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CHAPTER 1.0 

 INTRODUCTION 

1.1  Background of Study 

In the production of natural gas fields and oil fields, flow assurance is most critical 

task during deep water energy production because of the high pressure and low 

temperature (~4˚C) involved. This can cause scale deposition such as the formation of 

gas hydrates that causes catastrophic blockages and restrictions which can lead to the 

impairment of flow.  

            In a survey of 110 energy companies, flow assurance was listed as the major 

technical problem in offshore energy development.
 [6]

 Every few years, somewhere in 

the world a major injury occurs, a major equipment or asset damage is done (financial 

loss), due to hydrates.  

 

 

 

 

 

 
Figure 1.1:  Hydrate plug formation via aggregation in an oil-dominated system 

 

           Gas hydrates are crystalline solid compounds formed by water and natural gas 

(e.g., methane) or volatile liquids under suitable temperature and pressure conditions 

(2000 psig). The gas molecules (guests) are trapped in water cavities (host) that are 

composed of hydrogen-bonded water molecules.
 [6] 

Gas hydrates are known to occur in 

vast amounts in nature, mainly methane-hydrate in the sea bed and below permafrost.
 

       Several techniques to remove hydrates formation are available, such as thermal 

stimulation, depressurization and chemical inhibitor injection. However, chemical 

inhibitor has been quoted as the most economically viable option. Two types of 

inhibitors that are used nowadays: thermodynamics and kinetic inhibitors. 

Thermodynamic inhibitors are expensive and hazardous. Thus, new low dosage 

hydrate inhibitors (LDHI), “green technologies” ionic liquids (ILs) are studied due to 

their properties such as tuneable organic behaviour, stabilities, hyper low vapour 

pressures and environmental friendliness. 

 

http://en.wikipedia.org/wiki/Energy_production
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1.2 Problem Statements 

In general, gas hydrate can cause blockage in pipelines and processing facilities while 

to remove hydrate plugs is difficult to achieve. The oil and gas industry spends about 

500 millions of dollars annually on inhibitors (e.g., methanol or glycol) or as much as 

$48 MM to insulate a single subsea pipeline. 
[3] 

 

 

 

 

 

 

 

 

Figure 1.2:  Example of hydrate blockage in pipelines 

 

For this FYP 1, it is crucial to study ionic liquids and its properties as low dosage 

hydrate inhibitors (LDHI). This is followed by selecting the most suitable ILs based 

on their criterion. The understanding of the selected ILs as LDHI through 

investigating the effectiveness by measuring the suitability on properties such as 

kinetic rate and induction time is vital for this project. Some of the criteria for a good 

LDHI are the safety, effect to environment, hydrophilic behaviour, low cost, operation 

complexity and etc. 

 

1.3  Objective 

This report studies the different aspects of gas hydrate and the functions of Ionic 

Liquids as inhibitors to achieve the following objectives: 

 

 To study the formation of gas hydrates within the hydrate formation region at 

low temperature and high pressure condition. 

 To study the behaviour and properties of ionic liquids as LDHI. 

 To run experiments with selected ionic liquids as LDHI to show the effect on 

hydrate formation. 
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1.4  Scope of Study 

The scope of the research is summarized as follows in order to achieve the objectives 

within the time frame and funds allocated: 

1. Conducting research on the theory and terms related to hydrate formation and 

inhibitors. 

2. Identification of appropriate ionic liquids as LDHI. 

3. High Pressure Kinetics Measurement (HPKM) system is used to measure the 

induction time of CO2 hydrate formation while LabVIEW 8.5 software is used 

to record data such as the pressure and temperature of the experiment. Thus, 

thermodynamics knowledge on phase behaviour of carbon dioxide hydrate 

formation is greatly useful for this project. Besides, calculations involving 

concentration of CO2 and Ionic Liquids (0.1wt%, 0.5wt%, 1.0wt %), rate 

constant and etc.   

 

1.5  The Relevancy of the Project 

 Thermodynamics 1 

 Thermodynamics 2 

 Fluid Mechanics  

 Reservoir Engineering  

 

 

1.6  Feasibility of the Project within the scope and time frame 

 Related topics (articles, books, journals, research papers and 

websites) 

 Ionic Liquids available at Chemical Department Blocks and 

PETRONAS Ionic Liquid Center at Block 4. 

 High Pressure Kinetic Measurement equipment available at Block 5 

(provided HSE briefing).  

 

Since the necessary materials and equipment are available for use, the project can 

be done within the scope and time frame. 
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CHAPTER 2.0 

 LITERATURE REVIEW 

2.1 Hydrate Mechanism  

The hydrate formation can be divided into 2 processes - nucleation process and stable 

growth process. 
[11] Hydrate nucleation process is a process of formation and growth of 

hydrate nuclei to a critical size. The simultaneous growths of water and gas molecule 

act as precursors to hydrate nuclei formation. The gas hydrate formation is a phase 

transition process which requires a supersaturated environment for hydrate to form. 

The guest molecules gas will dissolve in liquid water to build supersaturated condition 

through the liquid phase or locally near the interface between guest molecule gas and 

liquid water. At some point during dissolution, the precursors of hydrate phase 

(nuclei) appear. The nuclei will tend to grow if sufficient gas is present in the system. 

This nucleation process will continue to grow until the nuclei achieve a critical size. 

