 

This chapter presents the experimental series to investigate the influences of different coatings 

with an increasing hydrophobicity on gas hydrate formation under stationary and transient 

conditions. 

Experimental procedure 

The experimental series was performed in the Parr reactor system (see chapter 3.1). The stirrer 

setup included a self-priming paddle shaped gas entry stirrer in the liquid phase and a pitched 

blade stirrer in the gas phase. Stirring frequency was set to 900 rpm, leading to turbulent 

conditions at Re ≈ 10571. Under stationary conditions the following test procedure was 

performed: Initially, Milli Q Water was vented 15 minutes under stirring to remove oxygen. 

Afterwards 200 ml water were filled into the reactor which was cooled down to an experimental 

temperature of 4 °C. To remove air and create a pure methane atmosphere, the gas phase was 

purged three times by pressurizing to 5 bar(g) and depressurizing to 0.5 bar(g). Subsequently, 

the reactor was filled with methane to the start pressure of 100 bar(g) during stationary and to 

150 bar(g) during transient tests. By reaching the experimental pressure, the stirrer was turned 

on, measurements started and lasted for 19 h after occurrence of gas hydrate induction. Each 

experiment was repeated 3 times. During steady experiments, the gas flow was measured. With 

regard to the non-steady trials, the pressure trend is converted into the gas uptake by using the 

Peng-Robinson EoS. 

Results and discussion 

Figure 6-4 shows the average measured induction times with standard deviation of three 

repetitive measurements of the steady experiments. 
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Figure 6-4  Average induction times [min] with standard deviation in presence of different coatings 

As the induction is stochastic, especially the steel, glass and OS surface show widespread 

deviations. In comparison to pure steel, the unprocessed glass and the OS-coating inhibit the 

methane hydrate formation, whereas the ES-, DS and PS-coating have a significant promoting 

effect. Figure 6-5 shows the average gas uptake in mmol gas per mol water over time and after 19 

hours with standard deviation of three repetitive measurements. 
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Figure 6-5  Stationary experimental trends in presence of different coatings; Averaged gas uptake [mmol/mol] with 

standard deviation for methane hydrate formation 

By using Figure 6-5, all tested surfaces can be ranked in view of the gas hydrate formation kinetics 

and the final gas uptake: 

Steel = Glass < OS < ES < DS < PS 

All coatings have a promoting effect compared to the uncoated steel or glass surface. However, no 

correlation between the raising carbon chain length of the used silanes and the gas hydrate 

formation was obtained. The highest improvement of gas hydrate formation was achieved with 

the PS-coating which increased the final gas uptake by approx. 12 %. Therefore, a promoting 

coating should have the highest hydrophobicity possible in order to achieve the largest promoting 

effect. Similar results were obtained from the unprocessed glass and steel tests. Although, the 

contact angle and hydrophobicity of the unprocessed glass are lower. One explanation could be 

that both surfaces were only cleaned with deionized water and possess a rough, aged surface with 
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unevenness which facilitates a heterogenic nucleation in a way that there is no measurable 

difference in their effectiveness. In comparison to previous works where methane hydrate 

formation in a stirred steel reactor was investigated and a gas uptake of 125 mmol/mol was 

measured, a higher value of 155.3 mmol/mol was achieved due to a higher operating pressure 

(driving force) and an optimized stirring setup (see chapter 7.2) [149]. Figure 6-6 shows the 

average rate of consumption and final gas uptake with standard deviation of three repetitive 

measurements in case of the transient experimental series. Induction times were neither recorded 

nor will be discussed due to immediate nucleation events occurring with the stirrer turn-on. 

 

Figure 6-6  Transient experimental trends in presence of different coatings; Averaged gas uptake [mmol/mol] with 

standard deviation for methane hydrate formation 

All coatings show the same trend and differences in the final gas uptake are within the deviation. 

Therefore, the promoting effect does not exist under transient conditions. This can be explained 

by the slightly different experimental setup. During stationary operation, an ascending pipe is 
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used to inject gas into the reactor and later right into the hydrate plug. Leaving the ascending pipe 

outlet, gas diffuses into the gas enriched layer mentioned by Nguyen et al. directly located at the 

modified glass surface, promoting methane hydrate formation [142]. Gas flows presumably from 

the bottom to the top of the plug along the modified glass surface. During transient operation, gas 

is stored above the hydrate plug and has to diffuse from the top into the liquid bulk for gas hydrate 

formation. The gas flow can be described from the top to the bottom. With progressing gas hydrate 

formation, a hydrate plug seals and impedes the access to the promoting surface similar to a cork. 

Besides, the driving pressure is becoming less and less in the course of the experiment. After this 

process, the initially promoting surface has no further effect. Hence, a promoting coating depends 

significantly on the apparatus and dimensional circumstances. Figure 6-7 outlines and sketches 

the findings. 

 

Figure 6-7  Sketch of hydrate plug and gas flow under stationary (left) and transient (right) conditions [136] 
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7 Technical promotion 

This chapter deals with the technical possibilities to promote hydrate formation. Therefore, 

especially hydrate formation under stirring, spraying and in a packed bed reactor were 

investigated. 

7.1 Influences of different stirrer setups 

Mainly gas hydrate experiments were carried out in agitated autoclaves. There were also tests in 

bench-scale or pilot-plant-scale reactors [150]. Therefore the most used reactor design is the 

stirred reactor. What is known by now is that the degree of agitation influences the induction time 

and equilibrium state [6], although Wilson et al. recognized no significant effect in case of 

nucleation of THF [151]. Over the years, a few works examined the occurring phenomena at 

different stirring rates [152,153]. Summarizing it can be said that with higher stirring rates, gas 

hydrate growth is accelerated while this effect is limited to an apparatus dependent rotation 

frequency. Moreover, this effect can be ascribed to the influence of stirring on heat and mass 

transfer limitations, where higher turbulences promote interphase exchange activities. Hydrate 

nucleation can be accelerated by stirring as well [22,23,153–155]. Hence, stirring has a significant 

impact on the gas hydrate formation. 

This experimental series examines the influences of different stirrer setups under turbulent flow 

conditions on the gas hydrate formation. Transient conditions were used during the experiments 

so the driving force (pressure) dropped over time due to an entrapment of methane molecules in 

the gas hydrate cavities. Temperature, pressure, and stirrer torque were measured continuously. 

Five different setups were used for stirring, shown in Figure 7-1. To investigate the effect of 

different flow patterns on the hydrate formation, an axial pumping pitched blade stirrer and a 

radial pumping paddle stirrer were used. The axial pattern is characterized by a wide area axial 

directed flow along the stirrer shaft and the radial pattern by two toroid vortices above and below 

the stirrer. The experiments were carried out with 300 rpm to secure turbulent flow conditions 

at a stirrer Reynolds number of 3263 for the paddle blade stirrer and 3934 for the pitched blade 

stirrer.  
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Figure 7-1  Experimental stirring configurations, length specifications in mm, 1 – pitched blade stirrer gas phase, 2 – 

paddle stirrer liquid phase with radial flow profile, 3 – paddle stirrer liquid phase + pitched blade stirrer 

gas phase, 4 - pitched blade stirrer liquid phase with axial flow profile, 5 – pitched blade stirrer gas-liquid 

interphase 

The experiments were observed on a random basis via the glass windows. For every stirrer setup, 

three repetitive measurements were performed. The five different setups were used to find an 

optimal configuration to form gas hydrates with a reproducible final gas uptake. In addition, the 

pressure decrease was converted into the gas uptake by using the Peng-Robinson-EoS to make an 

inference on the hydrate formation mechanism. 

Experimental procedure 

The experimental series was performed in the Parr reactor system (see chapter 4.1). An 

experimental procedure had the following course of actions. First, Milli-Q Water was vented 15 

minutes under stirring to eliminate the influence of oxygen on gas hydrate formation. Then 

250 mL of water were filled into the reactor and heated up to 40 °C to suspend possible “memory-

effects”. After that, the autoclave was cooled to 4 °C which was the experimental temperature. To 

remove air and create a pure methane atmosphere, the gas phase was exchanged three times by 

pressurizing to 6.5 bar(g) and depressurizing to 0.5 bar(g). Afterwards, the reactor was filled with 

methane to the starting pressure of 150 bar(g). At reaching 150 bar(g), the stirrer was turned on 

and the measurements started. The experiments ended after 720 minutes, because during that 

time plugs always occurred. Three repetitive measurements were performed for each setup. 

Representative 𝑝 − 𝑀 − 𝑇-trends like shown in Figure 7-2 were obtained. 
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Figure 7-2  Representative experimental trend, p-M-T-diagram for experimental series of chapter 7.1 

Results and discussion 

The average gas uptake trends were calculated from the three obtained pressure trends from each 

experimental series, shown in Figure 7-3 in comparison to unstirred conditions. The 

measurements started as the stirrer was turned on, so does the timeline. 

 

Figure 7-3  Average gas uptake [mmol/mol] for methane hydrate formation with different stirrer setups at 300 rpm 

Under unstirred conditions, a small gas uptake can be seen followed by a constant average value 

of approximately 6 mmol/mol. Stirring of the gas-liquid interphase offers the fastest increase from 

the start, but slows down after 1.5 hours ending up in an average end gas uptake of 60 mmol/mol. 

Stirring the gas phase with a pitched blade stirrer compared to using a paddle stirrer in the liquid 

phase leads to similar trends. Stirring the liquid phase with a paddle stirrer shows a slightly lower 

average final gas uptake of 39 mmol/mol than stirring the gas phase (42 mmol/mol). The pitched 
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blade stirrer in the liquid phase shows a kind of plateau in the first 2 hours. After that, a strong 

increase ends up in an average end gas uptake of 61 mmol/mol. Combining both stirrer types by 

stirring the gas and the liquid phase shows the second fastest increase in the gas uptake right from 

the start. The gas uptake accelerates around 130 minutes, leading to the highest average final gas 

uptake of 71 mmol/mol. The final gas uptake results are visualized in Figure 7-4. 

 

Figure 7-4  Average final gas uptake [mmol/mol] with standard deviation for methane hydrate formation with 

different stirrer setups at 300 rpm 

The results verify that stirring influences gas hydrate formation massively. Without stirring, it is 

not possible to form gas hydrates within 12 hours in the used test setup. Therefore, the nucleation 

of gas hydrates can be induced by stirring. Furthermore, there seems to be a relation between gas 

hydrate formation and stirrer position. Stirring the gas-liquid interphase leads to the fastest gas 

hydrate formation within the first 3 hours. The glass windows allowed the observation that by 

starting the stirrer, water droplets were dispersed into the gas phase. This phenomenon was 

additionally reconstructed in a glass beaker with similar dimensions like the reactor. Hence, the 

fastest way to induce gas hydrates is to create a high interphase area by scraping and swirling the 

water surface. This is in agreement with previous works which investigated spraying or sprinkling 

of liquid water in a continuous gas phase [156–161]. During the experiments it was noticed, that 

the first gas hydrate crystals arose at the gas-liquid interphase, followed by the formation of a gas 

hydrate slurry, which grows vertically along the stirrer shaft in both phases, forming a hard but 

porous hydrate plug enclosing the stirrer. Figure 7-5 shows the enclosed stirrer in a hydrate plug 

after opening the autoclave. 
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Figure 7-5  Methane hydrate plug enclosed stirrer after opening of the autoclave 

This could explain why the liquid phase stirring and the gas-liquid interphase stirring reached 

nearly the same final gas uptake. The stirring of the gas-liquid interphase induced nuclei 

immediately whereas the liquid stirring offers an average gas uptake plateau around 11 

mmol/mol within the first two hours and therefore no nucleation. During that time, a plug was 

built during the gas-liquid interphase experiments, which happened in the liquid stirring 

experiments at approximately eight hours. The stirrer can only affect the gas hydrate growth as 

long as it is not separated from the surrounding methane enclosed in the hydrate plug core and 

that is happening faster in the case of gas-liquid interphase stirring. From the point of hydrate 

plugging, the process is limited by a much slower diffusion transfer rate. That could be the reason 

why all gas uptake trends reach a state in which stirring has no further influence on the gas 

hydrate growth, while maximum gas uptake is far from being reached. 

Stirring the gas phase comes along with a shorter induction time than stirring the liquid phase 

with an axial stirrer, resulting in a lower final gas uptake. The rapid induction is explainable by 

the idea of an axial pumping gas stream penetrating the interphase with methane molecules, 

which is more effective than reducing the phase transfer resistance on the liquid side by 

turbulence. The lower end gas uptake provides an indication of preferred hydrate growth into the 

gas phase in comparison to the liquid phase, affirming an earlier plugging. 

Stirring both phases, liquid and gas, leads to the highest final gas uptake. Therefore, penetrating 

the interphase from both sides accelerates gas hydrate formation, having a longer lasting effect 

on the hydrate growth than the single stirred setups.  

Additionally the stirrer shapes and therefore different flow profiles affect the gas hydrate 

formation. Probably the pitched blade stirrer with an axial pumping flow pattern induces the 

formation process later in comparison to the radial pumping paddle stirrer. In return, the pitched 
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blade stirrer reaches a higher average gas uptake than the paddle blade stirrer. Hence, a radial 

flow profile has the advantage that it lowers the induction time but also decreases the growth rate. 

An axial flow pattern promotes the gas hydrate growth longer than the radial flow profile but has 

an increased induction time. Possibly, the higher energy input in the zone between stirrer and 

interphase could be a reason. This hypothesis is supported by the fact that the paddle stirrer in 

the liquid phase showed a slightly higher torque right from the beginning than the pitched blade 

stirrer. There could be a critical energy dissipation necessary for the gas hydrate induction, similar 

to the homogenous nucleation barrier known from crystallization processes [6]. 

The different flow patterns can also explain the better hydrate formation by stirring only the gas 

phase with the axial stirrer compared to the paddle stirrer in the liquid phase. Based on the 

diffusional boundary theory, the mass transfer coefficients 𝑘𝐿 can be divided into two resistances 

that a methane molecule has to overcome to get from the gas into the liquid phase. Each resistance 

can be described through the quotient of the interphase thickness and the diffusivity. As the 

diffusivity cannot be influenced by stirring, acceleration of hydrate formation can only be achieved 

by minimizing the interphase thickness either on the gas or the liquid side. The radial flow pattern 

leads to higher energy input indeed but is affecting the interphase thickness less than the axial 

stirrer in the gas phase.  

In sum, the results show, that gas hydrate formation is a strongly interphase-controlled process 

which can be manipulated by penetrating the gas-liquid interphase. Skovborg and Rasmussen 

already developed a phase transfer model to describe the hydrate growth. This model is based on 

the diffusional boundary theory [24]. Using this approach while replacing the mole fractions with 

the ideal gas law leads to following equation: 

 
𝑑𝑛

𝑑𝑡
= 𝑘𝐿𝐴(𝑛

∗ − 𝑛) →  ∫ (𝑛∗ − 𝑛) 𝑑𝑝
𝑛

𝑛𝑠𝑡𝑎𝑟𝑡

= 𝑘𝐿𝐴𝑑𝑡 → ln (
𝑛∗ − 𝑛𝑠𝑡𝑎𝑟𝑡
𝑛∗ − 𝑛

) = 𝑘𝐿𝐴 𝑡 Eq. 7-1 

 

Eq. 7-1 describes the change in the molar amount over time (
𝑑𝑛

𝑑𝑡
) proportional to the mass transfer 

coefficients 𝑘𝐿, the gas-liquid exchange area 𝐴 and the difference between the maximum amount 

of substance 𝑛∗ and the consumed amount n. The starting amount of substance is labeled with 

𝑛𝑠𝑡𝑎𝑟𝑡  and equals to zero as no gas is consumed at the beginning. By using the measurements and 

assigning ln (
𝑛∗

𝑛∗−𝑛
) on the ordinate and the time on the abscissa, linear regressions are created to 

determine the gas transmission rate in the first 300 minutes (See Figure 7-6). Like in Skovborg’s 

work, the induction time is unaccounted for the linearization.  
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Figure 7-6  𝐥𝐧 (
𝒏∗

𝒏∗−𝒏
) vs. time for the stirring setups: paddle stirrer liquid phase, pitched blade stirrer gas phase, paddle 

stirrer liquid phase + pitched blade stirrer gas phase, pitched blade stirrer liquid phase, pitched blade 

stirrer gas-liquid interphase 

Aside from the “pitched blade gas-liquid interphase” measurements, all regressions fit with a 

correlation coefficient ≥ 0.88. The slope can be used to evaluate the gas transmission rate 𝑘𝐿𝐴. 

Table 7-1 shows the obtained results.  
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Table 7-1  Calculated gas transmission rates 

Setup kLA [1/min]  Correlation coefficient  

Pitched blade gas phase 0.00055 0.98 

Paddle liquid phase 0.00050 0.98 

Pitched blade gas phase + Paddle liquid phase 0.00082 0.96 

Pitched blade liquid phase 0.00049 0.88 

 
At this point, a comparison to the calculated mass transfer coefficients by Skovborg is not possible, 

due to the unknown interphase exchange area, which can only be determined by CFD modeling or 

e.g. optical measuring methods. For industrial applications, it is sufficient to know the gas 

transmission rate. Compared to the 𝑘𝐿𝐴 values of Herri et al. (approximately  10−3 𝑡𝑜  10−2 𝑠−1) 

the found values are much smaller. The reason for that is that Herri observed methane hydrate 

particles, and this work is focused on the methane hydrate slurry and plug formation process 

where smaller transfer coefficients are expected [162].  

This leads to the conclusion that the gas hydrate formation rate can be controlled right from the 

beginning by either changing the volumetric phase exchange area or the mass transfer coefficient 

e.g. the interphase thickness. In this case, the process can be modeled like a mass-transport 

phenomenon based on the diffusional boundary theory. For stirring the gas-liquid interphase, the 

model does not fit, so it needs a new approach to describe the measured behavior.  

This chapter showed that the gas hydrate formation follows the model of the diffusional boundary 

theory. Furthermore, there is an influence on gas hydrate formation depending on the flow profile 

of different stirrer types, coming along with a different energy input. This could be a hint for an 

activation energy, which is necessary to induce gas hydrate nucleation and in accordance with the 

classical nucleation theory [6]. It was observed that plug formation proceeded as follows:   

1. Nucleation at the interphase 

2. Accumulation of a hydrate slurry 

3. Plug formation vertically along the stirrer shaft, preferred into the gas phase 

4. Enclosing of the stirrer by a hydrate capsule  Diffusion transfer limited hydrate growth 

All states are sketched in Figure 7-7. 
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Figure 7-7  Schematic gas hydrate formation mechanism in a stirred reactor system 

When intending to produce fast and reproducible gas hydrates, stirring the gas-liquid interphase 

is preferred. However, to reach the highest methane storage capacity, it is suggested to stir gas 

and liquid phase additionally. Ultimately, the found complex influences of the stirrer system show 

that it is not sufficient for a detailed mathematical description of the gas hydrate formation to do 

investigations with magnetic stirrer bar setups. The influence of a suitable stirring setup to secure 

a maximum mass and heat transport appears to be an essential factor for the optimization of gas 

hydrate storages. 
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Gas hydrate nucleus Flow direction Stirr direction Water / Gas Gas hydrate slurry Gas hydrate solid
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7.2 Determination of scale-up factors for stirred hydrate gas storages 

The influences of stirring on the gas hydrate formation are discussed in detail in chapter 7.1. In 

addition, gas hydrate formation, nucleation and growth is sped up with higher stirring rates, while 

higher turbulences promote interphase exchange activities and affect heat and mass transfer 

limitations. However, it seems that the promoting effect of agitation has an apparatus dependent 

limitation [22,23,152–155]. Therefore, the description of gas hydrate formation through 

dimensionless numbers delivers an universal approach for calculating an optimal stirrer rotation 

frequency. Over the years, there were only a few scale-up considerations performed 

[150,152,163]. Hence, the lack of knowledge, concerning the necessary scale-up examinations, 

impedes an industrial application of the new and innovative gas hydrate storage technology.  

For the scale up of experimental setups to an industrial reactor, dimensionless numbers are used. 

They describe a chemical or physical problem dimensional homogeneously and reduce the 

physical relations between several physical variables to independent numbers [164]. Table 7-2 

shows the dimensionless numbers relevant in this chapter.  

 

Table 7-2  Relevant dimensionless numbers [164] 

Name 
Dimensionless 

number 
Physical meaning Relevance for stirring 

Froude 𝐹𝑟 =
𝑁2 ∙ 𝑑

𝑔
 

centrifugal force

gravity
 

Gas absorption, 

waterspout 

Newton 𝑁𝑒 =
𝑃

𝜌 ∙ 𝑁3 ∙ 𝑑5
 

resistance force

inertia force
 Stirring power 

Reynolds 𝑅𝑒 =
𝜌 ∙ 𝑁 ∙ 𝑑2

휂
 

inertia force

internal friction
 Flow conditions 

Weber 𝑊𝑒 =
𝜌 ∙ 𝑁2 ∙ 𝑑

𝜎
 

inertia force

surface force
 Dispersion 

 
Furthermore, two prerequisites must be fulfilled. First, the model experiments must be carried 

out with the operating parameters equal to the industrial scale. Second, the characteristic lengths 

must be scaled up in a set ratio. For stirring processes, where the dispersion of a fluid phase is the 

main task, the specific volume power (P/V) is the criteria which must be constant. 

 (
𝑃

𝑉
)
𝑀𝑜𝑑𝑒𝑙

= (
𝑃

𝑉
)
𝐼𝑛𝑑𝑢𝑠𝑡𝑟𝑖𝑎𝑙 𝑠𝑐𝑎𝑙𝑒

 Eq. 7-2 

 
This chapter investigates the influence of different rotational frequencies on the gas hydrate 

formation and experiments were performed in the Parr reactor system (chapter 4.1) by using 
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methane as guest molecule. Temperature, pressure, and stirrer torque were measured 

continuously. By determining dimensionless numbers, it is possible to gain a deeper 

understanding of the gas hydrate formation process and give some practical advice for promoting 

gas hydrate growth. The stirrer setup consisted of an axial pumping pitched blade stirrer in the 

gas phase and a radial pumping paddle gas entry stirrer in the liquid phase. Figure 7-8 shows the 

setup.  

 

Figure 7-8  Experimental stirring configuration with characteristically flow patterns, length specifications in [mm] 

An axial flow profile is characterized by a wide area axial directed flow along the stirrer shaft. A 

radial pattern shows typically two toroid vortices above and below the agitator. The stirrer 

rotation frequency was varied between 10 rpm and 1200 rpm. It is important to say that the 

necessary rotation frequency for gas entry of the gas entry stirrer is around 610 rpm. Pressure 

[bar(g)], temperature [°C], rotational frequency [min-1] and stirrer torque [Ncm] were recorded 

continuously. The experiments were repeated three times.  

