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Abstract  
Gas hydrates are often found in the systems for production of petroleum, natural gas and 

water systems, which is highly undesirable. In some systems the hydrates can form rapidly 

into large plugs and agglomerate in the transportation lines and blockage the systems, 

especially, in the deep sea and permafrost regions. Generally, hydrates plug agglomeration 

has been prevented using one of three methods, including anti-agglomeration in which 

surfactants are used as anti-agglomeratants.   

In this thesis, experiments have been conducted to observe the behavior of cyclopentane 

hydrates and provide data on the morphology, kinetics and the determination of hydration 

numbers. Cyclopentane hydrate systems have been investigated to determine the effects of 

three additives used for enhancing the kinetic rate using two types of surfactants (5×10
-3

M 

span20 and 5×10
-4
M tween20) and an organic compound (4 wt% tetrahydrofuran; THF) in 

two different ratios of water to hydrate former in order to achieve a broad experimental data 

set for systematic evaluation. In this systems, we have is used 3.5 wt% of saline water. 

The results show that the morphology of cyclopentane hydrates during the formation depends 

on the type of the surfactants, while the tetrahydrofuran does not have a visual effect on the 

hydrate morphology. The determined hydration numbers are a function of the emulsion type 

(formed by the surfactants) and the contribution of the tetrahydrofuran in the hydrate cavities 

as a guest molecule. Water in oil emulsion causes higher hydration number, while oil in water 

emulsion causes lower one. The formation time measurements of cyclopentane hydrates show 

that the addition of THF into the cyclopentane hydrate system in presence or absent of 

surfactants, promotes the hydrate formation. The addition of surfactants affected the hydrate 

formation according to the emulsion type, in which tween20, which forms an oil in water 

emulsion has faster formation rate than span20, which forms a water in oil emulsion. 
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Chapter 1 Introduction  
 

1.1 Gas hydrates 

1.1.1 Background  

In 1810 gas hydrate was defined as a crystalline solid which is formed by a combination of 

both gas and water at low temperature. In 1811 Sir Humphrey Davy is credited for the first 

hydrate discovered when he published his paper and stated that chlorine gas is more readily 

dissolved in frozen water than pure water. 30 years before that time, Joseph Priestley 1778 

observed the freezing of SO2 in water but that was not officially documented. Over a long 

period, hydrate was considered purely of academic interest, it was considered as a laboratory 

made substance. Most researchers were trying to identify the compound which formed 

hydrate, determine the ratio between the water molecules and the gas molecules, and also the 

physical properties of the hydrate (Sloan and Koh 2008). It was observed that natural gases 

and water were freezing in higher temperature and pressure than the ordinary freezing point of 

water, and the solid crystalline substance of gas hydrate, which resembles ordinary snow in 

appearance, can accumulate and compress in the transportation pipeline and plug the line. 

This problem has been first described by Hammersmith 1934, and since then researchers have 

became more interested in the gas hydrate field. In the 1960s it was recognized that hydrate 

can occur in both deep sea and permafrost region. This discovery makes the hydrate more 

interesting for researchers to investigate in potential sources of energy, gas transportation as 

well as potential sources of climate change and geo-hazard (Sloan and Koh 2008).  

1.1.2 Physical properties and Crystal  structure  

A gas hydrate is a lattice structure with several interstitial cavities. The structure consists of a 

water molecule cage (host), which surround a gas molecule (guest). The water molecules are 

held together by hydrogen bonding to form a crystalline solid, which looks like ice (see 

Figure 1.1) above the freezing point of water (Ripmeester and Ratcliffe 1990). The hydrate 

types depends on the guest molecules, and there are more than 100 compounds which form 

clathrate hydrates with water molecules (Sloan and Koh 2008). All these guests form one of 

the three known hydrate structures; structure I, structure II or hexagonal structure H. The 
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smaller molecules and natural gases (such as methane, ethane, propane, carbon dioxide and so 

on) form either structure I or structure II, which is the most abundant in the nature. Some 

liquids (such as neohexane and cyclopentane in the presences of methane as a help gas) form 

structure H. 

 

 

Figure 1.1: Simple illustration of a gas molecule contained inside a water molecule in a gas 

hydrate. The figure is adapted from the web page of Schlumberger.     