Induction time is one of parameter that is usually used to characterize the hydrate 

nucleation process
. [11] 

It is the time elapsed during the nucleation process which 

includes the formation of gas water cluster and their growth to stable nuclei with a 

critical size. The induction time can be obtained by observing the pressure-time 

relationship during hydrate formation. 

 

 

 

 

 

 

Figure 2.1: Schematic Diagram of Pressure Changes with Time during Hydrate Formation 
[11]

 

Hydrate growth is a process that refers to the growth of stable hydrate nuclei as solid 

hydrates. Mass and heat transfers play important roles in hydrate growth process. The 

sudden pressure drop that occurs during the formation of hydrate indicates the hydrate 

growth (Figure 2.1) due to consumption of guest molecule to form hydrate structure. 

When the pressure of the system remains unchanged for couple of hours, this 

indicates that the hydrate formation is already complete. 

Time 
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2.2 Gas Hydrate 

Gas hydrate is a crystalline solid compound formed in the mixture of water and non- 

or slightly polar low molecular weight natural gases or volatile liquids under suitable 

temperature (5−25
o
C) and pressure conditions (2000 psig). There is no chemical 

reaction during this hydrate formation, but the hydrogen bonded network creates 

cavities that are filled with guest molecules. Low molecular weight gases such as 

nitrogen, carbon dioxide, methane, ethane, propane, hydrogen sulfide are suitable 

guest molecules for hydrate formation as they are generally stable at low temperature 

and high pressures and are present in natural gas. 

 

 

 

 

 

 

  

 

Figure 2.2: Hydrate structure and hydrates solid examples 

 

 

 

Difference between gas hydrate and ice: 

#(Please refer to Appendix 2 – Comparison of Properties of Ice, sI and sII hydrate*) 

 

1. Gas hydrate can be formed at temperatures above 0   C while ice cannot. 

2. Water molecules diffuse two orders of magnitude slower in hydrates than in 

ice.  

3. Mechanical Strength - Hydrate is more than 20 times stronger (creep 

resistant) than ice. 

4. Elastic Properties - Methane hydrate is significantly more compressible than 

ice. 

5. Thermal Properties - Large thermal expansivity of hydrate is caused by the 

guest molecule, with the different arrangements of oxygen atoms in the 

hydrate and ice playing only a minor role. 
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Figure 2.3: Cages and Coordiantioin Number in Structure I, II and H. 
[8[

 

 

• There are three common crystallographic structures for gas hydrates (differ in 

type and size of cavities and shape): 

i. Structure I (sI) - simplest 

ii. Structure II (sII) - complicated 

iii. Structure H (sH) - less common 

• SI is a centered face cubic system which appear with light components such as 

methane, CH4 or carbon dioxide CO2 

• SII is diamond type with 24 cavities per mash 

• SH is hexagonal type constituted of 6 cavities. 
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2.3 Current methods to mitigate the hydrate formation (plugs) in 

pipeline: 

 
1. Hydraulic methods- Depressurization 

- system pressure may be decreased below the hydrate-formation pressure with 

system-pressure drops at high temperature points (bottomhole chokes). Resulting 

in lower density but decreases the  transportation efficiency. 

2. Thermal methods  

- Maintaining high temperatures keeps the system in the hydrate-free region. High 

reservoir fluid temperature may be retained through insulation and pipe bundling 

or heat may be added through hot fluids or electrical heating. 

3. Removal of water or natural gas  

- Separation removes free water. Water condensation from the gas phase is 

prevented by drying the gas. But it is not feasible as we definitely won‟t remove 

the natural gas (methane, propane,etc.) as those are the natural gases that we want. 

4. Mechanical methods 

- Physical and mechanical equipments are used such as coiled tubing, drilling 

through the plugs and etc. 

5. Chemical methods 

- Injection of Thermodynamic Inhibitors and Kinetic Inhibitors are used or 

reactive chemicals that generate heat that will be used to heat up the pipelines. 

 

 

 

 

2.4 Chemical Inhibitors  

   Inhibitors are used to prevent and eliminate the formation of gas hydrate. 

Different types of inhibitors show different characteristics, effect on hydrate 

formations and the effectiveness. There are two types of inhibitors that are used 

nowadays: thermodynamics and kinetic inhibitors. 

 

 Thermodynamic inhibitors 

The most extensively used thermodynamic inhibitors (THI) are methanol, mono-

ethylene glycol, dietheylene glycol, and some other electrolytes. Inhibitor molecule or 

ion will compete with the water molecule, changing the thermodynamic equilibrium 

of water and hydrocarbon molecule (changing the chemical potential of hydration), 
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and prevent the formation of hydrate by moving the phase equilibrium curves to lower 

temperature and higher pressure. E.g., the hydrate-aqueous liquid-vapor 

equilibrium(HLVE) curve. Thus, the hydrate will become instable, decomposed and 

can be separated easily. Thermodynamic methods using methanol and glycol are 

costly in offshore developments and onshore processing facilities because of the high 

treatment amounts required (10–50% of the water phase) and this method has 

created many environmental and logistical issues. 

 

 

Below is an example on the effect of methanol (THI): 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: Example on effect of additional methanol on hydrates formation 
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 Kinetic inhibitors 

It is also known as LDHI, example, Kinetic inhibitors (KHIs) and Anti-agglomerants 

(AAs). KHIs prevent and delay the hydrate nucleation and crystal growth so that there 

is enough time to transfer the fluid to the process facilities before the hydrate 

formation occurs. Some the commercial KHIs are based on water-soluble polymer. 