Experimental procedure 

The experimental series was performed in the Parr reactor system (see chapter 4.1). First, Milli-

Q Water was vented 15 minutes under stirring to degas oxygen. Then the autoclave was filled with 

250 mL of water and tempered to 40 °C to eliminate possible “memory-effects”. Afterwards, the 

reactor was cooled to 4 °C, the experimental temperature. The gas phase was purged three times 

by pressurizing to 6.5 bar(g) and depressurizing to 0.5 bar(g) to remove air and create a pure 

methane atmosphere. Then, the starting pressure of 150 bar(g) was set by filling the reactor with 

methane. The measurements started as the stirrer was turned on and ended after 1152 minutes. 

All experiments have the same experimental time span to enable a quantitative comparison of the 

gas hydrate formation. Figure 7-2 shows a 𝑝 − 𝑀 − 𝑇-trend obtained from the experiments. On a 
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random basis observations were made via the glass windows. Each rotation frequency was tested 

three times to test the reproducibility of the results. The final gas uptake and the average stirrer 

torque (øM) were calculated. In addition, dimensionless numbers required for a scale-up were 

determined.  

Results and discussion 

Figure 7-9 shows the average final gas uptake for the experimental series with standard deviation. 

It is apparent that with higher rotation frequency the final gas uptake increases hitting a limiting 

value approximately at 900 rpm. From this point a further increase of the rotation frequency has 

no further impact as the final gas uptake increases slightly for 1200 rpm. 

 

Figure 7-9  Average final gas uptake [mmol/mol] with standard deviation for methane hydrate formation at varying 

stirring frequencies 

The average torque is illustrated in Figure 7-10. Except for the experimental series at 10 rpm, a 

decreasing trend in the average stirrer torque can be recognized. Compared to the gas uptake, 

there is the same result that the average torque reaches a certain limiting value. 
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Figure 7-10  Average stirrer torque [Ncm] with standard deviation for methane hydrate formation at varying stirring 

frequencies 

In a next step the dimensionless numbers for a scale-up are calculated. The average power input 

can be calculated by using the average stirrer torque. 

 𝑃 = 2 ∗ 𝜋 ∗ ∅𝑀 ∗ 𝑁 Eq. 7-3 

 
The methane flow through the gas entry stirrer is determined via an approach based on the 

Bernoulli equation. 𝛥𝑝 is the pressure difference at the stirrer tip 𝑝𝑜𝑢𝑡𝑙𝑒𝑡 and the entry into the 

hollow shaft 𝑝𝑖𝑛𝑙𝑒𝑡 . 

 𝑝𝑖𝑛𝑙𝑒𝑡 +
𝜌𝐶𝐻4
2
𝑤2 = 𝑝𝑜𝑢𝑡𝑙𝑒𝑡 +

𝜌𝐻2𝑂

2
𝑤2 → 𝑤 = √2 ∗

∆𝑝

∆𝜌
 Eq. 7-4 

 �̇� = 𝐴 ∗ 𝑤 = 𝐴 ∗ √2 ∗
∆𝑝

∆𝜌
 Eq. 7-5 

Table 7-3 includes further necessary material parameters for the calculations. Table 7-4 contains 

the calculation results. 
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Table 7-3  Material parameters to calculate dimensionless numbers 

Parameter Description Value Unit 

q̇ Gas flow f(N) L/h 

A Cross flow section 7.07E-06 m² 

d 
Averaged stirrer 

diameter 
3.315E-02 m 

g Gravity 9.81 m/s2 

Ø M Average stirrer torque 
Depends on 

experiment 
Nm 

N Rotation frequency 
Depends on 

experiment 
1/min 

η Dynamic viscosity 1.56E-03 Pa*s 

π Pi 3.14 - 

σ Surface tension water 0.07942 N/m 

𝜌𝐻2𝑂 Density water 999.97 kg/m3 

𝜌𝐶𝐻4  Density methane 134.45 kg/m3 

 

Table 7-4  Calculation results for the determination of dimensionless numbers for the scale-up of a stirred methane 

hydrate reactor 

Stirring  

frequency [rpm] 

Power 

[W] 

Gas flow  

[L/h] 

Fr 

[-] 

Ne 

[-] 

Re 

[-] 

We 

[-] 

10 0.27 - 9.39 ∗ 10−5 1.43 ∗ 108 116 12 

40 1.60 - 1.50 ∗ 10−3 1.35 ∗ 107 467 185 

300 11.03 - 8.45 ∗ 10−2 2.20 ∗ 105 3.51 ∗ 103 1.04 ∗ 104 

700 19.26 31.54 0.46 3.03 ∗ 104 8.18 ∗ 103 5.68 ∗ 104 

900 21.52 40.56 0.76 1.59 ∗ 104 1.05 ∗ 104 9.39 ∗ 104 

1200 28.12 54.08 1.35 8.78 ∗ 103 1.40 ∗ 104 1.67 ∗ 105 

 
The results prove that stirring influences gas hydrate formation massively. As with higher rotation 

frequency, the final gas uptake rises as well. However, this effect is limited with a maximum 

between 900 and 1200 rpm. The same observation can be achieved by drawing the Froude 

number versus the final gas uptake. (See Figure 7-11) 
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Figure 7-11  Average final gas uptake [mmol/mol] with standard deviation for methane hydrate formation vs. Froude 

number 

With a higher Froude number, the final gas uptake rises reaching a maximum around 1.0. As the 

Froude number describes the ratio between the centrifugal force and gravity, it can be stated that 

higher centrifugal forces lead to a stronger formed spout and thereby increasing the gas-liquid 

exchange area and accelerating the gas hydrate growth. This effect is restricted to the spout depth 

as with higher rotation frequencies the spout reaches the agitator. Another conclusion is gained 

from the gravity. On earth it is difficult to influence this parameter, but in space it could be possible 

to promote gas hydrate formation, which would potentially be interesting for aerospace research. 

 

Figure 7-12  Average final gas uptake [mmol/mol] with standard deviation for methane hydrate formation vs. Newton 

number 

Figure 7-12 describes the correlation of the Newton number and the final gas uptake. It is 

recognizable that with a higher Newton number the final gas uptake decreases. The Newton 
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number represents the relation between the affiliated motor power and the de facto into the fluid 

transferred power. Hence, a small Newton number designates an optimal power transmission into 

the fluid and promotes the hydrate formation. The increased power input facilitates molecular 

transposition and enhances the mobility of molecules, promoting the formation of hydrate cage 

structures. 

 

Figure 7-13  Average final gas uptake [mmol/mol] with standard deviation for methane hydrate formation vs. Reynolds 

number and Weber number  

Outlining the final gas uptake versus the Reynolds number and the Weber number shows a similar 

trend (see Figure 7-13). The final gas uptake increases with higher values of the dimensionless 

numbers reaching a limitation at the end of the contemplated experimental range. With higher 

Reynolds numbers, a higher turbulence in the reaction vessel can be achieved. As hydrate 

formation is a mass transport phenomenon, it is sped up by providing small diffusional boundary 

layers at the phase exchange areas via turbulence flow conditions.  

A higher Weber number characterizes a higher deformation and better suspension of gas bubbles 

which are supplied by the gas entry stirrer. This means an increase in the phase exchange area 

and thus in the mass transport velocity. Furthermore, the Weber number exhibits that a decrease 

in the surface tension accelerates the hydrate formation. This was already an object of several 

works dealing with the influences of surfactants on gas hydrate formation. The promoting effect 

of surfactants can be traced back on the lowering of the surface tension and improvement of the 

methane solubility in the liquid phase [28].  

In addition, the final gas uptake was drawn against the gas flow (see Figure 7-14). Only three rates 

were tested, due to the necessarily high rotation frequencies to achieve gas entry by the stirrer. 

Therefore, the trend outlines that there could be a limitation or a maximum for the optimal gas 

flow. However, further investigations are required. Furthermore, it was observed that with the 

gas entry occurring at a rotation frequency of approx. 610 rpm, the induction of the hydrate 
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formation appeared immediately. Hence, gas hydrate formation can be induced and controlled by 

choosing the right agitation setup. 

 

Figure 7-14  Average final gas uptake [mmol/mol] with standard deviation for methane hydrate formation vs. gas flow 

[L/h] 

All investigations lead to the fact, that the hydrate formation process is a mass transport limited 

process, which can be modeled based on the diffusional boundary theory, e.g. by Eq. 7-2. Hence, 

gas hydrate formation can be kinetically promoted by either influencing the mass transport 

coefficient 𝑘𝐿 or the volumetric phase exchange area 𝐴. The limitations of promoting effects 

achieved by agitation are apparatus dependent. 

This chapter investigated the influences of different rotation frequencies, power inputs and gas 

entry rates on the gas hydrate formation. It was proved that the promoting effects are explainable 

by using a model based on the diffusional boundary theory. The found complex influences of the 

stirrer setup showed that a suitable stirring system to maximize the mass and heat transport plays 

an essential factor to enable the gas hydrate storage technology. Therefore it is insufficient to only 

investigate and mathematically model the hydrate formation process with experiments 

performed with magnetic stirrer bar setups. The key findings gained from the correlation between 

the final gas uptake and dimensionless numbers are summarized as follows:  

 A waterspout increases the phase exchange area and therefore in line with that the 

gas hydrate formation. It is characterized by the Froude number with an optimum 

value around 1.0. The effect is limited by the spout depth. Gas hydrate formation 

in lower gravitation could be faster compared to earth conditions. 

 An increased power input into the fluid facilitates molecular diffusion processes 

and promotes the formation of gas hydrate cage structures. Optimal power 

transmission is achieved by a Newton number in a magnitude of 108. 
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 Higher turbulences lower the diffusional boundary layer thickness and enhance 

the mass transfer coefficient. The gas hydrate formation is optimized at Reynolds 

number dimensions around 104. 

 Form and size of bubbles can be influenced by deformation through stirring and 

lowering the surface tension of the liquid. This leads to a higher volumetric 

exchange area and acceleration of gas hydrate formation. These phenomena can 

be described by the Weber number. Optimal conditions can be found in a 

magnitude of 105. 

 Gas entry under turbulent stirring conditions is capable of inducing gas hydrate 

formation immediately. There could be an optimum or limiting value concerning 

the gas flow rate. 

Overall, this chapter provides a guideline for the optimization of experimental setups in gas 

hydrate research. In addition, dimensionless numbers were determined which can be used to do 

scale-up considerations up to an industrial size. 
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7.3 Gas hydrate formation in a spray reactor 

Spray reactors were already the subject of various studies. Mori et al. performed studies to form 

structure sH hydrates by spraying water and a promoter into different hydrocarbon atmospheres 

achieving a high rate gas hydrate production [165,166]. Furthermore, gas hydrate formation via 

spraying was investigated in a 15L-cell showing a successful rapid methane hydrate production 

with a maximum uptake larger than 80% in a pilot scale [161]. The effect which accelerates the 

gas hydrate formation is an increased gas–liquid interfacial area, where gas is dissolved into the 

liquid phase [150]. As gas hydrate formation by spraying seems to be such a promising approach, 

the aim of this experimental series was to compare this process with gas entry stirring. 

Furthermore, a working hydrate spraying process enables the possibility of a new and innovative 

process of a hydrate absorption, where gas components are separated by absorption and 

simultaneous enclathration in gas hydrates. 

Experimental procedure 

The experimental series were performed in the Büchi reactor system (see chapter 4.2). In 

addition, a recycle for the injection was implemented, consisting of a Bete MicroWhirl MW85 

nozzle, an electromagnetic vibration pump Ulka EX5 and a cooling bath. To agitate the liquid bulk 

phase and secure turbulent flow conditions, a pitched blade stirrer was used. The experimental 

setup is shown in Figure 7-15. 
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Short sign E-01 H-01 P-01 R-01 T-01 

Name Thermostat 
Cooling 

bath 

Vibration 

pump 
Autoclave Deposit 

Technical data 2.7 kW 10 L 39 L/h 0.5 L 0.7 L 

Permitted pressure 

[bar(g)] 
1.7 

 15 
12 100 

Permitted temperature 

[°C] 
250 

  
150 250 

Material 316L Glass Brass Glass 316L 

Figure 7-15  Experimental setup for gas hydrate formation by spraying 

Test procedures had the following course of actions. The autoclave was filled with 370 mL of the 

hydrate forming mixture consisting of distilled water and 5.6 mol% THF. Thereby, 270 mL remain 

in and are necessary to operate the recycle, not taking part in the gas hydrate formation process. 

Afterwards, the hydrate forming autoclave was purged 3 times with the gas mixture up to a 

pressure of 5 bar(g) each time. After purging, the reactor was cooled down to 6 °C, thereafter a 

pressure of 8 bar(g) was adjusted and the pump for recycle injection via the nozzle and optional 

the stirrer (900 rpm, Reynoldsnumber ≈ 25483) were started. The injection pressure difference 

was 11 bar. The external cooling coil temperature is held at 6 °C. The experiments ended after 120 

minutes. Gas entry stirring, injection and injection plus stirring are compared and each 

experiment was repeated three times. 
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Results and discussion 

In sum, the experimental results are presented in Figure 7-16. 

 

Figure 7-16  Average gas uptake trends with final gas uptake [mmol/mol] and standard deviation for the comparison 

of methane-THF hydrate formation via gas entry stirring, injection and injection+ stirring 

From the experimental trends it can be concluded that spraying plus stirring features the highest 

and fastest gas uptake, followed by solely injection and finally gas entry stirring being the worst 

process. The effect which accelerates the hydrate formation is the increased gas–liquid interfacial 

area caused by the injection. The stirring process is only better in the first minutes due to the 

sudden gas entry which is accompanied by the start of the stirrer.  

In case of the injection, the pump for the recycle must be turned off at a water consumption of 

approximately 30 mmol/mol water. Afterwards, the pump ran dry and was not able to keep the 

recycle in operation. Contrary to our expectations, the rate of gas uptake did not slow down 

subsequently. It is visible that switching off the pump has no effect. It is assumed that fine 

dispersed water droplets remain as fog in the gas phase, which enable the formation of gas 

hydrates with an unrestricted growth rate. Once these droplets form gas hydrates and fall into the 

bulk phase, the growth rate slows down passing over into a diffusion-limited process. 

Furthermore, in contrast to the stirring process, the injection process enables the possibility to 

form gas hydrates above the liquid phase as water droplets partly condensate on the reactor walls. 

The additional stirrer secures turbulent flow conditions promoting hydrate formation due to the 

same phenomena which are described in chapter 7.1 and 7.2. Considering all effects, the spraying 

process under turbulent flow conditions is advantageous in comparison to the gas entry stirring.  
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7.4 Gas hydrate formation in a packed bed reactor 

This chapter examines methane hydrate formation in a packed bed reactor system made of silica 

particles with an average size of 1.15 mm under transient conditions. As natural gas hydrate 

deposits can be found in deep sea and permafrost areas or rather rock strata or sand sediments, 

the idea to form gas hydrates in packed bed systems is obvious. However, only a few works dealt 

with such systems with regard to an industrial application. Back in 2009, rapid growth rates and 

high water to hydrate conversions were achieved in different silica beds, following a three-state 

formation mechanism. Thereby smaller particle bed diameters had a stronger promoting effect 

[167]. Magnetic resonance imaging measurements showed that the gas hydrate formation was 

enhanced with low water contents and smaller particle diameters [168]. It was also shown that a 

packed bed reactor system has a superior performance in terms of a fast and complete gas hydrate 

formation in comparison to a stirred tank reactor [149]. In packed bed reactor systems, gas 

hydrates form above the particle bed, which requires an upward transport of water. Therefore, 

capillary forces should play an important role in this reactor design [169]. 

The influences of the dimensional parameters were already analyzed while the impact of the 

particles surface properties along with the capillary forces has not been investigated yet. To 

investigate these effects, silica particles were modified via silanization and sodium dodecyl sulfate 

was used. The capillary pressure was calculated in each bed configuration by using Eq. 7-6 and set 

into relation with the final gas uptake. The capillary pressure 𝑝𝐶  depends on the porosity 𝜖, the 

volume specific surface area 𝑆, the surface tension σ and the contact angle Θ [170]. 

 𝑝𝐶 =
(1 − 𝜖) ∗ 𝑆 ∗ 𝜎 ∗ cos Θ

𝜖
 Eq. 7-6 

Experimental procedure 

Modified glass particles and contact angle measurements were made in analogy to chapter 6.1. In 

addition to contact angle measurements with deionized water, a SDS solution in the CMC was 

used. The hydrate formation tests were performed in the Parr reactor system (see chapter 4.1) 

with the pitched blade stirrer in the gas phase. The experimental procedure had the following 

course of actions. The autoclave was filled with 100 mL of a hydrate forming mixture consisting 

of degased milli-Q water or a SDS solution in the CMC. The packed bed was created with 495 g of 

glass spheres and the dimensions are displayed in Figure 7-17. The reactor was purged three 

times with methane to a pressure of 5 bar(g). Afterwards the reactor was cooled down to 4 °C and 

filled to an experimental pressure of 150 bar(g). The stirrer was turned on for 10 min to achieve 
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an immediate induction, turned off thereafter and the measurements lasted for approximately 19 

hours. Each experiment was repeated three times. 

 

Figure 7-17  Dimensions of the packed bed reactor system 

Results and discussion 

The aim of this experimental series was to investigate the methane hydrate formation in a packed 

bed of modified silica particles with an average diameter of 1.15 mm. The results for the contact 

angle measurements are shown in Figure 7-18.  
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Figure 7-18  Average contact angle of water and SDS-solution (CMC) on glass slides without and after treatment with 

ES, DS and POMSA with standard deviation 

In comparison to the untreated glass, the ES and DS treated surfaces show an increased 

hydrophobicity for both liquids, water and SDS-solution. The POMSA treated surface is more 

hydrophilic as the contact angle has a value of 14.8 ° for pure water. As the surface tension of a 

SDS solution is quite low, no measurements could be performed on the POMSA treated surface as 

the applied drops dissolved immediately. The differences in the contact angles vary less during 

measurements with the SDS-solution. 

Due to the high driving forces (starting pressure 150 bar(g)) and turbulences caused by the 

pitched blade stirrer in the gas phase, a nearly immediate induction occurred. Therefore, hydrate 

induction times cannot be considered in this discussion of the results. However, in view of 

technical applications, an immediate induction is favorable and the experimental setup secures 

exactly this. Figure 7-19 shows the averaged gas uptake trends from three experimental series 

without SDS added. Additionally, the trend for the gas uptake of the rotation frequency optimized 

system equipped with a gas entry stirrer + gas phase stirrer was added to allow a comparison. 
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Figure 7-19  Average gas uptake [mmol/mol] without SDS in a fixed bed reactor system. Stirring trend obtained from 

chapter 6.2 

All trends are optically similar to graphs of an earlier study [149]. Within the first two hours all 

trends have a fast gas uptake and slow down afterwards. Thereby the untreated glass packed bed 

achieves the highest final gas uptake. The final gas uptake of the other packed beds declines in the 

order ES, POMSA and DS. In comparison to the stirred tank reactor, all packed beds reach a lower 

final gas uptake comparable to previous works [149,167]. However, the untreated glass bed 

shows a rapid gas hydrate growth ending in a certain plateau, where the gas hydrate formation is 

completed due to mass transport restrictions. According to Bagherzadeh et al. the fast gas hydrate 

growth is due to an improved gas transport and multiple nucleation events within the packed bed 

[168]. Additionally, an enhanced water flow due to capillary forces should be mentioned here and 

will be discussed in detail later.  

By comparing both designs, the conclusion is that gas hydrate formation in a packed bed should 

be cheaper, as a stirred tank reactor consumes more energy and causes higher maintenance costs. 

Nevertheless, a packed bed reactor design has the disadvantage that the packing occupies a large 

space reducing the reactor volume and therefore increasing the investment costs of an exemplary 

application like a gas hydrate storage. Linga et al. already compared both reactor designs and 

came to a different conclusion. However, their study was not conducted with an optimized stirred 

tank reactor but rather in a magnetic stirrer bar agitated reactor representing an insufficient 

technical system [149]. Figure 7-20 shows the average trends from the experimental series with 

SDS added.  
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Figure 7-20  Average gas uptake [mmol/mol] for methane hydrate formation with SDS added in a packed bed reactor 

system 

All systems have a similar trend and the final gas uptake declines in the order ES, glass and DS. In 

each system, the gas hydrate formation is completed within the first 30 minutes due to the use of 

SDS known from previous studies to be an outstanding kinetic promoter for methane hydrate 

formation [171–173]. Once more, the kinetic promoting effect is ascribed to a surface tension 

reduction and increased solubility of methane into the liquid phase although no micelles are 

formed under gas hydrate formation conditions [28,98,99,174]. A detailed look onto the first 100 

minutes can be obtained from Figure 7-21.  

 

Figure 7-21  Average gas uptake [mmol water/mol gas] of methane hydrate formation fixed bed reactor systems within 

the first 100 minutes 

With the help of Figure 7-21 the graphs can be divided into three groups. ES, DS and POMSA have 

the slowest gas hydrate growth, followed by the untreated glass bed with a medium formation 
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rate, ending with SDS systems coming along with a rapid methane hydrate formation. The system 

with added SDS, shows a surprising trend as their gas uptake passes a maximum at 15 minutes, 

decreasing thereafter. According to Schicks and Ripmeester in a pressure range of 3.0 MPa to 9.0 

MPa and a temperature range of 1.5 °C to 12 °C, due to fast kinetics, the formation of a 

thermodynamic unstable structure sII can be observed. However, the formation of structure sII as 

well as of structure sH can be excluded as both maximum gas uptakes account to approx. 176.5 

mmol/mol whereas sI has a maximum gas uptake of 173.9 mmol/mol which equals to maximum 

difference of 1.47 %. Here, a larger decrease is observed, eliminating the formation of a 

thermodynamic unstable gas hydrate structure. As a conclusion, during the rapid gas hydrate 

growth, methane molecules are presumably entrapped into intercrystalline spaces and 

consequently diffuse to the grain boundaries later, leading to a pressure increase or rather gas 

uptake decrease. Last, the effects of the capillary forces can be discussed with the help of Figure 

7-22 providing the final gas uptake plotted against the capillary pressure.  

 

Figure 7-22  Average final gas uptake [mmol/mol] with standard deviation vs. capillary pressure [Pa] for methane 

hydrate formation in a packed bed reactor. Linear trend sketched between data points for glass, ES and 

DS 

All necessary calculation parameters for the capillary pressure are presented in Table 7-5. The 

surface tension of a SDS-solution in the CMC was obtained from Watanbe et al. [175] and the 

measured contact angle (see Figure 7-18). The capillary pressure was calculated by using the 

equation mentioned by White (Eq. 7-6).  
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Table 7-5  Calculation parameters for the capillary pressure in the fixed bed systems 

System 

Surface 

tension σ 

[N/m²] 

Porosity 

ε 

[-] 

Volume specific  

surface area S 

[m²/m³] 

Contact angle θ 

[°] 

Capillary pressure 

PC 

[Pa] 

Glass 

0.075 

0.38 5202 

19.6 599.7 

ES 81.1 98.5 

DS 104.7 -161.5 

Glass+ SDS 

0.031 

15.3 253.8 

ES + SDS 51.9 162.3 

DS + SDS 64.6 112.9 

POMSA 0.075 14.8 615.4 

 

The untreated systems (glass, ES and DS) show a raising trend concerning the final gas uptake 

with raising capillary pressure. Due to a negative capillary pressure and therefore a holdback of 

the water at the reactor bottom, the DS-system shows the worst performance. Like in the work of 

Babu et al. a hydrate plug formed above the particle bed (see Figure 7-23) [169].  

