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ABSTRACT

QURESHI, M. FAHED, AZIZ, Doctorate :June : [2018]
Doctorate of Philosophy in Chemical Engineering

Title: Prospects of Amino Acids and lonic Liquids as Natural Gas Hydrate Inhibtiors for

Offshore Flow Assurance

Supervisor of Dissertation: Majeda, Khraisheh.

Gas hydrates are ice-lke compounds that are formed when small gas molecules
get trapped within the water molecules at high pressure and low-temperature conditions.
The formation of gas hydrates in the offShore subsea lines can lead to unwanted
blockages and cause operations shut down. To prevent hydrate formation the chemical
inhibitors like methanol and mono-ethylene glycol (MEG) are njected at the wellhead.
But, the major drawbacks of using these inhibitors is that they are toxic, flammable, have

environmental constraints and are required in bulk quantities (> 30 wt%).

In this work, for the first time, a comprehensive experimental study on the use of
amino acids and ionic liquids as the natural gas hydrate inhibitors in the presence of
synergent (PEO) have been conducted at wide process conditions (38-120 bars). The
results show that the selected amino acids and ionic liquids exhibit dual functional
behaviour by providing the temperature shift of around 1.5-2.3 °C and delaying the
hydrate formation time from 0.5-1.5 hr. By the addition of synergent (PEO) with ammno

acids and ionic liquids, the hydrate formation time was delayed by 6 - 24 hr.



The ionic liquids with shorter cationic alkyl chain and amino acids with higher
solubility were observed to provide better hydrate nhibition effect. The mhibitors tend to
show better hydrate inhibition effect at low pressures (40 bars) and their inhibition effect
decreases as the pressure rises. At the same concentration (10 wt%), the ammonium-
based ionic liquid [EA][Of] provided the mhibition effect similar to MEG and at the
higher concentration (20 wt%) the amino acid glycine provided better hydrate mnhibition
effect than the MEG. This indicates that both amino acids and ionic liquids are potential
gas hydrate mhibitors, but ammo acids and their synergent mixtures are more suited for

the large-scale usage due to their biological nature and widescale production.

The effect of stiring on the hydrate crystal formation at different stirring rates
(100-1400 RPM) was also investigated. It was found that a threshold limit exists for the
stirring rate, above and below which no hydrate formation is likely to occur within the
selected system. The maximum hydrate crystal formation occurs at moderate stirring
rates and very high or low stiring rates are not suited for the stable hydrate crystal

growth and formation.

This work mtends to provide industry with new generation of inhibitors that are
cost effective, environmentally benign and offer strong hydrate mhibition strength. This
work is beneficial for the industry and academic researchers as the required dosage of

hydrate inhibitors has been reduced from 40 wt% to 5 wt%, which helps to reduce the



overall CAPEX cost and reduce environmental concerns related to the disposal of the
hydrate inhibitors. This work offers new arena of research in the area of hydrate
mhibitors + synergents mixtures. These mixtures are effective and have potential to

replace conventional hydrate inhibitors like methanol and MEG
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CHAPTER 1: INTRODUCTION

Over the past decades, the offshore exploration and production of natural gas
has increased all over the globe due to rising demand in the supply of natural gas and
presence of rich oil and gas reserves in the oceans. Natural gas is widely used in many
industrial processes as it causes fewer pollution problems and also produces less CO,
emission in comparison to oil and coal. ! This is the main reason that many power plants
have been converted from coal to natural gas and many vehicles across the globe have

been converted from petrol to natural gas fuel.

It is estimated that one-third of total oil and gas global demand is met from
offshore sources and the demand for the natural gas fuel will increase significantly over
the next decade.? Therefore, the natural gas exploration needs to be carried out in deep
oceans and permafrost region, where high pressures and lower temperature conditions

are common, leading to the major flow assurance issues [Figure 1-1].
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Figure 1-1: A typical offshore oil and gas production facility ( taken from Barrette 3)

The flow assurance is considered to be a major challenge in the offshore
exploration and production. In a simple terminology, the flow assurance focuses on the
entire production life cycle from the reservoir to the refining unit to ensure the smooth
transfer of hydrocarbons from the reservoir to the refinery without any interruption.?
According to Hill, et al. >, the term flow assurance actually refers to the practice of
ensuring that the production fluids are transported from the wellhead to the production

facility without any hindrance or obstacle.



Hill, et al. >, stated that the major flow assurance issues involve plugging and
blockages in the pipelines as result of the formation of hydrates, waxes, and asphaltenes
in them. In a study involving 50 senior flow assurance experts from different industries,
the formation of hydrates was identified as the major threat to the flow assurance.®
These crystalline compounds tend to easily form in the subsea lines and can lead to the

blockages in the subsea lines.’

Figure 1-1, shows a typical offshore facility where hydrate formation is likely to
take place. According to Sloan, et al. &, the hydrate formation is likely to occur in the free
water, just downstream of water accumulation, where the change in the flow geometry
takes place ( such as a bend in the pipeline or restriction across the valve) or at other
free sites where hydrates can get the place for nucleation. Sloan, et al. 8, stated that the
formation of hydrate plugs take place during momentary operations such as operational
start-up, operational shut-in, restart of the system after an emergency or when the free

water is present in the pipeline due to the failure of the dehydrator or inhibitor injection

pump.

Kinnari, et al. °, also stated that the hydrate formation is most likely to occur
during operations shut in, when inhibitor delivery pumps are not functioning well or
when the water content in the subsea lines is high.® Aminnaji, et al. 1°, stated that the

blockage in pipelines due to hydrate formation can also occur in some cases due to



underestimation of water cut production, unplanned shut-in or inappropriate inhibitor

injection method.*°

Sloan, et al. 8, also highlighted that the oil-dominated systems due to higher heat
capacity are less likely to suffer from hydrate plugs in comparison to the gas-dominated
system. The oil production flow lines are well insulated, which allows maintaining flow
line temperature as high as possible. In comparison, the gas dominated system tends to
cool more rapidly and requires the injection of hydrate inhibitors for the prevention of

hydrate plugs.

The major cause of concern for the hydrate formation occurs during the plant
shutdown. During the shutdown period, the pipeline fluid tends to cool down to the
seabed temperature, which can lead to hydrate formation unless the pipeline is
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depressurized. According to Kanu, et al. =~, the hydrate formation can also occur also in

. 12, the other

the multiphase flow of oil and gas systems. *! According to Teixeira, et a
major concern of hydrate formation occurs at the point of depressurization. As the gas
extracted from the offshore reservoir carries extremely high pressure that pipeline may
not be able to support. Therefore, the gas must be depressurized prior it is diverted

towards the pipeline and the depressurization can lead to the reduction of temperature

facilitating the formation of hydrates.



1.1 Hydrate Structures & Properties

Natural gas hydrates are solid, non-stoichiometric compounds that are
composed of small gas molecules and water.*®> The formation of hydrates occurs when
smaller gas molecules like methane or ethane get trapped within the micro-cavities of
water molecules at low temperature and high-pressure conditions. Physically, these
compounds are non-flowing crystalline solids that are heavier than typical fluid
hydrocarbons.'* The gas hydrates were discovered in 1810 by Sir Humphry Davy when
during experiments he observed that solution of chlorine in gas froze more rapidly

compared to pure water.

1518 show that gas hydrate exists in three typical structures

Figure 1-2, the X-ray analysis
such as cubic structure | (sl), cubic structure Il (sll) and hexagonal structure H (sH).!” The
small gas molecules such as CHy4, and CO, form sl cubic structure, the C3Hg and iso-C4H1g

form sl cubic structure and larger molecules form hexagonal structure (sH) l. The

structures Sl and Sll are most likely to occur in the industry.

The hydrate cluster formation occurs when small (< 0.9 nm) guest molecules like
CH4 or CO, get in contact with water molecules at ambient temperature (less than 300
K) and moderate pressure (more than 6 bars). These small guest molecules are en-caged
in the hydrate clusters via hydrogen-bonded water cavities in these non-stoichiometric
structures. The repulsion caused by these guest molecules opens different sizes of water

cages, which come together to form a cubic crystal structure.
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Figure 1-2: Gas Hydrate crystal structures (taken from Sulaimon and Tajuddin '®)

Table 1-1, shows the hydrate crystal structure properties. The cubic structure sl
dominates the earth’s atmosphere and contains small guest molecules (0.4-0.55 nm).
The structure sll contain larger guest molecules (0.6-0.7 nm) and the structure H
contains mixtures of both small and large guest molecules (0.8-0.9 nm). The guest
molecules smaller than 0.4 nm (Ar, Kr, O,, and N») are likely to form structure sll. The
comparison between the properties of ice and hydrate structure | & Il is shown in
Table 1-2.

In all three structures of gas hydrates, there is only one guest molecule that lies

within each cage [Table 1-1]. However, at very high pressure it’s likely to have multiple
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cage occupancy with small guest molecules like hydrogen or noble gases. The three
crystal structures have similar components concentrations: 85 mol % water and 15 mol
% gas molecules. It is known that the hydrate formation occurs at the interface between

the bulk guest and aqueous phases.

Table 1-1: Showing Hydrate crystal structure properties (data taken from Sloan ')

Hydrate Crystal | Il H
Structure
Cavity Small Large Small Large Small Medium Large
Dimension 5" 5126 52 5%* 5V 4’s%* 516"
Number of cavities 2 6 16 8 3 2 1
per unit cell
Average cavity 3.95 4.33 3.91 4.73 3.917  4.067 5717
radius (A)
Coordination 20 24 20 28 20 20 36
number*
Number of waters 46 136 34
per unit cell
Guest Molecule Methane, Ethane, Propane, Iso- Methane + Neo-hexane, Methane
Carbondioxide butane etc + Cyclo-pentane
etc

* Number of oxygen at the periphery of each activity
ooEstimate of structure H cavities from geometric models

The flow assurance issue caused by natural gas hydrates takes place as a result

of slow cooling of oil and gas in the pipeline or due to rapid cooling as the result of



depressurization in the valves installed on the pipeline or other offshore units. *° The
key conditions which lead to the formation of the gas hydrates in the oil and gas
pipelines include the presence of water and components, the low temperature, the high
pressures and other prompting factors like high fluid velocities, agitation, pulsations or

any other source of fluid turbulence.?.

The comparison of the properties of ice, hydrate structure | and hydrate
structure Il is shown in Table 1-2. The section 2.4will discuss the effect of agitation on
the rate of hydrate formation, from the perspective of natural storage and

transportation



Table 1-2: Comparison of the properties of ice, hydrate structure I, structure Il (data

taken from '*-°)

Property Ice Hydrate Hydrate
Structure Structure
I II

Water Molecule Number 4 46 136

Lattice parameters at 273 K, nm A=0.452, 1.20 1.73

c¢=0.736

Dielectric constant at 273 K 94 ~58 58

Water diffusion correlation time, 220 240 25

us

Water diffusion activation 58.1 50 50

energy, bindkJ/m

Isothermal Young’s modulus at 9.5 ~8.4 ~8.2

268 K, 10’ Pa

Poisson’s ratio 0.33 ~0.33 ~0.33

Bulk modulus (272 K) 8.8 5.6 N/A

Shear modulus (272 K) 3.9 2.4 N/A

Compressional velocity (V,),m/s  3870.1 3778.0 3821.0

Shear velocity (V,), m/s 1949 1963.6 2001.1

Heat Capacity, J kg' K™ 3800 3300 3600

Thermal conductivity (263K), W 2.23 0.49 £0.02 0.51 +

m' K' 0.02

Density, Kg m™ 916 912 940

1.2 Hydrate Plugging and Offshore Flow assurance

In deep sea water the temperature is much cooler than the surface air
temperature, if there is no thermal insulation layer surrounding the pipe wall, the
hydrocarbon fluid heat can be easily lost to the sea water. This is the most likely case

when the water current surrounding the submerged sea water pipeline is strong. 2

When the subsea pipeline is not well insulated the heat transfer coefficient is
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high due to forced convection by the sea water movement. This lowers the fluid
temperature inside the pipeline causing the formation of hydrate and blockage of the
flow. If the fluid temperature in the pipeline drops low enough the formation of wax

occurs and it starts depositing on the pipe wall.?