 

The hydrate compositions and structures have been studied by using different techniques such 

as Raman spectroscopy, NMR and X-ray diffraction as described by Circone (2003), and 

several other authors including Schicks et al. (2010). An overview of the three known hydrate 

structures is given in Figure 1.2. As the figure shows, the nomenclature is 5
12

 for 

dodecahedral cavity where the 5 is the number of edges and 12 is the number of faces, which 

means that the structure has twelve pentagonal faces. In similar way, 5
12

6
2
 for 

tetrakaidecahedral cavity has twelve pentagonal and two hexagonal faces, and 5
12

6
4
 for 

hexakaidecahedral cavity has twelve pentagonal and four hexagonal. 

As it shows in Figure 1.2, light gases compound such as methane, ethane, CO2  and others can 

form hydrate structure I, while the heavy gas compound such as propane, butane, 

cyclopentane and other natural gases forms hydrate structure II. Gas hydrate structure H 

formed by the combination of heavy gas with light gas, in which the light gas is known as a 

help gas, and methane is the most common help gas in the structure.   
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Figure 1.2: An overview of the three known hydrate structures. The figure is taken from the 

web page of Institute of Petroleum Engineering Heriot-Watt University: Centre for Gas 

Hydrate Research. 

 

 1.1.3 Hydration  numbers  

Scientists were very interested in the determination of hydration number in the first decade of 

hydrate discovery as mentioned in Section 1.1.1. In 1810, Davy reported that the chlorine 

hydrate contains 10 water molecules per molecule of chlorine, and Faraday confirmed this 

observation in 1823. Recently, by using spectroscopic methods (such as X-ray and neutron 

diffraction) the physical structure and the hydration number has been determined as it is 

shown in Table1.1 and Figure1.3. For example, the structure II has two types of cavities 

(small and large), which have different numbers of cavities per unit cell (16 for the small and 

8 for the large). So the ratio between the guest molecule and the water molecule per cavity, 

for the larger cavity will be 8 guest molecules and 136 water molecules, which is 1 guest 

molecule per 17 water molecules (Sloan and Koh 2008). 
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 Table 1.1: Hydrate cavity descriptions and number of water per unit cell.  

Hydrate Crystal structure I II  H 

Cavity Small Large Small Large Small Medium Large 

Description 5
12 

5
12

6
2 

5
12

 5
12

6
4 

5
12

 4
3
5

6
6

3 
5

12
6

8 

Number of cavities per unit cell 2 6 16 8 3 2 1 

Average cavity radius (Å) 3,95 4,33 3,91 4,73 3,91 4,06 5,71 

Coordination number
*  

20 24 20 28 20 20 36 

Number of water per unit cell 46 136 34 

*Number of oxygen's at the periphery of each cavity. (Sloan 2003) 

 

Figure 1.3: Guest molecule sizes vs. cavities occupied. The line is the size of the guest 

molecules in the hydrate.  The figure copied from Sloan (Sloan 2003). Cyclopentane forms 

(5
12

6
4 
) of structure II hydrate which means that it contains 17H2O. 
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1.2 Hydrate formation  

The hydrate formation occurs when the guest and the host molecules meet at low temperature 

and high pressure but also occur at low temperature (greater than 0C°) and at atmospheric 

pressure as in ñcyclopentane hydrateò. The phase behavior depends in the type of the guest 

molecule and the purity of the water (Lundgaard and Mollerup 1991), as shown in Figure 1.4.  

 

Figure 1.4: A simple illustration of gas hydrate phase diagram. The figure is taken from the 

web page of Institute of Petroleum Engineering Heriot-Watt University: Centre for Gas 

Hydrate Research. 

The hydrate formation goes through two main steps: 

1. Hydrate nucleation. 

2. Hydrate growth. 

1.2.1 Hydrate nucleation process  

The hydrate nucleation process, which requires the initial formation of a concentrated zone of 

disordered gases, is the first step in the hydrate formation. After that the hydrate nuclei grows 

and disperses in order to achieve the critical size of hydrate to continue growing. (Large and 

Ribeiro 2008) described the nucleation theory based on kinetic and thermodynamic properties 

of gas hydrate nucleation. Sloan (2008) presented two hypotheses, labile cluster and local 

structuring. The labile cluster hypothesis indicates that there are many labile rings formed by 

water under certain temperature and pressure, and the water molecules will form a labile 
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cluster around the gas molecules during the gas dissolution. These clusters will agglomerate 

until reaching the critical size of the cluster. The local structuring hypothesis is the result of 

molecular dynamic simulation methods and by using this method one can predict favorable 

nucleation mechanisms by calculating the formation free energy. 