 

Figure 7-23  Hydrate plug above the particle bed 

This leads to the conclusion that, driven by capillary forces, a steady water flow to the top is 

developed in the particle bed and essential to achieve a fast and almost complete gas hydrate 

formation. The systems without a kinetic promoter are clearly dominated by the capillary forces. 

The particle bed treated with POMSA has a hydrophilic surface with activated hydroxyl groups 

attached to it. Similar to the usage of alcohols in the field of flow assurance, the POMSA particle 

bed has an inhibiting effect as well [27,176]. The OH-groups interact with water molecules and 

prevent the formation of gas hydrate cage structures [177]. Wang et al. observed similar 
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kinetically inhibiting effects on methane hydrate formation during experiments with hydrophilic 

silica nanoparticles [178]. In presence of SDS the ES packed bed achieved the highest final gas 

uptake, however no correlation between the capillary pressure and the final gas uptake can be 

identified here, as the kinetically promoting effect of SDS completely negates the impact of the 

capillary effects. 

All fixed bed systems have the same volumetric surface area and the impact of an increased 

surface area was not investigated. Therefore, Adeyemo et al. should be referenced here who stated 

that a larger particle size is less important than a large pore diameter facilitating the diffusion of 

gas into the bulk phase [179]. Furthermore, Kumar et al. achieved an enhanced gas hydrate 

formation and final gas uptake with higher surface areas [104]. This is consistent with the 

statement that in presence of hydrophobic particles an interfacial gas enrichment and increased 

local ordering tendency of the water close to the surface can be found [142]. 

The measured contact angles allow the ranking of the packed beds without SDS with a decreasing 

hydrophobicity: DS (104.7 °) > ES (81.1 °) > Glass (19.6 °) > POMSA (14.8 °). Nguyen et al. stated 

that in presence of a hydrophobic surface an interfacial gas enrichment and increased local 

ordering tendency of the water close to the surface can be observed leading to a promoted gas 

hydrate nucleation and growth [142]. However, hydrophobicity is not the prevailing factor as the 

following decreasing order was found with regard to the strength of the promoting effect: Glass > 

ES > POMSA > DS. Therefore, with the aim to maximize the gas hydrate growth and gas uptake in 

a packed bed reactor system, the capillary forces should be as high as possible and particles less 

but still hydrophobic. An increased hydrophobicity is less important than high capillary forces in 

a packed bed system.  
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8 Biogas conditioning 

Facing the shrinking amount of fossil fuels, biogas from biodegradable waste as a renewable 

energy resource seems to be a promising replacement for natural gas. The problem is that biogas 

cleaning and conditioning requires high and costly efforts [44,180]. Typical upgrading 

technologies are water scrubbing, chemical and physical adsorption, cryogenic separation and 

membrane processes. As a result, there is an increased interest in finding alternatives, which 

reduce the energy and resource consumption in comparison to the existing methods. Gas hydrate 

separation is one possibility [181,182]. As 1 m³ of methane hydrate contains up to 170 m³ of gas, 

storing of methane in gas hydrates and simultaneously separating of carbon dioxide from a gas 

feed promises significant improvements in terms of safety and costs [55,172,183,184].  

This chapter follows the approach to separate methane and carbon dioxide as a simulated biogas 

by gas hydrate formation. First, the combination of the thermodynamic promoter THF and the 

kinetic promoter SDS is tested in presence and absence of additives which are expected to enhance 

the selectivity. Additionally, a feasibility study was conducted, delivering a first-time proof-of-

concept for an integrated process chain combining a fermentation and gas hydrate separation 

unit. A preceding experimental series deals with the usage of three different semiclathrate 

formers to improve the separation efficiency. 

8.1 Gas hydrate separation with THF 

This section examines the purification of biogas, namely a gas mixture consisting of carbon dioxide 

and methane, by using a THF promoted gas hydrate system and parts of this chapter havve been 

published in [185].  

In the last decades, due to the slow hydrate formation kinetics, several works dealt with promoter 

systems which uses the synergetic effects of kinetic and thermodynamic promoters to separate 

carbon dioxide from methane. For example, Ricaurte et al. used THF and SDS as a promoter 

combination observing that low driving forces and high THF concentrations increase the 

selectivity. However, the SDS concentration did not affect the separation efficiency. The 

conclusion was that combining THF and SDS seems to be a promising approach but further 

additives have to be tested to enhance the selectivity [186].  

The fundamental challenge is that the separation efficiency of methane and carbon dioxide via gas 

hydrate separation is low due to the similar competitiveness for the occupation of gas hydrate 

cages [187]. Under the usage of four organic compounds (tetrahydrofuran, 1,3-dioxolane, 2-

methyl-tetrahydrofuran and cyclopentane) and three surfactants (sodiumdodecylsulfate, sodium 

dodecyl benzene sulfonate, dodecyl trimethyl ammonium chloride) it was observed that the 

combination of THF and SDS is the best combination regarding the selectivity [171]. Another study 
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performed by Di Profio et al. tested several surface active substances for the separation of 

methane and carbon dioxide via gas hydrate formation and found a decreasing selectivity when 

kinetic promoters, overpressurization, stirring and other means and increased process driving 

forces were used [188].  

Like in the mentioned studies, this chapter focuses on the separation of biogas by forming a 

structure sII hydrate in presence of different additives. First, a preliminary study is performed to 

test different gas hydrate forming systems pragmatically regarding their separation efficiency. 

Following this experimental series, two gas hydrate forming mixtures are chosen to create 

adapted McCabe-Thiele diagrams and determine a necessary stage number for a hypothetical 

biogas treatment process.  

Finally, a complete process chain, starting with biogas production via fermentation followed by 

compression and subsequent gas hydrate separation is operated for the first time, to deliver a 

proof-of-concept. 

8.1.1 Preliminary studies 

The experimental series had the intention to find an optimal promoter system with a maximized 

separation factor. Moderate operating conditions and a fast hydrate formation were guaranteed 

by using the known combination of the thermodynamic promoter THF and the kinetic promoter 

SDS. To obtain a higher selectivity, further substances were tested. One promising approach to 

increase the selectivity might be the usage of additional surfactants with varying hydrophilic-

lipophilic balance (HLB) numbers. Another attempt tries to take advantage of the characteristics 

of physical absorbents. Through the combination of thermodynamic and kinetic promoters and a 

physical absorbent, an increased selectivity is expected. Several systems were tested with the aim 

to find an optimal gas hydrate forming separation system. 

In the following experimental series, SDS was used in the critical micelle concentration of 

0.0082
𝑚𝑜𝑙

𝐿
 and THF with the stoichiometric optimum of 5.56 mol% to secure a filling of all large 

cavities. Experimental challenges caused by the high volatility of THF, especially in the gas 

composition measurements, were found to be negligible as no THF was detected during gas 

chromatography analysis. Although, the separation efficiency of pure water is better than the 

mixture with both promoters added, the combination of water, THF and SDS is the basis for the 

experimental series [171,186,189]. Moreover, considering an industrial application, moderate 

operating conditions and fast gas hydrate kinetics would be economically beneficial. To enhance 

selectivity the following three additives were tested: Tween 80, Triton X-100 and propylene 

carbonate (PC). 
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Ueno et al. suggested that the gas solubility has a significant influence on the mixed gas hydrates 

formation [190]. Furthermore, García-Aguilar et al. delivered the correlation that nonionic 

surfactants with high HLB numbers increase the methane solubility [100]. Therefore, Tween 80 

(HLB = 15) and Triton X-100 (HLB = 13.5) were used in the critical micelle concentration of 1.2 ∗

10−5
𝑚𝑜𝑙

𝐿
    and 2.4 ∗  10−4

𝑚𝑜𝑙

𝐿
, respectively.  

Another approach focuses on the usage of aprotic solvents like dimethyl sulfoxide, which 

increases the storage capacity and selectivity towards carbon dioxide [119]. Therefore, the even 

more aprotic solvent propylene carbonate was used in a concentration of 2 mol%. 

Experimental procedure 

The experimental series was performed in the Büchi reactor system (See Chapter 4.2). First, the 

deposit reactor was purged three times and filled afterwards with a mixture of 50 mol% methane 

and carbon dioxide each. Thereafter the autoclave for the gas hydrate separation was filled with 

250 mL of the hydrate forming mixture consisting of distilled water, SDS, THF and one of the 

mentioned additives in dependency of the experimental series. An overview is given in Table 8-1. 

Table 8-1  Overview of the experimental series performed with varying additives 

Exp. Tween 80 Triton X-100 Propylene carbonate 

V1 No No No 

V2 No No Yes 

V3 Yes No No 

V4 Yes No Yes 

V5 No Yes No 

V6 No Yes Yes 

 
The reactor was purged three times with the gas mixture to a pressure of 5 bar(g) each time. 

Afterwards an operating pressure of 8 bar(g) was adjusted, the reactor was cooled down until 

hydrate induction occurred. Since temperature controls had a slow response time, the gas hydrate 

formation heat accumulated and a constant equilibrium temperature for the given pressure was 

achieved. Due to this heat transfer limitation, from this point in time pressure and temperature 

were held constant during the experiment. The stirrer speed was constantly set to 1500 rpm 

resulting in turbulent stirring conditions at Re ≈ 57421. When the gas flow tend to zero, the gas 

hydrate formation was assumed to be complete and a gas sample was taken for analysis by using 

a gas chromatography system - Agilent type “6890 Series”. Thereafter, the pressure was drained 

as fast as possible to ambient conditions and the temperature raised to a temperature of 20°C to 

dissociate the former gas hydrates. The decomposed gas hydrates released the stored gas, raising 

the reactor pressure and leading to a gas phase that had the composition of the former gas 
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hydrates. Another gas sample was taken and analyzed. To determine the initial gas composition a 

gas sample from the deposit was taken as well. It is stated here that during this experimental 

procedure gas, especially carbon dioxide, is absorbed in the residual liquid which cannot be 

considered by this experimental procedure. Therefore, the obtained results represent a worst 

case scenario but simulate a technical process realistically in which a possible small 

contamination of absorbed CO2 in the liquid phase is likely to occur. The residual gas at 

atmospheric pressure after the first reactor venting was computationally respected. Each gas 

sample which was examined in this experimental series was measured five times. An exemplary 

measurement until the drainage is shown in Figure 8-1. 

 

Figure 8-1  Representative measurement for the experimental series of chapter 8.1.1 

Results and discussion 

The gas composition measurements are displayed with their average and standard deviation in 

Table 8-2. 

Table 8-2  Results for experimental series of chapter 8.1.1 with deviation 

Exp. Mole Fraction CH4  

feed [-] 

Mole Fraction CH4 

gas [-] 

Mole Fraction CH4 

hydrate [-] 

V1 0.48 ± 0.00 0.45 ± 0.00 0.53 ± 0.01 

V2 0.45 ± 0.00 0.49 ± 0.00 0.47 ± 0.01 

V3 0.52 ± 0.02 0.43 ± 0.02 0.57 ± 0.00 

V4 0.51 ± 0.00 0.45 ± 0.01 0.57 ± 0.05 

V5 0.49 ± 0.03 0.45 ± 0.01 0.50 ± 0.00 

V6 0.48 ± 0.01 0.43 ± 0.02 0.54 ± 0.02 
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By using equation Eq. 8-1, two ideal separation factors 𝛼 can be calculated for each pair of data 

point [87].  

 𝛼1 =
𝑦𝐶𝐻4
𝐻𝑦𝑑

∗ (1 − 𝑥𝐶𝐻4
𝐼𝑛𝑖𝑡𝑖𝑎𝑙)

(1 − 𝑦𝐶𝐻4
𝐻𝑦𝑑

) ∗ 𝑥𝐶𝐻4
𝐼𝑛𝑖𝑡𝑖𝑎𝑙

       𝛼2 =
𝑦𝐶𝐻4
𝐼𝑛𝑖𝑡𝑖𝑎𝑙 ∗ (1 − 𝑥𝐶𝐻4

𝐺𝑎𝑠)

(1 − 𝑦𝐶𝐻4
𝐼𝑛𝑖𝑡𝑎𝑙) ∗ 𝑥𝐶𝐻4

𝐺𝑎𝑠
 Eq. 8-1 

 
Eq. 8-1 describes the ratio in the equilibrium state between the molar fraction of methane in the 

hydrate 𝑦𝐶𝐻4
𝐻𝑦𝑑

 and in the initial gas 𝑥𝐶𝐻4
𝐼𝑛𝑖𝑡𝑖𝑎𝑙  and the ratio between the molar fraction in the initial 

gas 𝑦𝐶𝐻4
𝐼𝑛𝑖𝑡𝑎𝑙  and in the gas phase 𝑥𝐶𝐻4

𝐺𝑎𝑠 . An ideal separation process would be described if this factor 

becomes infinite, hence the higher the value the better the separation efficiency. The separation 

factors were calculated to describe the selectivity of each gas hydrate forming mixture and to 

identify the best composition for further biogas separation experiments. The results are shown in 

Figure 8-2. 

 

Figure 8-2  Average ideal separation factor of the preliminary tests 

The experiments were performed only once as the aim of this preliminary study was to find an 

optimized promoter system with the least afford and the values represent the average of five gas 

composition measurements with standard deviation. The experiment V2 with no nonionic 

surfactant and PC added had the smallest separation efficiency, followed by V1, V5 and V6 with 

Triton X-100. The best performance showed Tween 80 (V3 and V4). Therefore, it is proven that a 

non-ionic surfactant with a high HLB number (Tween 80 HLB = 15; Triton X-100 HLB = 13.4) 

increases the selectivity towards methane hydrate formation due to an increased methane 

solubility. This is in agreement with the results of García-Aguilar et al. [100,100]. Investigations 

with Tween 80 and SDS showed faster gas hydrate formation kinetics in comparison to pure 

water. However, no enhanced gas uptake was observed during carbon dioxide hydrate formation 

[104]. Hence, the addition of Tween 80 should not influence the solubility of carbon dioxide. 
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During methane hydrate formation, cationic and nonionic surfactants lead to higher conversion 

rates [173]. All these studies support the conclusion that nonionic surfactants have a positive 

influence on the solubility of methane and therefore increase the selectivity.  

By comparing each pair of experimental series with and without PC, a tendency towards 

decreasing the selectivity for methane was observed. The experimental series V2 resulted in an 

enrichment in both phases. Possibly an absorption of carbon dioxide in the liquid phase by the 

added PC occurred, which cannot be registered by solely analyzing the gas phase composition. 

Since V3 and V4 showed a significantly better performance than the other mixtures, V3 was 

chosen as a benchmark to perform the biogas separation feasibility study (see chapter 8.1.3) since 

the effect of PC could not be clarified. 

8.1.2 Construction of an adapted McCabe-Thiele diagram 

The preliminary tests showed that it is unavoidable to perform an applicable gas hydrate 

separation in a multistage process. As a result, it is impossible with the evaluated gas hydrate 

forming mixtures to purify biogas to an applicable specification of at least 93 mol% in a single 

step. [191–193]. However, for designing such a process it is necessary to evaluate a minimal stage 

number for a given separation task. Therefore, the following experimental series was conducted 

to enable the construction of adapted McCabe-Thiele diagrams to investigate the necessary stage 

numbers to reach a purity within industrial specifications. Therefore, Eq. 8-1 is converted to: 

 𝑦𝐶𝐻4
𝐻𝑦𝑑

=
𝛼 ∗ 𝑥𝐶𝐻4

𝐺𝑎𝑠

1 + 𝑥𝐶𝐻4
𝐺𝑎𝑠 + (𝛼 − 1)

 
Eq. 8-2 

Experimental procedure 

The experimental setup is identical to chapter 8.1.1. The test procedure was similar as well using 

an operating pressure of 8 bar(g). The hydrate forming mixture consisted of V3, distilled water, 

SDS, THF and Tween 80. To investigate the effects of propylene carbonate, additional experiments 

were performed with a hydrate forming mixture in a composition of V4. The composition of the 

experimental gas mixture was varied in steps of approximately 10 mol%. For each experiment, six 

parameters were determined: the equilibrium temperature [°C], the gas uptake [mmol/mol], the 

separation factors by using Eq. 8-1, the composition of the gas at the start, in the equilibrium and 

in the gas hydrates.  
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Results and discussion 

The results from this experimental series are summarized in Table 8-3. Two measurements, V4-1 

and V4-4, are standing out as the mole fraction in the gas and the hydrate phase decreased in 

comparison to the start concentration. Due to the difficult to measure merely small changes in the 

molar fraction, these are considered as inaccurately. However, the experiments were not repeated 

as enough data points were available because of the decision to measure in 10 mol% steps 

Table 8-3  Experimental data for the construction of a McCabe-Thiele diagram 

Nr. 
𝑥𝐶𝐻4  

start [-] 

𝑥𝐶𝐻4  

gas [-] 

𝑥𝐶𝐻4  

hydrate [-] 

Teq  

[°C] 

Gas uptake 

[
𝑚𝑚𝑜𝑙

𝑚𝑜𝑙
] 

𝛼  

[-] 

V3–1 0.89 ± 0.01 0.86 ± 0.01 0.89 ± 0.01 14.1 16.67 1.00/1.32 

V3–2 0.82 ± 0.01 0.82 ± 0.00 0.83 ± 0.00 13.9 16.81 1.07/1.00 

V3–3 0.68 ± 0.02 0.66 ± 0.00 0.71 ± 0.00 13.3 20.47 1.15/1.09 

V3–4 0.58 ± 0.00 0.56 ± 0.01 0.59 ± 0.00 12.8 15.66 1.04/1.09 

V3–5 0.52 ± 0.02 0.44 ± 0.01 0.57 ± 0.00 12.3 15.82 1.22/1.38 

V3–6 0.38 ± 0.00 0.37 ± 0.01 0.41 ± 0.01 12.3 17.79 1.13/1.04 

V3–7 0.27 ± 0.00 0.26 ± 0.00 0.29 ± 0.01 12.2 16.04 1.10/1.05 

V3–8 0.18 ± 0.01 0.17 ± 0.00 0.20 ± 0.01 12.1 16.52 1.14/1.07 

V3–9 0.09 ± 0.01 0.09 ± 0.01 0.08 ± 0.01 12.1 17.15 0.88/1.00 

V4–1 0.97 ± 0.03 0.92 ± 0.01 0.95 ± 0.01 11.9 21.73 0.59/2.81 

V4–2 0.82 ± 0.03 0.80 ± 0.00 0.84 ± 0.00 11.7 22.43 1.15/1.14 

V4–3 0.73 ± 0.01 0.71 ± 0.01 0.75 ± 0.00 11.4 21.73 1.11/1.10 

V4–4 0.63 ± 0.02 0.59 ± 0.01 0.59 ± 0.00 11.2 22.23 0.85/1.18 

V4–5 0.51 ± 0.00 0.45 ± 0.01 0.57 ± 0.05 10.8 15.34 1.27/1.27 

V4–6 0.38 ± 0.01 0.36 ± 0.01 0.41 ± 0.01 11.0 22.75 1.13/1.09 

V4–7 0.27 ± 0.01 0.27 ± 0.01 0.31 ± 0.01 10.3 22.30 1.21/1.00 

V4–8 0.17 ± 0.01 0.18 ± 0.01 0.19 ± 0.01 10.2 20.56 1.15/0.93 

 
The results were used to construct the adapted McCabe-Thiele-diagrams. Figure 8-3 allows the 

comparison of the trends at 8 bar(g) with and without PC added.  
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Figure 8-3  Mole fraction of methane in the hydrate vs. mole fraction in the gas for the experimental series w/o (left) 

and w/ (right) propylene carbonate 

Both trends are very flat which proves that the selectivity is rather unsatisfactory. PC does not 

seem to affect the separation efficiency as both trends are nearly identical. The average ideal 

separation factor 𝛼 of the experimental series without PC is 1.10 ± 0.12 and with PC 1.11 ± 0.12, 

which underlines the qualitative findings. 

  

Figure 8-4  Equilibrium temperature vs. mole fraction of methane in the gas and the hydrate for the experimental 

series w/o (left) and w/ (right) propylene carbonate 

Figure 8-4 shows the equilibrium temperature [°C] against the mole fraction of methane in the gas 

and the hydrate phase for both experimental series. With PC, the equilibrium temperature seems 

to be 2 K lower than with PC. Hence, PC shows an inhibiting effect. Similar effects were observed 

in presence of ethylene carbonate. The oxygen atoms in this molecule shifts the hydrate phase 

boundary to an inhibiting region [194]. Visually both trends intersect at a mole fraction of 
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approximately 20 mol%. Therefore, an “azeotropic” point can be expected. As THF occupies all the 

large cages, methane and carbon dioxide compete for the occupation of the small cavities. 

Therefore, the tendency to fill these cavities under the given condition is assumed to be equal for 

both gases at this point and it would be impossible to get pure methane and carbon dioxide from 

a multistage process operated at 8 bar(g). The measured corresponding temperature of 

approximately 11.8 °C at the azeotropic point in absence of PC is also in agreement with the work 

of Lee et al. who investigated the equilibrium of mixed THF hydrates with methane and carbon 

dioxide. In this work, at 10 °C, the dissociation pressure of gas hydrates formed by 5.56 mol% THF 

and carbon dioxide is equal to that of 5.56 mol% THF and CH4. Below that temperature, mixed 

hydrates from THF and carbon dioxide are thermodynamically favorable whereas at higher 

temperatures mixed gas hydrate from THF and methane are more stable. The effect was assigned 

to the different stabilization effects of the corresponding gas molecules located in the small cages 

[37]. Therefore, the selectivity of gas hydrate separation processes depends significantly on the 

stability and occupancy of the hydrate cages if the solubility is disregarded. Figure 8-5 shows the 

influence of the propylene carbonate on the gas uptake [mmol/mol]. 

 

Figure 8-5  Final average gas uptake [mmol/mol] with standard deviation for the experimental series w/ and w/o 

propylene carbonate 

In presence of PC the final gas uptake increased from 16.56 [mmol/mol] to 22.20 [mmol/mol]. 

These values are similar in comparison to Mech et al. or Veluswamy et al., who measured the gas 

consumption in synergetic promoter systems as well. However, higher values were obtained with 

higher driving forces [172,195]. It is stated here that it cannot be ruled out, that gas is stored in 

gas hydrates and additionally absorbed by PC. 

Altogether, it has been shown that the solubility of methane and carbon dioxide in the liquid phase 

significantly affects the gas hydrate formation and selectivity. These findings are in agreement 

with the work from Xu et al. who found a dependency of the gas uptake on the dissolution behavior 
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while using methane and carbon dioxide and THF as thermodynamic promoter [196]. As the final 

gas uptake is quite low, throughout the experiments water remained partially liquid and was able 

to absorb gas. However, this is of lower importance as in an industrial multi-stage process like a 

crystallization column, a flowable hydrate slurry would be desirable as well. Therefore, the 

residual liquid simulates an application case appropriately. Since carbon dioxide is particularly 

dissolved in water, future works should focus on improving the carbon dioxide solubility with 

additives with subsequent CO2 capturing in gas hydrates as Xia et al. suggested [197,198]. Figure 

8-6 displays the results of the determination of the necessary stage number to purify biogas to a 

specification of at least 93 mol%. 