Generally, in the deep sea water, the pipeline is followed up by a riser, which
tends to go from the bottom of the sea to the surface processing facilities [Figure 1-1].
The deeper the water, the longer is the production riser. The longer the production
riser, the higher the pipeline operating pressure should be due to hydrostatic head in
the riser. Therefore, for the same fluid temperature, the higher operating pressure may
lead to the formation of the hydrate slug, which may be proportional to the length of

the riser. 2%,

Figure 1-3, shows the formation of the hydrate plug in the pipeline. According to
Makogon 2%, the hydrate plugging in the pipeline can cause operation shut down and it
can take weeks for the plug removal in the offshore gas pipeline. 22 This is likely to cause
financial losses and maintenance issues. In the worse cases, the formation of hydrates

can cause a rupture in the pipeline and post a safety threat to nearby operators.

As shown in Figure 1-3, the formation of hydrates reduces the internal diameter

of tubular piping and restricts the flow of hydrocarbons across the pipelines. The
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formation of hydrates also increases the surface roughness of the pipe wall, increases
the pumping pressure, reduces the flow throughput, causes accumulations in the
process vessels and storage tanks and cause interference with the valve operation and
instrumentation.?® Generally, the hydrate formation is likely to occur due to the
presence of free water in the pipeline, drop of pipeline temperature to 4°C or lower and

higher operating pressure of up to 12 bars.?

Figure 1-3: Gas Hydrate plug formation inside pipeline (Excerpted from Makogon %2,

Boschee ** and Bratland ) courtesy BP, Petro-bas, SPE and Offshore Engineering.
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Figure 1-4, shows the hydrate formation mechanism proposed by Lederhos, et al. 2®
According to Lederhos, et al. 2°, the hydrate formation process consists of four key
stages. Initially, the temperature and pressure parameters exist within the hydrate
formation zone, however, no gas molecules dissolve within the water may be due to
lack of driving force. But as the temperature goes further down or pressure increases,
the water and gas molecules interact and form small clusters [B]. At the interval [B], the
newly formed hydrate clusters are unstable. These small clusters can either further

grow into metastable hydrate cells or may dissociate back into gas and water [Figure 1-

4]

' @9
Cb + Gas
A, Initial Condition B. Labile Clusters Ebﬁgglh:r:;:adou ?I;dPGdg;?’h Nucleation
Pressure and temperaturs Upon dissolution of gas o clust .
in hydrate forming region, in water, labile clusters agglomerate by sharing When the size of cluster
but no gas molecules form immediately faces, thus increasing agglonterates eachesa
dissolved in water disorder critical value, growth begins

Figure 1-4: Mechanism of the hydrate formation (taken from Lederhos, et al. %®)

12



However, if the conditions permit, these clusters tend to agglomerate and form
metastable hydrate unit cells [C]. Then may be due to stochastic process (via Brownian
motion) these metastable hydrate unit cells may grow larger in size at a slower pace
until they reach a critical size. Once these metastable hydrate unit cells reach a critical
radius, they tend to grow spontaneously at much faster rate [D]. This period of faster
hydrate growth is known as the interval of catastrophic hydrate growth. It is the period
of catastrophic hydrate growth which considered as the main cause of plugging in the

pipelines [Figure 1-4]

Sun and Firoozabadi 27, proposed that the surface of the hydrate is intrinsically
hydrophilic and a tinny layer of liquid water film lie on the hydrate surface which causes
the occurrence of a capillary bridge between hydrate particles.?’ It is the capillary force
that is liable for holding the hydrate particles together and causes agglomeration which

causes plugging in offshore subsea pipelines.*® °

The gas hydrate plugging issues have been reported in many fields and most
incidents reported in the literature correspond to gas-dominated fields. The hydrate
formation is frequently reported in the Caspian Sea, the North Sea and permafrost
regions like Alaska, where crude oil is transferred under high pressures and low
temperatures conditions, causing the formation of hydrates and subsea line blockages.
30 |n the Gulf of Mexico, where the drilling operations are conducted at the water depth

of 3 Km, the pressure tends to go as high as 300 bar, and the temperature can go down
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to 2—4 °C, leading to the formation of in pipelines.3! In the middle-east region, the risk of

hydrates formation is a threat during the winter months.>?
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Figure 1-5: The major flow assurance issues in the subsea tie back system [Courtesy BP].

(taken from Arnold *)

Severe hydrate plugging issues have also been reported in the >20 miles subsea
tieback [Figure 1-5] in the Gulf of Mexico 3 in gas injection line in Gulf of Guinea 3 an
export gas pipeline in the Gulf of Mexico 3, and main gas export pipeline from Pompano
platform 3¢, BP (British Petroleum) also reported hydrate blockage in a 16-in jumper

connecting the Atlantis gas export line to the Mardi Gras gas transport system in the
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Gulf of Mexico. Chevron also reported the hydrate blockage issue in the gas condensate

well in offshore South America. 3’

The hydrate plugging issue was also reported in the
Statoil offshore gas field in the Barents Sea as well.>® In addition to that, the formation
of gas hydrate is also considered the cause of Deep Water Horizon rig explosion in the
Gulf of Mexico in 2010.2° Therefore, annually the oil and gas industry spends over a

billion US S on the hydrate prevention procedures that include the use of large dosages

of chemical thermodynamic hydrate inhibitors.*°

1.3 Hydrate Inhibitors

The hydrate inhibitors can be classified into three categories which include
thermodynamic hydrate inhibitors (THIs), kinetic hydrate inhibitors (KHIs) and anti-
agglomerants (AAs). The THI function by shifting the hydrate liquid-vapour equilibrium
(HLVE) curve to lower temperature or unfavourable conditions. The KHIs function by
slowing down the hydrate formation or kinetics of hydrate nucleation. The AAs do not
interfere with thermodynamics or kinetics of hydrate formation, they are just dispersing
agent and they prevent the growth of the hydrate plugs. These anti-agglomerates (AG)
prevent hydrate crystals from growing larger in sizes, but do not inhibit the hydrate
formation.**
1.3.1 Thermodynamic Hydrate Inhibitors

The common industrial practice for preventing the risk of hydrate formation
involves the use of thermodynamic hydrate inhibitors (THIs) like methanol or mono-

ethylene glycol (MEG).These THI prevent the risk of hydrate formation by shifting the
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hydrate liquid vapour-liquid equilibrium (HLVE) curve to lower temperatures.** These
THIs tend to be hydrophilic compounds that are required in high concentration (> 30
wt%) in the liquid phase in order to bind strongly with the water molecules and reduce

water molecules fugacity and potential activity.*?

As THIs are required in high concentration, they can also be classified as high
dosage inhibitor. Some other examples of THI include di-ethylene glycol (DEG), tri-
ethylene glycol (TEG), small chain alcohols like ethanol and hydrophilic inorganic salts
like NaCl and KCI. The effectiveness of most THI does not rely on the temperature and
they can be used over a wide range of temperatures, with exception of TEG and DEG

which can cause problems at lower temperatures. ?

Normally, the oil, and gas industry injects THIs like mono-ethylene glycol into the
flowing stream at the wellhead to reduce the water available for the solid hydrates. * For
example, mono-ethylene glycol is added to the wellhead in proportional to the water
flow rate to prevent the hydrate formation in subsea lines. The MEG is widely used as
the THI due to its favourable features like low losses to vapour phase, low solubility in
condensate phase, high depression of water freezing point, high depression for gas
hydrate formation temperature and ability to weaken the corrosion potential of water.
43

As shown in Figure 1-6, the thermodynamic inhibitor MEG function by shifting

the hydrate HLVE curve to lower temperature conditions and prevent the hydrate
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formation by adhering with free water molecules in the subsea line. The MEG tends to
get contaminated with water molecules and impurities present in the subsea line
(aqueous MEG contains at least 25 wt% of water and salts) and it comes out the onshore
facility as the Rich-MEG. Due to the high cost of replacing a large amount of THI, the

Rich-MEG needs to be recycled in the special MEG recovery units. *3
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Figure 1-6: The pure methane Hydrate Vapor-Liquid Equilibrium (HVLE) points at

different pressure conditions.
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On the onshore MEG recovery units, the MEG is de-contaminated and recycled
back towards the wellhead as the Lean-MEG to be injected again in the subsea lines.
However, the recycled Lean-MEG (80 wt% of MEG) loses its potential to adhere with
free water molecules over the period of time and it needs to be replaced with the new

MEG. 43

The THIs like MEG work well, but as mentioned above they are required in bulk
quantity ( = 30 wt%), making them environmentally prohibitive.44 Also, many storage
and disposal issues are associated with them. Therefore, by reducing the required
dosage of hydrate inhibitors and reducing their negative environmental impact, a

potential environmental and economic advantage can be achieved.

It was reported by Sloan !, that annually the industry spends over 200 million
USS on the purchase of THI like methanol to prevent hydrate formation. Also, a large
sum of money is required to develop and maintain methanol storage facility on offshore
plate forms and financial penalties need to be paid for the methanol contaminations (>
50 ppm) in refinery feedstocks. ! This is the main reason that industry interest has
shifted towards the use of kinetic hydrate inhibitors (KHI).*! The appealing factor for the
industrial usage of KHIs is that there is no need for recovery of KHIs if they meet
environmental constraints and are cost effective. This can help to save the cost of

building and maintaining inhibitor recovery and separation units.
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1.3.2 Kinetic Hydrate Inhibitors

The low-dosage hydrate inhibitors (LDHI) in the form of kinetic hydrate inhibitors
are gaining wide attention due to their ability to provide hydrate inhibition at very low
dosages ( < 1 wt%) and the appealing factor that there is no need to recover these
inhibitors after usage provided they meet environmental constraints and are cost
effective.*> The KHIs is also being used together with THI to reduce the large quantity of
THI required to provide the necessary hydrate inhibition and also it is reported that

these KHI does not need to be recycled, which helps to reduce the CAPEX cost.*®

The KHIs tend to adhere to the initial hydrate nucleating particle and retard the
further nucleation and growth of hydrate particles. The temperature does have an
effect on the inhibition performance of the KHI, as low temperatures can affect the anti-
nucleating action of these KHIs However, these KHIs don’t require the presence of liquid

hydrocarbons with water in order to be effective. 43

The first commercial kinetic hydrate inhibitors (KHI) used for hydrate inhibition
were the homo and copolymers of N-vinyl lactams such as N-vinylpyrrolidone (VP) and
N-vinyl caprolactam (VCap).*’ It was also observed that these polymers function well
and provide good kinetic inhibition performance when used in combination with
solvents like glycol ether and mono-ethylene glycol.*® It has been observed that by
increasing the lactam ring size the kinetic inhibition performance of these KHI increases.