Meanwhile, AAs do not prevent hydrate formation process but they prevent the 

agglomeration and deposition of hydrate crystals such as transportable hydrate slurry 

that is formed in a liquid hydrocarbon phase.
 [12]

     

               Emulsification between the water phase and the oil phase will occur to 

prevent the agglomeration of the hydrate crystal before the formation of the hydrate. 

Among the advantages of kinetic inhibitors are: only small quantity of inhibitor is 

required, high efficiency, is not influenced by temperature.
[2] 

Kinetic inhibition 

methods are based on the injection of polymer-based chemicals at low dosages in the 

water phase.
[2]

    

              Xiao et al. 
[2]

 have reported prelimenary results for five imidazolium-based 

ionic liquids as dual function thermokinetic inhibitors. They found that ionic liquid 

can function as LHDI at 0.1–1.0 wt.% of the overall concentration. This is a 

significant reduction when compared to the 10–50 wt% needed for thermodynamic 

inhibitors or “anti-freezes” such as methanol, glycols or salts. 
[12]

     

2.5 Ionic liquid (molten salts) 

          Ionic liquids (ILs) are organic salts with low melting point that are being 

considered as green replacements for industrial volatile organic compounds. The 

reputation of these solvents as „environmental friendly‟ chemicals is based primarily 

on their negligible vapor pressure.
 [7]

 Ionic liquids are attracting interest as a greener 

alternative to conventional hydrate inhibitors due to properties such as their stabilities, 

tuneable organic cations and anions, extremely low vapor pressures and ease of 

preparations from relatively inexpensive materials.  

           The uniqueness of the structural tenability of the cations and anions in the ionic 

liquids suggests that there is a great possibility for the potential application of the 

ionic liquids. Since the cations and anions of the ionic liquids can be chosen or 

tailored to form hydrogen bonds with water, it can interfere with the hydrate 

formation condition. 
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Table 2.1 -Analysis and ionic liquids that have been studied in journals 

 
Journal Symbol Chemical Name 

1. Chongwei Xiao, Hertanto Adidharma.: Dual function inhibitors for 

methane hydrate, Journal of University of Wyoming, Laramie, USA 

(2008). 

Analysis: 

 This dual function is expected to make this type of inhibitors perform 

more effectively than existing inhibitors. 

 Tetrafluoroborate ionic liquids are found to perform better than other 

ionic liquids and much better than PVP.  

 The performance of EMIM-BF4 is also found to be much better than 

those of Luvicap and purified PVCap. 

 

EMIM-

BF4 

1-ethyl-3-methylimidazolium 

tetrafluoroborate 
BMIM-

BF4 
1-butyl-3-methylimidazolium 

tetrafluoroborate 
EMIM-

N(CN)2 
1-ethyl-3-methylimidazolium 

dicyanamide 
EMIM-

CF3SO3 

1-ethyl-3-methylimidazolium 

tetrafluoromethanesulfonate 
EMIM-

EtSO4 
1-ethyl-3-methylimidazolium 

ethylsulfate 

2. Chongwei Xiao, NicoWibisono, Hertanto Adidharma.:  

Dialkylimidazolium halide ionic liquids as dual function inhibitors for 

methane hydrate, Journal of University of Wyoming, Laramie, USA 

(2010). 

Analysis: 

 EMIM –CI is the most effective thermodynamic inhibitor. 

Effectiveness of these ionic liquids is in the following order: EMIM-

CI > EMIM-Br > PMIM-I > BMIM-CI >BMIM-Br> BMIM-I. 

 For ionic liquids with same cations (BMIM or EMIM), the 

effectiveness is decreasing along the sequence: CL > Br >I > BF4 

 Inhibition effectiveness of ionic liquids with shorter alkyl chain 

substituent is better than that of ionic liquids with longer alkyl chain 

substituent. 

 

EMIM-

CI 
1-ethyl-3-methylimidazolium 

chloride 
EMIM-

Br 
1-ethyl-3-methylimidazolium 

bromide 
PMIM-I 1-propyl-3-

methylimidazolium iodide 
BMIM-

CI 
1-butyl-3-methylimidazolium 

chloride 
BMIM-

Br 
1-butyl-3-methylimidazolium 

bromide 
BMIM-I 1-butyl-3-methylimidazolium 

iodide 

3. Xiao-Sen Li, Yi-Jun Liu, Zhi-Yong Zeng, Zhao-Yang Chen, Gang Li, 

and Hui-Jie Wu.: Equilibrium Hydrate Formation Conditions for the 

Mixtures of Methane + Ionic Liquids + Water, A journal of Graduate 

University of Chinese Academy of Science, Beijing, P. R. China (2011). 

Analysis: 

 Strong electrostatic charges and hydrogen bond with water, could 

shift the equilibrium  hydrate dissociation/stability curve to a lower 

temperature and, at the same time, retard the hydrate formation by 

slowing down the hydrate nucleation rate 

 

MMIM-I 1,3-dimethyl-imidazolium 

iodide 
EMIM-I 1-ethyl-3-imidazolium iodide 
OH-

C2MIM-

CI 

1-hydroxyethyl-3-methyl-

imidazolium chloride 

N1,1,1,1-CI Tetramethyl-ammonium 

chloride 
N1,1,1,eOH-

CI 
Hydroxyethyl-trimethyl-

ammonium chloride 

4. Tuning Ionic Liquids for hydrate inhibition, Volume 47, Issue 22, 

Pages 6341-6343, (14 JUNE 2011). 