The nucleation step is critical because it can take time to initiate hydrate growth. In order to 

accelerate the induction time, which is the time the first hydrate is observed, hydrate seeds can 

be added to the hydration system when the formation temperature achieved and stabilized.  

Small pieces of ice, clay, chalk and etc. can be used as a hydrate seeds. 

1.2.2 Hydrate growth process  

After the hydrate nuclei have stabilized and formed a critical size of nuclei in a supersaturated 

solution, the hydrate growth rate becomes straightforward and the nuclei starts to build up 

until it becomes stable hydrate. Selim and Sloan (1987) suggested a molecular mechanism for 

the hydrate growth of hydrate of methane in a liquid film surrounding a saturated gas- liquid 

interface ( found in Sloan and Koh 2007 and mentioned that it is unpublished work), as it is 

shown in the Figure 1.5. 

 

Figure 1.5:  A mechanism for the molecular growth of hydrate crystals. The figure is taken 

from Sloan and Koh (2007).
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Here, nucleus A absorbs water into the initial cage and forms B, the methane is absorbed into 

the partial cage structure B to form C, the water bond partially cages the methane and the 

water molecules diffuse to the partially cage and completely cages the methane by hydrogen 

bonding to form E, which is similar to nucleus A and continues to forms until it reaches the 

critical size of hydrate (Sloan and Koh 2007). 

1.3 Cyclopentane as a hydrate formation  

Cyclopentane (CP) is a nearly water immiscible compound that forms structure SII hydrate at 

atmospheric pressure with and without help gas (Mohammadi and Richon 2009). The 

equilibrium temperature for cyclopentane hydrate at atmospheric pressure has been tested by 

several groups and the results were in between 7 C° to 7.9 °C. Dirdal and his co works found 

that the cyclopentane hydrate can be kept in a fridge below 7.7 C° to stop it decomposing 

(Dirdal et al. 2012), which is above the ice point. This is useful to ensure that there is no ice 

present in the hydrate system. Corak (2011) reported that there are different kinetic of 

cyclopentane hydrate formation at different degrees of subcooling, and she  shows that the 

kinetics of cyclopentane hydrate formation in subcooling of 5.6 CÁ is signiýcantly faster  than 

the kinetic of subcooling of 3.6 C°. The chemical formula of cyclopentane hydrate for the 

ideal hydration is given as CP/17H2O as is shown in Figure 1.3.And the illustration of the 

chemical structure of cyclopentane is shown in figure 1.6.  

 

Figure 1.6:  Cyclopentane structure. 

1.4 THF as a hydrate formation    

Tetrahydrofuran (THF) is water miscible organic liquid, which forms structure-II hydrate with 

water at atmospheric pressure or with moderated low pressure. Figure 1.7 illustrate the 

chemical structure of THF. It has chemical formula for the ideal hydration number 

THF/17H2O. Adding of THF in the hydrate forming systems reduces the equilibrium pressure 

for the hydrate formation by coexisting with other hydrate systems (Makinol et al. 2005).  

Florusse et al.(2004) and Lee et al.(2005) mentioned that the stability of THF hydrate as a 
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second guest can stabilize the hydrogen cluster and makes it possible to store hydrogen 

molecules within the clathrate at low pressure and ambient temperature. Recently, Torre 

(2012) found that THF can be used as additive to speed up the hydrate formation and 

promotes the formation of the single CO2 hydrate by mixing CO2+ THF. In this work, THF 

has been tested as additive to cyclopentane hydrate system to enhance the kinetics. 

 

 

Figure 1.7: Tetrahydrofuran structure. 

1.5 Driving forces for hydrate formation  

In order to define and study the driving forces for gas hydrate formation, Kashchiev (2002) 

suggested a detail picture based on three phases system at fixed temperature and pressure as it 

shown in Figure 1.8.  The system consists of one gas component, aqueous solution of the gas 

and the resulting hydrate of the gas.  

    

 

 

 

    

 

Figure 1.8: Three-phase system of one-component gas, aqueous solution of the gas and gas 

hydrate at constant temperature. This figure is taken and modified from Kashchiev (2002). 