 

Figure 8-6  Determination of the necessary stage number to purify biogas to a specification of > 93 mol% with THF 

The trend from Figure 8-3 without propylene carbonate was used based on a gas mixture of 

60 mol% methane. By drawing each equilibrium stage into the graph, the minimum stage number 

is evaluated as 22. 

8.1.3 Biogas production and purification – feasibility study 

The aim of this chapter is to deliver a proof-of-concept for an integrated process chain, which 

combines a continuous biogas production via fermentation and the pioneering gas hydrate 

separation technology. First, biogas was produced in an optimized fermentation reactor. Thereby, 

a mixed culture from sewage sludge obtained from a local clarification plant was cultivated by 

insertion of a nutritious saccharose solution. The biogas was scrubbed and a molar fraction of 

approximately 60 mol% methane was achieved whereas the rest mainly consisted of carbon 

dioxide. Afterwards, the biogas was compressed into an autoclave and separated by promoted gas 

hydrate formation. Finally, the selectivity was evaluated to prove the successful operation of this 

combined test facility. The process flow diagram is pictured in Figure 8-7. 
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Figure 8-7  Process flow diagram for the feasibility study 

Launch of a biogas production unit 

The technical process for biogas production via fermentation is nowadays an established and 

largely optimized process. Instructions for setting-up a fermentation unit can be found in several 

sources and will not be described in detail here [199–202]. In this case an anaerobic mesophilic 

mixed culture from sewage sludge was used and fed with a substrate based on saccharose with 

0.062 L/h resulting in a gas flow of 0.35 L/h at lab conditions. The used reactor was manufactured 

by MBR Bioreaktor AG and has a volume of 20 L. Agitation was secured with a 3-stage disk stirrer 

at 25 rpm. Temperature was kept constantly at 37 °C using a warm water heating jacket.  
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Figure 8-8  Photo of the fermentation reactor [185] 

The pH-value was adjusted to a range of 6.7 to 7.5 and gas detection performed with Bluesens IR-

sensors. The results were additionally checked via gas chromatography. After scrubbing and 

storing, the biogas composition was approximately 60 mol% methane and 40 mol% carbon 

dioxide. 

Combination of the biogas production with a hydrate separation unit 

The experimental series was performed in the Parr reactor system (see chapter 4.1). The reactor 

was filled with 250 mL of a hydrate forming mixture consisting of distilled water, SDS, THF and 

Tween 80 referring to the experimental series V3 of chapter 8.1.1. Thereafter, the produced biogas 

was compressed and stored in a reservoir. After purging the reactor 3 times with biogas to a 

pressure of 5 bar(g) the reactor was pressurized to a maximum pressure of 35 bar(g). Then the 

stirrer was turned on and the rotation frequency was set to 900 rpm. Like in the preceding 

separation experiments the reactor was cooled down until hydrate formation eventuated. 

According to Lee et al. the equilibrium trends for THF plus methane and THF plus carbon dioxide 

hydrates diverge with higher pressure and temperature and a higher selectivity was expected as 

the temperature was held at 20 °C for approximately 17 hours resulting in an equilibrium 

pressure of 25 bar(g). A gas sample was taken and analyzed via a gas chromatography system by 

Agilent type “6890 Series”. All gas was released quickly until the pressure dropped to ambient 

conditions and the hydrates were dissociated by raising the temperature to 40 °C. While gas was 

released by hydrate decomposition, the reactor pressure increased, and the gas phase 

composition was nearly equal to the hydrates. Another gas sample was taken from both, the 

reactor and the reservoir, and analyzed subsequently. The results are shown in Figure 8-9 which 

proves a successful purification of the produced biogas by storing methane in gas hydrates. 
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Figure 8-9  Results of the biogas separation 

The ideal separation factor α was 1.21 ± 0.11, showing that higher pressures and temperatures 

only slightly improved the separation efficiency compared to chapter 8.1.2. A possible explanation 

is that carbon dioxide is more soluble at higher pressures. Although the selectivity must be 

improved to allow an industrial usage of this technology, the possibility to startup an integrating 

process chain in a lab scale - starting with the production, followed by scrubbing and closing with 

the purification and storing of biogas in form of gas hydrates - was proven for the first time in this 

work. According to Xia et al. much higher separation efficiencies are possible by using a 

synergizing combination of a semiclathrate promoter like tetra-n-butyl ammonium bromide and 

gas solvents like tetramethylene sulfone or dimethyl sulfoxide [197,198]. This idea will be 

followed up in chapter 8.2 to optimize the biogas purification via gas hydrate separation.  
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8.2 Gas hydrate separation with semiclathrates 

In 1940, Fowler et al. found “unusual” hydrates of quaternary ammonium salts, namely 

tetra-n-butylammonium and tetraisoamylammonium salts [203]. Later this was extended to 

peralkylonium salts and analogues (Alk3X+, with X=Nitrogen, Phospor, Arsenic). The so-called 

semi-clathrates differ from gas hydrates as they act as host and guest at the same time. Anions 

replace some water molecules in the hydrate framework and broken cages occur to enclose the 

large cations [204,205]. Lately, semi-clathrates came into focus as they are stable at atmospheric 

conditions, offer the possibility to entrap gas molecules and therefore show a vast potential with 

regard to gas separation [206], refrigeration [207] and gas storage [208]. 

This work focuses on the separation of carbon dioxide and methane from biogas. Xia et al. 

observed, originating from a simulated biogas (45 mol% carbon dioxide and 55 mol% methane), 

the preferred capture of carbon dioxide while using THF and tetra-n-butylammonium bromide 

(TBAB). In addition, they tested the synergic additive dimethyl sulfoxide (DMSO). As a result, gas 

uptake and selectivity were best in case of a mixture of DMSO and TBAB [197]. However, it seems 

to be contradictory to the results from chapter 8.1 as carbon dioxide was enriched in the gas 

hydrate phase in the case of THF as thermodynamic promoter in a concentration of 5.56 mol%. 

Furthermore, separation factors ranging from 6.89 up to 14.16 were achieved, which seems quite 

high in comparison to other works. Zang et al. measured separation factors ranging from 1.48 to 

3.95, using a binary mixture of methane and carbon dioxide and TBAB in a concentration of 

0.29 mol% [209]. Yue et al. used THF (1 mol%) and TBAB (0.3 mol%) in combination with 1-

octyl-3-methylimidazolium tetrafluoroborate to separate a simulated biogas with a composition 

of 37 mol% carbon dioxide and 67 mol% methane. As only phase compositions were given, 

separation factors were calculated to be 1.58 and 1.40 for TBAB and THF respectively. Adding 1-

octyl-3-methylimidazolium tetrafluoroborate to the TBAB solution lowered the separation 

efficiency to 1.44 [210]. Another study performed by Li et al. investigated the separation of a 

carbon dioxide/methane mixture (40 mol%/60 mol%) while using tetra-n-butyl phosphonium 

bromide as semiclathrate former. Separation factors ranged from 7.3 for 0.6 mol% to 34.2 for 

2.6 mol% of TBPB [211]. 

Although the potential of using TBAB and TBPB for biogas separation seems to be very promising 

preceding works came to divergent results, hence both substances are tested here again. In 

addition, the semiclathrate former tetra-n-butyl ammonium chloride was used to investigate the 

effect of the anion of the semiclathrate former. Furthermore, all experiments were repeated in 

presence of sulfolane (TMSO), as the idea of a synergetic additive seems to bear the possibility to 

enhance the separation efficiency. Figure 8-10 shows the structures of the used semiclathrate 

former. 



Biogas conditioning | 8 

_______________________________________________________________________________________________________________________________________ 

113 

   

 

Figure 8-10  From left to right, structure of TBACl, TBAB and TBPB 

Both tetra-n-butyl ammonium semiclathrate formers build the tetragonal structure TS-I in which 

the unit cell consists of 10(512) ∙ 16(51262) ∙ 4(51263) ∙ 172 𝐻2𝑂. In this structure, the large cages 

51262 and 51263 are occupied by the cations, the anions substitute water molecules in the cage 

structure and the small 512 cages can be filled with gas molecules. The thermodynamically most 

stable ratios between the semiclathrate former and water are 29.7 for TBACl and 38.1 for TBAB 

respectively [38,212–214]. TBPB in a stoichiometry of 36.6 is the most stable version of a TBPB 

semiclathrate and corresponds to an orthorhombic structure RS with a unit cell of 3(512) ∙

2(51262) ∙ 2(51263) ∙ 38 𝐻2𝑂. Once again, large cages are occupied by the tetra-n-butyl 

phosphonium cation, the anions replaces water molecules and gas can fill the small 512 cages 

[215,216]. At this point it is evident that the orthorhombic structure RS has a superior gas uptake 

the ratio between empty 512 cages and occupied cages amounts to  

 𝑅𝑆 =
3 (512)

2(51262) + 2(51263)
=
3

4
= 0.75 Eq. 8-3 

compared to 

 𝑇𝑆 − 𝐼 =
10 (512)

16(51262) + 4(51263)
=
10

20
= 0.5 Eq. 8-4 

The semiclathrate structure of TBAB in presence of carbon dioxide is sketched in Figure 8-11. 
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Figure 8-11  Schematic semiclathrate structure of TBAB in presence of carbon dioxide 

Sulfolane is a polar aprotic solvent and soluble in water. In industry it is used for aromatic 

extraction in the sulfolane process or for the removal of acid gases like carbon dioxide and sulfur 

from natural gas in the sulfinol process [217,218]. Therefore, it also seems to be a promising 

candidate for a synergetic additive to enhance the selectivity of a semiclathrate separation 

process. 

 

 

Figure 8-12  Structure of sulfolane 

Experimental procedure 

The experimental design has in mind that experiments are conducted with a semiclathrate 

forming mixture based on 100 g of water. As the aim is to operate at moderate conditions, an 

amount of the corresponding semiclathrate former, to create the most stable stoichiometric ratio, 

is added. For TBAB, TBACl and TBPB it is 32 wt%, 34 wt% and 34 wt% respectively [38,212,219]. 

The gas mixture was varied from 10 mol% to 90 mol% of carbon dioxide in steps of 10 mol%. In 

addition, all experiments were repeated with 5 mol% TMS added. For each experiment three 

carbon dioxide mole fractions (initial mixture, gas phase & hydrate phase), equilibrium 
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temperature Teq [°C], gas uptake [mmol/mol], two separation factors 𝛼1,2 and induction time tind 

[min] were recorded. Separation factors were calculated to evaluate the separation efficiency, 

determine the best semiclathrate forming mixture and enable the construction of adapted 

McCabe-Thiele diagrams. The experiments were conducted analogously to chapter 8.1.2. 

Results and discussion 

Table 8-4 and Table 8-5 show the results of the experimental series conducted here. 
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Table 8-4  Experimental results for the separation of methane and carbon dioxide by semiclathrates without 

sulfolane added 

Des. 
𝑥𝐶𝑂2   

start [-] 

𝑥𝐶𝑂2   

gas [-] 

𝑥𝐶𝑂2   

hydrate [-] 

Teq 

[K] 

Gas uptake 

[
𝑚𝑚𝑜𝑙

𝑚𝑜𝑙
] 

𝛼 

[-] 

tind 

[min] 

TBAB 90/10 0.10 ± 0.01 0.09 ± 0.00 0.16 ± 0.00 12.26 20.10 1.16/1.66 33.25 

TBAB 80/20 0.19 ± 0.01 0.17 ± 0.00 0.31 ± 0.00 11.97 5.64 1.14/2.00 35.95 

TBAB 70/30 0.29 ± 0.00 0.24 ± 0.00 0.45 ± 0.00 12.04 8.32 1.28/1.96 42.32 

TBAB  60/40 0.40 ± 0.01 0.35 ± 0.01 0.57 ± 0.00 12.21 5.91 1.23/1.99 50.15 

TBAB 50/50 0.49 ± 0.01 0.44 ± 0.00 0.67 ± 0.00 12.51 5.52 1.22/2.10 42.57 

TBAB 40/60 0.60 ± 0.00 0.55 ± 0.00 0.78 ± 0.00 12.59 8.08 1.22/2.45 54.48 

TBAB 30/70 0.70 ± 0.01 0.64 ± 0.00 0.85 ± 0.00 12.31 8.87 1.32/2.39 51.23 

TBAB 20/80 0.80 ± 0.00 0.76 ± 0.00 0.91 ± 0.00 12.68 8.78 1.23/2.75 54.52 

TBAB 10/90 0.89 ± 0.00 0.88 ± 0.00 0.95 ± 0.00 13.35 7.95 1.21/2.18 44.33 

TBACl 90/10 0.11 ± 0.01 0.11 ± 0.01 0.20 ± 0.03 14.67 8.80 1.01/2.07 30.28 

TBACl 80/20 0.20 ± 0.02 0.19 ± 0.01 0.32 ± 0.01 14.33 5.65 1.11/1.82 36.02 

TBACl 70/30 0.29 ± 0.01 0.27 ± 0.01 0.42 ± 0.01 15.86 7.03 1.08/1.78 39.47 

TBACl 60/40 0.39 ± 0.01 0.35 ± 0.01 0.51 ± 0.00 15.00 7.84 1.18/1.63 29.40 

TBACl 50/50 0.45 ± 0.02 0.40 ± 0.01 0.75 ± 0.00 15.27 9.46 1.25/3.68 44.08 

TBACl 40/60 0.60 ± 0.01 0.54 ± 0.01 0.68 ± 0.01 15.41 9.85 1.24/1.46 33.32 

TBACl 30/70 0.70 ± 0.01 0.64 ± 0.01 0.83 ± 0.00 15.90 9.55 1.26/2.10 32.40 

TBACl 20/80 0.81 ± 0.01 0.77 ± 0.00 0.88 ± 0.00 15.84 12.21 1.25/1.71 27.07 

TBACl 10/90 0.92 ± 0.00 0.90 ± 0.00 0.95 ± 0.00 15.89 9.40 1.28/1.63 32.55 

TBPB 90/10 0.11 ± 0.01 0.08 ± 0.00 0.19 ± 0.01 10.32 16.94 1.32/1.96 55.08 

TBPB 80/20 0.20 ± 0.01 0.14 ± 0.01 0.31 ± 0.00 10.69 17.86 1.47/1.79 46.32 

TBPB 70/30 0.30 ± 0.01 0.24 ± 0.01 0.41 ± 0.01 10.21 15.92 1.32/167 69.62 

TBPB  60/40 0.40 ± 0.01 0.33 ± 0.02 0.56 ± 0.00 10.28 16.93 1.37/1.89 59.28 

TBPB 50/50 0.50 ± 0.01 0.43 ± 0.01 0.64 ± 0.01 11.10 20.32 1.31/1.75 66.23 

TBPB 40/60 0.60 ± 0.01 0.52 ± 0.01 0.76 ± 0.00 11.27 20.50 1.37/2.12 47.10 

TBPB 30/70 0.70 ± 0.00 0.62 ± 0.01 0.82 ± 0.00 11.86 23.49 1.39/1.99 52.05 

TBPB 20/80 0.80 ± 0.01 0.73 ± 0.00 0.89 ± 0.00 12.04 23.55 1.43/2.14 42.95 

TBPB 10/90 0.89 ± 0.00 0.85 ± 0.00 0.95 ± 0.00 12.34 26.06 1.38/2.27 48.37 
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Table 8-5  Experimental results for the separation of methane and carbon dioxide by semiclathrates with sulfolane 

added 

Des. 
𝑥𝐶𝑂2   

start [-] 

𝑥𝐶𝑂2   

gas [-] 

𝑥𝐶𝑂2   

hydrate [-] 

Teq 

[K] 

Gas uptake 

[
𝑚𝑚𝑜𝑙

𝑚𝑜𝑙
] 

𝛼  

[-] 

tind 

[min] 

TBAB+ 90/10 0.11 ± 0.00 0.09 ± 0.00 0.16 ± 0.00 8.40 20.12 1.26/1.53 88.42 

TBAB+ 80/20 0.19 ± 0.00 0.15 ± 0.00 0.26 ± 0.00 7.28 20.40 1.29/1.55 73.52 

TBAB+ 70/30 0.28 ± 0.00 0.23 ± 0.00 0.39 ± 0.00 7.59 19.21 1.30/1.61 74.78 

TBAB+ 60/40 0.40 ± 0.01 0.33 ± 0.00 0.53 ± 0.00 7.79 19.15 1.34/1.71 59.78 

TBAB+ 50/50 0.48 ± 0.01 0.42 ± 0.01 0.64 ± 0.00 8.33 23.36 1.28/1.92 68.90 

TBAB+ 40/60 0.59 ± 0.00 0.51 ± 0.00 0.74 ± 0.00 7.69 20.65 1.39/2.01 55.77 

TBAB+ 30/70 0.70 ± 0.00 0.64 ± 0.00 0.85 ± 0.00 8.14 22.26 1.29/2.43 57.88 

TBAB+ 20/80 0.81 ± 0.00 0.76 ± 0.00 0.91 ± 0.00 8.43 20.85 1.37/2.37 51.82 

TBAB+ 10/90 0.89 ± 0.00 0.88 ± 0.00 0.96 ± 0.00 8.81 25.54 1.15/2.71 50.08 

TBACl+ 90/10 0.12 ± 0.01 0.09 ± 0.00 0.21 ± 0.01 9.72 12.83 1.26/2.07 38.88 

TBACl+ 80/20 0.20 ± 0.01 0.15 ± 0.01 0.34 ± 0.01 9.62 7.80 1.44/2.04 41.08 

TBACl+ 70/30 0.30 ± 0.01 0.24 ± 0.01 0.50 ± 0.02 9.74 10.40 1.38/2.33 41.88 

TBACl+ 60/40 0.38 ± 0.00 0.32 ± 0.01 0.58 ± 0.01 9.83 14.33 1.30/2.29 44.30 

TBACl+ 50/50 0.50 ± 0.01 0.42 ± 0.00 0.71 ± 0.01 10.11 12.75 1.39/2.38 41.55 

TBACl+ 40/60 0.59 ± 0.01 0.50 ± 0.01 0.79 ± 0.00 10.26 14.26 1.48/2.54 42.62 

TBACl+ 30/70 0.70 ± 0.01 0.63 ± 0.01 0.86 ± 0.00 10.49 14.08 1.35/2.68 41.82 

TBACl+ 20/80 0.78 ± 0.00 0.72 ± 0.00 0.90 ± 0.00 10.67 14.01 1.41/2.61 42.12 

TBACl+ 10/90 0.91 ± 0.00 0.88 ± 0.00 0.96 ± 0.00 11.79 13.03 1.35/2.89 29.83 

TBPB+ 90/10 0.10 ± 0.00 0.08 ± 0.00 0.17 ± 0.00 6.13 45.42 1.35/1.70 53.60 

TBPB+ 80/20 0.19 ± 0.01 0.16 ± 0.01 0.26 ± 0.02 6.46 47.18 1.22/1.51 69.88 

TBPB+ 70/30 0.30 ± 0.01 0.24 ± 0.01 0.38 ± 0.01 7.59 28.34 1.31/1.45 51.73 

TBPB+ 60/40 0.39 ± 0.01 0.31 ± 0.01 0.47 ± 0.01 6.87 49.87 1.48/1.36 43.63 

TBPB+ 50/50 0.49 ± 0.01 0.40 ± 0.01 0.60 ± 0.00 7.24 50.63 1.43/1.54 60.48 

TBPB+ 40/60 0.60 ± 0.01 0.52 ± 0.01 0.68 ± 0.00 7.64 47.07 1.39/1.42 45.17 

TBPB+ 30/70 0.69 ± 0.01 0.63 ± 0.00 0.77 ± 0.00 7.77 44.79 1.30/1.55 43.37 

TBPB+ 20/80 0.80 ± 0.00 0.73 ± 0.00 0.86 ± 0.00 7.88 42.61 1.47/1.53 45.05 

TBPB+ 10/90 0.90 ± 0.00 0.89 ± 0.00 0.94 ± 0.00 8.24 42.02 1.12/1.65 44.18 

 

The average induction times are illustrated in Figure 8-13 and in a range of 33.8 to 64.6 minutes 

depending on the semiclathrate system.  
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Figure 8-13  Average induction time [min] for biogas separation via semiclathrate formation w/o and w/ TMSO 

added 

It is visibile that TBACl has the lowest induction times followed by TBPB and TBAB without added 

TMSO. By adding TMSO the induction times of TBACl and TBAB become longer whereas TBPB’s 

are slightly shortened. Thereby, the order is changed to TBACl < TBPB < TBAB. The equilibrium 

temperature in dependence of the gas composition at the start is shown in Figure 8-14. 

 

Figure 8-14 Equilibrium temperature [°C] vs. mole fraction of carbon dioxide [-] in the gas phase at the start 

The equilibrium temperature shows that TBACl forms the most stable hydrate as temperatures 

are the highest with and without TMSO. TBACl is followed by TBAB and TBPB in both cases. The 

induction times and equilibrium temperature show that the thermodynamic stability depends on 

the combination of cation and anion. Smaller cations (ammonium smaller than phosphonium) 

form more stable semiclathrates which makes sense as the cavity structure becomes sturdier if 
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molecular interactions are narrower and nearer. TBPB distorts the semiclathrate framework 

stronger than TBAB [215]. Furthermore, as chloride and bromide are part of the semiclathrate 

structure, an increased electronegativity and smaller size should strengthen the hydrogen 

bonding. According to Manakov et al. chloride is substituting one water molecule or two 

hydrogen-bonded water molecules in the host structures which leads to “pressed in” 512 cavities 

[220]. In case of bromide only the first variant is possible, the bromide anion replaces a water 

molecule in the framework [38].  

Pure TBACl semiclathrate formed in a stoichiometry of 29.7 H2O is supposed to melt at 15.1 °C 

which is consistent with the here obtained results in a temperature range of 14.33-15.90 °C [212]. 

The melting temperature of TBPB in a stoichiometry 36.6 H2O is 9.25 °C according to Suginaka et 

al. [216]. Fukumoto et al. reported a melting temperature of 9.45 °C for pure TBAB and 27.75 for 

TBAF semiclathrates [221]. Here, the temperature found for TBAB and TBPB is higher as a range 

of 11.97-13.35 °C and 9.60-15.64 °C were obtained. Therefore, former literature confirms the 

superior stability of semiclathrates with a decreasing anion size but the similarity between TBPB 

and TBAB could not be validated as TBPB’s equilibrium temperature was lower than TBAB’s. Here, 

the effect of a guest molecule like methane or carbon dioxide and an increased pressure plays an 

important role as the filling of small 512 cages stabilizes the semiclathrate structure leading to 

higher dissociation temperatures like it was found by Mayoufi et al. and Deschamps et al. 

[222,223].  

The equilibrium temperature of each semiclathrate forming system shows an increasing trend 

with an increasing carbon dioxide concentration, which indicates a thermodynamically favored 

enclathration of carbon dioxide. 