Analysis: 

 Special function group (oxygen, hydroxyl group), create 

intermolecular   hydrogen bonding with hydroxyl group of water, 

resulting disruption  at hydrogen bond between water molecules. 

 Hydroxyethyl (HEMP) shows significant strong inhibitor‟s 

behaviour such as low concentration yet it has the longest induction 

time among all. 

 HEMP also functions as thermodynamic inhibitor in theoretical 

terms; therefore, it is listed as a benchmark for future research. 

HEMP-

BF4 
1-hydroxyethyl-N-methyl 

pyrrodlidinium 

tetrafluoroborate 

EMIM-

BF4 
1-ethyl-3-methylimidazolium 

tetrafluoroborate 
BMP-

BF4 
1-butyl-1-

methylpyrrolidinium 

tetrafluoroborate 
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2.6 Info on CO2 Hydrate Formation  Experiment 

Carbon dioxide has been known to be among a number of molecules that can form 

clathrate hydrate. Based on a study 
[11] 

carbon dioxide hydrate was classified as a 

structure I. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.5: Three Phase Equilibrium Data for Carbon Dioxide and Water Hydrate System 
[8]

 

As shown in this figure, the hydrate stability region is bounded by the H-I-V, H-LW-

V and H-LW-LCO2. As such, at any specified temperature, carbon dioxide hydrate 

will be stable as long as the pressure of the system is higher or equal to the 

equilibrium pressure of the system. Carbon dioxide hydrate has two quadruple points, 

Q1 and Q2. The quadruple point Q1 is a four-phase equilibrium point of I-LW-H-V and it 

is located at 273.1 K and 1.256 MPa. The quadruple point Q2 is a fourphase equilibrium 

point of LW-H-LV-V and is located at 283.0 K and 4.499 MPa. 

 

MPa. 

 

 

 

 

 

 

 

 

 

 

Figure 2.6: Three Phase Equilibrium Data for Carbon Dioxide Hydrate Formation
[8]
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CHAPTER 3.0 

 METHODOLOGY  

3.1 Chemical Identification  

The chemical to be used in this work is presented in table 3.1 

 

Table 3.1: Ionic liquid studied in this work 

Symbol Chemical name Chemical structure 

EMIM  BF4 1-ethyl-3-methylimidazolium 

tetrafluoroborate 

 

 

 

 

Table 3.2: Materials involved with their suppliers and phases 

Particular Supplier Phase 

EMIM  BF4 MERCK Sdn. Bhd. Liquid (10ml) 

Carbon Dioxide (CO2) MOX-LINDE Gas 

Deionized Water (H2O) Own Liquid 

 

 

 
Assumption on experiment HPKM 

 

First assumption is that the hydrate carbon dioxide remains stable at specified 

temperature, as long as the pressure of the system is higher or equal to the equilibrium 

pressure of the system. Second, the carbon dioxide hydrate formation is in first order 

reaction. The hydrate growth process is considered in the region from the turbidity 

point, at which the hydrate formation is noticeable based on the sharp pressure 

decrease until the stationary point. The amount of carbon dioxide gas dissolved in the 

liquid phase is not considered during hydrate growth because super saturation 

condition is maintained throughout the hydrate formation process. The hydrate 

particle formed are in the three phase equilibrium with the liquid and vapour phase. 
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3.2 Tools and Software Identification 

Equipment name :  High Pressure Kinetics Measurement (HPKM) 

Experiment setup time:  3-5hours 

Experiment duration : 2-3days 

 

i. HPKM system which consists of high pressure Cylindrical Cell Reactor (inner diameter 

of 4.55 cm, maximum workspace of 430ml, and maximum working pressure of 300MP 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1: Schematic Illustration of the Apparatus for the High Pressure Kinetics Measurement 

(HPKM)
 [8]   

 

Figure 3.2: Micropipette used to acquire precise amount of liquid from Block 4 Level 1
 
 

Labels: 

A: Data Acquisition System 

B: High Pressure Vessel  

C: Liquid Sample 

D: Stirrer 

E: Thermocouple 

F: Pressure Gauge 

G: Thermostatic Bath 

H: Magnetic Stirrer 

J: Cryostat 

K: Valve 

L: Thermostatic Liquid 

M: One way Valve 
[11]  
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3.3 Experiment Procedure for High Pressure Kinetics Measurement  

1. First, 130 ml of deionized water and magnetic bar is inserted into the high pressure 

reactor. The bolt of the reactor is locked tightly to make sure there is no leakage.  

2. In order to remove excess air inside the reactor, the reactor is purged with carbon 

dioxide gas 3-5 times. After that, the reactor is submerged inside the cooling bath.  

3. The reactor is allowed to cool down at desired temperature and time was allowed to 

pass for the temperature to be stabilized. (Make sure that the temperature of the 

system is 2 K higher than the hydrate equilibrium temperature at specified pressure).  

4. Next, sufficient carbon dioxide gas is introduced to the reactor up to desired 

experimental pressure. A decrease in pressure is observed. This is due to the 

dissolution of carbon dioxide in the liquid mixture. 

5. When pressure regains stability, the temperature of the system is reduced to 5 K 

below the hydrate equilibrium temperature of the system.  