% The actual mechanism of hydrate inhibition by kinetic hydrate inhibitor is still not
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clear. However, there are some hypotheses reported regarding the inhibition

mechanisms of the kinetic hydrate inhibitors reported in the literature previously.

King Jr, et al. °°

, proposed that KHI tend to function by adhering on the surfaces
of growing hydrate crystals (sub-critical or super-critical size), which inhibits and
prevents the further growth of hydrate crystals.’® Lederhos, et al. %, also proposed that
the KHI like polymers tend to absorb on the hydrate surface and block the further

growth of the hydrate crystals. According to Lederhos, et al. 2®

, suggested that the KHI
extends its network between the small and stable hydrate particles and block the most
active growth sites of the hydrate crystals. This prevents the further growth of the

hydrate crystals. However, this proposed mechanism is different from the mechanism

proposed by Storr, et al. >

According to Storr, et al. °%, instead adhering on hydrate crystal surface, the KHI
inhibitors adhere on the surface of the “foreign” particles that would otherwise act as a
site for heterogeneous hydrate nucleation.”® However, based on the molecular

simulation observations a different mechanism was proposed by the Long, et al. >

Long, et al. >, based on the simulation observation, proposed that perturbation
of liquid water structure by the KHI prevents the growth of hydrate crystals to the
critical cluster size or destabilizes the partially formed hydrate clusters completely.>?

Figure 1-7, shows the illustration of both perturbation inhibition and the adsorption
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inhibition mechanisms of the KHI.

@ - Guest molecules
@+ Kinetic Hydrate Inhibitor
Hydrogen Bond
0_ B . R
gl ol @ ® b g, 7%
| 0% Ty PR Jo palay o —
L - . R g o L v X A
% o M, T = ]
] Ic-i % , . B ot o R ’-_'*‘@',,_ 3y 9 3n .“’0 ; {. e
= rrl x H -] i "-_, _‘r) - .
& { eb-oy Wy Sy ! Inhibitor molecules ’Tl ® Disturbance caused
2 | oad 4¥ adsorbed on the . by the inhibitor
£ - ot hydrate crystal N ~@  molecules in the
} o P S R ‘1 A water structure
| L e ¥ -9 . @
A, gt ’ -
| Vv v e v/
\ e H
.Y ¥ - : " ag¥
. ,9.__,* 0. Y gt .Y ot
© o, e ’,'i.. Y ¢ e e o 5.’.
£ | At B e g i® L B agrik ©
RS 74t o-gli%e -y &Y
-4 P SR RmE
§ ’I Y5 o » L - -2,"% P
3 ey ol i . S
g e, . o,
g = ke
\ 2 9, o,
Adsorption Inhibition Perturbation Inhibition
Hydrate foml;ttiﬂn without Hydrate formation in Kinetic
Inhibitor hydrate inhibitor

Figure 1-7: Kinetic hydrate inhibition mechanisms reported in the literature (taken from
Kakati, et al. >°)

1.3.2.1 A new class of kinetic hydrate inhibitors (KHIs)

The ionic liquids (ILs) are considered as the new class of kinetic hydrate inhibitors that
are well known as dual-functional inhibitors. >* They are classified as organic salts that
can exist in a liquid phase at the ambient temperature. The tunable nature of ionic
liquids allows designing them as environmentally friendly compounds by carefully
selecting the right combination of cation and anion. The ILs have negligible vapour

pressure and higher decomposition temperature.?’s 28
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Many studies have deemed them as “environmentally friendly inhibitors” > The
ILs can be categorized as aprotic and protic ILs.>® The aprotic ILs are considered to be
classic or traditional ILs and the protic ionic liquids (PILs) are relatively new class of ionic
liquids that are gaining wide attention due to their excellent electrolytic properties and

low-cost compared to classic ILs.

Amino acids are biological compounds containing amine (-NH,) and carboxylic
acid functional groups (-COOH) that naturally exist in nature and are manufactured on
large scale. They can also be considered as a new class of KHIs, which have been
previously used as environmentally friendly corrosion inhibitors > In comparison to ILs,
the amino acids are manufactured on a larger scale and their usage as hydrate inhibitors

can be more economical and environmentally suited.

In this dissertation, both amino acids and ionic liquids have been tested as the
THI and KHI on the pure methane gas and its mixture with and without the presence of
synergents at wide process conditions. The synergents were added with amino acids
and ionic liquids, to reduce their required dosage and test if these synergents can help
to improve the overall hydrate inhibition effect of both amino acids and ionic liquids.
The hydrate inhibition results obtained for both amino acids and ionic liquids were then

compared with the hydrate inhibitors reported in the literature.
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1.4 Research Objectives

Qatar has the world’s third-largest reserves of natural gas which is estimated at
885 trillion cubic feet and LNG exports of around 77 Million meteric tones (MMT)
annually.”® Normally, due to its warm climate the gas hydrate formation was considered
an unlikely event in Qatar. However, hydrate formation can also occur at the warm
temperature of around 35 °C, if the high pressure and high water contents are present

within the pipeline*?

It is also important to mention that Qatar natural gas reserves are located 80 km
offshore North Field and the reliable supply of Qatar Liquefied natural gas (LNG) relies
on the continuous flow from offshore wellheads to onshore processing facilities.
According to Mohamed °°, the Qatar Oil and Gas industry also faced hydrate formation
threats between the period 2011 and 2013 which lead to un-expected production shut
down. Therefore, this theses work intents to develop knowledge and facilitate the on-
going research work in the area of hydrate prevention and mitigation. This dissertation
provides a new insight into the chemical compounds that have a potential to act as a
hydrate inhibitor. All the dissertation findings are backed by the strong experimental
evidence and a good comparison with the literature results has also been provided.
Following are the key research objectives of this Ph.D. dissertation:

i. Analyze the potential of using pyrrolidinium based ionic liquids as hydrate
inhibitors and study the effect of different anions, different ionic liquid dosages

and different experimental pressures (40-120 bar) on the QM mixture hydrate
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inhibition. Correspondingly, examine the role of synergents in enhancing the
hydrate inhibition effect of pyrrolidinium at different pressure conditions.
Analyze the potential of using ammonium-based protic ionic liquids as hydrate
inhibitors and study the effect of different cations, different ionic liquid
concentrations and various experimental pressures (40-120 bar) on the pure
methane hydrate inhibition. Comparably, inspect the role of synergent PEO in
stimulating the kinetic inhibition effect of ammonium ionic liquids at diverse
pressure conditions.

Inspect the prospect of using amino acids as hydrate inhibitors and explore the
effect of solubility factor and different pressure conditions on the hydrate
inhibition strength of amino acids. Additionally, probe the role of synergent PEO
in prompting the kinetic inhibition performance of the amino acids.

Analyze the effect of mechanical factors like stirring or agitation on the rate of
hydrate formation at variable speeds (100-1400 RPM) and identify the interval of

catastrophic hydrate crystal formation inside the stirred cell.
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1.5 Thesis Structure

An overview of the hydrates, hydrate inhibitors, and flow assurance issues related
to hydrates have been provided in this chapter. This dissertation work is mainly
experimental and the commercial simulation software like WatGas has been only used
to validate our experimental results. A brief description of the dissertation chapters is

provided below:

Chapter 1: Is an introductory chapter that provides an insight to the problem of hydrate
formation in the oil and gas industry. It describes hydrate formation mechanism and
also highlights different types of chemical inhibitors used in the industry for hydrate
prevention. The chapter also lists key research objectives and briefly describes different

hydate structures and their relevant properties.

Chapter 2: Provides a literature review/ background on the relevant research work
conducted using ionic liquids, amino acids, and synergents as methane gas hydrate
inhibitors over the period of last 5-10 years. Also, a section on the effect of stirring on
hydrate formation has been provided. In addition to that, a brief review of ionic liquids,
ionic liquids industrial applications, ionic liquids thermo-physical properties, and ionic
liquids synthesis has also been provided. The section also provides fundamental details
and mechanisms behind hydrate inhibition carried out using amino acids and ionic

liquids.
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Chapter 3: Presents experimental details about the methods and procedure used for
testing the ionic liquids and amino acids as methane hydrate inhibitors. The
experimental work has been conducted using pure methane gas and quaternary gas
mixture (QM). The chapter also provides the list of ionic liquids and amino acids tested

in this work along with their purity index and relevant solubility in aqueous solution.

Chapter 4: Offers an insight into the experimental results obtained for the tests
conducted using ionic liquids, amino acids, and synergents. The results obtained for
effect of stirring on hydrate formation is also discussed in detail. Moreover, the results
obtained for the amino acids and ionic liquids as methane inhibitors have been
compared with the 21 imidazolium ionic liquids, 5 choline ionic liquids, 2 ammonium
ionic liquids and 2 industrial hydrate inhibitors methanol and mono-ethylene glycol

reported in the literature.

Chapter 5: Provides the conclusion and overall discussion of the experimental findings
and draws a comparison between the effectiveness of ionic liquids and amino acids as
the hydrate inhibitors for the industrial usage. It also highlights the new areas of
research that emerge out of the work conducted in this dissertation. This work was
mainly based on the gas dominated system, in future the same work needs to be
conducted on the oil dominated system with some actual field tests in collaboration

with industry.
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CHAPTER 2: BACKGROUND

In this chapter, an overview of ionic liquids and amino acids characteristics has
been provided. The details about their synthesis procedures, industrial applications and
thermo-physical properties have been provided in sections 2.1 and 2.2. Accordingly, a
comprehensive literature review of the research work conducted using ionic liquids and
amino acid in the field of gas hydrates is also provided. The reported inhibition
mechanisms using amino acids and the factors that affect the performance of ionic

liquids and amino acids as the hydrate inhibitors have also been discussed in detail.

Correspondingly, there is a section 2.3 in a chapter that provides a background on
the role of synergents in accelerating the inhibition performance of the hydrate
inhibitors. The relevant studies conducted using synergents in the field of gas hydrate

have also been reported in section 2.3.

The section 2.4 of the chapter, discusses the factors, other than the chemical
promoter, that can accelerate the rate of hydrate formation from the perspective of gas
hydrate storage and transportation. The background details on the effect of mechanical
factors like agitation or stirring on the rate of hydrate formation have been discussed

along with the literature reference.
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2.1 Hydrate Inhibition using lonic Liquids (ILs)

lonic liquids (ILs) also known as liquid salts or ionic fluids are organic salts that
have a low melting point and exists in a liquid state at ambient temperature.®® The ILs
are widely used in green chemical processes as they have low vapour pressure.®! They
have a tendency to offer high electrical conductivity; high selectivity and many classes of
ILs tend to be non-flammable. °% Therefore, it’s beneficial to use ILs as organic solvents

from both environmental and technological perspectives.®

Generally, ILs tend to be stable in the water and air medium. Their physical
properties rely on the alkyl chain length of the cation or the type of the anion used.® ILs
are also known as tailor-made solvents as they can be designed for specific processes.
The structure of ILs normally consists of cations that are bulky organic molecules

containing positively charged nitrogen, sulfur or phosphorus atom.