In the presence of one gas molecule (G) with nw water molecules of the solution forms one 

building unit of GnwH2O.  

G +nwH2O                   G. nwH2O                                                                          (1) 

(P,T) = const. 

Gas                                   µgg 

Solution                  µhs= µgs +nw µw 

 

Hydrate                          µh 
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Where µgs, µw and µhs are the chemical potential for the gas, the water molecules and the 

hydrate building unit in the solution, respectively (see Figure 1.8). 

According to thermodynamic phase, the driving force for a new phase formation defined as 

ñthe difference between the chemical potentials for the old and the new phasesò Kashchiev 

and Firoozabadi (2002). So the difference between µhs and the hydrate phase, µh, is called 

supersaturation. 

Bµ= µhs - µh = µgs + nwµw - µh                                                                                           (2) 

The nucleation and the growth of hydrate formation require a supersaturated solution to take 

place. In this situation, the value of Bµ must be greater than zero, which means that the 

chemical potential of the old phase is greater than the new phase. When Bµ is equal to zero 

that means, the system is in phase equilibrium and the solution is saturated, i.e. both phases 

can coexist. However, when the Bµ is less than zero the solution will be undersaturated and 

the formation will not happen, therefore the value of Bµ will be minus (-Bµ), which means 

that is the driving force of hydrate dissolution (Kashchiev and Firoozabadi 2002).   

1.6 Influence of temperature and pressure on hydrate 

format ion  

From the experimental works and thermodynamic theory the temperature and pressure are 

considered the most important factors in hydrate formation (Lederhos et al. 1996). A pressure-

temperature plot of hydrate formation and dissolution is shown in this Figure 1.9.   

At the beginning, the system (point 1) is cooled until it reaches suitable temperature and 

pressure to where the first hydrate formed (point 2). When the onset hydrate is formed the 

temperature is held constant while the pressure drops very fast due to the formation of hydrate 

and consuming of the gas phase, so that hydrate formation occurs between point 2 and point 

3. Heating the system at point 3 leads to the hydrate dissociation at constant pressure until it 

reaches point 4.  Because of the dissociation releases the gas phase, the pressure will increase 

quickly and the temperature increases slowly until it achieves equilibrium at point 5 

(Lederhos et al. 1996).  
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Figure 1.9: Influence of temperature and pressure on hydrate formation and dissociation. The 

figure is taken from Lederhos et al. (1996). 

1.7 Surfactants as hydrate wettability  modifiers  

Recently, the gas and oil industry faces a challenge to prevent petroleum and gas 

transportation lines from the formation of hydrate plugs, especially in the deep water and 

permafrost regions, where the temperature and pressure are suitable for forming a hydrate 

phase. In order to prevent the hydrate blockage, three methods have been developed. The first 

method is thermodynamic inhibitors, which prevents the hydrate formation by changing the 

temperature and pressure equilibrium by adding thermodynamic inhibitors solutions.  This 

method achieves good results but it has high economical costs. The second method is kinetic 

inhibitors, which does not prevented the hydrate formation but delays the hydrate formation 

so that the plug takes long period to form in the presence of kinetic inhibitors. This method 

does not suit well at pipeline shut in conditions or at high subcooling. The third method is 

anti-agglomeration, which is applied by adding surface active components (such as 

surfactants) to the hydrate system to prevent the accumulation of hydrate by reducing the 

strong attractive hydrogen-bonding between the hydrate particles. It also makes the hydrate 

particles disperse as small masses in the continuous liquid phase in the transportation lines. 

The last method gives good results at high subcooling and shut in conditions (Huo et al. 2001) 

and (Høiland et al. 2005). Due to the amphiphilic property of the surfactants, which means 



 

11 

 

that the surfactants consists of  both hydrophilic and hydrophobic groups (see Figure 1.10), 

can cause very stable emulsions in the oil-in-water (o/w) and the water in-oil (w/o) type, 

according to the affinity of the surfactants toward the water or the oil phase (Binks and 

Lumsdon 2000). Emulsions determined by particles wettability by measuring the contact 

angle of the particles on the oil-water interface (Binks and Lumsdon 2000).     

 

Figure 1.10: A simple illustration of surfactant. Figure taken from web page of Textile 

learner. 