6. When hydrate formation occurs, gas will be consumed, thus rapid pressure drop.  

7. The change in pressure and temperature is recorded by data acquisition system.  

8. When pressure of the system remains unchanged for 2 to 3 hour, this indicates that 

hydrate formation was considered complete and the experiment is ended. 

 

 

 
Experiment Precaution  

First, since the presence of other gases can lead to effects on temperature and pressure 

values at which hydrate will be formed, the type of hydrate formed and the occupation 

of hydrate cavities, the loading of carbon dioxide must be repeated 3 to 5 times to 

ensure that the concentration of other gases is kept at minimum level. Second, the 

system temperature must be above the equilibrium temperature of carbon dioxide 

hydrate formation (about 2 K higher). This is to avoid instant hydrate formation when 

loading of carbon dioxide take place. Another thing is to avoid parallax error while 

doing measurement and wrap the cooling bath with aluminium foil to prevent heat 

transfer from surrounding environment to the cooling bath.
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Figure 3.3: HPKM system with magnetic stirrer. 

Figure 3.7: Reactor 

Submerged in Thermostatic 

Bath 

Figure 3.5: Cryostat (cooling 

device) 
Figure 3.6: CO2 gas tank 

Figure 3.4: Computer + Data Acquisition System 

Figure 3.8: Experiments station at Block 5. 00. 01 laboratory 
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3.4 Research and Experiment Methodology 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Flowchart of Research Methodology 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.10: Flowchart of Experimental works

Selection of Ionic Liquids 

Selecting a few ionic liquids based on  

the properties as LDHI and preparing them. 

Determine the Induction Time of Hydrate Formation  

Measurement of induction time for hydrate system with or without 

ionic liquids (LDHI) using High Pressure Kinetic Measurement 

Measurement of hydrate formation with High Pressure Kinetic Measurements. 

Using HPKM system to test the effectiveness of inhibitor in large volume. 

Report Writing 
Compilation of all research findings, literature reviews, experiments 

and outcomes into a final report 
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3.5 Project Activities 

The research project will be run in four stages as described below: 

 i. Selection of ionic liquids 

A systematic approach will be conducted by taking into account properties such as 

Chemical structure, toxicity, heat capacity, density, thermal conductivity, volatility,  

non-flammability, high thermal stability and the price of a group of ionic liquid.  

 

 ii. Measurement of hydrate formation with High Pressure Kinetic Measurement 

For each one of the cycles, the high pressure vessel is loaded with a known volume 

and mass of a liquid sample. Then, the vessel is injected with gas until a desired 

pressure is achieved. Due to solubility of gas in the aqueous phase, the loading of the 

gas is conducted at initial temperature 2 K higher than the hydrate equilibrium 

temperature at a specified pressure.   

          Throughout the experimental work, a decrease of pressure should be observed 

during this step suggesting that the dissolution of gas in the aqueous mixture is taking 

place. When the pressure regains stability, the temperature of the system is slowly 

reduced to 5 K below the hydrate equilibrium temperature of the system. The 

temperature will be maintained above 273 K to prevent the formation of ice instead of 

the gas hydrate. When the desired final temperature condition is achieved, the system 

is left for 2 to 3 hours to ensure that the clathrate hydrate formation is completed. The 

system is allowed to reach equilibrium, normally in about 2-3 hours while the 

pressure and temperature data are collected by the data acquisition system. 

 

iii. Determine the Induction Time of Hydrate Formation   

The experimental work to gain information on the induction time will be conducted 

with High Pressure Kinetic Measurement. Data collected will be analysed and plotted 

into a graph.     

                                                                                                                                                                                                                                                                                                                                                                                                  

iv.  Report Writing 

All data recorded during the experiments will be analysed and compiled together to 

prepare a final report. Useful information from journals, articles and any documents 

that were read and acquired are written down in the report and the FYP log book as 

well. 
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3.6 Example calculation for 1-Ethyl-3-methylimidazolium 

tetrafluoroborate,  EMIM BF4 at 0.1wt%  

 
Basis of 100kg solution : 

 

Mass of EMIM BF4  = 0.1 kg 

 

Mass of  H2O           = 99.9 kg 

 

 

Number of moles, n,   =  
                 

        
  

   

 

 

for EMIM BF4          = 5.051270395     
-4 

 

              = 0.505127039 mol 

Number of moles, n,    =
               

  
  

     

   

 

for H2O      = 5.55 k mol 

 

     = 5550 mol 

 

Moles Fraction,  ,    =  
               

                   
 

 EMIM BF4                    = 
                 

                           
 

 

     = 0.000091005 

 

 

# Moles Fraction  = Volume Fraction 

Therefore, 

 Volume Fraction,        =  
                       

             
 

 

Volume of EMIM BF4  =                                         

             = 130 ml    0.000091005 

 

             = 0.01183065 ml 

 

             = 11.83  l 

 

 

 

**Please view Appendix 3 - Volume calculation for 1-Ethyl-3-methylimidazolium 
tetrafluoroborate, EMIM BF4 at different concentrations (0.1wt%, 0.5wt% and 
1.0wt%)



 
 

19 

 

3.7 Gantt Chart for FYP 2 

Table 3.3: Gantt chart for the Second Semester Project Implementation 

Detail/ Week Sept Oct 2011 Nov 2011 Dec 2011 Jan 2012 

1 2 3 4 5 6 7  8 9 10 11 12 13 14 15 

Continue Experiment with HPKM with LDHI- ionic liquids at 

concentration (0.1 wt%, 0.5 wt% & 1.0 wt %) 
       