The most commonly studied ILs in the literature include N, N-dialkyl imidazolium

66 67

5 N-alkyl pyridinium ®°, alky-ammonium ®’, alkyl-phosphonium ©2

and alkyl-
sulphonium® cations. The most common anions used for ILs are inorganic and organic
species which includes halides [Br,Cl], tetra-fluoroborate [BF4], hexa-fluoro-phosphate

[PFe], acetate [CH3CO,7] and dicyanamide [N(CN),].”°

The ILs can be classified as aprotic and protic ILs.>® The aprotic ILs are considered
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to be classic or traditional ILs and their structures consist of bulky organic cations such
as imidazolium or pyridinium and anions such as ClI, Br, BF4" and PF6." The protic ILs,
on the other hand, are made via proton transfer from Bronsted acid to Bronsted base.’?
The protic ionic liquids (PILs) are known to be an excellent electrolytic material offering
good ionic conductivity, long-term durability and are being used in lithium batteries as

an electrolyte.

The protic ionic liquid also offers good optical transparency and high photo-
stability of the electrolyte 3. They are also favourable as they offer high thermal and
chemical stability, good electrochemical properties, low vapour pressure and have the
ability to intercalate into polymers and electrolytic solutions. They are also used in
multiple applications such as organic synthesis ’*, fuel cells and chemical sensors ”°,
biosensors, electrodeposition, electrochemical Exfoliation etc. Additionally, PILs are also
actively used in different biological applications (Biomass Conversion, Extraction of

Bioactives, Biocatalysis and Protein Crystallization).”®

Most literature works, advertise ILs as non-flammable compounds with negligible
vapour pressure and strong thermal stability (250 ° C - 450 °C). However, not all ILs can

be considered safe and environmentally friendly. According to Smiglak, et al. ”’

, special
precaution are required when working with imidazolium, pyridinium and phosphonium

ILs near an ignition source. Similarly, Meine, et al. 8 found that 10 percent of

imidazolium-based IL with bromide halide degraded when the temperature was raised
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to 200 ° C and maintained for 24 hrs.

2.1.1 Ionic liquids: Synthesis & Application

The synthesis of ILs relies on the factor that they must be either hydrophilic or
hygroscopic.”® If the components used in the synthesis of ILs are hydrophobic they will
existin a separate phase from water and won’t be able to access water molecules.®® The
second functional groups like oxygen or hydroxyl group are added into the IL structure
in order to make intermolecular hydrogen bonding with the hydroxyl groups of water

molecules.?!

The process of ILs synthesis mainly consists of two steps. The first step is the
formation of the required cation. The cation required can be synthesized either by
protonation of the amine by an acid or via quaternization reactions of the amine with a
haloalkane and heating of the mixture. The second step involves an anion exchange.®?
The anion exchange reactions can be conducted via the treatment of halide salts with
Lewis acids to form Lewis acid based ILs or via anion metathesis. % The most widely

used Lewis acid based ILs are AICI; based salts.®®

According to Lewis theory of acid-base reactions, the bases give the pairs of
electrons and the acids accept a pair of electrons. Therefore, Lewis acid is a substance,
such as H+ ion, that can accept a pair of non-bonding electron. These salts are

composed by simply mixing of the Lewis acid and the halide salt that results in the
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formation of more than one anionic species depending on the ratio of quaternary halide
salt Q+X and Lewis acid MX, as shown by the reaction between [emim][CI] and AICl;

(Scheme 1).%*

[emim]*Cl” + AlCl; & [emim]*[AlCl,]” (1)
[emim]*[AlCl,]” + AlCl; & [emim]*[AL,CL,]” (2)
[emim]*[Al,Cl,]” + AlCl; & [emim]*[Al;Cl ] (3)

Scheme 1: Reaction between [emim][C]] and AICL adapted from Ratti 34

The formation of basic IL occurs when the [emim][CI] is present in excess
molality over AICl5 (Scheme 1-1). The molar excess of AICI5 results in the formation of an
acidic IL (Scheme 1-3) and when both [emim][CI] and AICl5 are present in the equal ratio
the formation of a neutral IL takes place (Scheme 1-2). In addition to AlCls, the other

Lewis acid used in the preparation of ILs includes AIEtCI, %%, cucCl 8 and BCI5®.

Another procedure used to prepare ILs that are stable in air and water such as
1,3-dialkyl imidazolium cations is known as anion metathesis. The metathesis reaction is
simply an exchange between cations and anions of the compounds involved. Metathesis
procedure involves the treatment of halide salt with silver, sodium and potassium salts

of NO,", NO3, BF,, S04 or with the free acid of a suitable anion. Scheme 2, shows a
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reaction of 1-n-butyl-3-methylimidazolium chloride with sodium tetrafluoroborate in
acetone at room temperature, which provides a quantitative yield of [BMI][BF4] after 24

hours of reaction.%®

/ ¥ /
M = N 2
NG [Nf;' - I’\(ﬁ> CIU ﬁp— @} BF; + MNaCy
R

L i
[BMI][BF.]

Scheme 2: Synthesis of 1-n-butyl-3-methylimidazolium tetrafluoroborate via 1 methyl-

imidazolium and butyl chloride adapted from Andreani and Rocha

As shown in Scheme 2, the above procedure allows the preparation of large
number of ILs by simply combining different cations and anions together. Other
procedures such as use microwaves irradiation (MW) and power ultrasound (US) can
also be used with above procedures to improve the synthesis of ILs, reduce the reaction
times and enhance the yields.90 In addition to that, in future the use of efficient,
solventless and one pot synthetic protocols is likely to make the process of ILs synthesis

cheaper and facilitate the synthesis of a large number of ILs. °*
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Currently, ILs are used in a variety of areas which include electrochemistry, bio-
catalysis, renewable resource utilization, CO, sequestration, corrosion inhibitors,
hydrate inhibitors, lubricants and as a heat transfer fluids [Figure 2-1]. According to an

estimate, there are about 1*10%® ILs 92

that can be synthesized using a different
combination of cations and anions. Therefore, the term designer solvent is used for ILs

as its easier to vary their physical and chemical properties as per the process

requirement.

Coati Chemical Electro-
Dating Engineering Chemistry

* Surfactants * Extraction * Batteries * Catalysis
* Lubricants * Separation * Solar panels * Polymerization
* Metal * liquid * Fuel cells * Synthesis
deposition membranes
* Inhibitors
* Lubricants

Figure 2-1: Application of lonic liquids (ILs) in different disciplines.

Although the ILs are not widely used in industry, some companies have already
started their industrial usage. The French Petroleum Institute has approved the
commercial use of ILs in the manufacturing of polybutene using a Difasol process.®?

Polybutene is used for the manufacture of plastics, rubber, and related materials.”®
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The first wide-scale industrial usage of ILs was made in BASF’'s BASIL process
(Biphasic Acid Scavenging Utilizing lonic Liquids). °* The BASIL process is used for the
manufacturing of precursor alkoxy-phenyl-phosphines. Previously, tri-ethylamine was
utilized to scavenge the acid formed during the reaction, but it resulted in the formation
of tri-ethyl-ammonium chloride, a thick insoluble paste that was difficult to remove and
handle as a waste. Therefore, the tri-ethylamine was replaced by IL 1-methylimidazole
which resulted in the formation of 1-methylimidazolium chloride, which easily separates

out of the reaction mixture as a distinct phase.

According to BASF, by using 1-methylimidazole the reactor size for the process
decreased in size and the yield enhanced from 50 to 98 %. The IL 1-Methylimidazole is
recycled through base decomposition of 1-H-3-methylimidazolium chloride in a

separate patented process. > The process is now carried out in large multi-ton scale. %

The institute Francais du Petrole (IFP) was the first to develop an IL plant.®” The long
chain olefins formed in the dimerization process are converted to alcohols, which are then
converted to dialkyl- phthalates used for plastic manufacturing. They used IL for the dimersol
process that involves dimerization of alkenes such as propene and butane to more valuable

branched hexenes and octenes.
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The IFP use IL chloro-aluminate (lll) as solvents for the nickel-catalyzed dimerization
reactions.*® It an essential industrial process and there is 35 plants in operation worldwide
with each producing 20,000-90,000 tons of dimer annually.’® The ILs are also used as
separation enhancers® to break azeotropes of water-ethanol and water tetra hydro furan.'®

By the use of ILs as separation enhancers, the cost of separation and recycling of entrainer is

significantly reduced.

2.1.2 lIonic liquids: Thermo-physical Properties

In order to incorporate ILs in chemical processes, it's essential to know IL
thermophysical properties such as density, viscosity and heat capacity. The presence of
IUPAC IL database®®! provides an overview of thermophysical data available for pure and
mixed ILs. Many review papersSSb' 64,102 have been published highlighting the main

thermophysical properties of different types of ILs.

There are about 10'® possible combinations of ILs according to Rogers and
Seddon %3, However, one of the major obstacles in the use of ILs for industrial processes
is the limited knowledge of their thermophysical properties over the wide operating
range. A detailed review of ILs thermophysical properties is beyond the scope of this
chapter, but a brief summary to IL thermophysical properties will be provided that can

help in further development of knowledge in the relevant IL field.
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2.1.2.1 Melting Point

The melting point of IL may vary due to the presence of impurities or as they go
through the process of supercooling. Most ILs have high decomposition temepratures
that varies between 200- 300°C and this allows the use of ILs as a solvent over the wide
temperature range. The high decomposition temperature of many ILs allows their usage

as thermal storage fluids facilitating their use in solar thermal power systems.1°2b' 104

The melting point of ILs relies on the balance of cation and anion symmetry,
flexibility of chains in the ions and charge accessibility. As the length of alkyl chains of
cations increases, the melting point of ILs tends to decrease. °°The type of anion
attached with IL also affects the melting point of IL. As the size of the anion with the

same charge increases, a decrease in the melting point occurs for the fixed cation. 1%

A significant effect of dissolved gases on the melting points of different types of
ILs has been reported in the literature.’®’ The addition of small quantity of CO, with ILs
can significantly depress the melting point of ILs and this depression is large for ILs with
fluorinated anions. The effect of pressure on the melting of ILs has also been studied by

108

Domanska and Moravski and it was found that the melting temperature of the IL

increases with respect to increase in the pressure.109
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Currently, the differential scanning calorimetry (DSC) is the most commonly used
method for measuring melting point of IL. As melting temperature of an only small
number of ILs is available, different methods have been developed to guess the melting
points from the molecular structure of ILs. This includes the use of Quantitative

111
h

structure-property relationships  (QSPRs)!'°, neural networks approac and

50 to predict the melting points of ILs.

computational molecular dynamic simulations
However, these methods predict the melting points of ILs with slight errors and the use

of simulations to predict ILs melting points is considered to be very expensive.

2.1.2.2 Volatility

ILs are widely proclaimed to be non-volatile fluids and it is stated that they have
negligible vapor pressure and cannot be distilled. Rebelo, et al. **? and Paulechka, et al.
113

showed that the ILs can be distilled under low pressure for high temperatures. But, it

was found that the ILs vapor pressure remains negligible at the ambient conditions.

The key aspects of volatility in ILs was investigated by MSS Esperanca, et al. **
and it was found that it's complex to measure vapor pressures and enthalpies of
vaporization of ILs. Therefore, all the related studies on ILs vapor pressures should
provide systematic errors. It's also essential to validate such measurements from both

theoretical and practical aspects.
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Experimentally, it is difficult to determine the boiling points of ILs at 1
atmosphere because they tend to decompose at a lower temperature. It has been
reported that ILs can be distilled at very low pressure and at very low distillation rate.*®
The ionic nature of ILs can be attributed to their negligible vapor pressure in the liquid

state and this differentiates them from molecular solvents.**®

2.1.2.3 Thermal and chemical stability

The thermal decomposition rate evaluated via fast thermogravimetric analysis
(TGA) shows that most ILs have high thermal stability (> 380 ° C). But lower values also
exist for long-term stability which is essential to take into account when ILs are utilized
in catalytic processes. The Phosphonium ILs tends to decompose completely to volatile
products in a single step. But, the ILs that consists of nitrogen cations does not tend to

decompose fully and normally produce char residue.?