In presence of TMSO, a thermodynamic inhibiting effect is observed as all average equilibrium 

temperatures shift to lower values. The same effect was observed by Xia et al. while using a gas 

mixture of carbon dioxide and methane, 0.034 mol% TBAB and TMSO in different concentrations 

[198]. Figure 8-15 shows the average separation factors and average final gas uptake for all 

experimental series.  
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Figure 8-15  Average separation factors (left) and final gas uptake [mmol/mol] (right) for biogas separation via 

semiclathrate formation w/o and w/ TMSO added 

Relating to the separation factors it is conceivable that without TMSO, TBAB and TBPB have a 

similar separation efficiency whereas the TBACl has a lower one. As chloride is integrated in the 

host framework in two ways. It either replaces one water molecule or two hydrogen-bonded 

water molecules and deforms the small 512 cavities which become smaller [220]. Thereby, as 

carbon dioxide is a larger molecule, the small 512 cages are preferably filled by methane and 

selectivity is lowered towards carbon dioxide. Therefore, selectivity of clathrate separation 

depends significantly on the competition of different molecules to occupy empty cages which was 

also a finding gained in chapter 8.1. Furthermore, the sort of anion influences the whole 

semiclathrate framework which has to be taken into account. 

The average gas uptake w/o TMSO displays that TBAB and TBACl, forming the tetragonal 

structure TS-I, have an equal uptake with 8.8 mmol/mol each. TBPB, forming the orthorhombic 

structure RS, has a much higher uptake with 20.1 mmol/mol. This indicates that the storage 

capacity is related to the formed semiclathrate structure. In case of TBAB and TBACl, one cation 

corresponds to two 512 cages, and therefore two gas molecules, whereas using TBPB, one cation 

equates to three 512 cages. Furthermore, to form the structure TS-I for one gas molecule 17.2 

water molecules are needed and regarding structure RS 12.7, which demonstrates the superior 

gas capacity of the latter structure. 

By adding TMSO the selectivity decreases in the case of TBAB and TBPB whereas TBACl shows the 

opposite effect leading to the highest separation factor of 1.90 which is contrary to the work of Xia 

et al.. However, the experimental pressure used in their study ranged from 10 to 30 bar which 

could have an influence on the selectivity as well [198]. At the same time, the average gas uptake 

increases significantly for TBAB (8.8  21.2 mmol/mol ≡ 141 %) and TBPB (20.1  44.0 
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mmol/mol ≡ 119 %) except for TBACl (8.8  12.6 mmol/mol ≡ 43 %). The gas capture effect of 

sulfolane is based on interaction within carbon dioxide and the −SO2 site and is less favored than 

between the rest of the molecule. In addition, cluster containing a large number of carbon dioxide 

molecules can arrange around a single −SO2 site [224]. Therefore, the idea of the synergetic 

additive imposes itself as TMSO enhances the solubility and diffusivity of carbon dioxide, secures 

the full contact with surrounding water molecules and even increases the possibility of 

entrapment in the semiclathrate cavities like Xia et al. suggested [198]. In presence of TBACl and 

TMSO these effects seem to vanish. Due to the lack of literature up to this point, only assumptions 

can be given for this effect. It seems likely that this phenomenon is induced by interactions 

between the chloride and TMSO. Either the chloride prevents the capture of carbon dioxide by 

TMSO or, which is more likely, as a thermodynamic inhibiting effect is observed, TMSO influences 

the formation of the semiclathrate framework and the coordination of chloride within. However, 

it is stated here that these are assumptions and further fundamental research has to be conducted 

to gain more insights. Nevertheless, the separation factors 𝛼 of 1.46 for the TBACl and 1.90 for the 

TBACl + TMSO system can now be used, in combination with Eq. 8-2, to construct adapted 

Mc-Cabe Thiele diagrams and determine the necessary stage number to purify biogas to a 

specification of at least 93 mol% outgoing from a mole fraction of 60 mol% methane. The results 

are shown in Figure 8-16. 

  

Figure 8-16  Determination of the necessary stage number to purify biogas to a specification of > 93 mol% via TBACl 

semiclathrate formation w/o (left) and w/ TMSO (right) 

In comparison to the separation with THF (see chapter 8.1) it is visible that carbon dioxide is 

enriched in the semiclathrate and the necessary stage number is reduced from 22 to 5 to reach 

93 mol% of methane. Thereby, as the experimental pressure was the same, the temperature 

should be around 10.2 °C which is slightly lower than in the case of THF (12.8 °C) but without 

TMSO, temperatures are around 15.4 °C and the necessary stage number is 8. Therefore, it is a 
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question of installation and operating costs if TMSO should be added or not. The only disadvantage 

in comparison to THF clearly indicated here is a lower gas uptake which results in a larger 

recycling stream to treat a given feed (12.6 mmol/mol TBACl+TMSO/16.56 mmol/mol THF).  

Either way, this study extensively tested the potential of semiclathrates formed by three different 

substances and the effect of the synergetic additive TMSO for the application in biogas separation. 

As a result, biogas separation is achieved under moderate conditions with an appropriate 

efficiency but with a low amount of gas captured. In the case of TBAB and TBPB, TMSO enhanced 

the gas uptake significantly at the expense of a decreased separation efficiency. The effect of TMSO 

on the TBACl semiclathrate formation could not be clearly identified but an increased separation 

performance was observed. The effect of the anion of the semiclathrate former on the separation 

efficiency is significant and therefore future works are suggested to focus on further combinations 

of anion and cations, like tetra-n-butyl fluoride, iodide or nitrate for example. 
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9 Natural gas conditioning 

The production of low-hydrocarbons via cryogenic distillation is a typical separation process in 

the petrochemical industry with the disadvantage of massive energy consumption [225]. 

However, several work showed that the gas hydrate separation technology is capable of 

separating gas mixtures of methane, ethane and propane. Kondo et al. observed a methane 

enrichment in the gas phase resulting from a feed mixture of methane, ethane, and propane in a 

90:7:3 molar ratio during gas hydrate formation [226]. Thereby the separation of small 

hydrocarbons by gas hydrate formation should only be applicable for low and high methane 

concentrations [227]. Soltanimehr et al. described that ethane is preferably enriched in the gas 

hydrate phase and the selectivity is enhanced by an increasing pressure and decreasing 

temperature. While using THF, ethane and methane for gas hydrate formation it was found that 

ethane and THF compete for the large cages of structure sII enabling the separation of methane 

and ethane. Furthermore, a THF mole fraction of 0.06 allows the formation of a structure sII gas 

hydrate [228]. This is in accordance with findings from Ma et al. [229].  

While using gas hydrate separation for the production of low-hydrocarbons seems to be quite 

promising, the here conducted study combines the rapid hydrate formation by spraying from 

chapter 7.3 and applies the gas separation experiments from chapter 8 on small hydrocarbons in 

a new, innovative process to absorb and store methane directly in form of a hydrate slurry in 

presence of THF as a thermodynamic promoter. Parts of this chapter have been published in [230]. 

Experimental procedure 

Experiments were performed in the modified Büchi-reactor from chapter 7.3. GC-measurements 

were conducted via an Agilent type “6890 Series” gas chromatography system. Gas mixtures were 

prepared and stored from pure methane, ethane and propane in the 0.7 L Amar Equipments 

reactor. The test procedures had the following course of actions. The deposit reactor was purged 

and filled with a corresponding gas mixture. The reactor for the gas hydrate formation was filled 

with 370 mL of the hydrate forming mixture consisting of distilled water and 5.56 mol% THF. 

Thereafter, the gas hydrate forming reactor was purged three times with the gas mixture by 

pressurizing to 5 bar(g) each time. Afterwards, the experimental pressure was adjusted to 8 

bar(g). The pump for the recycle injection over the nozzle and the stirrer (900 rpm, 

Reynoldsnumber ≈ 25483) were started before the reactor was cooled down until hydrate 

induction eventuated. The recycle flows through an external cooling coil which temperature was 

adjusted to 6 °C. Since temperature controls had a slow response time, a slight heat accumulation 

in the course of the exothermic gas hydrate formation was registered, finally leading to the 

equilibrium temperature for the given pressure of 8 bar(g) as gas hydrate decomposition and 
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formation are in equilibrium at this state. Thereupon, the thermostat temperature was set to the 

corresponding equilibrium temperature. The experiments lasted for 50 minutes with subsequent 

gas sampling for analysis. After taking the gas sample, the pressure was quickly drained to 

ambient conditions and the temperature was raised to 20 °C to dissociate the formed gas hydrates. 

Due to the gas hydrate decomposition, the reactor pressure rose again and the gas phase had 

nearly the composition of the former gas hydrates which was analyzed via GC-measurement as 

well. Additionally, the gas composition in the deposit was measured. All gas samples were 

measured five times. As gas could have been absorbed in the residual liquid during experiments, 

this cannot be taken into account by this experimental procedure. Residual gas at atmospheric 

pressure after the first reactor venting was mathematically taken into account. 

Results and discussion 

Table 9-1 shows the tested compositions, measured mole fractions in the gas and the hydrate 

phase at the end of the experiment, the gas uptake [mmol/mol], the equilibrium temperature [°C] 

and the ideal separation factors calculated by adapting Eq. 8-1. 

Table 9-1  Experimental results for natural gas separation 

 
Initial composition Gas phase Hydrate phase Gas uptake Teq α 

 
[mol%] [mol%] [mol%] [

𝑚𝑚𝑜𝑙

𝑚𝑜𝑙
] [°C] [-] 

Nr. CH4 C2H6 C3H8 CH4 C2H6 C3H8 CH4 C2H6 C3H8 
   

1 92  8 90  10 96  4 44.97 14.2 2.09/1.28 

2 90  10 88  12 95  5 38.01 14.2 2.11/1.23 

3 83  17 79  21 92  8 40.04 13.6 2.36/1.30 

4 78  22 72  28 89  11 33.34 14.1 2.28/1.38 

5 72  28 64  36 85  15 35.26 13.7 2.20/1.45 

6 70  30 63  37 84  16 34.58 13.5 2.25/1.37 

7 92 8  88 12  98 2  42.50 13.5 4.26/1.57 

8 81 19  67 33  92 8  19.44 13.2 2.70/2.10 

9 70 30  56 44  92 8  22.17 12.8 4.93/1.83 

10 56 44  40 60  87 13  20.58 10.9 5.26/1.91 

11 44 56  30 70  78 22  27.96 10.3 4.51/1.83 

12 33 67  26 74  74 26  19.28 9.8 5.78/1.21 

13 26 74  18 82  57 43  12.44 8.7 3.77/1.60 

14 88 7 5 84 11 5 96 2 2 42.92 13.3 3.55/1.44 

15 88 7 5 81 13 6 94 3 3 40.43 13.5 2.18/1.73 

16 89 6 5 81 13 6 94 3 3 55.81 13.3 1.99/1.87 
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First of all, the experimental data prove the successful gas separation via rapid hydrate 

absorption. Due to the occupation of large cavities by THF in the sII hydrate structure, methane is 

pushed to fill the small cages whereas other components remain in the gas phase. Using Eq. 8-1, 

separation factors were calculated for each data point. For the separation of methane + propane 

the separation factor 𝛼 is 1.77 ± 0.47 and 3.09 ± 1.59 for methane + ethane which is nearly two 

times higher. Figure 9-1 shows the correlation between the gas uptake [mmol/mol] against the 

initial mole fraction of methane.  

 

 

Figure 9-1  Gas uptake [mmol/mol] vs. mole fraction of methane for the natural gas separation experiments 

The gas uptake decreases with a decrease in the mole fraction of methane for both gas mixtures. 

The methane-propane mixture shows a higher gas uptake. Considering the observed trend and 

the determined ideal separation factors allows the conclusion that the better selectivity, but worse 

gas uptake in case of a methane-ethane mixtures can be traced back to the fact that propane as a 

sII hydrate former is enclathrated in the same large cages like THF during gas hydrate formation. 

Ethane rather occupies the large cages of the sI gas hydrate structure. Morita et al. observed the 

occupancy of both gas hydrate cages of structure sI solely for high pressures of 3000 bar(a) [231]. 

By using THF in a stoichiometric concentration, structure sII is forced to form and the ethane is 

massively hindered to form gas hydrates as it is neither able to stabilize large cages of structure 

sI nor structure sII. By increasing the ethane amount, sI-sII mixed hydrates are formed. This is in 

accordance with Zhang et al. who observed exactly the same effects while forming gas hydrates 

from a methane-ethane gas mixture in presence of 6.0 mol% THF. By using their experimental 

data, ideal separation factors were calculated as α = 3.30 ± 1.16 for 21 bar(g) and α = 3.74 ± 1.40 

for 31 bar(g) respectively which shows an increased separation efficiency at higher pressures 

[232]. 
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All the gas uptakes are far away from total water to gas hydrate conversion which could reduce 

the selectivity of the process as some water remains in a liquid state with dissolved components 

in it. Nevertheless, the handling of a flowable hydrate slurry instead of solid gas hydrates at the 

outlet is expected to be favored in an industrial process. Therefore, complete water to hydrate 

conversion does not represent the application case appropriately.  

The operating conditions are moderate with a pressure of 8 bar(g) and a temperature range of 14 

to 9 °C. With a slightly higher pressure, ambient temperatures could be operated as well, which is 

an advantage in comparison to industrial demethanizers which are operated at 25 bar(g) and -

83 °C [225]. The equilibrium temperatures in dependence of the initial methane mole fraction is 

visualized in Figure 9-2. 

 

Figure 9-2 Equilibrium temperature [°C] vs. mole fraction of methane [-] in the gas phase at the start 

Both curves, with ethane as well as with propane, show a decrease in the equilibrium temperature 

with a decreasing methane concentration. The equilibrium temperature of gas hydrates from 

simulated natural gas are in a magnitude of the CH4-ethane-hydrate curve. Same effects and 

similar temperatures were found in an experimental series conducted by Sun et al. [228]. The 

phenomenon can be explained by a declining stability of the formed gas hydrates in the following 

order:  

CH4-THF > CH4-propane > CH4-ethane. 

Figure 9-3 shows the mole fractions of methane in the gas hydrate and in the gas phase with 

corresponding adapted McCabe-Thiele trends. By using the McCabe-Thiele diagram, it is possible 

to estimate that for the purification of a methane-ethane mixture via gas hydrate separation, only 

eight theoretical stages would be necessary to get both components with a purity of 99 mol%. In 

comparison, the cryogenic distillation needs approximately 30 stages [225].  
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Figure 9-3  Mole fraction of methane in the hydrate phase vs. mole fraction of methane in the gas phase with adapted 

McCabe-Thiele-trends 

In Figure 9-4 the averaged change in the mole fraction of a simulated natural gas, consisting of 

methane, ethane and propane, is visualized.  

 

Figure 9-4 Averaged change in the mole fraction of a simulated natural gas 

It was possible to achieve a typical gas specification for consumers with a high methane content 

of ≥ 95 mol% by using a one-stage hydrate absorption process. Thereby methane was stored in 

the form of gas hydrates which would subsequently enable the option for transportation in form 

of solidified natural gas. Nevertheless, high methane losses in the gas phase have to be taken into 

account. As a result, a multi-stage process would be recommended here as well. 
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10 Cost studies 

The preceding chapters (chapter 8 and chapter 9) presented the possibility to separate methane 

from raw gas and biogas via gas hydrate separation with a separation factor α of 1.77 and 1.90, 

respectively. By constructing adapted Mc-Cabe-Thiele diagrams it was estimated that 12 stages 

are necessary to achieve appropriate qualities and produce saleable methane. As gas hydrate 

separation seems to be a promising alternative to existing methane separation processes, this 

chapter describes the cost estimation of gas hydrate separation processes which could replace the 

established ones. Therefore, simulations with the process simulation software CHEMCAD© were 

performed to calculate installation costs of the necessary process equipment for typical 

separation processes, obtained from literature and for a corresponding gas hydrate separation 

process. It is stated here, that the cost estimation performed by CHEMCAD© is based on several 

different references which are from the early 1980s, which is why the estimated costs cannot be 

assumed to be accurate but at least, as all calculations share the same basis, qualitatively 

comparable [233–242]. Furthermore, the costs for piping and instrumentation and control 

equipment remained unconsidered. Operating costs were calculated based on energy 

consumptions and typical energy costs. The used prices are listed in Table 10-1. 

Table 10-1  Energy prices 

Energy source Price 

Electricity 14.9 ct/kWh [243] 

Condensate 1.16 €/t1 

Cryogenic cooling 1.00 €/kWh2 

Cooling (-20°C) 19.4 ct/kWh3 

10.1 Biogas conditioning 

With regard to chapter 2.6, the main technologies for carbon dioxide removal are amine and water 

absorption. As water scrubbing is the environmental favored alternative, this process will be 

focused on in this chapter. Water scrubbing has the advantage of simultaneously removing carbon 

dioxide and hydrogen sulfide, and is considered as a simple-to-maintain and economic process. 

                                                             

1 Estimated value based on steam prices for 31 bara (20 €/t) and 6 bara (13 €/t) steam from personal 

experience 

2 Estimated value based on personal communication with employee at Messer Group GmbH 

3 Estimated value based on electricity price multiplied with the specific energy consumption of a vapor-

compression refrigeration [244] 
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The process was simulated in a previous work by Cozma et al. and reconstructed in an own 

simulation for the cost study described here [245]. The results are shown in Figure 10-1. 

 

Figure 10-1  Simulation results - water scrubbing process  

The process works as follows: Compressed and tempered biogas enters the first absorption 

column at the bottom in a concentration of 54 mol% methane and 46 mol% carbon dioxide. With 

a countercurrent flow, water runs down the column and carbon dioxide is absorbed at 10 bar(a). 

The carbon dioxide enriched water is pumped to the top of a second column (depressurized to 

1 bar(a)) and treated with air in a countercurrent flow. Thereby, carbon dioxide is desorbed and 

exits the column at the top with humid air. As water exits the process through this stream, a small 

make up stream must be implemented in the former column. The regenerated water contains 

small amounts of air and is pumped back into the first column. In the first column, methane with 

small air impurities is obtained in a concentration of 98 mol%. The whole process consists of 2 

columns (243 T€), 2 pumps (57 T€) and one compressor (39 T€). The summed up installation 

costs amount to approximately 339 T€ and operating costs to 5.08 €/h. The calculation results for 

a comparable gas hydrate separation process are shown in Figure 10-2. 



10 | Cost studies  

______________________________________________________________________________________________________________________________________ 

130 

 

Figure 10-2  Simulation results – biogas hydrate separation process 

In general, the gas hydrate separation process is based on the concept of a crystallization column. 

A cooled gas hydrate forming mixture is sprayed, by using a two-phase nozzle, into a pressurized 

column to secure an immediate hydrate nucleation and therefore continuous growth along the 

column. Simultaneously, the nozzle allows the implementation of a reflux ratio. Similar to a 

distillation column it is expected that, due to different gas phase compositions on every theoretical 

stage, the hydrate phase changes its composition as well and, because of varying hydrate 

formation enthalpies on each theoretical stage, the corresponding equilibrium temperature is 

prevailed. Therefore, from the bottom to the top, a decreasing temperature profile establishes and 

the favored gas component is enriched in the hydrate phase whereas other gas components 

remain in the gas phase. At the bottom, a hydrate slurry must be dissociated which can be done 

by using a heat exchanger and a subsequent depressurizing separator. The separator is connected 

to a pump which recycles the hydrate forming mixture, and to an optional compressor which 

transports the purified gas stream to the process outlet or either back into the column to allow 

the adjustment of a reflux ratio here as well. As hydrate decomposition is an endothermic process, 
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the temperature of the hydrate forming recycle stream can be set by controlling the energy 

consumption of the heat exchanger.  

In this simulation, the inlet stream has the same specification as the water scrubbing process and 

flows into the crystallization column. Pressure and temperature are adjusted to the conditions on 

the equivalent entering stage. As a hydrate forming mixture of water, TBACl and TMSO had the 

highest separation factor, this mixture is used as a hydrate forming absorbent. With a separation 

factor α of 1.90 ± 0.58, 12 stages would be necessary to produce methane and carbon dioxide with 

a composition of 97 mol% each (chapter 8.2). The amount of hydrate forming mixture is 

calculated based on the fact that hydrate slurries which exceed a loading of 30 wt% of hydrate 

could cause problems like plugging or at least viscous flow properties [207,246]. Furthermore, as 

TBACl forms structure TS-I in a stoichiometric concentration of 𝑇𝐵𝐴𝐶𝑙 ∙ 29.7 𝐻2𝑂 the unit cell is 

described as f 10(512) ∙ 16(51262) ∙ 4(51263) ∙ 172 𝐻2𝑂. TBA+ is entrapped in four 51262 cages and 

four times in 3(51262) ∙ (51263) cages, leaving ten 512 cages empty, which can be filled by another 

guest. The Cl- is included in the hydrate framework [212]. This means that the ideal carbon dioxide 

filled semiclathrate structure can be written as 𝑇𝐵𝐴𝐶𝑙 ∙ 2 𝐶𝑂2 ∙ 29.7 𝐻2𝑂 and this allows the 

calculation of the stream size. The carbon dioxide rich slurry flows into the heat exchanger at the 

bottom. 

The transferred heat is given by the amount of formed semiclathrate from TBACl and carbon 

dioxide and a formation enthalpy of 346.6 ± 3.5
𝑘𝐽

𝑘𝑔 [𝐻2𝑂]
 [247]. The formation enthalpy of 

semiclathrate from TBACl and methane is assumed to be 339.8 
𝑘𝐽

𝑘𝑔 [𝐻2𝑂]
 due to the lack of literature 

and calculations should be repeated as soon as experimental data are available1. By using this 

data, the heat exchanger can be designed, as energy consumption and heat transfer area can be 

calculated using an overall heat transfer coefficient of 600
𝑊

𝑚2𝐾
 [249]. The hydrodynamic 

calculation of the column and design of the pump and the compressor were simulated to estimate 

the installation and operating costs. The whole process consists of one crystallization column (213 

T€), one heat exchanger (6 T€), one pump (26 T€) and one compressor (105 T€) which makes 

in sum 350 T€. The operating costs accumulate to 9.15 €/h. Figure 10-3 compares the cost trends 

for both processes. Thereby, 8000 hours of operation per year are assumed. In addition, an 

alternative without a compressor is shown as the exiting carbon dioxide in the water scrubbing 

process is also not compressed.  