 

        

FYP 2 Log Book Recording        

 

        

Submission of Progress Report        

 

        

Experiment with DSC @ high pressure (with and without LDHI)                

Report Preparation                

Pre-SEDEX (Poster)                
Submission of Draft Report                
Submission of Dissertation & Technical Paper                

Oral Presentation                

Submission of Project Dissertation (Hard Bound)                
 

 3.6 Key Milestones and Dates 
  

a. Completion of Progress Report                                     25
th

 November 2011 

b. Completion of Poster                      9
th

 December 2011 

c. Completion of Dissertation & Technical Paper            23
th 

December 2011                             

d. Submission of Project Dissertation         4
th

  January 2012 

e. Oral Presentation           16
th

 January 2012 
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CHAPTER 4.0 

 RESULT AND DISCUSSION 

 

4.1 Experiments status and example of CO2 hydrates 

 

Table 4.1: Experiments start date. 

Experiments 25bar 30bar 35bar 

Without EMIM BF4 10
th
 Nov 2

nd
 Dec 22

nd
 Nov 

With 0.1wt % EMIM BF4 13
th
 Nov 5

th
 Dec 25

th
 Nov 

With 0.5wt % EMIM BF4 17
th
 Nov 10

th
 Dec 27

th
 Nov 

With 1.0wt % EMIM BF4 19
th
 Nov 14

th
 Dec 30th Nov 

With 10.0wt% EMIM BF4 - 29
th
 Dec - 

 

 

 

 

 

 

 

 

  

Figure 4.1: Example of CO2 hydrate 

formation in reactor @ 30bar 
Figure 4.3: CO2 

hydrate formation 

outside of reactor @ 

30bar 

Figure 4.2: CO2 

hydrate formation 

outside of reactor @ 

30bar 
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4.2 Results 

4.2.1 Data Analysis for experiments at pressure, 25bar and temperature, 2 ˚C 

 

 

 

 

 

 

 

 

 
 Figure 4.4: Without Ionic Liquid @ 25bar    Figure 4.5: With 0.1wt% EMIM BF4 @ 25bar 

 

 

 

 

 

 

 

 

 
 Figure 4.6: With 0.5wt% EMIM BF4 @ 25bar      Figure 4.7: With 1.0wt% EMIM BF4 @ 25bar 
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Figure 4.8: CO2 Hydrate Temperature VS Time @ 25bar 
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Figure 4.9: CO2 Hydrate Pressure VS Time @ 25bar 
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4.2.2 Data Analysis for experiments at pressure, 30bar and temperature, 2 ˚C 

 

 

 

 

 

 

 

 

Figure 4.10: Without Ionic Liquid @ 30bar    Figure 4.11: With 0.1wt% EMIM BF4 @ 30bar 

 

 

 

 

 

 

 

 

 

 

Figure 4.12: With 0.5wt% EMIM BF4 @ 30bar    Figure 4.13: With 1.0wt% EMIM BF4 @ 30bar
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Figure 4.14: CO2 Hydrate Temperature VS Time @ 30bar 

 

0

0.5

1

1.5

2

2.5

3

0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44

Te
m

p
e

ra
tu

re
 [

c]
 

Time [h] 

CO2 Hydrate Temperature VS Time @ 30bar 

Without ILs 0.1 wt% 0.5 wt% 1.0 wt%



 
 

26 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15: CO2 Hydrate Pressure VS Time @ 30bar 
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4.2.3 Data Analysis for experiments at pressure, 35bar and temperature, 2 ˚C 

 

 

 

 

 

 

 

 

Figure 4.16: Without Ionic Liquid @ 35bar    Figure 4.17: With 0.1wt% EMIM BF4 @ 35bar 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.18: With 0.5wt% EMIM BF4 @ 35bar    Figure 4.19: With 1.0wt% EMIM BF4 @ 35bar 
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Figure 4.20: CO2 Hydrate Temperature VS Time @ 35bar 
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Figure 4.21: CO2 Hydrate Pressure VS Time @ 35bar 
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4.3 Discussion 

 
The induction time is an important indicator to characterize the kinetics of gas 

hydrate cyrstallization.The induction time is the time elapsed until the moment at 

which the onset of precipitation can be detected, which is the sum of the time for 

critical nucleus formation and growth to detectable size.
[1]

 For heterogeneous 

nucleation, the nucleation rate depends on many factors, such as the cell wall 

roughness and the presence of impurities and particles in the sample, including the 

driving force. 

 

Isothermal mode experiments at 2˚C and pressure at 25bar, 30bar and 35bar 

are performed to study the induction time. Experiment with concentrations of 10.0 

wt% of EMIM BF4 is also used in these isothermal run at 30bar only. 

 

From temperature and pressure profile, we can see a rapid increase of 

temperature to a maximum  point because hydrate formation is an exothermic process 

(In thermodynamics, the term exothermic ("outside heating") describes a process or 

reaction that releases energy from the system, form of heat release). Meanwhile, the 

pressure decreases tremendously as gas is consumed during the hydrate formation 

process until it reaches the point where no more hydrate forms, then the pressure 

becomes almost constant again. 

 

 Kinetic inhibitors are typically used at concentrations of 1 wt% or less. 