To assess the long-term thermal stability of ILs a methodology was proposed by

117

Seeberger, et al. , that involves the evaluation of the kinetics of mass loss from

isothermal and non-isothermal TGA experiments. Kroon, et al. '8

, used quantum
chemical calculations to analyze the effect of cation and anion on the IL decomposition

and found a good correlation between the calculated and the experimental results.
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The thermal stability of the ILs strongly relies on the type of anion used in the
synthesis of IL according to Huddleston, et al. 1*°. The type of cation has the small effect
on the thermal stability of IL. Hence, the increase in the size of the cation does not

affect the decomposition temperature of the IL.

2.1.2.4 Conductivity and electrochemical properties

The ILs have the tendency to act as both solvents and electrolytes in
electrochemical reactions. Thus, the conductivity of IL is considered to be their essential
property. The ILs have a wide range of conductivities varying from 0.1 to 20 mS cm™.
The imidazolium-based ILs tend to have higher conductivities compared to ammonium
based ILs. Also, there are variety of factors that can affect the conductivity of ILs and this

includes the IL viscosity, density, ion size, aggregations and ionic motions.>*

The electrochemical window of ILs lies within the range of 4.5-5 V, which is
higher compared to other organic solvents and aqueous electrolytes. Ammonium-based
ILs tend to be more stable during a reduction in comparison to imidazolium-based ILs.
The imidazolium-based ILs tend to form N-heterocyclic carbenes. Currently, the
researchers are trying to synthesize ILs that have a wide range of electrochemical

window and also offer good electrical conductivity.
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2.1.2.5 Density

The density of most ILs is available in the literature.’?° Most ILs are denser than
organic solvents or water and their density varies from 1.0 to 1.6 g cm>. The model for
the density of ILs with respect to pressure and temperature is also available.'** The
most widely used method for measuring the density of ILs is the vibrating tube method
122 and other methods reported in the literature includes the use of bellows!?3,
piezometrict?*, and HP denistom'? to measure the density of ILs.

The majority of IL density data reported in the literature uses vibrating tube
density meters (VTD).This technique offers many advantages such as the feasibility to
obtain a good number of density measurements over a wide pressure and temperature

range. The method is also economical and high accuracy of density measurements can

be obtained using VSD technique.

2.1.3 Ionic liquids: Recycle & Recovery

As the ILs are considered to be designer solvents they can be used to develop
new chemical processes that can offer environmental and economic benefits.?®
However, as mentioned above there is only a few number of industrial processes that

are using ILs as solvent or scavenger due to their high cost.*?’

In order to resolve the issue of high cost of ILs, it's essential to design efficient
recycling processes to recover ILs and prevent the mixing of ILs with other products to

avoid separation and contamination issues. The recovery of ILs is also essential to
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prevent environmental issues related to their disposal and toxicity.**> 128

As ILs have a low vapor pressure, the use of distillation process to recover and
recycle ILs has always been the most prominent choice. There are other methods such
as extraction with organic solvents, extraction with supercritical carbon dioxide (ScCO,)
and membrane separation process that can be used to recycle ILs. In order to select a
right method to recover ILs, it's essential to consider the size of ILs, the hydrophobicity
of ILs and the hydrogen bonding ability of both cations and anions in ILs. The chemical

nature of anions attached with ILs largely affects the behaviour of IL + water mixture.*?°

The ILs that are hydrophobic and immiscible in water can be easily separated
from water phase by the process of decantation. The decantation is processed for
separation of mixtures, by removing a layer of the liquid from which the precipitate has
settled down. For example, the mixture of kerosene and water can be easily separated

using decantation process.63

The ILs that are both hydrophobic and hydrophilic have a tendency to form a
micelle in water.'®® The extent of micellization of ILs relies on the size of hydrophobic or
hydrophilic domains of the ILs. For example, the larger the size of the hydrophobic
domain the greater is the tendency of the IL to cause aggregation and form a micelle in
water. *° Such ILs can be separated using membrane-based methods such as filtration or

forced separation such as centrifugation.
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The recovery of the hydrophilic ILs is considered to be more difficult compared
to hydrophobic ILs. For example, the distillation of ILs from aqueous solutions requires a
large amount of energy and this makes the recovery process economically unfeasible.

Therefore, other methods such as induced phase separation®3!

(salting-out process),
adsorption and membrane-based methods are being investigated. The selection of the

method relies on the characteristics of the system. The brief description of methods

that can be used for separation of ILs from the aqueous solution is provided below.

2.1.3.1 Distillation

This is considered to be the simplest method for the removal of compounds
having low boiling points and high thermal stability from the ILs, as a result of ILs
negligible vapor pressure. The volatile compounds can be separated from ILs by vacuum

evaporation, column distillation, and molecular distillation.

As distillation process requires a large amount of energy, it is usually used as a
final step in most of ILs recovery processes. Firstly, the catalysts and reaction products
are separated from ILs by decantation, filtration or extraction processes. Then these
separated compounds are washed with water and other organic solvents. Then the
remaining contaminated solvents and un-separated compounds from ILs are separated

from ILs by using the distillation process.!?% 132
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Recovery of the IL [Amim][Cl] from aqueous solution in homogenous cellulose
acetylation reaction by molecular distillation was reported by HUANG, et al. **3. The
volatile impurities were removed as a distillate and the residue of IL [Amim][CI] was

recycled and reused five times in the same reaction without any change in its structure.

Similarly, the IL [Comim][OAc] was recovered from its solution with purity >95 %
and yield of 90 % in cellulose dissolution reaction using molecular distillation at 0.05 bar
and temperature of 170 ° C in a period of 4 hr.13% Kreher, et al. 1*°, stated that the
dialkylammonium carbonate ILs formed as a result of condensation of CO, with
dialkylamine can be easily separated by evaporating at low temperature (60-105 ° C) and
high vacuum conditions. The use of microwave heating can also help to improve the
recovery time of IL from aqueous solution and also make the process more energy
efficient according to Abu-Eishah 136 Hence, distillation is considered to the most simple,

rapid and robust method for recycling ILs. However, it consumes a large amount of

energy making it an expensive method to recover ILs.

2.1.3.2 Extraction

The separation of non-volatile products from ILs via liquid-liquid extraction is
most commonly used the method.?*” The solvents like water are sometimes immiscible
with ILs. They get separated into different phases with ILs and this allows separating of
materials from the IL solution. Most hydrophilic products can be easily extracted from
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hydrophobic ILs with water. 138

The hydrophobic products that are non-volatile are extracted from ILs via
organic solvents such as diethyl ether and hexane. *° Dibble, et al. *°, proposed a
method to recover [C3mim][OAc] and aligning from IL-biomass using a solvent mixture
containing water, acetone, and 2-propanol via liquid-liquid extraction technique. Using
this technique, short-chain carbohydrates can be separated from ILs via two-stage

extraction method and about 89% of ILs can be recovered via this method.

ILs are also used for liquid-liquid extraction of heavy metal ions and they allow to
separate heavy metal ions from the aqueous phase.!** However, in this case, the ILs
phase gets contaminated with acidic compounds and stripping with organic solvents is

required to clean and reuse the ILs.'*?

Solvent extraction method is relatively simple and
flexible method to recover solutes from ILs and also allow recycle and reuse of ILs. But,

precautions are required as there is the chance of cross-contamination.

The supercritical fluids like supercritical CO;, (Sc-CO,) can be used as an
alternative solvent for IL extraction. Sc-CO, is widely used as an industrial chemical
extraction solvent due to its low toxicity and low cost. CO, is considered to be green
solvents as it is non-flammable, non-toxic and inexpensive. Generally, the ILs are not
soluble in Sc-CO;, and so the non-polar Sc-CO, forms two-phase system with polar and

non-volatile ILs.**3
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As most organic compounds are soluble in Sc-CO,, these products can be easily
transferred from the ILs to the Sc-CO, phase. The unique properties of Sc-CO, allow the
isolation of solutes from ILs without the cross-contamination of the gas phase. Once the
solutes are separated from ILs, the pure ILs can be recovered by further extraction and

de-pressurization.

Different types of solutes can be extracted from ILs by using ScCO, and the
recovery rates are reported to be greater than 95%.'** Blanchard, et al. '*°, stated that
94-96% of naphthalene can be recovered from IL [C4min][PFs] using CO, at 13.8 MPa
and 40 ° C. The recovery was reported to depend on the dipole moments of solutes and

the concentration of CO, used for the extraction.

2.1.3.3 Adsorption

The ILs can be recovered from aqueous solution by the process of adsorption via
absorbents. Previously, many studies have studied the absorption of ILs on absorbents

such as activated carbon *®, silica (Si05)**’, alumina (Al,03) and different types of clays
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Anthony, et al. **° suggested the use of activated carbon for the adsorption
recovery of IL [C4mim][PF¢] from the wastewater. It was found that the activated carbon
was suitable for the purification of the wastewater stream, but it cannot be used for the
recovery of ILs due it's less efficiency. Activated carbon is more suited for removing

small non-polar compounds like toluene but not polar or ionic species like ILs.
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The adsorption of imidazolium-based ILs from aqueous solutions using
commercial activated carbon and modified activated carbon adsorbents have been
studied in different kinds of literature. **® **° These studies deduce that the size and
hydrophobic nature of both anion and cation of ILs strongly affect the adsorption
efficiency of activated carbon towards IL. The recovery of hydrophobic ILs from aqueous

solution using activated carbon was found to be cost-effective.

On the other hand, the adsorption efficiency of hydrophilic ILs via activated
carbon could be enhanced by varying the concentration and nature of oxygen groups on
the surface of activated carbon. The introduction of the hydroxyl group on the activated
carbon surface can promote the hydrogen bonding interactions with basic groups of

hydrophilic ILs which helps to improve the overall adsorption efficiency.

Qi, et al. !, used a functional carbonaceous material (FCM) containing
carboxylic groups in the presence of acrylic acid to recover [Csmim][Cl] from aqueous
solution. The FCM has a low surface area but its adsorption capacity was found not
more than commercial activated carbon. Thus, with certain modifications activated

carbon can become a useful IL absorbent.
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2.1.3.4 Induced phase separation

The ILs solutions tend to form aqueous biphasic systems (ABS) when salts are
added in them. This method is known as a salting-out phenomenon that offers another
route to recover ILs from aqueous effluents. Initially, Gutowski, et al. > showed that
when “kosmotropic” salt (like K3PO4) is added to an aqueous solution of selected IL it
tends to promote the phase separation by providing IL-rich phase at the top and salt-

rich phase at the bottom.

The recovery of IL [Amim][Cl] via three inorganic salts such as K3PO4, K;HPO4, and
K,CO3 was demonstrated by Deng, et al. 153 Their results show that the efficiency of IL
recovery using the selected inorganic salts increases in the following order at the same
concentration, K3PO4 > KyHPO4 > K,CO3. Deng, et al. 153, also found that efficiency of IL
recovery increases with the concentration of the added inorganic salt. The maximum IL
recovery efficiency of 96.8 % was reported via the use of 46.48 wt % Ky;HPO,4. Similarly,

|. 1>* investigated the effectiveness of sodium based salts in the recovery of IL

Li, et a
[Camim][BF4] from aqueous solution. These sodium based salts included: NasPOy,

Na,CO3,Na,S04, and NaCl. Their results show that the maximum IL recovery efficiency of

98.77 % is obtainable using 16.94 wt% of Na,COs.