In this study, the effects of two surfactants in cyclopentane hydrate system have been 

determined. The surfactants were selected to represent different CMC and HLB values, which 

is the CMC ñCritical Micelle Concentrationò defined as the minimum concentration of the 

surfactants to make them associate in aqueous solution (Priev et al. 2001), and HLB 

ñHydrophilic-Lipophilic Balanceò is the measurement of size and strength of the hydrophilic 

and lipophilic groups in emulsifiers (Grifýn 1949). 

 

1.7.1 Span20 

Span20 (sorbitan monolaurate) is an ester sorbitan which is a nonproteic emulsifiers with 

stronger hydrophobic than hydrophilic character (Márquez et al. 2007). It is a liquid at room 

temperature. Table 1.2 shows some properties of span20, and Figure 1.11 shows its chemical 

structure. 
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Table 1.2:  The properties of span20. 

Name sorbitan monolaurate 

Formula  C18 H34 O6 

Molecular mass 346.46 g/mol 

Physical condition in room temperature Yellow liquid 

Solubility in water Very low solubility 

Solubility in oil Soluble  

CMC in water 6.13×10
-5
 M 

CMC in oil ╔10
-3 

M 

HLB- value 8.6 

 

 

 

Figure 1.11: Simple illustration of Span20. 

 

As it is shown in Figure 1.11, span20 contains of 12 carbon atoms and tow oxygen atoms at 

the tail of the component, which makes the span20 more hydrophobic than hydrophilic. At the 

head, span20 has six carbon atoms and four oxygen atoms, which gives the sorbitan ester 

hydrophilic proprieties. So the head part which is more polarized will be soluble at the water 

phase, and the tail part will be soluble in the oil phase (Peltonen and Yliruusi 2000). 

Márquez (2007) mentioned that span20 can be used in preparation of water in oil emulsion at 

low water contents, between 10 and 15 % water, and at higher than 20% content of water can 

prepare w/o/w emulsion.  Other studies indicate that span20 can be used to prepare oil in 

water emulsions, which makes the affinity of the water phase more complex factor (Opawale 

and Burgess 1998). 
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1.7.2 Tween20 

Tween20 (polyoxyethylene sorbitan monolaurate) is an ester sorbitan which has hydrophilic 

character, and is liquid at room temperature. Table 1.3 shows some properties of tween20, and 

Figure 1.12 shows its chemical structure. 

As Figure 1.12 shows, tween20 has a hydrophobic tail, which consists of 12 hydrocarbon 

units. Also it has hydrophilic part, which is the biggest part in the molecule composed of three 

hydroxyl groups that have in total 20 ethylene oxides. 

Due to high HLB value, 16.7, tween20 is classified as water soluble and forms oil in water 

emulsion (Velev et al. 1994). Tween20 has ability to participate in self organizing processes 

on the surface to give more molecules and make a denser adsorbed phase in the surface as it is 

illustrated in Figure 1.13(Shen et al. 2011). 

 

Table 1.3: Properties of tween20. 

Name  Polyoksyetylen sorbitan monolaurate 

Formula  C58 H114 O25 

Molecular mass 1227,54 g/mol 

Physical condition in room temperature Yellow liquid 

Solubility in water Soluble 

Solubility in oil slightly soluble  

CMC in water 8,04×10
-5
 M 

HLB- value 16,7 

 

 

Figure 1.12: Chemical structure of Tween20. 
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Figure 1.13: Illustrations of the adsorption of tween20 on a hydrophobic surface. Black color 

represents the alkyl tail and light blue is the hydrophilic head group. 

1.8 Influence o f salinity on hydrate formation  

Salt have a thermodynamic inhibitors property in hydrate formation (Sloan 2008) and (Hui et 

al.  2007). Several hydrate formers has been investigated using salt in the hydrate formatting 

water phase (Duan et al. 2006). 

The clusters bounded by strong Columbic bonds that made by interacting the salt ions and the 

water molecules dipole will decrease the water molecules that would be available for the 

hydrate former, and the solubility of the hydrate former will decrease due to the clustering of 

the water and salt molecules in which called ñsalting-outò. So the hydrate formation system 

that used saline water required lower subcooling (Corak 2011). 

 

1.9 Aim  of study  

 To test that the cyclopentane hydrate system is suitable for studies of hydrate morphology 

and wetting as a function of additives, and to investigate the effect of two surfactants and a 

promoter in the system. 