Examples of Temperature and Pressure VS Time graph for each experiments are 

shown, demonstrating that the CO2 hydrate formation can be prolonged due to the 

presence of ionic liquid as inhibitors. Most of the experiments showed the effect of 

ionic liquid towards the CO2 hydrate formation. As we can see from the data records, 

0.1 wt% of EMIM BF4  has the least effect on the hydrate formation while the effect 

can be tracked as we increase the concentration to 0.5 wt% and 1.0 wt%.  

  

 

 

 

http://en.wikipedia.org/wiki/Thermodynamics
http://en.wikipedia.org/wiki/Energy
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4.4 Results on the induction time for all pressures and concentrations 

 

Table 4.2: Induction time of Carbon Dioxide hydrate Formation at various pressures 

 

Samples Range of induction time (hour) 

 25bar 30bar 35bar 

Pure Deionized Water 3.1 3.5 11.5 

0.1 wt% [EMIM] [BF4] 6.3 6.0 13.2 

0.5 wt% [EMIM] [BF4] 16.1 20.0 14.6 

1.0 wt% [EMIM] [BF4] 30.2 36.3 17.1 

wt%: weight percentage of inhibitors.  Temperature=275K  
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4.5 Data Analysis for additional experiment (10.0 wt% 

concentration) at pressure, 30bar and temperature, 2 ˚C 

It is of interest to test if the ILs can function as thermodynamic inhibitors 

(THIs) with the concentration at 10.0 wt%. Thermodynamic inhibitors are usually 

used at a concentration of 10.0 wt% or more while the kinetic inhibitors are usually 

used at a concentration of 1 wt% or less. 
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Figure 4.23: Concentration VS Induction time for CO2 Hydrate Formation 

Figure 4.24: With 10.0 wt% EMIM BF4 
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Figure 4.25: CO2 Hydrate Pressure VS Time (including 10 wt%) 

Figure 4.26: CO2 Hydrate Temperature VS Time (including 10 wt%) 
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Since the induction time of the sample containing 10.0 wt% EMIM BF4 is the 

longest, the data is compared with the other experiments‟ results at different 

concentrations with specific pressure. Based on the experiments done for CO2 

Hydrate, the graphs above show that higher concentration of EMIM BF4 increases the 

induction time, which is desirable. 

 

The result for 10 wt% concentration of EMIM BF4 towards CO2 Hydrate is the 

difference in induction time when 10% EMIM BF4 is used to inhibit the formation of 

CO2 Hydrate is small.  Thus, higher concentration  such as more than 10 wt% doesn‟t 

have the great effect as a thermodynamic inhibitor. 

  

 

Table 4.3: Induction time of Carbon Dioxide hydrate Formation at various pressures 

 

Samples Range of induction time (hour) 

 25bar 30bar 35bar 

Pure Deionized Water 3.1 3.5 11.5 

0.1 wt% [EMIM] [BF4] 6.3 6.0 13.2 

0.5 wt% [EMIM] [BF4] 16.1 20.0 14.6 

1.0 wt% [EMIM] [BF4] 30.2 36.3 17.1 

10.0 wt% [EMIM] [BF4] - 48.0 - 

wt%: weight percentage of inhibitors.  Temperature=275K  
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Figure 4.28: Concentration VS Induction time for CO2 Hydrate Formation (including 10 wt%) 

Figure 4.27: Induction time of CO2 Hydrate Formation(including 10 wt%) 
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CHAPTER 5.0 

 CONCLUSION AND RECOMMENDATION 

5.1   Conclusion 

Based on the preliminary study done, the following conclusions can be made: 

 

 A fundamental knowledge on formation of gas hydrates within the hydrate 

formation region at low temperature and high pressure condition was built. 

 Experiments were conducted with various concentration (0.1 wt%, 0.5 

wt%, 1.0 wt% and 10.0 wt%) of ionic liquid at different pressure (25bar, 

30bar and 35bar). 

 A better understanding on Ionic Liquids as LDHI has been achieved. 

 

For the result, the induction time of CO2 hydrate formation at 25bar from 

samples containing 0.1 wt% is about 6hours, 0.5 wt% is about 16hours and 1.0 wt% is 

about 30hours. While for experiments at 30bar, the induction time for concentration at 

0.1wt% is about 6hours, 0.5 wt% is about 20hours, 1.0 wt% is about 36hours and 10.0 

wt% is about 50hours. Lastly for experiment at 35bar, the induction time for 

concentration at 0.1 wt% is 13hours, 0.5 wt% at 14hours and 1.0 wt% is about 

17hours. 

Through the experiments, the learning of hydrate behaviour condition and the 

driving force based on the CO2 phase equilibrium is important to determine the 

starting time for data recording. KHI retards gas hydrate formation and elongates the 

induction time at low dosages of 1 wt%. 

The study of the effect of concentration on induction time shows that with 

higher concentration than 1 wt% such as 10 wt%, does not have much difference in 

retarding the hydrate formation as well as the total prices for purchasing the ILs. 

In general, the development of ionic liquids as low dosage hydrate inhibitor 

(LDHI) can reduce the amount of chemical used for conventional hydrate inhibition 

method in pipeline. In addition, the environment impact will be reduced since ionic 

liquid is known as a green technology chemical. As a result, it will save up lots of 

operation cost (CAPEX & OPEX) and reduce safety hazards. 
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5.2 Recommendation for Future Works Expansion and Continuation 

 

 

 

 

 

 
  

 

 

 

 

 

 

 

 

 Use a bigger stirrer to create stronger stirring force (vibration) in the sample 

as hydrate formation rate will be faster. An alternative stirrer option will be 

the vertical stirrer which is the best mixing method for hydrate formation 

experiment. (Figure 5.1) 

 Use less amount of liquid to make sure the whole medium is exposed instead 

of only the surface of the liquid. 