The recovery of ILs via salting out process is simple, effective, and economical as
it requires less expensive salts. In comparison to other recovery processes, it's also

simpler to scale up and can be used to recover IL from various chemical processes that
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use ILs. However, there are environmental concerns related to using of high in organic
salts for ILs recovery that are not easier to dispose of. Therefore, the use of CO, gas
instead of inorganic salts to promote phase separation in IL solutions is being
investigated and studied in different kinds of literature.’>> Scurto, et al. '**?, added CO,
in [C4mim][PFs] + Methanol mixture and found that CO, has a tendency to cause the

phase separation by the formation of IL-rich phase and an organic-rich phase.

Generally, the CO, tends to be non-polar in nature and does not solvate ions.
Hence, as it dissolves in the IL + methanol mixture, the solvent strength of CO,
expanded liquid is reduced and this causes the formation of another liquid phase that is
rich in ILs. Also by raising the process temperature above the CO, critical temperature,
the methanol-rich phase gets miscible with CO,-rich phase, resulting in the formation of
the IL-free phase. Thus, this methodology provides a novel way of recovering and

recycling IL from chemical processes utilizing IL solvents.

2.1.4 Ionic liquids: Hydrate inhibition studies

This section provides a comprehensive background of the thermodynamic and
kinetic inhibition studies reported in the literature using different types of ILs at
different concentrations and pressure conditions. This helps to figure out the knowledge

gap and find the areas that need to be addressed in the respective field.
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2.1.4.1 Imidazolium ILs

The majority of studies conducted on hydrate inhibition, using ILs are based on

41 were the first to figure out ILs as a new

imidazolium ILs. Xiao and Adidharma
methane hydrate inhibitor based on their thermodynamic and kinetic inhibition
characteristics. Since then, researchers have been trying to develop an effective class of

ILs that can help to replace conventional thermodynamic inhibitors like methanol and

mono-ethylene glycol (MEG).

The thermodynamic effect of six dialkyl imidazolium halide ILs on methane
hydrate formation at the low concentration of 1wt% and at the pressure range of 105-
205 bars using high-pressure differential scanning calorimeter was investigated by Xiao,
et al. °°. The ILs studied included [EMIM-CI], [EMIM-Br], [PMIM-1], [BMIM-CI], [BMIM-

Br] and [BMIM-I].

The selected ILs acted as thermodynamic and kinetic hydrate inhibitor both at
the same time according to Xiao, et al. **®. The selected ILs as a thermodynamic hydrate
inhibitor provided the hydrate suppression temperature within the range of 0.27-1.22
K. The IL EMIM-C| was found to be the most effective THI with hydrate suppression
temperature of 1.22 K and the IL BMIM-BF4 was found to be the least effective with the
hydrate suppression temperature of 0.27 K. It was also observed that the IL containing
similar cation, example EMIM or BMIM, the thermal efficiency increases in the order Cl

> Br > | > BF;. However, the selected ILs were not found to be as effective as the
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conventional thermodynamic hydrate inhibitors like mono-ethylene glycol and

methanol.

The methane hydrate dissociation conditions in the presence of [EMIM-CI] and
[OH-C,MIM-CI] IL solutions was experimentally studied by Partoon, et al. **’. The
effectiveness of these ILs was tested at the low dosage (0.1-0.5 wt%) at the pressure
range of 4-12 MPa. The hydrate suppression temperature in the presence of these ILs
was observed to be within the range of 0.1-1.5 K. The IL [OH-C,;MIM-CI] was found to be
more effective thermodynamic hydrate inhibitor compared to [EMIM-CI]. This thermal
effect was attributed to the presence of hydroxyl group in the IL [OH-C,MIM-CI] which
allows it to form hydrogen bonding with the water molecules easily and offer better

thermal effect >,

Likewise, the methane hydrate dissociation conditions in the presence of the IL
[EMIM-CI] at different concentration (10-40 wt%) and pressure range (5-35 MPa) using
high-pressure calorimeter was studied by the Chu, et al. **°. The best hydrate
suppression temperature of 12.83 K was obtained at 20 MPa at the concentration of 40
wt%. The suppression temperature of 12.83 is very significant compared to other
literary works. However, it requires a high concentration of IL (40 wt%) to obtain
suppression temperature of 12.83 K, which is not economically feasible at large

industrial scale.
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Later, the high-pressure differential scanning calorimeter was used to test the
effectiveness of IL imidazolium chloride in mitigating the methane hydrate formation at
a concentration of 20 wt% using three different alkyl chains of imidazolium chloride by
Chu, et al. % These alkyl chains included: [EMIM-CI], [HMIM-CI] and [DMIM-CI]. The
experiments were conducted within the pressure range of 5 to 35 MPa. The IL EMIM-CI
was found to be the most effective and the IL DMIM-CI was found to be the least
effective thermodynamic hydrate inhibitor. The hydrate suppression temperature for IL
EMIM-CI was found to be 3.79 K at 20 wt% at 35 MPa, followed by HMIM-CI with
hydrate suppression temperature of 1.66 K and DMIM-CI with hydrate suppression

temperature of 0.31 K.

Furthermore, the thermodynamic inhibition effect of IL [Emim][NO3] on methane
hydrate phase equilibrium conditions at a low mass fraction of 0.01, 0.025 and 0.05
within the pressure range of 3.5-15.0 MPa was investigated by Long, et al. ***. They also
investigated the synergistic effect of using a combination of IL [Emim][NOs] and IL
[Emim][CI] at both low and high concentrations. It was observed that in the inhibitor
systems containing [Emim][NO3] or [Emim][CI] the inhibition efficiency increases with
the concentration and pressure. The mixture of [Emim][NO3] and [Emim][Cl] does not
exhibit synergistic effect at a higher concentration of 0.2 mass fraction. The synergistic

effect of mixed ILs systems was only observed at a mass fraction of 0.05 and 0.1.
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The experimental results of Long, et al. *®!, furthermore reveal that overall
inhibition performance of ILs depends on both cations and anions. The thermodynamic
inhibition effectiveness of selected ILs enhanced with the increase in pressure and
concentration. At the pressure of 6.40 MPa, the hydrate suppression temperature for
[Emim][NO3] was about 0.3 K (0.01-0.025 mass fraction), about 0.4 K (0.025-0.05 mass

fraction) and 1.2 K (0.1-0.2 mass fraction).

Accordingly, the thermodynamic inhibition performance of IL [EMIM-CI] on
methane hydrate formation at different concentrations and within the pressure range of
10-20 MPa was investigated by Richard and Adidharma 2. In order to test the
synergistic properties of EMIM-CI, the IL was mixed with conventional thermodynamic
hydrate inhibitors such as sodium chloride (NaCl) and mono-ethylene glycol (MEG). In
addition to that, the IL EMIM-CI was also mixed with IL [EMIM-Br] to test its synergistic

effect.

It was observed that the higher concentration (60 wt%) of the IL EMIM-CI can
provide better thermodynamic effect than the MEG by Richard and Adidharma ®2. It
was also observed that the IL EMIM-CI can act as synergent when mixed with MEG,
NaCl, and EMIM-Br at high pressures. The average hydrate suppression temperature for

EMIM-CI was found to be within the range of 1.0-1.5 K at 10wt% and pressure range of

10-40 MPa.
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The average hydrate suppression temperature for MEG + EMIM-C| mixture with
equal ratio (1:1) at 10wt% was found to be 1.5-2.0 K. The average hydrate suppression
temperature for EMIM-CI + NaCl mixture with equal ratio (1:1) at 10wt% was found to
be 2.5 K.'®? Similarly, the average hydrate suppression temperature of EMIM-Br +
EMIM-CI mixture with equal ratio (1:1) at 20wt% was found to be within the range 1.2-

2.7 K at pressure range of 10-20 MPa.

Previously, the researchers were only looking into the thermodynamic inhibition
effect of imidazolium-based ILs. Xiao and Adidharma *! were the first to test the kinetic
effect of imidazolium-based ILs on methane hydrate formation. They tested the
effectiveness of five imidazolium-based IL as a kinetic hydrate inhibitor within the
pressure range of 30-110 bars using high-pressure differential scanning calorimeter.
They found that the ILs can provide the kinetic and thermo effect both simultaneously
as they have strong electrostatic charges and ability to form hydrogen bonding with

water.

The term dual functional hydrate inhibitors for the imidazolium ILs was first used
by Xiao and Adidharma **. They tested the ILs: [EMIM-BF4], [BMIM-BF4], [EMIM-N(CN)-],
[EMIM-CF3SO3] and [EMIM-EtSO4] as hydrate inhibitors for the pure methane gas. At the
concentration of 10wt%, the selected ILs provided the hydrate suppression temperature
within the range of 0.7-1.5 °C. However, the selected ILs were not found as effective as

the conventional thermodynamic hydrate inhibitors, but they provided the kinetic effect
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by delaying the hydrate induction time. This was the major findings that brought the ILs

into the spotlight to be used as kinetic hydrate inhibitor.

The methane hydrate induction time in the pure water sample was observed as
0.36 hrs by Xiao and Adidharma **. They observed that the addition of 10wt% of the
selected imidazolium ILs enhanced this mean induction time to about 0.40-6.48 hrs at
114 bars. The IL EMIM-BF4; was found to be the most effective kinetic hydrate inhibitor
with a mean induction time of 6.48 hrs and the IL EMIM-CF3SO3; was found to be the

least effective kinetic hydrate inhibitor with a mean induction time of 0.40 hrs.

In terms of the effectiveness as the kinetic hydrate inhibitor at 10wt% and
pressure of 114 bars the selected ILs were listed as EMIM-BF; > BMIM-BF; > EMIM-
N(CN), > EMIM-EtSO4 > EMIM-CF3S03. According to Xiao and Adidharma 41 the kinetic
hydrate inhibition performance of the selected ILs was found to be better than the
commercial kinetic hydrate inhibitor Luvicap and PVP. The 10wt% PVP at 114 bars

provided the hydrate induction time of 0.95 hrs.

The thermodynamic and kinetic inhibition effect of six dialkyl imidazolium halide
ILs on methane hydrate formation at the low concentration of 1wt% and at the pressure
range of 105-205 bars using high-pressure differential scanning calorimeter as
mentioned earlier was further investigated by Xiao, et al. °*®. The ILs studied included:

[EMIM-CI], [EMIM-Br], [PMIM-1], [BMIM-CI], [BMIM-Br] and [BMIM-I].
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As a kinetic hydrate inhibitor, the selected ILs shifted the hydrate induction time
within the range of 1.29 to 5.71 hrs at 1wt%. The IL BMIM-I was found to be the most
effective kinetic hydrate inhibitor with hydrate induction time of 5.21 hr and the IL
PMIM-I was found to be the least effective with hydrate induction time of 1.29 hrs.
However, the IL EMIM-BF4 was found to be slightly more effective than the BMIM-I. In

terms of effectiveness as kinetic hydrate inhibitor the ILs were listed as: EMIM-BF4 > BMIM-

| >BMIM-Br > EMIM-Br > BMIM-C| > EMIM-C| > PMIM-|

The effectiveness of IL [C1oMIM][BF4] as a Tetra hydro furan (THF) kinetic hydrate

inhibitor was examined by Saikia and Mahto %3

at different concentrations (0.1-1 wt%).
The effect of the selected IL on the rheology of the drilling fluid was als o studied at the
temperature of 2 °C and its kinetic effect was compared with the commercial kinetic
inhibitor polyvinylpyrrolidone (PVP). The superheated hydrate test method was used for
experiments and it was found that this IL exhibited the properties of anti-agglomerate
(AA).