1.9.1 The tested systems  

The systems contain 3.5% of NaCl in water.  The proportion of cyclopentane to water in one 

of the systems is 1:5, while the proportion in the other system is 1:3 of volumes. The 

subcooling temperature in all of the systems is configured to be 1.5 ºC. 
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Pure system + systems with 5Ț10
-3
 M surfactant added to the phase that it is soluble in. 

1. Cyclopentane and saline water. 

2. Span20 solved in cyclopentane and saline water. 

3. Tween20 solved in saline water and cyclopentane. 

4.  The three system above by adding (4wt %) THF in each. 

1.9.2 Measured  parameters for each experiment  

Temperature curve to show the time before the hydrate formation, the rate of crystallisation 

and the heat generated during the formation. 

Hydration number: How much water per cyclopentane molecule in the formed hydrates. 

Morphology of the hydrates: ñLumpsò or ñsnowò ï using pictures for documentation. 
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Chapter 2 Methods and 

experiments 
In this chapter the description of methods and experiments has described briefly. All 

experiments have been done at the Department of Chemistry, UiB using the equipments 

available in the laboratories at the department. The chemicals used in this project are listed in 

Table A.2. 

2.1 Preparation of solutions  

For preparation of the samples used mainly pipettes from ñEM Techcolor Volumetric 

Pipettesò, for µL pipetting the ñThermo Scientific pipetteò used, for details about the weight 

used weight ñMettler Toledo AX205 Delta Rangeò,and ñKERN EW620-3Nò used to weight 

the chemicals. 

The concentration have been calculated by using  

                                               #ÇȾ,
×Ç

-× 6,
                                                                             ρ 

 

                                 ὅ
Ὣ

ὒ
 ὠ ὒ  ὅ

Ὣ

ὒ
ὠ ὒ                                                                            ς 

Which is C in (g/L)is the concentration, w (g) is the weight, Mw  is molecular mass and V 

(L)is the volume. Ca and Va is the concentration and the volume of sample a and Cb and Vb is 

the concentration and volume of sample b.  
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Table 2.1: Description of solution preparations in the experiments  

Solution 

number 

Solution 

Name 

 

Solvent NaCl 

(weight%) 

Span20  

(M) 

Tween20 

(M) 

THF% 

1 Saline water Water 3.5 - - - 

2 Span20 Cyclopentane - 0.005 - - 

3 Tween20 Saline water - - 0.0005 - 

4 THF in 

Saline water 

Saline water - - - 4 

5 THF in 

Tween20 

Tween20 

solution 

- - - 4 

 

2.1.1 Preparation of the cooling liquid  

Glycol has strong thermodynamic property which has the ability to stabilize the temperature 

in the cooling bath, and the cooling liquids are prepared by mixing glycol with water as it is 

shown in Table 2.2.  

Table2.2: amount of glycol and distilled water used for preparation the cooling liquid. 

Solution  Glycol Distilled water 

Amount (L) 5 20 

 

2.2 Experimental method  for hydrate production  

A simple experimental setup used, adopted from Corak et al. (2011) as its shown in Figure 

2.1. There was metal stand placed beside the cooling bath to hold the reactor (a round-

bottomed three necks flask 500ml), the whole flask inserted in the cooling liquid, except the 

necks. The reactor fitted with a paddle stirrer, connected to an Ultra Turrax stirrer. Two 

temperature sensors inserted into the necks number 1 and 3, to control the temperature inside 

the reactor during the hydrate formation. The cooling bath was set at 1.5 C° in order to 

achieve stable subcooling temperature in the reactor and in the cooling liquid. The cooling 

bath "Thermo Scientific V26" which is supported by a thermometer and a stirrer has been 

used (see Figure 2.2). 

1 

3

 

 
1 

2

1 
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Figure 2.1 Schematic diagram of the experimental setup (figure taken from D. Corak                                                                

2011) with added numbers.  

 

Figure 2.2: The experimental setup used for hydrate investigation.  

2.2.1 Temperature logger  

The Testo logger (Testo 176t2) is used in this work as a thermometer, which is supported by 

two temperature  sensors to record the temperature (see Figure 2.3), and send it to the 

computer, in order to make sure that the temperature inside the reactor kept within the stable 

hydrate region (as shown in Section 1.6). 
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Figure 2.3: The Testo logger (Testo 176t2) with the sensor, used to control the temperature in 

the hydrate system. 