 Calibration for the thermocouple needed to be done since there is some error 

with the temperature readings. 

 A lower height of magnetic stirrer plate should be considered for the ease of 

setting up the HPKM system during experiment or manufacture a proper lift 

up jig for the reactor so that both thermostatic bath and magnetic stirrer plate 

can be placed below it. (Figure 5.2) 

 System will be carried on with various class and type of ionic liquids as 

LDHI.  

 Experiments should be conducted at higher pressure range from 70-150bar for 

a faster hydrate formation rate. 

 Create a cover (thermal insulator) on top of thermostatic bath in order to 

reduce any heat loss or unwanted heat transfer with the surrounding air or a 

much proper thermostatic bath medium instead of plastic container. 

 Future experiment can be done with High Pressure Differential Scanning 

Calorimeter (DSC) which is more precise in data recording for data 

comparison. 

 

Figure 5.1: 2 different sizes of 

magnetic stirrers. 

Figure 5.2: Difficulties to place both thermostatic 

bath and magnetic stirrer plate below the reactor. 
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APPENDICES 

 

Appendix 1 Comparison of Properties of Ice, sI and sII Hydrates 

Appendix 2 Volume calculation for 1-Ethyl-3-methylimidazolium tetrafluoroborate, 

 EMIM BF4 at 0.1wt%, 0.5wt% and 1.0wt% concentration. 

Appendix 3 Illustration of hydrate formation and disassociation process 

Appendix 4 Material Safety Data Sheet (MSDS) from MERCK for EMIM BF4 
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Appendix 1 
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Appendix 2 

Volume calculation for different concentrations (0.1wt%, 0.5wt% & 1.0wt%) of 

1-Ethyl-3-methylimidazolium tetrafluoroborate,  EMIM BF4 

 

i.     At 0.1 wt% of EMIM BF4   

 

Basis of 100kg solution : Mass of EMIM BF4  = 0.1 

kg 

Mass of  H2O           = 99.9 

kg 

 

Number of moles, n,   =  
                 

        
  

   

 

for EMIM BF4              = 5.051270395   

  -4  
k mol     = 

0.505127039 mol 

 

Number of moles, n,    =  
               

  
  

     

 

for H2O      = 5.55 k mol 

      = 5550 

mol

 

Moles Fraction,  ,    =  
               

                   
 

 EMIM BF4                    = 
                 

                           
 

     = 0.000091005 

 

 #  Moles Fraction  = Volume Fraction 

 

 Volume Fraction,        =  
                       

             
 

Volume of EMIM BF4  =                                         

             = 130 ml    0.000091005 

             = 0.01183065 ml 

             = 11.83  l 

 

 

ii.     At 0.5 wt% of EMIM BF4   

 

Basis of 100kg solution : Mass of EMIM BF4  = 0.5 

kg 

Mass of  H2O           = 99.5 

kg 

 

Number of moles, n,   =  
                 

        
  

   

 

for EMIM BF4              = 2.525635197   

  -3  
k mol     = 

2.525635197 mol 

 

 

Number of moles, n,    =  
               

  
  

     

 

for H2O      = 5.5277778 k mol

      = 

5527.7778 m

Moles Fraction,  ,    =  
               

                   
 

 EMIM BF4                    = 
                  

                                  
 

     = 0.00045669 

 

 #  Moles Fraction  = Volume Fraction 

 

 Volume Fraction,        =  
                       

             
 

Volume of EMIM BF4  =                                         

             = 130 ml    0.00045669 

             = 0.05936972187 ml 

             = 59.37  l 
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iii.    At 1.0 wt% of EMIM BF4   

 

Basis of 100kg solution : 

 

Mass of EMIM BF4 = 1.0 kg Mass of H2O           = 99.0 

kg

 

 

Number of moles, n,   =  
                 

        
  

   

 

for EMIM BF4              = 5.051270395   

  -3  
k mol     = 

5.051270395 mol 

 

 

 

Number of moles, n,    =  
               

  
  

     

 

for H2O      = 5.5 k mol 

      = 5500 

mol

 

Moles Fraction,  ,    =  
               

                   
 

 

 EMIM BF4                    = 
                  

                            
 

 

     = 0.00091757 

 

 # Moles Fraction  = Volume Fraction 

 

 Volume Fraction,        =  
                       

             
 

 

Volume of EMIM BF4 =                                         

 

            = 130 ml    0.00091757 

 

            = 0.1192841118 ml 

 

            = 119.28  l 

 

 

 

 

 

 0.1 wt %  EMIM BF4 0.5 wt %  EMIM BF4 1.0 wt %  EMIM BF4 

Volume of Ionic 

Liquid, EMIM BF4   

(130 ml H2O) 

11.83  l 59.37  l 119.28  l 
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Appendix 3 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Source: Sloan Jr., E.D. and Koh, C.A., 2007. Clathrate Hydrates of 

Natural Gas, third ed., CRC Press, Boca Raton 
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Appendix 4 

Material Safety Data Sheet (MSDS) from MERCK for EMIM BF4 