According to the experimental results of Saikia and Mahto '®3, the IL
[C1oMIM][BF4] provides kinetic effect even at lower concentration (0.1 wt%) and its
performance is similar to PVP. Saikia and Mahto 163 31so found that IL [C1oMIM][BF4] is

more effective in counteracting memory effect than the PVP. The IL [Ci0MIM][BF4]

delayed the hydrate induction time by 55 min at the concentration 0.1 wt% and delayed
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the hydrate formation by more than 1440 min at a higher concentration of 0.5 wt% and

1.0 wt%.

The kinetic inhibition effect of three imidazolium ILs at different concentration (
1-20 wt%) on methane hydrate formation using a stainless steel vessel was tested by
Rasoolzadeh, et al. '**. The ILs tested included: [BMIM-BF,], [BMIM-DCA] and [TEACL].
Their experimental results show that the selected imidazolium ILs do have a tendency to
delay hydrate formation and increase hydrate induction time. It was observed that the

pressure has the reverse effect on the hydrate induction time.

The hydrate induction time of methane hydrate formation at 7 MPa in pure
water was found to be 79.80 min. At the same pressure (7MPa) this induction time was
delayed to 88.20 min by addition of 1wt% BMIM-BF,, delayed to 131.40 min by addition
of 10wt% BMIM-BF,, delayed to 130.20 min by addition of 10 wt% BMIM-DCA and
delayed to 117.60 min by addition of 10 wt% TEACL in aqueous pure water solution.

% in terms of Kl effectiveness, the selected ILs at

According to Rasoolzadeh, et al. '®
10wt% were listed as BMIM-BF, > BMIM-DCA > TEACL. It was also found that

imidazolium-based ILs are more effective as kinetic hydrate inhibitor than the TEACL.

It has been reported, that by using 0.75 wt% ethylene glycol methyl ether
(EGME) with the ILs [BMIM][MeSO4] and [OH-EMIM][BF4] the promotion of methane

hydrate formation occurs acccording to Zare, et al. **°. On the contrary, if only 10wt%
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EGME is used as the inhibitor, the hydrate inhibition occurs. The IL [BMIM][MeSO4] was
found to be the most effective kinetic hydrate inhibitor with a mean induction time of
716 min at 12.1 MPa, followed by IL [EMIM][EtSO4] with the mean induction time of 408
mins at 12.1 MPa. The other ILs such as [BMIM][BF4], [OH-EMIM][BF4] and
[EMIM][HSO4] acted as the hydrate promoters at 12.1 MPa. Hence, in terms of Kl
effectiveness, the ILs can be listed as [BMIM][MeS0O4] > [EMIM][EtSO4]. According to

166 the oxygen atom attached to methyl group of [MeSO4] is more

Ficke and Brennecke
electronegative than the ethyl group of [EtSO4]. This is the reason that [BMIM][MeSO4]
acts better as a kinetic hydrate inhibitor compared to [EMIM][EtSO4]. In addition to that,

the hydrophobicity expands with the increase of alkyl chain lengthin an IL.

The kinetic inhibition effect of ILs [EMIM-BF4] and tetrafluoroborate [BMIM-BF,]
on sll hydrate crystal formation in a natural gas mixture (methane, ethane, propane, iso-
Butane, n-butane, nitrogen and carbon dioxide gas) was studied by Del Villano and
Kelland 7. It was found that the selected imidazolium ILs showed insignificant or poor
kinetic effect on hydrate crystal formation (sl & sll) in natural gas mixture compared to
commercial kinetic hydrate inhibitor at a pressure range of 85-90 bars. However, both
ILs did acts as a synergent for the commercial kinetic hydrate inhibitor RE5131 HIO. The

IL EMIM-BF4 performed better as a synergent compared to IL BMIM-BF4.
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2.1.4.2 Morpholinium and Piperidinium ILs

The effect of morpholinium and piperidinium based ILs as thermodynamic
hydrate inhibitors for the methane hydrates at a mass fraction of 0.1 was examined by
Cha, et al. ®® . The ILs used included: [EMMor][Br], [EMMor][BF,], [EMPip][Br] and
[EMPip][BF4]. It was found that the addition of ILs moves the hydrate equilibrium

conditions towards higher pressure and lower temperature.

It was also observed that both anion and cation species present in the IL effects
the inhibition performance of the particular IL. The piperidinium based ILs showed
better thermo effect than the morpholinium based ILs may be due to hydrophobic
nature of piperidinium ILs. It was also observed that the Tl effect of BF4™ ions were
better than Br ions for both morpholinium and piperidinium based ILs. The ILs based on
their thermodynamic inhibition effectiveness were listed as: [EMPip][BF4] > [EMPip][Br]

> [EMMor][BF4] > [EMMor][Br]

Two morpholinium based ILs [HEMM-CI] and [HEMM-BF4] were synthesized by
Lee, et al. **°. They studied the inhibition effect of these ILs anions on methane hydrate
formation kinetics at different concentrations. The IL HEMM-C| acted as hydrate
promoter and the IL HEMM-BF, acted as a kinetic hydrate inhibitor. Lee, et al. 1, found
that the hydrate induction time for HEMM-BF; increases with its concentration and it
also act as a THI by providing the hydrate suppression temperature of 1.6 K at 10 wt% of

HEMM-BF4. At the same concentration, the HEMM-BF,; provided the induction time of
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135 min. This shows that different types of ILs can act as both hydrate promoter and
hydrate inhibitors. The X-ray diffraction pattern of these ILs also shows that there was
no amalgamation of IL in the hydrate crystal structure. Therefore, in terms of
effectiveness as thermodynamic and kinetic hydrate inhibitors, the ILs were listed as

HEMM-BF; > HEMM-CI.

2.1.4.3 Ammonium Hydroxide ILs

The thermodynamic inhibition effect of IL TMAOH on CH; and CO, hydrate
formation at different concentrations (1-10 wt%) was examined by Khan, et al. *’°. The
experiments were conducted within the range of 3.5-8 MPa and 1.8-4.2 MPa
respectively. The experimental results show that TMAOH can act like a thermodynamic
hydrate inhibitor for both CO, and CH4 hydrates. At the concentration of 10wt%, the
thermo effect of TMAOH was significant for CO, hydrates with average suppression
temperature of 2.24 K. The average suppression temperature for CH4 hydrates was

found to be 1.52 K.

The thermodynamic inhibition effect of IL TMAOH increases with its respective
concentration according to Khan, et al. *’°. They also conducted COSMO-RS analysis
which showed that the thermo effect of TMAOH was due to its hydrogen bonding
affinity for water molecules. In addition to that, the hydrate dissociation enthalpies
calculated in both systems show that TMAOH does not participate in the hydrate

crystalline structure.
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2.1.4.4 Pyrrolidinium ILs

The effect of pyrrolidinium ILs on methane hydrate formation as a kinetic and
thermodynamic hydrate inhibitors was tested by Kim, et al. 1”*. The ILs used for the tests
included: [HEMP][BF4] and [BMP][BF4]. As a thermodynamic hydrate inhibitor at 10wt%,
the selected ILs provided the hydrate suppression temperature of 1.3-1.6 K. In
comparison, the methanol a well-known industrial thermodynamic hydrate inhibitor

provided the hydrate suppression temperature of 2.5-5.0 K.

At 1wt% (70 bars) the IL [EMIM][BF4] provided the induction time of 88.4 mins,
followed by IL [HEMP][BF4] with an induction time of 101.5 min and IL [BMP][BF4] with
induction time 58.2 min. As the concentration of ILs was increased to 10wt%, the
induction time for IL [HEMP][BF4] increased to 342.8 min and the induction time for IL
[BMP][BF4] increased to 233.5 min respectively. Therefore, interms of effectiveness as a
KHI at 1wt% (70 bars) the selected kinetic hydrate inhibitors can be listed as:

[HEMP][BF4] > [EMIM][BF4] > [BMP][BF4]

2.1.4.5 CholineILs

Mohamed, et al. °%, tested three choline based ILs: [ChOAc], [ChNtf2] and [ChCI]
for their inhibition effectiveness in mitigating hydrate formation in pure methane gas
system and multicomponent Qatari natural gas mixture (QNG-S1). The experiments

were conducted using two different concentration of ILs (1wt % & 5 wt%).
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The selected ILs behaved differently in each system according to Mohamed, et
al. %, At 1wt% in pure methane, ChOAc showed slight inhibition effect whereas other
choline ILs showed no inhibition effect at a concentration of 1wt%. But, as the
concentration of ILs was increased to 5wt% all ILs showed observable Tl effect. ChoAc
was found to be the most effective thermodynamic hydrate inhibitor and ChNtf2
showed the least thermo effect. At both 1wt% and 5wt%, ChoAc was found to provide a

significant shift in HLVE curve at low pressure (< 60 bars) conditions.

Summary

It is clear from the above literature review, that majority of hydrate inhibition
studies has been reported using imidazolium ILs. Only limited studies have been
reported using pyrrolidinium and as per the author knowledge no prominent hydrate
inhibition studies have been conducted using ammonium-based protic ionic liquids.
Also, it's essential to investigate the effect of anions and cations on the inhibition effect
of ionic liquids. Hence, the effect of different cations and anions on the inhibition

performance of the ionic liquids is discussed in the Section 4.1 and Section 4.2.

The Section 4.1 and Section 4.2, also highlight the thermodynamic and kinetic
inhibition effect of pyrrolidinium and ammonium-based ionic liquids at different
concentration (1-10 wt%) and different pressure conditions (38-120 bars) using a

quaternary gas mixture (QM) and pure methane gas in a rocking cell assembly (RC-5)
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2.2  Hydrate Inhibition using Amino Acids

Amino acids are biological organic compounds that consist of an amine (-NH2)
and carboxylic acid (-COOH) functional groups *’2. Naturally, there are 20 amino acids
that are found in a living organism and they are considered to be the building blocks of
proteins. The physical and chemical properties of the amino acids depend on their side
chains and these side chains vary from a polar alkyl chain to a positively or negatively
charged moiety'’3. Amino acids play an important role in human and animal nutrition®’*
and are used as the animal feed additives (lysine, methionine, threonine), as flavor
enhancers (aspartic acid, serine) and as ingredients in cosmetic and medicinal

products.!’?

The amino acids can be divided into subgroups as per their similarity in carbon
skeleton and substituent groups. The presence of heteroatoms (S, N, and O) and
conjugated m-electrons system on their molecular structures is attracting researchers to

explore amino acids ability to act as potential chemical inhibitors.*”®

Generally, amino acids are considered to be primary metabolites, which are
found in cellular proteins. Earlier, it was thought that amino acids cannot be produced
by microbial cells. But, in 1956 two Japanese researchers Shukuo Kinosita and Shigezo
Udaka were successfully able to isolate a bacterium, known as Corynebacterium

glutamicum(c-glutamicum), that has a tendency to produce a significant amount of
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d.

glutamic aci The glutamic acid production by c-glutamicum is prompted by biotin

178 the addition of Tween 40 *’° and addition of penicillin *8°.

limitation

The large numbers of amino acids have been produced by using microbial cells
and market size of amino acids is increasing continuously. Currently, the market for
glutamic acid is more than 2.5 million tons per annum and the market size for lysine is

around 1 million ton per year.*®!