                                                             

1 It is assumed that ∆𝐻𝑚𝑖𝑥 𝐶𝑂2 =
1

2
∆𝐻𝑇𝐵𝐴𝐶𝑙 + 𝛼∆𝐻𝐶𝑂2  → ∆𝐻𝑚𝑖𝑥 𝐶𝐻4 =

1

2
∆𝐻𝑇𝐵𝐴𝐶𝑙 + 𝛼∆𝐻𝐶𝐻4 with ∆𝐻𝑚𝑖𝑥 𝐶𝑂2 =

92.65
𝑘𝐽

𝑚𝑜𝑙
, ∆𝐻𝑇𝐵𝐴𝐶𝑙 = 156.9

𝑘𝐽

𝑚𝑜𝑙
, ∆𝐻𝐶𝑂2 = 65.2

𝑘𝐽

𝑚𝑜𝑙
, ∆𝐻𝐶𝐻4 = 56.8

𝑘𝐽

𝑚𝑜𝑙
[212,247,248]. 𝛼 = 0.218 is a correction 

factor. 
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Figure 10-3  Comparison of cost trends over 20 years for biogas separation via water scrubbing and gas hydrate 

separation 

The gas hydrate separation process has similar investment costs but a much higher energy 

consumption which is why this process would be much worse than the existing one. If the carbon 

dioxide is not compressed, which would also lead to methane losses as no reflux ratio could be 

adjusted, the process would be economically superior in the first 5 years. Afterwards, the process 

is more expensive as operating costs are still higher than in the case of water scrubbing and total 

costs would exceed the total costs of the water scrubbing process. The only possibility to make 

the gas hydrate separation process profitable would be if the produced carbon dioxide 

semiclathrate could be sold as a phase change material or rather refrigerant for air-conditioning 

systems for example as it is proposed in literature [207,250–252]. 
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10.2 Natural gas conditioning 

From chapter 9 it is known, that gas hydrate separation is assumed to be a promising alternative 

to the cost intensive cryogenic demethanization. Here the process described by Luyben et al. was 

reconstructed in a simulation and the results are shown in Figure 10-4 [225].  

 

Figure 10-4  Simulation results - cryogenic demethanizer 

The process consists of a distillation column operated with a cryogenic condenser and a reboiler 

fed with condensate. Compressed raw gas, consisting of methane, ethane and propane enters the 
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column and is separated by distillation. Methane leaves the column at the top in a concentration 

of 97 mol% and ethane and propane are produced as bottom product with less than 1 mol% 

methane. Therefore, the whole process consists of one distillation column (1.3 M€) and two heat 

exchangers (0.2 M€, 0.1 M€) which sum up to 1.6 M€. The operating costs amount to 

approximately 10.4 T€/h. The alternative gas hydrate process is shown in Figure 10-5.  

 

Figure 10-5  Simulation results – gas hydrate demethanizer 

The underlying process works in the same way as described in chapter 10.1.  

 A cooled hydrate forming mixture is sprayed by using a two-phase nozzle (reflux ratio 

possible) into a pressurized crystallization column. 

 From the bottom to the top a decreasing temperature profile establishes itself and one gas 

component is enriched in a hydrate slurry whereas other components remain in the gas 

phase and leave at the top. 

 The hydrate slurry is dissociated, hydrate forming mixture recycled and purified methane 

(97 mol%) compressed for exit or reflux. 

The size of the hydrate forming stream results from two requirements: 

 The hydrate slurry should not exceed a mass fraction of 30 wt% hydrate to secure 

flowability [207,246].  
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 THF is added in the stoichiometric concentration of 5.56 mol%, structure SII is formed 

where one mol gas binds 8.5 mol water. 

The heat exchanger is designed based on the following considerations: 

 Dissociation enthalpy of mixed hydrate from THF and methane is estimated as 138.4 

kJ/mol1. 

 Propane and ethane are not assumed to form mixed hydrates with THF, therefore pure 

hydrate dissociation enthalpies were used  ethane 71.8 kJ/mol, propane 129.2 kJ/mol 

[6]. 

 Overall heat transfer coefficient of 600
𝑊

𝑚2𝐾
 [249]. 

 It is stated here that calculations should be repeated as soon as experimental data are 

available. 

Afterwards, the pump, compressor and column were simulated based on the size of the streams 

to estimate the installation costs and energy consumption. The installation costs amount to 38 M€ 

as one crystallization column (10 M€), one heat exchanger (1.5 M€), one pump (7.9 M€) and one 

compressor (18 M€) are necessary for the process. The operating costs total to 3.9 T€/h. Both 

results are compared in Figure 10-6. 8000 hours of operation per year were assumed. 

 

Figure 10-6  Comparison of cost trends over 20 years for demethanization via cryogenic distillation and gas hydrate 

separation 

                                                             

1 It is assumed that ∆𝐻𝑚𝑖𝑥 𝐶𝑂2 = ∆𝐻𝑇𝐻𝐹 + 𝛼∆𝐻𝐶𝑂2  → ∆𝐻𝑚𝑖𝑥 𝐶𝐻4 = ∆𝐻𝑇𝐻𝐹 + 𝛼∆𝐻𝐶𝐻4  with ∆𝐻𝑚𝑖𝑥 𝑐𝑜2 =

142.0
𝑘𝐽

𝑚𝑜𝑙
, ∆𝐻𝑇𝐻𝐹 = 110.0

𝑘𝐽

𝑚𝑜𝑙
,  ∆𝐻𝐶𝑂2 = 65.2

𝑘𝐽

𝑚𝑜𝑙
, ∆𝐻𝐶𝐻4 = 56.8

𝑘𝐽

𝑚𝑜𝑙
 [6,253,254]. 𝛼 = 0.5 is a correction 

factor. 
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It can clearly be seen that the hydrate separation process has 24 times higher investment costs. 

However, as operating costs are 63 % less, already after 2 years the cryogenic distillation would 

be the more expensive option. Therefore, again it is shown that the gas hydrate separation process 

is a promising alternative to the cryogenic distillation with regard to demethanization. 
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11 Planning of a pilot plant 

The preceding chapters contributed to the fundamental research of gas hydrate separation and 

additionally economic considerations were made. It was shown that it would make no sense to 

use gas hydrate separation for the purification of biogas. Nevertheless, the production of pure 

methane from natural gas via gas hydrate separation to replace the existing cryogenic process has 

a vast potential. Other gas mixtures were not in the scope of this thesis. However the current 

research shows, that there is also an interest in conditioning flue gas [255,256], acidic gases [198], 

fuel gas [206,257], greenhouse gases [258] etc. via gas hydrate formation. Moreover, gas 

separation via clathrate formation becomes relevant for the industry as the work of Coupan et al. 

proves. The mentioned paper describes the start-up of and research results from a pilot scale 

hydroquinone clathrate based gas separation process for the treatment of methane-carbon 

dioxide mixtures, which was supported by the Total E&P, “Gas Solutions” department [259]. 

Therefore, it would be of engineering scientific interest and, with regard to the registration of 

patents, necessary to build up a continuous operating pilot plant to take the next step to establish 

the gas hydrate separation as an industrial separation process. That is why this chapter describes 

the basic design of such a pilot plant. The here described pilot plant design focuses on the 

treatment of biogas via sII hydrate formation with THF in the stoichiometric concentration for an 

operating pressure of 20 bar(g) around temperatures of 20 °C [37]. Due to the low selectivity of 

this promoter system, this assumption represents a worst case scenario and is made to allow the 

necessary design calculations. The pilot plant can be used to investigate other systems as well. 

In principle, the size of the pilot plant is limited by the size of the available fume cupboards, as 

otherwise EX-zones have to be declared, if explosive gases are used during experiments. The 

available space is: 3.7 m x 4.4 m x 0.85 m [height x width x length]. The concept is based on the 

gas hydrate separation performed in some kind of crystallization column as proposed in chapter 

10 and used by Coupan et al. [259]. This column should be modifiable, which means, that the 

separation stage number can be varied, and in turn a random packed column is favored here as 

with the height of the packing the separation stage number can be easily adjusted. Raschig rings 

with a diameter of 8 mm are suggested and after consulting a manufacturer, a HETP value of 

0.22 𝑚−1 is estimated. According to Sattler, the column diameter should at least be 10 times 

higher than the packing diameter which results in a column diameter of 8 cm [260]. If one wants 

to create 10 separation stages, the column height 𝐻 must be at least 2.2 m and if some additional 

spacing is added for the in- and outlets, the overall height will be estimated as 2.7 m. Therefore, 

1 m of height is left to place equipment above and below the column. Following Mersmann et al. it 

is possible to determine the operating window for the column to prevent entrainment and 

flooding [261].  
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First, the particle diameter 𝑑𝑃 is calculated in dependency of the packing material. The volumetric 

surface area 𝑆 and porosity 𝜖 are tabulated as 𝑆 = 550
𝑚2

𝑚3
 and 𝜖 = 0.63 for 8 mm Raschig rings 

[262]. 

 𝑑𝑃 = 6 ∗
1 − 𝜖

𝑆
 [𝑚] 

Eq. 
11-1 

Assuming an operating pressure of 20 bar(g), a temperature of 20°C and an inlet stream of 50 

mol% methane and 50 mol% carbon dioxide, as a model fluid for the design, the Reynoldsnumber 

𝑅𝑒 in dependency of the gas flow velocity 𝑤𝑔 can be calculated which is necessary to evaluate the 

resistance coefficient 휁0 of the packing. Under the assumed circumstances, the gas density 𝜌𝑔 and 

viscosity 휂𝑔 are 𝜌𝑔 = 26.4
𝑘𝑔

𝑚3
 and 휂𝑔 = 1.405 ∗ 10

−5 𝑃𝑎 𝑠. The values 𝑏 and 𝑐 depend on the 

packing material and are tabulated for 8 mm Raschig rings as:  

𝑏 = 34.6 and 𝑐 = −0.307 for 𝑅𝑒 < 2100 

𝑏 = 6.05 and 𝑐 = −0.079 for 𝑅𝑒 ≥ 2100 [262]. 

 𝑅𝑒 =
𝑑𝑝 ∗ 𝑤𝑔 ∗ 𝜌𝑔

휂𝑔
 [−] 

Eq. 
11-2 

 휁0 = 𝑏 ∗ 𝑅𝑒0
𝑐 [−] 

Eq. 
11-3 

Afterwards, the pressure-drop of the dry packing ∆𝑝𝑑𝑟𝑦 is calculated using the given formula 

which depends on the gas flow velocity 𝑤𝑔 as well. 

 ∆𝑝𝑑𝑟𝑦 =
3

4
∗ 휁0 ∗

1 − 𝜖

𝜖4.65
∗ 𝜌𝑔 ∗

𝑤𝑔
2

𝑑𝑃
∗ 𝐻 [𝑃𝑎] 

Eq. 
11-4 

In the next step, the liquid hold-up ℎ𝐿 is calculated. In doing so, initially, the liquid hold-up below 

the flooding point ℎ𝐿𝑜, which is independent from the gas load, must be determined. This liquid 

hold-up correlates with the liquid flow velocity 𝑤𝐿, the volumetric surface area 𝑎, the gravity 𝑔, 

the liquid density 𝜌𝐿 , the liquid viscosity 휂𝐿 and the liquid surface tension 𝜎 (here 𝜌𝐿 = 979.3
kg

m3
 , 

휂𝐿 = 1.63 ∗ 10
−3 𝑃𝑎 𝑠 and 𝜎 = 0.063

𝑁

𝑚
 for a hydrate forming mixture of 94 mol% water and 6 

mol% THF). 

 
ℎ𝐿𝑜 = 0.93 ∗ (

𝑤𝐿
2 ∗ 𝑎

𝑔
)

1
6

∗ (
휂𝐿
2 ∗ 𝑎3

𝜌𝐿
2 ∗ 𝑔

)

1
10

∗ (
𝜎 ∗ 𝑎2

𝜌𝐿 ∗ 𝑔
)

1
8

  
Eq. 

11-5 

The liquid hold-up ℎ𝐿 in the gas and liquid loaded packing can now be computed with Eq. 11-6. 
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 ℎ𝐿 = ℎ𝐿𝑜 [1 + 20 ∗ (
∆𝑝𝑆𝑝

𝐻 ∗ 𝜌𝐿 ∗ 𝑔
)
2

]  
Eq. 

11-6 

As the pressure loss of the sprinkled packing ∆𝑝𝑆𝑝 is unknown, it must be calculated by using the 

next formula, which in turn depends on the liquid hold-up ℎ𝐿. 

 
∆𝑝𝑆𝑝 = [

1 − 𝜖 (1 −
ℎ𝐿
𝜖
)

1 − 𝜖
 ]

2+𝑐
3

∗ (1 −
ℎ𝐿
𝜖
)
−4.65

 
Eq. 

11-7 

Here, iterative calculations are necessary until both terms converge, which are performed with 

Microsoft Excel©. While holding the liquid flow velocity 𝑤𝐿   constant and varying the gas flow 

velocity 𝑤𝑔, characteristic curves to evaluate the flooding points can be created as shown in Figure 

11-1. 

 

Figure 11-1  Liquid hold-up hL [-] dependent on the gas flow velocity wg [m/s] to determine the flooding point in 

dependency of the liquid load 

Therefore, for each liquid flow velocity 𝑤𝐿 a corresponding critical gas flow velocity 𝑤𝑔  can be 

determined, which would result in flooding. Furthermore, the minimum liquid flow velocity 

𝑤𝐿,𝑚𝑖𝑛 to prevent entrainment can be calculated: 

 
𝑤𝐿,𝑚𝑖𝑛 = 7.7 ∗ 10

−6 ∗ (
𝜌𝐿𝜎

3

휂𝐿
4𝑔
)

2
9

∗ (
𝑔

𝑎
)

1
2

 
Eq. 

11-8 

Figure 11-2 shows the resulting operating window. 
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Figure 11-2  Operating window of the pilot plant hydrate absorption column  

As the design of the hydrate absorption column is until this point adapted from the distillation 

case, in a further step, several operating points have to be evaluated to examine the possibility to 

operate the column with a hydrate forming mixture. The idea behind it is that in dependency of 

the gas feed the stream of hydrate forming liquid is defined. Assuming a ratio 𝑥 =
�̇�𝑇𝑟𝑒𝑎𝑡𝑒𝑑

�̇�𝐹𝑒𝑒𝑑
 

describing the molar amount of gas which is captured in the hydrate phase �̇�𝑇𝑟𝑒𝑎𝑡𝑒𝑑 , rather 

representing the inlet specification, the reduced, operating gas flow velocity 𝑤𝑔,𝑂 through the 

column can be calculated as the inlet gas stream is reduced by the amount of gas entrapped in gas 

hydrates. 

 𝑤𝑔,𝑂 = 𝑥 ∗ 𝑤𝑔 
Eq. 

11-9 

The unit cell of sII hydrate can be written as 1(512) ∙ 0.5(51264) ∙ 8.5 𝐻2𝑂 related to one occupied 

small cage. If the large 51264 cage is filled with THF and the small one with either methane or 

carbon dioxide (mean value of 30 g/mol), the molar mass 𝑀𝐻𝑦𝑑  of one mole of gas hydrate is 

estimated as: 

 𝑀𝐻𝑦𝑑 = 1 ∗ 30
𝑔

𝑚𝑜𝑙
+ 0.5 ∗ 72

𝑔

𝑚𝑜𝑙
+ 8.5 ∗ 18

𝑔

𝑚𝑜𝑙
= 219

𝑔

𝑚𝑜𝑙
 

Eq. 
11-10 

In dependency of a desired hydrate loading 𝑦 =
�̇�𝐻𝑦𝑑

�̇�𝐿
 the total mass flow of the formed hydrate 

slurry can be calculated as the liquid stream velocity 𝑤𝐿 is slightly reduced, due to the forming of 

a denser hydrate phase. 
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�̇�𝐿,𝑂 = �̇�𝑇𝑟𝑒𝑎𝑡𝑒𝑑 ∗

219
𝑔
𝑚𝑜𝑙
𝑦

 
Eq. 

11-11 

With the determined size of the gas and liquid stream during operation, different operating points 

with varying hydrate loading and partly treated gas can be plotted in the operating window which 

is shown in Figure 11-3. 

 

Figure 11-3  Operating window of the pilot plant hydrate absorption column with different operating points 

In comparison to the underlying 50 mol% methane-50 mol% carbon dioxide case, it is visible, that 

if more gas molecules (here higher methane amount) have to be treated, the liquid loading has to 

be increased while the gas flow velocity declines as well, as more gas needs to be entrapped. The 

opposite applies to treating a lower amount of gas. If one wants to secure the flowability of the 

hydrate slurry only the liquid flow 𝑤𝐿 increases, whereas gas flow velocity 𝑤𝑔 remains nearly the 

same. Most of the points are located within the window which leads to the conclusion, that the 

operation of the column should be possible under hydrate forming circumstances. The rest of the 

pilot plant – pumps, compressor, tanks etc. - will be designed to allow the operation in the dashed 

framed operating area. Hence, the maximum mass flow of the hydrate forming liquid will be 145 

kg/h and of the gas feed 6 kg/h. Next step is the design of a P&ID to explain the concept of the pilot 

plant, which is illustrated in Figure 11-4. 
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Figure 11-4  P&ID of a pilotplant 
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Starting on the left side, tank T-01 is used as a buffer and mixing vessel to fill the system with 

different gases and simultaneously function as the first compression stage for the recycled gas 

stream coming from compressor C-01. A maximum pressure of 100 bar(g) and a volume of 5 L 

should be enough to fulfill this purpose. It is instrumented with a temperature sensor TIRC02, 

which is used to control the temperature of the gas recycle via the heat exchanger H-01 as the gas 

is heated up during compression. Additionally, a pressure sensor PIRCSHL03 is implemented to 

control the motor of compressor C-01, and therefore the pressure during operation and secure 

switch-off of the compressors C-01 and C-02 in case of exceeding a high or low limit, respectively.  

By using compressor C-02, the subsequent cooler H-02 and the temperature measurement 

TIRC01, gas is compressed and cooled a second time and stored in the buffer tank T-02. To start-

up the pilot plant, the necessary total amount of gas for the operation should be stored in this tank. 

Therefore, its volume must be calculated, which is explained later. Tank T-02 is equipped with the 

pressure sensor PIRCSH06 to adjust and prevent surpassing of the pressure in the vessel by 

controlling the motor of compressor C-02.  

The flow mass controller FIRC07 is used to control valve CV07 and consequently the feed stream 

into the gas hydrate absorption column G-01. In between, heat exchanger H-03 and temperature 

sensor TIRC04 adjust the temperature of the feed stream, as the gas is cooled down while 

expanding due to the Joule-Thompson-effect.  

The gas hydrate absorption column G-01 is divided into two section- an up- and down comer 

section- and instrumented with sensors. Summarizing, several temperature sensors (TIR09, 

TIR11-18) allow the determination of the temperature profile over the column height. The 

pressure sensors PIR08, PIR10 and PIRCSH19 measure the pressure at the bottom, the top and in 

between of both packed sections to evaluate the pressure loss. The pressure sensor PIRCSH19 is 

additionally used to adjust the operating pressure by the controlling valve CV02. In case of 

exceeding the pressure limit, compressor C-02 is switched-off and pressure is released into the 

gas recycle pipeline by opening the control valve CV02. The purified gas leaves the column at the 

top and is expanded into the gas recycle pipeline which leads to compressor C-01. A reflux ratio 

can be set by controlling the valve CV01 as the mass flow sensors FIRC20 and FIRC05 measure the 

flow back into the column and to compressor C-01. The refluxed gas is mixed with the gas hydrate 

forming liquid and injected into the column by using a two-fluid nozzle. The gas hydrate slurry 

leaves the column at the bottom and flows into the separator R-01, where the gas hydrate slurry 

is dissociated in order to regain a liquid and purified gas phase. 

The separator R-01 has a deck access to fill water and promoter into the pilot plant. Therefore, 

the size of the separator depends on the required hydrate forming liquid during operation and the 

underlying calculations are explained later. The separator is stirred and heated over a heating 

jacket and temperature is controlled by using the temperature sensor TIRC25. Pressure sensor 

PIRCSH26 controls the pressure in the separator by using the control valve CV11 which expands 
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the gas into the gas recycle pipeline leading to compressor C-01 as well. The mass flow sensors 

FIRC27 and FIRC28 allow the adjustment of a reflux ratio back into the column bottom.  

The liquid without gas hydrate leaves the separator at the bottom and is pumped back – using 

pump P-01 - into two-fluid nozzle at the top of the column. In doing so, its flow rate can be 

controlled using the flow sensor FIRC23 and control valve CV03. The stream temperature can be 

adjusted using the temperature control TIRC22 and heat exchanger H-04. The injection pressure 

is measured with the sensor PIR21. Pressure sensor PI24 is only used for the start of centrifugal 

pump P-01. 

Two sampling points are located in the gas recycle pipeline behind the expanding valves of the 

column and the separator. The gas hydrate forming liquid can be discharged through the pipeline 

at the bottom of the separator. The equipment E-01 and E-02 represent the cooling and heating 

supply units, respectively. Every apparatus is secured against overpressure by bursting disks. 

 

To determine the required volume of the separator R-01 the assumption is that enough volume 

should be available to store enough hydrate forming liquid before the start-up of the pilot plant 

and to operate the facility. Therefore, the required volume of the separator is provided by the 

filled plant parts, mainly pipelines, during operation with the highest load of 145 kg/h. The 

pipelines are designed to meet the required guide values for the mean flow velocity in pipelines 

according to Decker et al. [263]. The design process is as follows. 

 The mass flow �̇� is transferred into a volume flow �̇� using the density 𝜌. 

 The volume flow �̇� is divided by the required flow velocity 𝑤𝑅𝑒𝑞. to calculate the flow cross 

section 𝐴 to gain the required pipe diameter 𝑑𝑅𝑒𝑞.. 

 The required pipe diameter 𝑑𝑅𝑒𝑞. is replaced by the DIN norm diameter DN. 

 The volume 𝑉 of the regarding pilot plant part accounts for the flow cross section 𝐴 

through the DIN norm pipe multiplied with an estimated pipe length. 

The calculations are summarized in Table 11-1. 
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Table 11-1  Summarized calculations to determine the volume of separator R-01. Required flow velocity wReq. obtained 

from Decker et al. [263]. 

Flow… �̇� 

[kg/h] 

𝜌 

[kg/m³] 

�̇� 

[m³/h] 

𝑤𝑅𝑒𝑞. 

[m/s] 

𝑑𝑅𝑒𝑞. 

[mm] 

DIN DN Est. 

Length 

[m] 

𝑉 

[L] 

from R-01 to P-01 145 979.3 0.15 1.00 7 8 1.0 0.05 

from P-01 to G-01 145 979.3 0.15 2.25 5 6 2.5 0.07 

from G-01 to 

R-01 
145 979.3 0.15 1.00 7 8 0.5 0.03 

through G-01 145 979.3 0.15 - 80 80 2.0 10.31 

       Sum 10.46 

       +20 % 12.55 

       Final ≈12.6 

 

The design of the gas storage tank T-02 requires a similar procedure. However, the pressure and 

temperature must be taken into account as they have a significant impact on the gas density and 

the aim is to calculate the amount of gas in the corresponding part of the pilot plant. Therefore, 

Table 11-2 contains additionally the assumed operating conditions in the corresponding pilot 

plant parts. The calculations are performed with support of CHEMCAD© to determine inter alia 

the gas density 𝜌. 
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Table 11-2  Summarized calculations to determine the volume of tank T-02. Required flow velocity wReq. obtained from Decker et al. [263] 

Flow… �̇� 

[kg/h] 

𝑇 

[°𝐶] 

𝑃 

[𝑏𝑎𝑟(𝑔)] 

𝜌 

[kg/m³] 

�̇� 

[m³/h] 

𝑤𝑅𝑒𝑞. 