2.2.2 Centrifuge  

The centrifuge is used to remove the excess saline water on the hydrate samples (some of the 

excess saline water has been already removed by the vacuum suction and the hydrate has been 

transferred into tubes). After that the samples will be transferred to sample glasses in order to 

be quantified. We have used the Universal 320 centrifuge (Figure 2.4) by configuring the 

rotor speed as it is shown in Table 2.3, temperature and time to desirable numerical values 

that achieve good separation results, as described in Corak (2011). 

 

 

Figure 2.4: Universal 320 centrifuge use to separate the excess water. 
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Table 2.3: The centrifuge configurations. 

Rotation RPM 9000 

Time min 5 

Temperature C° -5 

 

2.3 Hydrate  formation  

The diagram below describes the experiment steps. 

 

 Figure 2.6: The flow diagram of the experimental steps. 

2.3.1 Experimental procedure  

In this work, cyclopentane hydrate system has been tested in four experimental systems as 

mentioned in Section 1.9.1. 

The solutions (see Table 2.1) are transferred to the reactor in different ratios as it described in 

Table 2.4, and mixed in specified ratios at 500 RPM, by putting a rotor, which is connected to 
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a metal stand beside it, over the reactor. Then the solutions cooled down during the 

continuous stirring to the specified temperature. The temperature should be within in the 

stable hydrate region (see Section 1.3). 

Two temperature sensors are inserted into the reactor (necks 1 and 3). Before starting the 

Ultra Turrax stirrer, we check the system if all is well (the cooling temperature, the stirrer and 

the rotation speed of the Ultra Turrax stirrer). Because if there is any contact of the stirrer 

with the flask, it can change the rotation speed, as it explains in Section 3.1.1, and can occur 

corrosion on either the stirrer or the flask. All must be linked tightly in order to prevent from 

any change in the different experiments). 

Then we started the paddle stirrer, connect the temperature sensors to the computer and set the 

Testo program in the computer. 

        

Table 2.4: Amount of solution used to form the hydrate:  

Ratio Saline 

water(ml) 

Cyclopentane 

(ml) 

Span20(ml) Tween20 

(ml) 

THF in 

water 

(ml) 

THF in 

Tween20 

(ml)  

1:3 270 90 - - - - 

1:5 250 50 - - - - 

1:3 270 - 90 - - - 

1:5 250 - 50 - - - 

1:3 - 90 - 270 - - 

1:5 - 50 - 250 - - 

1:5 - 50 - - 250 - 

1:5 - - 50 - 250 - 

1:5 - 50 - - - 250 

 

When the temperature inside the reactor becomes stable (about 1.27C°), a small piece of ice is 

added to the reactor to initiate the hydrate formation. After few minutes of the induction time 

the hydrates will start forming. We let the formation continue until the temperature passes a 
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maximum and returns to stable temperature as it shown in Figure 2.7 which shows an 

example of the recorded temperature of cyclopentane hydrates formation. 

 

Fig. 2.7: An example of recorded temperature date of cyclopentane hydrate formation (Corak 

2011). 

While the hydrate is forming, we bring 12 plastic tubes, and fill each with either 7 small 

compresses or 2 medium and one small compresses (see Figure 2.8) and put it in ice. 

 

Figure 2.8: The tube and Compresses used in the Experiment. 
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Two of 20ml and four of 5ml volume glasses have been weighted and put in ice.  After the 

temperature has been stable, paddle stirrer is stopped, the reactor is taken out as it is shown in 

figure 2.9, and the hydrate transferred to the vacuum suction. We let it there for about 5 to 10 

minutes to dry from the excess water. 

 

Figure 2.9: Illustrate the reactor (Three necks glass) with hydrate after forming. 

 

We fill the 12 plastic tubes with hydrate from the vacuum filter, cover the tubes and put it 

back on the ice. 

 

Figure 2.10: The hydrate in tube before it transferred to the Centrifuge. 

We put three pars of plastic tubes in the centrifuge, which is configured as it shown in Table 

2.3. After that, we transfer the dry hydrate from the plastic tubes to the 20ml weighted glasses 

and we take small amount from one of the plastic tubes to one of 2ml glasses. We weight the 




















































































