[m/s] 

𝑑𝑅𝑒𝑞. 

[mm] 

DIN 

DN 

Est. Length 

[m] 

𝑉 

[L] 

𝑚 

[g] 

from T-01 to G-01 6 20 20 26.4 0.2 10 3 6 1.0 0.03 0.7 

through G-01 6 20 20 26.4 0.2 0.2 80 80 2.0 10.31 272.1 

through R-01 3 20 20 26.4 80% of volume of separator R-01 10.00 264.0 

from G-01 and R-01 to C-01 6 -93 0 2.0 3.0 10 10 10 6.5 0.51 1.0 

from C-01 to T-01 6 20 10 12.7 0.5 10 4 6 0.5 0.01 0.2 

through T-01 6 20 10 12.7 set to 5 L on page 144 5.00 63.5 

from T-01 to C-02 6 20 10 12.7 0.5 10 4 6 0.5 0.01 0.2 

from C-02 to T-02 6 20 50 73.8 0.1 10 5 6 0.5 0.01 1.0 

in T-02 during operation 6 20 50 73.8      5.49 405.1 

in T-02 before start-up  20 100 183.6      5.49 1007.9 

         +20 % 6.59 1209.4 

         Final ≈7.0 1285.2 
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The energy consumption of the equipment is calculated by using CHEMCAD©. The energy 

consumption of separator R-01 to decompose the formed gas hydrates is determined by 

multiplying the molar gas flow �̇� leaving the column bottom with a dissociation enthalpy of 140 

kJ/mol gas [253]. By using tabulated overall heat transfer coefficients 𝑈 taken from [249], the 

required heat exchange area is calculated as: 

 𝐴 =
�̇�

𝑈∗∆𝑇𝐿𝑀
 [𝑚2]  

Eq. 
11-12 

The specification of the heating and cooling supply units E-01 and E-02 is based on the sum of all 

energy consumptions. All specifications are already tabulated in Figure 11-4. Now that all 

equipment and a P&I diagram are designed, a rough cost estimation is performed in Table 11-3 

and Table 11-4. 

Table 11-3  Equipment costs of the pilot plant 

Short sign Type Cost Origin 

C-01 + H-01 
Compressor + 

Heat exchanger 
10,000 € From offer 

C-02 + H-02 
Compressor + 

Heat exchanger 
10,000 € From offer 

E-01 Cooling supply 15,000 € From offer 

E-02 Heating supply 15,000 € From offer 

G-01 Absorption column 1,000 € Estimated 

H-03 Heat exchanger 1,000 € From offer 

H-03 Heat exchanger 1,000 € Estimated 

P-01 Pump 550 € From offer 

R-01 Separator 15,000 € Estimated 

T-01 Gas storage 100 € Estimated 

T-02 Gas storage 200 € Estimated 

 Sum 68,850 €  
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Table 11-4  Instrument costs of the pilot plant 

Type Cost  Amount  Sum Origin 

Pressure sensor 500 € X 7 = 3,500 € From offer 

Temperature sensor 100 € X 14 = 1,400 € Estimated 

Flow sensor + control valve 14,000 € X 6 = 84,000 € From offer 

     88,900 €  

 

The equipment costs accumulate to 68,850 € and the instrument costs to 88,900 € which sum up 

to 157,750 €. As pipes and hand armatures are not included, a percentage surcharge of 20 % on 

the sum is added. Finally the costs for the installed pilot plant add up to 189,300 €. Rounding up, 

the installation and start-up of the here designed pilot plant costs ≈200,000 €. 
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12 Summary, conclusion and outlook 

This chapter summarizes the findings, recaps the conclusions and gives an outlook for future 

research works in the field of gas hydrates. 

Summary 

This thesis had the aim to investigate the possibilities and potential of the innovative and 

pioneering gas hydrate separation technology, especially applied to bio and natural gas 

conditioning. A multi-pronged approach was followed, which combined fundamental research on 

promoters and reactor designs, simulations and engineering science considerations. Different 

surfactants, crown and acyclic ethers, amino acids, aprotic solvents and fatty acids in different 

concentrations were investigated regarding their influences on the gas hydrate formation in 

presence of varying guest molecules, namely, methane, tetrahydrofuran and carbon dioxide. A 

rough, qualitative classification of all tested substances is presented in Figure 12-1. 

 

Figure 12-1  Qualitative classification of all tested substances regarding their influences on gas hydrate formation 

Here it is conceivable that all substances divide into four groups. Surfactants, amino acids and 

fatty acids were tested in methane-THF mixed gas hydrate forming mixtures and showed mainly 

a promotion of the gas hydrate formation kinetic. Solvents like PC and TMSO were able to enhance 

the gas solubility in the system and thereby achieving a kinetic promotion, to the disadvantage of 

a thermodynamic inhibition. Acyclic ether or rather glycol ethers had a combined kinetic and 

thermodynamic inhibiting effect which was expected as glycol ethers are already used in the field 

of flow assurance. An unclear behavior was found in case of crown ethers, but overall a 

classification as thermodynamic inhibitor was undertaken.  
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While evaluating technical possibilities to promote gas hydrate formation, several findings were 

obtained. Primarily the reactor design has a significant influence on the gas hydrate formation. In 

an industrial process, two requirements must be fulfilled to enable pioneering gas hydrate 

technologies: Fast kinetics and moderate conditions. To overcome the first problem, Figure 12-2 

compares the best results achieved with different reactor designs in this thesis.  

 

Figure 12-2  Comparison of different reactor designs regarding their time to complete gas hydrate formation [min] and 

their final water to hydrate conversion [%] 

Figure 12-2 shows that gas hydrates formed in a stirred system are less favorable. Although the 

highest gas uptake is achieved, the process requires a long time, a continuous energy supply and 

high maintenance costs are expected. The spray and packed bed reactor are superior in the point 

of a fast kinetic. However, while spraying requires recycle and maintenance costs as well, the 

packed bed has the disadvantage of a reduced reactor volume and a random induction, if 

additional actions like gas phase stirring are not performed. The best results were achieved in 

case of a packed bed reactor with SDS in the hydrate forming mixture, though a foaming reactor 

system could cause problems in an application case. As the maximum final conversion was 83.4% 

in case of the stirred reactor, the successful developed promoting coating from chapter 6 could 

help to achieve a nearly complete gas hydrate formation. However, the apparatus and dimensional 

circumstances must be considered and longtime tests are still needed regarding the coating. 

Nevertheless, it was proven in this thesis that the reactor design and the surface characteristics of 

internals can influence the gas hydrate formation in a favored direction, promotion or inhibition. 

With regard to the gas hydrate separation experiments, several systems were measured 

extensively and ideal separation factors determine to allow a rating of the selectivity. An overview 

is given in Figure 12-3 where the average ideal separation factors with standard deviation for gas 

hydrate separation of different gas mixtures in presence of different promoters is displayed. The 

first named component is enriched in the gas hydrate phase and the second one in the gas phase. 
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Figure 12-3  Average ideal separation factors [-] with standard deviation for gas hydrate separation of different gas 

mixtures in presence of different promoters. First named component is enriched in the hydrate phase and 

second named component in the gas phase 

The separation of ethane and methane in a THF promoted system has an outstanding selectivity. 

Furthermore, a THF promoted system is capable of separating methane from propane quite fair 

as well. The first results with biogas were sobering as the separation efficiency was bad. However, 

by using the semiclathrate formers TBACl, TBAB and TBPB with the synergizing additive TMSO it 

was possible to achieve a separation factor of 1.90 which is even higher than that of methane-

propane via THF promotion. These findings showed a vast potential for further economic 

considerations which were performed in chapter 10 since one aim of this thesis was to investigate 

the potential of replacing existing separation technologies by an energy saving gas separation 

process. Although, the potential for biogas is unfortunately low, impressive results were obtained 

with regard to low-hydrocarbon separation via gas hydrate separation since operating costs are 

63 % less in comparison to the established cryogenic demethanization. As a result a pilot-plant 

which can operated in a laboratory was planned to allow the possibility to deliver a proof-of-

concept of a working continuous gas hydrate separation to enable the transfer into an industrial 

scale and advance this innovative technology.  

Finally, a low budget MS-Excel©-tool was developed to simulate gas hydrate equilibria. Until now, 

it is only possible to simulate the gas hydrate equilibrium for a few systems with a competitive 

accuracy, but further improvements could allow a reliable prediction of separation efficiencies. 
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Conclusion 

As many experiments were conducted in this thesis, the following conclusions are obtained: First 

of all, the gas hydrate formation process is dividable into two steps the nucleation and the growth 

phase. The growth phase can be divided into two mass transfer limited phases with an ambiguous 

transition where gas is dissolved initially into a liquid and later diffuses into a gas hydrate plug. In 

addition, the gas hydrate formation is influenced by its exothermic crystallization characteristic 

which makes heat transfer processes the second limitation process. However, heat transfer 

limitations can be easily overcome by delivering enough cooling supply to the gas hydrate forming 

system and is therefore manageable. The largest challenge with regard to industrial processes is 

to enhance and control the kinetics of gas hydrate formation. The mass transfer process can be 

described by Eq. 2-1 which at the same time provides a solution for that problem. This equation 

describes the gas hydrate growth rate in dependency of a mass transfer coefficient 𝑘𝐿 and the 

volume specific gas-liquid exchange area 𝐴(𝑔−𝑙). This means that gas hydrate formation can be 

accelerated by enlarging the volume specific gas-liquid exchange area 𝐴(𝑔−𝑙), for example by 

spraying liquid into the gas phase or gas injection right into the liquid phase with a preferably fine 

bubble/drop diameter or enhancing the mass transfer coefficient 𝑘𝐿 =
𝐷

𝛿
 which describes the ratio 

between a diffusion coefficient 𝐷 and film thickness 𝛿. The diffusion coefficient 𝐷 is assumed to 

be constant in dependency of the medium in which gas molecules diffuse. In dependency of the 

additives in the gas hydrate forming mixture, the diffusion velocity can be influenced. 

Furthermore, the film thickness 𝛿 can be lowered by turbulences and/or modified surface 

characteristics. Therefore, substances which enhance the gas transport into the liquid – in this 

thesis surfactants, amino acids, fatty acids and aprotic solvents – and hydrophobic surfaces which 

enrich the gas density at the phase boundary act as kinetic promoters. With proceeding gas 

hydrate formation, the liquid phase transforms from a slurry into a gas hydrate plug which lowers 

the diffusion rate significantly, as the gas diffusion in a liquid with low viscosity is higher in 

comparison to that in a solid plug. However, the diffusion rate in the gas hydrate plug state is 

influenced by its morphology as well, which is why some promoters are able to improve or impair 

the growth rate and final gas uptake at this point. 

 

Although promising kinetic promoting substances were found in this thesis, from an engineering 

and industrial point of view, the usage of kinetic promoters does not make sense, as multi 

component streams are difficult to handle and a foaming gas hydrate storage or separation 

column which contaminates a product gas stream are not desirable. Therefore, the search for 

kinetic promoters is, in difference to the optimization of reactor designs, barely expedient. On the 

other hand, the usage of thermodynamic promoters is unavoidable to operate gas hydrate 

processes at moderate and economic conditions. 
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Thermodynamic effects during gas hydrate formation can be traced back to interactions between 

water molecules and other substances. To form gas hydrate structures, water molecules have to 

arrange in a certain order around suitable guest molecules. Afterwards, the gas hydrate 

framework is stabilized by continuous attracting and repulsing van der Waals forces between 

guest and host molecules. If a substance can fulfill the purpose of a guest molecule better than 

another component, it is possible to act as thermodynamic promoter. If an additive interacts with 

its functional groups with water molecules on its own thereby preventing the structured 

arrangement of water molecules, it acts as a thermodynamic inhibitor. 

 

Gas hydrate separation is based on the effect, that large cages are filled by thermodynamic 

promoters while small cages of the corresponding clathrate structure can be occupied by other 

guest molecules like small gases. This represents a selective process as not all guest molecules can 

stabilize the small cages of a certain structure in the same manner. This conversely means that the 

selectivity of gas hydrate separation depends significantly on the used promoters, as kinetic 

promoters have an impact on the solubility of different gas species in the clathrate forming 

mixture, which boosts the chance for this guest to be entrapped in clathrate cavities, while 

thermodynamic promoters determine the formed clathrate structure and shape of the vacant 

cages. Furthermore, as the gas solubility and clathrate stability depends on the thermodynamic 

conditions, pressure and temperature affect the selectivity as well.  

 

The economic considerations showed that there is a vast potential of the gas hydrate separation 

technology regarding the described application cases. Even though, in view of biogas separation 

no added value was observed, low-hydrocarbon separation seems to be a promising application 

area. In the course of this thesis an attempt to declare a corresponding patent was made, but was 

rejected. Experimental data were not sufficient to achieve this aim which is why a pilot-plant was 

planned. A successful operation could prove the feasibility of a continuous working gas hydrate 

separation unit for the industrial use, allowing the transfer into a large scale and opening the 

opportunity for the commercial use of this technology. This is of great interest as not only bio- and 

natural gas can be treated by gas hydrate separation but also fuel and flue gas as well as air. 
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Outlook 

As shown in this thesis, the interest in gas hydrate research grows rapidly, as several application 

possibilities are thinkable. However, there is a great need in conducting further research to enable 

not only the pioneering gas hydrate separation technology but other gas hydrate technologies as 

well. By combining fundamental research, simulations and engineering science, a comprehensive 

overview with a clear orientation towards an industrial use was given. The promising results 

proof the applicability of gas hydrate separation in established process chains leading to 

economical and sustainable advantages due to energy savings. In the future, the construction of a 

pilot plant should be planned to do the next step to transfer the valuable research results and 

enable gas hydrate technologies for industry.  

In addition, further thermodynamic promoters and new semiclathrate formers should be tested 

with regard to their separation efficiency in view of different gas mixtures. As air fractioning is, 

like demethanization, performed under cryogenic conditions though largely unexplored, a vast 

potential could be found here as well. As it was shown, the anion of the semiclathrate former has 

a significant impact on the selectivity, new combinations, like for example tetra butylammonium 

formate or lactate, should be tested here. The neutralization of a tetra butylammonium hydroxide 

solution is easily performed and offers therefore a variety of combination possibilities. 

With regard to further reactor designs, a bubble column or gas injection into the packed bed could 

be interesting options as well. Furthermore, room for improvement is expected within the use of 

the spray reactor design as only one nozzle type and one injection pressure were measured at a 

certain reactor pressure of 8 bar(g). The used nozzle was a “Fine Atomization Fog Misting Spray 

Nozzle”, which would create a fine, heavy fog at higher differential pressures ( p ≈ 100 bar(a)) 

resulting in smaller liquid droplets creating an even a larger volumetric surface area. Another 

option would be the usage of a two-substance nozzle which mixes the gas and the liquid phase 

during the spray process. In doing so, the hydrate forming liquid would be supersaturated with 

gas components on injection into the reactor which could lead to an enhanced gas hydrate 

formation as well. 

One point which remained largely unconsidered in this thesis is the measurement of gas hydrate 

slurry flow characteristics. Especially if new promoters are used, viscosities of the clathrate 

slurries could vary. Nonetheless an appropriate knowledge is required to secure the flowability 

through continuous operated gas hydrate processes, no matter if it is a separation, desalination 

or cooling process. This problem was taken into account by considering a surplus of the hydrate 

forming mixture. However, a plugging of the column is not excluded but tests with the pilot plant 

are necessary to investigate and potentially solve this problem. Furthermore, it is also thinkable 

that the column design is not the optimal and some kind of counter-flow flow-loop with a number 

of separation chambers could also be an option. 
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The MS-Excel©-tool for the prediction of gas hydrate equilibra is still in an early stage of 

development, although the simulation results had a competitive accuracy in comparison to 

existing algorithms. Further improvements could expand the functionality of this tool and enable 

the possibility to feature more guest molecules and/or semichlathrate formers and predict 

McCabe-Thiele trends reducing the experimental afford. 

At the end it needs to be said that this thesis gives a holistic view of the potential of gas hydrate 

separation in presence of promoters with regard to biogas and natural gas. Many aspects were 

examined and the fundamental knowledge of gas hydrate research from an engineering 

standpoint extended. However, further research and development has to be done to enable energy 

saving and environmental friendly gas hydrate technologies for the industrial use, although this 

thesis created significant progress into this direction. 
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14  Appendix 

14.1  Abbreviations & symbols 

Abbreviations 

Abbreviation Description 

% AAD Percent absolute average pressure deviation 
AA Anti-agglomerant 
ANG Adsorbed natural gas 
C2H6 Ethane 
C3H8 Propane 
CH4 Methane 
CHF3 Fluoroform 
CMC Critical micelle concentration 
CNG Compressed natural gas 
CO2 Carbon dioxide 
Des. Description 
DMSO Dimethyl sulfoxide 
DS n-Dodecyltriethoxysilane 
EoS Equation of State 
ES Ethyltriethoxysilane 
Exp. Experiment 
GHS Gas hydrate storage 
H2 Hydrogen 
H2O Water 
H2O2 Hydrogen peroxide 
H2S Hydrogen sulfide 
H2SO4 Sulfuric acid 
HDA Hexadecylamine 
HEG Hexatehylene glycol 
HLB Hydrophilic-lipophilic balance 
IGE Interfacial gas enrichment 
KHI Kinetic hydrate inhibitor 
LDHI Low-dosage hydrate inhibitor 
Lec Lecithin 
LNG Liquified natural gas 
MD Molecular dynamics 
N2 Nitrogen 
Nr. Number 
OS n-Octyltriethoxysilane 
PC Propylene carbonate 
PEG Pentaethylene glycol 
PFOA Perfluorooctanic acid 
POMSA Peroxymonosulfuric acid 
PS 1H, 1H, 2H, 2H Perrfluorooctyltriethoxysilane 
PTC Phase transfer catalyst 
SD Sodium decanoate 
SDD Sodium dodecanoate 
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Abbreviation Description 

SDS Sodium dodecyl sulfate 
Sim. Simulation 
SM Sodium myristate 
SO Sodium octanoate 
SO2 Sulfur dioxide 
TBAB Tetrabutylammonium bromide 
TBACl Tetrabutylammonium chloride 
TBPB Tetrabutylphosphonium bromide 
TEG Tetraethylene glycol 
THF Tetrahydrofruan 
TMSO Sulfolane 
U.S. United states 
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Latin symbols 

Symbol Description Unit 

𝐴 Exchange Area or cross section area 
1

𝑚
 𝑜𝑟 𝑚2 

𝐶 Conversion - 

𝐶 Langmuir absorption constant - 

𝐹𝑟 Froude number - 

𝐻 Height 𝑚 

∆𝐻 Formation enthalpy 
𝑘𝐽

𝑚𝑜𝑙
 

𝐻𝐸𝑇𝑃 Height equivalent to a theoretical plate 
1

𝑚
 

𝑀 Torque 𝑁𝑐𝑚 

𝑀 Molar mass 
𝑔

𝑚𝑜𝑙
 

𝑁 Stirring frequency 
1

𝑚𝑖𝑛
 

𝑁𝐴 Avogadro’s number 
1

𝑚𝑜𝑙
 

𝑁𝑒 Newton number - 

𝑃 Power 𝑊 

𝑃𝐶  Capillary pressure 𝑃𝑎 

𝑅 Universal gas constant 
𝑏𝑎𝑟 𝐿

𝐾 𝑚𝑜𝑙
 

𝑅 Radius 𝑚 

𝑅𝑒 Reynolds number - 

𝑆 Volumetric surface area 
𝑚2

𝑚3
 

𝑇 Temperature °𝐶 𝑜𝑟 𝐾 

𝑈 Overall heat transfer coefficients 
𝑊

𝑚2𝐾
 

𝑉 Volume 𝐿 

�̇� Volume flow 
𝐿

ℎ
 

𝑊𝑒 Weber number - 

𝑍 Real gas factor - 

𝑎 Internal pressure - 

𝑎 Radius 𝑚 

𝑏 Intrinsic volume - 

𝑑 Diameter 𝑚𝑚 𝑜𝑟 𝑐𝑚 𝑜𝑟 𝑚 
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Symbol Description Unit 

𝑓 Fugacity 𝑃𝑎 

𝑔 Gravity 
𝑚

𝑠
 

𝑔𝐸  Free Gibbs energy 
𝑘𝐽

𝑚𝑜𝑙
 

ℎ𝐿 Liquid hold-up - 

𝑘 Boltzmann constant 
𝐽

𝐾
 

𝑘𝐿 Mass transfer coefficient 
𝑚

𝑠
 

𝑚 Mass 𝑔 𝑜𝑟 𝑘𝑔 

�̇� Mass flow 
𝑔

ℎ
 

𝑛 Molar amount 𝑚𝑜𝑙 

𝑝 Pressure 𝑏𝑎𝑟(𝑔) 𝑜𝑟 𝑏𝑎𝑟(𝑎) 

�̇� Gas flow 
𝐿

ℎ
 

𝑡 Time 𝑠 𝑜𝑟min 𝑜𝑟  ℎ 

𝑣 Molar volume 
𝑚3

𝑚𝑜𝑙
 

𝑤 Velocity 
𝑚

𝑠
 

𝑥, 𝑦, 𝑧 Molar fraction - 

𝑧 Cage type specific coordination number - 
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Greek symbols 

Symbol Description Unit 

휁0 Resistance coefficient - 

𝛼 Ideal separation factor - 

𝛾 Activity coefficient - 

휂 Kinematic viscosity 𝑚𝑃𝑎 𝑠 

휃 Angle or cage occupancy ° 

𝜅 Constant − 

𝜇 Activity 
𝑏𝑎𝑟 𝐿

𝑚𝑜𝑙
 

𝜋 Pi - 

𝜌 Density 
𝑘𝑔

𝑚3
 

𝜎 Surface tension 
𝑚𝑁

𝑚
 𝑜𝑟 

𝑁

𝑚2
 

𝜎 Distance between the cores at zero potential energy 𝑚 

𝜑 Fugacity coefficient - 

𝜔 Acentric factor - 

𝜔 Cell potential 𝐽 

𝜖 Porosity - 

𝜖 Energy parameter - 

𝜗 Temperature °C 

 

ISO 14617-6 was used for the description and identification of instruments in all P&ID, namely 

Figure 4-1, Figure 4-2, Figure 7-15 and Figure 11-4 [264]. 
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14.2 Tables 

Table 2-1  Typical bio and natural gas compositions [42] 11 

Table 2-2  Matrix showing gas hydrate separation investigations in presence of different 

thermodynamic promoters. A – without promoter, B – cyclopentane, C - 1,3-

dioxolane, D - 2-methyl tetrahydrofuran, E – tetrabutylammonium bromide, 

F – tetrabutylammonium fluoride, H – tetrabutylammonium nitrate, 

I – tetrabutylphosphonium bromide, J – tetrabutylphosphonium chloride, K - 

tetrahydrofuran 13 

Table 4-1 Accuracy of measurements for the high pressure Parr reactor 4568 26 

Table 4-2  Accuracy of measurements for the low pressure Büchi reactor system 28 

Table 5-1  Overview of amino acids used in experimental series of chapter 5.4 49 

Table 5-2  Summarized results of the influences of different amino acids with varying 

concentrations on the methane-THF hydrate formation kinetics and gas 

uptake 52 

Table 5-3  Investigated fatty acids, CMCs obtained from [129,130], surface tension σ 

obtained from [131] 53 

Table 6-1 Used silanes with corresponding structure for the development of a 

promoting coating 61 

Table 7-1  Calculated gas transmission rates 77 

Table 7-2  Relevant dimensionless numbers [164] 79 

Table 7-3  Material parameters to calculate dimensionless numbers 83 

Table 7-4  Calculation results for the determination of dimensionless numbers for the 

scale-up of a stirred methane hydrate reactor 83 

Table 7-5  Calculation parameters for the capillary pressure in the fixed bed systems 97 

Table 8-1  Overview of the experimental series performed with varying additives 101 

Table 8-2  Results for experimental series of chapter 8.1.1 with deviation 102 

Table 8-3  Experimental data for the construction of a McCabe-Thiele diagram 105 

Table 8-4  Experimental results for the separation of methane and carbon dioxide by 

semiclathrates without sulfolane added 116 

Table 8-5  Experimental results for the separation of methane and carbon dioxide by 

semiclathrates with sulfolane added 117 

Table 9-1  Experimental results for natural gas separation 124 

Table 10-1  Energy prices 128 

Table 11-1  Summarized calculations to determine the volume of separator R-01. 

Required flow velocity wReq. obtained from Decker et al. [263]. 146 
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Table 11-2  Summarized calculations to determine the volume of tank T-02. Required 

flow velocity wReq. obtained from Decker et al. [263] 147 

Table 11-3  Equipment costs of the pilot plant 148 

Table 11-4  Instrument costs of the pilot plant 149 

Table 14-1  Parameter for vapor-liquid-equilibrium modelling [265,266] O 

Table 14-2  NRTL-parameter for vapor-liquid-equilibrium modelling O 

Table 14-3  Parameter to calculate the vapor pressure of a hypothetical empty hydrate 

shell fitted to data from [92] O 

Table 14-4  Constants for calculation of Langmuir-constants [88,253] P 

Table 14-5  Tabularized listing of the used chemicals with their purity Q 
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14.3 Figures 

Figure 2-1  Gas hydrate structures 4 

Figure 2-2  Scheme explaining the labile cluster theory according to [15,16] 5 

Figure 2-3  Reaction scheme for the Blob-Theory according to [19] 6 

Figure 2-4  Schematic diagram of the cumulative gas uptake vs. time during gas hydrate 

formation 7 

Figure 2-5  Comparison of the P-T-equilibrium of pure methane hydrates [6] and THF + 

methane mixed hydrates [37] 8 

Figure 2-6  Energy production of the U.S. according to the “Annual Energy Outlook 2017” 

[41] 10 

Figure 2-7  Flow-diagram showing natural gas treatment 11 

Figure 2-8  Flow-diagram showing the biogas treatment 12 

Figure 2-9  Schematic gas hydrate separation process 12 

Figure 2-10 Different gas storage technologies and operating conditions, bubble size 

represents the storage capacity in Nm³/m³: CNG – compressed natural gas, 

LNG – liquefied natural gas, ANG – adsorbed natural gas, GHS - gas hydrate 

storage adapted from [56] 14 

Figure 3-1  Implemented algorithm to simulate gas hydrate equilibrium 21 

Figure 3-2 PT-trends obtained from simulations compared with experimental data [92] 

(Left: CO2, Right: CH4) 23 

Figure 3-3  % AAD of the simulation results of pure gas hydrates in comparison to other 

works [75,76,84,85,93–95] 23 

Figure 3-4  PT-trends obtained from simulations compared with experimental data for 

mixed hydrates from methane and propane [155] 24 

Figure 3-5  % AAD of the simulation of mixed hydrates results in comparison to other 

works [75,84,85,93] 24 

Figure 4-1  P&ID for the high pressure Parr reactor 4568 system 27 

Figure 4-2  P&ID for the low pressure Büchi reactor system 28 

Figure 5-1  Structure of the dodecylsulfate anion 29 

Figure 5-2  Structure of hexadecylamine 29 

Figure 5-3  Structure of phosphatidylcholine 30 

Figure 5-4  Representative experimental trend for the experimental series of chapter 

5.1.1 31 

Figure 5-5  Average induction time [min] and growth time [min] with standard deviation 

of five measurements for methane-THF hydrate formation in presence of SDS, 

HDA and lecithin in different concentrations [wt%] 31 
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Figure 5-6  Average final gas uptake [mmol/mol] with standard deviation of five 

measurements for methane-THF hydrate formation in presence of SDS, HDA 

and lecithin in different concentrations [wt%] 32 

Figure 5-7  Comparison of temperature trends [°C] for a representative water and SDS 

0.5 % test 33 

Figure 5-8  Structure of Tween 80 (w + x + y + z = 16) 34 

Figure 5-9  Structure of Triton X-100 (n = 8 – 9) 34 

Figure 5-10  Structure of PFOA 35 

Figure 5-11  Representative experimental trend for the experimental series of chapter 

5.1.2 36 

Figure 5-12  Average induction times [min] with standard deviation for methane-THF 

hydrate formation in presence of different surfactants 37 

Figure 5-13  Average gas uptake [mmol/mol] during methane-THF hydrate formation for 

five repetitive measurements with standard deviation in presence of different 

surfactants in the CMC 38 

Figure 5-14  Structure of 15-Crown-5 39 

Figure 5-15 Structure of propylene carbonate 39 

Figure 5-16  Exemplary experimental trend for experimental series of chapter 5.2 40 

Figure 5-17  Exemplary experimental trend to determine the equilibrium temperature for 

experimental series of chapter 5.2 41 

Figure 5-18  Average induction times [min] with standard deviation for methane hydrate 

formation in presence and absence of 15-crown-5 and PC 41 

Figure 5-19  Average gas uptake [mmol/mol] during methane hydrate formation in 

presence and absence of 15-crown-5 and PC 42 

Figure 5-20  Equilibrium temperatures [°C] of methane hydrates in presence and absence 

of 15-crown-5 and PC 43 

Figure 5-21  From left to right the structure of 12-crown-4, 15-crown-5 and 18-crown-6 44 

Figure 5-22  Average induction time [min] with standard deviation for methane hydrate 

formation in presence of different crown ethers with varying concentrations 45 

Figure 5-23  Average gas uptake [mmol/mol] over time for methane hydrate formation in 

presence of different crown ethers with varying concentrations 45 

Figure 5-24  Average gas uptake [mmol/mol] over time for methane hydrate formation in 

presence of 15-crown-5 in different concentrations 46 

Figure 5-25  Average final gas uptake [mmol/mol] with standard deviation for methane 

hydrate formation in presence of different crown ethers with varying 

concentrations 46 
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Figure 5-26  Equilibrium temperature [°C] during dissociation of methane hydrates in 

presence of different crown ethers with varying concentrations 47 

Figure 5-27  Average induction times [min] with standard deviation for methane-THF 

hydrate formation in presence of different amino acids with varying 

concentrations 50 

Figure 5-28  Average gas uptake [mmol/mol] over time for methane-THF hydrate 

formation in presence of different amino acids in a concentration of 0.1 wt% 

(left) and 0.5 wt% (right) 50 

Figure 5-29  Average gas uptake [mmol/mol] over time for methane-THF hydrate 

formation in presence of different amino acids in a concentration of 1.0 wt% 

(left) and 3.0 wt% (right) 51 

Figure 5-30  Average final gas uptake [mmol/mol] with standard deviation for methane-

THF hydrate formation in presence of different amino acids with varying 

concentrations 52 

Figure 5-31  Average induction times [min] with standard deviation for methane-THF 

hydrate formation in presence of different fatty acids in the CMC 54 

Figure 5-32  Average gas uptake [mmol/mol] over time for methane-THF hydrate 

formation in presence of different fatty acids in the CMC 55 

Figure 5-33  Average final gas uptake [mmol/mol] with standard deviation for methane-

THF hydrate formation in presence of different fatty acids in the CMC 55 

Figure 5-34  Universal structure of a polyethylene glycol 56 

Figure 5-35  Average induction times [min] with standard deviation for methane hydrate 

formation in presence of different polyethylene glycols with varying 

concentrations 57 

Figure 5-36  Average gas uptake [mmol/mol] over time for methane hydrate formation in 

presence of different polyethylene glycols with varying concentrations 58 

Figure 5-37  Average final gas uptake [mmol/mol] with standard deviation for methane 

hydrate formation in presence of different polyethylene glycols with varying 

concentrations 58 

Figure 6-1  Reaction scheme for the silanization of glass 62 

Figure 6-2  Average results from the contact angle measurements with standard 

deviation. Steel reference obtained from [145]. 63 

Figure 6-3  Optical verification of the successful silanization of the reactor glasses. a – 

unprocessed glass, b – ES, c - OS, d – DS, e – PS 64 

Figure 6-4  Average induction times [min] with standard deviation in presence of 

different coatings 66 
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Figure 6-5  Stationary experimental trends in presence of different coatings; Averaged 

gas uptake [mmol/mol] with standard deviation for methane hydrate 

formation 67 

Figure 6-6  Transient experimental trends in presence of different coatings; Averaged gas 

uptake [mmol/mol] with standard deviation for methane hydrate formation 68 

Figure 6-7  Sketch of hydrate plug and gas flow under stationary (left) and transient 

(right) conditions [136] 69 

Figure 7-1  Experimental stirring configurations, length specifications in mm, 1 – pitched 

blade stirrer gas phase, 2 – paddle stirrer liquid phase with radial flow profile, 

3 – paddle stirrer liquid phase + pitched blade stirrer gas phase, 4 - pitched 

blade stirrer liquid phase with axial flow profile, 5 – pitched blade stirrer gas-

liquid interphase 71 

Figure 7-2  Representative experimental trend, p-M-T-diagram for experimental series 

of chapter 7.1 72 

Figure 7-3  Average gas uptake [mmol/mol] for methane hydrate formation with 

different stirrer setups at 300 rpm 72 

Figure 7-4  Average final gas uptake [mmol/mol] with standard deviation for methane 

hydrate formation with different stirrer setups at 300 rpm 73 

Figure 7-5  Methane hydrate plug enclosed stirrer after opening of the autoclave 74 

Figure 7-6  ln𝑛 ∗ 𝑛 ∗ −𝑛 vs. time for the stirring setups: paddle stirrer liquid phase, 

pitched blade stirrer gas phase, paddle stirrer liquid phase + pitched blade 

stirrer gas phase, pitched blade stirrer liquid phase, pitched blade stirrer gas-

liquid interphase 76 

Figure 7-7  Schematic gas hydrate formation mechanism in a stirred reactor system 78 

Figure 7-8  Experimental stirring configuration with characteristically flow patterns, 

length specifications in [mm] 80 

Figure 7-9  Average final gas uptake [mmol/mol] with standard deviation for methane 

hydrate formation at varying stirring frequencies 81 

Figure 7-10  Average stirrer torque [Ncm] with standard deviation for methane hydrate 

formation at varying stirring frequencies 82 

Figure 7-11  Average final gas uptake [mmol/mol] with standard deviation for methane 

hydrate formation vs. Froude number 84 

Figure 7-12  Average final gas uptake [mmol/mol] with standard deviation for methane 

hydrate formation vs. Newton number 84 

Figure 7-13  Average final gas uptake [mmol/mol] with standard deviation for methane 

hydrate formation vs. Reynolds number and Weber number 85 
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Figure 7-14  Average final gas uptake [mmol/mol] with standard deviation for methane 

hydrate formation vs. gas flow [L/h] 86 

Figure 7-15  Experimental setup for gas hydrate formation by spraying 89 

Figure 7-16  Average gas uptake trends with final gas uptake [mmol/mol] and standard 

deviation for the comparison of methane-THF hydrate formation via gas 

entry stirring, injection and injection+ stirring 90 

Figure 7-17  Dimensions of the packed bed reactor system 92 

Figure 7-18  Average contact angle of water and SDS-solution (CMC) on glass slides 

without and after treatment with ES, DS and POMSA with standard deviation 93 

Figure 7-19  Average gas uptake [mmol/mol] without SDS in a fixed bed reactor system. 

Stirring trend obtained from chapter 6.2 94 

Figure 7-20  Average gas uptake [mmol/mol] for methane hydrate formation with SDS 

added in a packed bed reactor system 95 

Figure 7-21  Average gas uptake [mmol water/mol gas] of methane hydrate formation 

fixed bed reactor systems within the first 100 minutes 95 

Figure 7-22  Average final gas uptake [mmol/mol] with standard deviation vs. capillary 

pressure [Pa] for methane hydrate formation in a packed bed reactor. Linear 

trend sketched between data points for glass, ES and DS 96 

Figure 7-23  Hydrate plug above the particle bed 97 

Figure 8-1  Representative measurement for the experimental series of chapter 8.1.1 102 

Figure 8-2  Average ideal separation factor of the preliminary tests 103 

Figure 8-3  Mole fraction of methane in the hydrate vs. mole fraction in the gas for the 

experimental series w/o (left) and w/ (right) propylene carbonate 106 

Figure 8-4  Equilibrium temperature vs. mole fraction of methane in the gas and the 

hydrate for the experimental series w/o (left) and w/ (right) propylene 

carbonate 106 

Figure 8-5  Final average gas uptake [mmol/mol] with standard deviation for the 

experimental series w/ and w/o propylene carbonate 107 

Figure 8-6  Determination of the necessary stage number to purify biogas to a 

specification of > 93 mol% with THF 108 

Figure 8-7  Process flow diagram for the feasibility study 109 

Figure 8-8  Photo of the fermentation reactor [185] 110 

Figure 8-9  Results of the biogas separation 111 

Figure 8-10  From left to right, structure of TBACl, TBAB and TBPB 113 

Figure 8-11  Schematic semiclathrate structure of TBAB in presence of carbon dioxide 114 

Figure 8-12  Structure of sulfolane 114 
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Figure 8-13  Average induction time [min] for biogas separation via semiclathrate 

formation w/o and w/ TMSO added 118 

Figure 8-14 Equilibrium temperature [°C] vs. mole fraction of carbon dioxide [-] in the gas 

phase at the start 118 

Figure 8-15  Average separation factors (left) and final gas uptake [mmol/mol] (right) for 

biogas separation via semiclathrate formation w/o and w/ TMSO added 120 

Figure 8-16  Determination of the necessary stage number to purify biogas to a 

specification of > 93 mol% via TBACl semiclathrate formation w/o (left) and 

w/ TMSO (right) 121 

Figure 9-1  Gas uptake [mmol/mol] vs. mole fraction of methane for the natural gas 

separation experiments 125 

Figure 9-2 Equilibrium temperature [°C] vs. mole fraction of methane [-] in the gas phase 

at the start 126 

Figure 9-3  Mole fraction of methane in the hydrate phase vs. mole fraction of methane in 

the gas phase with adapted McCabe-Thiele-trends 127 

Figure 9-4 Averaged change in the mole fraction of a simulated natural gas 127 

Figure 10-1  Simulation results - water scrubbing process 129 

Figure 10-2  Simulation results – biogas hydrate separation process 130 

Figure 10-3  Comparison of cost trends over 20 years for biogas separation via water 

scrubbing and gas hydrate separation 132 

Figure 10-4  Simulation results - cryogenic demethanizer 133 

Figure 10-5  Simulation results – gas hydrate demethanizer 134 

Figure 10-6  Comparison of cost trends over 20 years for demethanization via cryogenic 

distillation and gas hydrate separation 135 

Figure 11-1  Liquid hold-up hL [-] dependent on the gas flow velocity wg [m/s] to 

determine the flooding point in dependency of the liquid load 139 

Figure 11-2  Operating window of the pilot plant hydrate absorption column 140 

Figure 11-3  Operating window of the pilot plant hydrate absorption column with different 

operating points 141 

Figure 11-4  P&ID of a pilotplant 142 

Figure 12-1  Qualitative classification of all tested substances regarding their influences on 

gas hydrate formation 150 

Figure 12-2  Comparison of different reactor designs regarding their time to complete gas 

hydrate formation [min] and their final water to hydrate conversion [%] 151 

Figure 12-3  Average ideal separation factors [-] with standard deviation for gas hydrate 

separation of different gas mixtures in presence of different promoters. First 
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named component is enriched in the hydrate phase and second named 

component in the gas phase 152 
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14.4 Simulation parameter for chapter 3 

Table 14-1  Parameter for vapor-liquid-equilibrium modelling [265,266] 

Component 𝑇𝑐 [K] 𝑃𝑐  [bar] 𝜔 [-] 𝜅1 [-] 

Methane 190.6 46.00155 0.008 -0.00159 

Ethane 305.4 48.83865 0.098 0.02669 

Propane 369.8 42.455175 0.152 0.03136 

Carbon dioxide 304.2 73.7646 0.225 0.04285 

THF 540.2 51.8784 0.22535 0.03961 

Water 647.3 220.4832 0.344 -0.06635 

 

Table 14-2  NRTL-parameter for vapor-liquid-equilibrium modelling 

Components 𝛼 gij
′  gij

′′ gij
′′′ gij

′′′′ Fitted to data from 

H2O-CH4 
0.200812 

-0.066822 0.00484 -0.041980 0.000111 
[267] 

CH4-H2O 0.256139 0.00039 -0.308662 0.001827 

H2O-C2H6 
0.040023 

-0.084999 0 1.226781 0 
[268] 

C2H6-H2O 0.521155 0 6.087316 0 

H2O-C3H8 
0.42873 

-0.081444 0 -0.002527 0.018505 
[269] 

C3H8-H2O 0.348760 0 0.000459 0.137759 

H2O-CO2 
0.145636 

-0.012973 0.000194 -0.082989 -0.000045 
[270] 

CO2-H2O 0.171577 0.001161 -0.769349 -0.000453 

H2O-THF 
0.475479 

0.000008 0 24.701944 0 
[271] 

THF-H2O 0 0 14.746786 0 

 

Table 14-3  Parameter to calculate the vapor pressure of a hypothetical empty hydrate shell fitted to data from [92] 

 Structure SI Structure SII 

Guest Ai
β

 Bi
β

 Ci
β

 Di
β

 Ai
β

 Bi
β

 Ci
β

 Di
β

 

Methane 0.1514 -2428.9 2.7891 0.0448 4.2177 -5033.4 2.7891 -0.0044 

Ethane 4.6966 -5385.1 2.7891 -0.0090 3.8900 -4289.2 2.7891 -0.0078 

Propane - - - - 4.5793 -5362.3 2.7891 -0.0075 

Carbon dioxide 4.6201 -5379.8 2.7891 -0.0075 4.5652 -5283.9 2.7891 -0.0082 

THF - - - - 3.8719 -4510.1 2.7891 -0.0045 
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Table 14-4  Constants for calculation of Langmuir-constants [88,253] 

 Structure SI Structure SII 

Cage Small 512 Large 51262 Small 512 Large 51264 

Guest 𝐴 [
𝐾

𝑃𝑎
] 

𝐵[𝐾] 
𝐴 [

𝐾

𝑃𝑎
] 

𝐵[𝐾] 
𝐴 [

𝐾

𝑃𝑎
] 

𝐵[𝐾] 
𝐴 [

𝐾

𝑃𝑎
] 

𝐵[𝐾] 

Methane 7.133E-09 3187 2.304E-07 2653 2.178E-09 3453 9.869E-07 1916 

Ethane - - 2.999E-08 3861 - - 2.369E-06 2967 

Propane - - - - - - 5.384E-08 4638 

Carbon dioxide 2.442E-09 3414 4.190E-07 2813 8.340E-10 3615 8.399E-06 2025 

THF - - - - - - 2.129E-09 6282 
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14.5 Chemicals 

This section shows all used substances with their purities and their manufacturer in tabularized 

presentation. (See Table 14-5) 

Table 14-5  Tabularized listing of the used chemicals with their purity 

Name Abbreviation Purity Manufacturer 

Acetone  ≥ 97 % Sigma Aldrich/Merck 

Carbon dioxide CO2 99.5 % Messer Industriegase 

GmbH 

Deionized water  Conductivity 17 µS 

/cm 

In-Lab purification 

system 

Ethanol EtOH 96 – 97.2 % Sigma Aldrich/Merck 

Hexadecylamine HDA 98 % Sigma Aldrich/Merck 

Hydrogen H2 99.999 % Messer Industriegase 

GmbH 

Lecithin Lec unknown dm-drogerie markt 

GmbH + Co. KG 

Methane CH4 ≥ 99.5 % Messer Industriegase 

GmbH 

Milli-Q-water  Conductivity 1-3 µS 

/cm 

Millipore purification 

system 

Nitrogen N2 99.999 % Messer Industriegase 

GmbH 

Propane C3H8 99,95 % Messer Industriegase 

GmbH 

Propylene carbonate PC 99.7 % Sigma Aldrich/Merck 

Sodium dodecyl sulfate SDS 98.5 % Sigma Aldrich/Merck 

Synthetic air  20.5 % Oxygen, 79.5 

% Nitrogen 

Messer Industriegase 

GmbH 

Tetrabutylphosphonium 

bromide 

TBPB 98 % Sigma Aldrich/Merck 

Tetrahydrofuran  THF ≥ 99.9 % Sigma Aldrich/Merck 

Triton X-100 TX-100 laboratory grade Sigma Aldrich/Merck 

Tween 80 T80 viscous liquid Sigma Aldrich/Merck 

15-crown-5  98 % Sigma Aldrich/Merck 

Ethane C2H6 ≥ 99.95 % Messer Industriegase 

GmbH 
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Name Abbreviation Purity Manufacturer 

12-crown-4  98 % Sigma Aldrich/Merck 

18-crown-6  99 % Sigma Aldrich/Merck 

Sodiumdecanoate SD ≥ 98 % Sigma Aldrich/Merck 

Sodiumoctanoate SO ≥ 99% Sigma Aldrich/Merck 

Sodiumdodeanoate SDD 99-100% Sigma Aldrich/Merck 

Sodiummyristate SM ≥ 99% Sigma Aldrich/Merck 

Tetrabutylammonium 

bromide 

TBAB 98.0+% Alfa Aesar 

Tetrabutylammonium 

chloride 

TBACl ≥ 95% Sigma Aldrich/Merck 

Sulfolane TMS 99% Sigma Aldrich/Merck 

Tetraethylene glycol TEG 99% Sigma Aldrich/Merck 

Pentaethylene glycol PEG 98% Sigma Aldrich/Merck 

Hexaethylene glycol HEG 97% Sigma Aldrich/Merck 

Perfluorooctanic acid PFOA 96% Sigma Aldrich/Merck 

Glycine  ≥ 99% Sigma Aldrich/Merck 

L-Arginine  ≥ 98% Sigma Aldrich/Merck 

L-Isoleucine  ≥ 98% Sigma Aldrich/Merck 

L-Lysine  ≥ 98% Sigma Aldrich/Merck 
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