Amino acids are also widely used in the manufacturing of food products,
pharmaceutical drugs, and cosmetic products. Healthy human nutrition requires

essential amino acids for effective protein synthesis in the human body.*®?

Therefore,
the amino acids are widely used in sports supplements and other nutritional products
for improving muscle recovery after strenuous workouts.'®® In addition to that, the use
of amino acids as a food supplement is considered vital to maintaining a healthy

Iifestyle.184 Therefore, the production of amino acids occurs at the scale of million tons

and their demand is reported to increase at the rate of 5-7 % per year.'®

Amino acids as inhibitors are considered to be non-toxic, biodegradable and

easier to produce in higher purity.*®® They can be obtained at low costin large quantities

187

and this makes them an attractive option to be used as a gas inhibitor ~°’. Previously

many studies have reported the use of amino acids as corrosion inhibitors >’ 188
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The amino acids Aspartic acid (Asp), Glutamic acid (Glu), asparagine (Asn) and
glutamine (GlIn) as the copper corrosion inhibitors in 0.5 M HCl solution were studied by
Zhang, et al. *®. Their experimental results, based on potentiodynamic polarization and
electrochemical impedance spectroscopy (EIS) analysis show that all four amino acids

offer protection against copper corrosion. Zhang, et al.

suggested that these amino
acids act by getting adsorb on the copper surface which plays a key role in corrosion
prevention. The inhibition effect of these amino acids was found to increase at higher

concentration and the effectiveness increases in the following order: GIn > Asn > Glu >

Asp.

The inhibition effect of amino acids Alanine (Ala), Glycine (Gly) and Leucine (Leu)
against steel corrosion in HCl solution was examined by Ashassi-Sorkhabi, et al. *882,
Their experimental results show that inhibition efficiency of the selected amino acids

188a

depends on their concentration and physiochemical properties. They also

emphasized on the fact that amino acids prevent corrosion by adsorbing on the steel

surface and this adsorption follows Langmuir isotherm theorem. *°°

Amino acids are also found to be effective against aluminum corrosion and it's
reported that the presence of aromatic ring and heteroatoms (like sulfur and nitrogen)
in amino acids structure significantly improve the corrosion inhibition capacity of amino
acids 88 Thus, the amino acids have been reported to act as a potent inhibitor against

copper, steel and aluminum corrosion.
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The amino acids are non-volatile in nature which offers them an advantage over
other inhibitors *°1. Due to better stability and compatibility, the amino acids can also be
easily recovered from the pipelines. The structure and chemical properties of amino
acids are also well understood which makes it easier to understand their inhibition
mechanism.’® Thus, the inhibition of gas hydrates by amino acids offer many positive

applications in the area of flow assurance.

2.2.1 Amino acids: Synthesis & Application

The use of chemical synthesis and biotechnology are the two main methods used
for the large scale manufacture of amino acids. Both of these methods are described

briefly below:

2.2.1.1 Chemical Synthesis

Glycine and L-alanine are manufactured using the method of chemical synthesis.
Normally, an amino acid is synthesized from an aldehyde or ketone is a series of

. 192 provided a

chemical reactions known as Strecker amino acid synthesis. Zuend, et a
simplified reaction scheme of strecker amino acid synthesis as shown in the Scheme 3
below. The synthesis requires the condensation of the aldehyde with ammonium

chloride in the presence of potassium cyanide, forming a a-aminonitrile. This a-

aminonitrile is then hydrolyzed to get the required amino acid.*?3
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Scheme 3: Shows the simplified reaction Scheme of Strecker amino acid synthesis

illustrating the formation of the o-amino acid.'®?

It is reported that chemical synthesis more likely forms racemic forms of amino
acids and an additional step is involved, that requires the utilization of an enzyme
known as aminoacylase. The amino acylase is formed by Aspergillus niger and this
enzyme is required to get the biologically active L-form of amino acids.*’**** However,
this step has a high production cost and the only couple of amino acids such as glycine

and methionine are manufactured cost-effectively using chemical synthesis.

The major advantage of using chemical synthesis method is that it provides
direct formation of L-isomers of amino acids using a chiral catalyst. But, the major
disadvantage is that this method is not considered commercially viable. **> Therefore,
the use of chemical synthesis method is limited and it is only used for the production of

alanine, glycine, methionine, phenylalanine, threonine, tryptophan, and valine.**®
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2.2.1.2 Use of Biotechnology

The use of biotechnology for the production of amino acids over the wide scale is
in practice for over five decades.'®” Generally, the biotechnological methods for the
wide-scale production of amino acids can be classified into two main types. This includes

the use of microbial enzymes or use of semi or direct fermentation process.

Microbial Enzymes

The use of enzyme catalysis for the production of amino acids is the widely used
method in the chemical industry.'®> Using this method the amino acid precursor is
converted to the desired amino acid using one or two enzymes. The method involves
the use of pure enzymes and facilitates the conversion of the amino precursor to
desired amino acids without the hassle of microbial growth.'?®, For example, L-Cysteine
is widely manufactured on a large scale via an enzymatic process in which the thiazoline
derivative DL-2-amino-2-thiazoline-4-carboxylic acid is converted to Cysteine by the aid
of three enzymes (L-ATC hydrolase, S-carbamoyl-L-cysteine-Hydrolase and ATC
racemase) derived from Pseudomonas thiazolinophilum using enzyme membrane
reactor.'®® The amino acids such as alanine, aspartic acid, cysteine, phenylalanine,
serine, and valine are largely produced using this method. The method involves the use
of enzyme membrane reactor and several tons of amino acids such as L-methionine and

L-Valine are produced annually using this method.*®®
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According to Leuchtenberger, et al. &

, the enzyme catalysis is a popular method
of producing D-amino acids and non-protein L-amino acids. The enzymatic
manufacturing of L-tryptophan from precursors requires a single reaction step, which is
conducted using isolated enzymes such as tryptophan synthase or different types of

micro-organisms like E.Coli.®°

Fermentation Method

The fermentation method is widely used for the production of L-amino acids.
The use of this method requires the conversion of nutrients to several vital components
via micro-organisms. *°> During the process, the raw materials like syrups are added to
micro-organism culture media and the flourishing micro-organisms end up producing

amino acids. **°

In the fermentation process, the enzymes also play an important in the
production of amino acids. The process involves consecutive reactions by 10 to 30 types
of enzymes and large numbers of amino acids are produced as the result of these
reactions. The fermentation process is carried on a culture medium that constitutes of
grains, sugar, yeast or other biological materials.?°° The extraction process is carried out
via physical and mechanical methods such as heating or chemical method that involves
the use of petroleum solvents, strong acids, strong bases or ion exchange. The final

product is extracted as a crystalline powder.?°*
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Normally, micro-organisms produce 20 different kinds of amino acids in the
amount they require. Table 2-1, shows the list of amino acids with their relevant
production processes and application. They have a technique for regulating the
quantities and qualities of the enzymes to produce amino acids in the quantity only
necessary for them.°7P Therefore, once a suitable micro-organism for the amino acids
production is selected, its potential is enhanced in order to take full benefit of the
potential of the organism. This allows large-scale production of desired amino acids. *°°
The amount of amino acids produced via micro-organisms depends on the quantities
and qualities of the enzymes. The yield of amino acids is enhanced if the related
enzymes of the desired amino acids are present in the large quantities under feasible
conditions. However, if the enzymes are present in the small quantities the yield of the

desired amino acid decreases. 1%°

Table 2-1: Production process and application of the key amino acids '*°
Amino Production Organisms Application
Acids Process
Glycine Chemical synthesis -- Buffering agent inantacids,

antiperspirants,and

cosmetics
L-Alanine Chemical Synthesis, Pseudomonas Ingredient in food
Enzymatic method dacunhae supplement for sports

athletes helpsin muscle
recovery and growth

L-Arginine Fermentation C.glutamicum, Ingredient in the dental
Brevibacterium, products (tooth paste) and
andE.Coli food supplements
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Table 2 1: Production process and application of the key amino acids

195

Amino Production Organisms Application

Acids Process

L-Aspartic Enzymatic E. Coli Sweetener and food

Acid supplement.

L-Cysteine Enzymatic, E. Coliand Ingredient in the food

Extraction Pseudomonas supplements and as the
thiazolinophilum precursorinthe
pharmaceutical industry

L-Glutamine Fermentation C. glutamicum Ingredient in the fitness
sports supplement and used
for treating neuropathic
diseases.

L-Histidine Fermentation Brevibacterium Ingredient for food

flavum supplement used for treating
premenstrual painandalso
used inthe manufacturing of
anti-inflammatory drugs.

L-Isoleucine Fermentation C. glutamicum, Ingredient for the fitness

E.Coli sports supplements

L-Leucine Fermentation and Brevibacterium Ingredient for the fitness

Extraction Flavumand E.Coli  sports supplements.
Considered an essential
amino acid for muscle
growth.

L-Lysine Fermentation C. glutamicum Food supplement for
adequate absorption of
calciumand formation of
collagen for bone, cartilage
and body tissues.

L-Proline Protein hydrolysis, Brevibacterium Used in the pharmaceutical

Fermentation flavumand E. Coli  industry as the stabilizer and
osmoprotectant.

L-Serine Protein hydrolysis, Methylobacterium Used in drugs or supplements

L-Tryptophan

Fermentation

Fermentation and
Enzymatic method

sp.

E. Coli,C.
glutamicum,

Bacillus sp.

required for treating chronic
fatigue syndrome and mental
wellness.

Used in food supplements
required for treating sleep
disorders, depression, and
premenstrual disorder.
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Historically, the use of fermentation for the production of amino acids was
carried out by KINOSHITA, et al. 2°2. They found the soil bacteria named as
Corynebacterium glutamicum which has a distinctive property of producing large

amounts of L-glutamine from sugar and ammonia.?%*

Some years later, a mutant of C.
glutamicum named as homo-serine-Auxo-trophic was found to have an ability to

produce large quantities of L-lysine by the process of fermentation.?°*.

The same soil bacteria Corynebacterium was found to have an ability to produce
amino acids L-Valine, L-isoleucine, L-threonine, L-aspartic acid and L-alanine.?®> The
amino acids L-phenyl alanine, L-threonine and L-cysteine can also be derived via

fermentation with E. Coli strain 2°°.

Commercially, most amino acids can be

197b 177a, 204b, 207

manufactured using mutants of C. glutamicum or E.Coli

The biotechnological methods such as fermentation and use of enzymes for
mass amino acids production carry many economic and ecological benefits. 2** The use
of enzymatic method allows the production of optically pure amino acids in higher
quantities with less number of byproducts.'®> However, this method requires the use of
specific substrates that can be converted into amino acids. These specific substrates can
be expensive, which limits the commercial scope of this methodology. Therefore, the

fermentation method is widely used in the industry for the manufacturing of L-amino
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acids. **°

The fermentation and enzyme-based production processes both play an essential
role in the manufacturing of L-amino acids that are used as ingredients in the
pharmaceutical industry. Both these processes are helping in the expansion of the
amino acids market and also helping to reduce the commercial cost of amino acids.*®
However, more research is required to improve these biotechnological methods by
varying culture conditions, mutation and combining technologies like genetic

engineering and metabolic engineering. **°

Table 2-2, shows the advantages and disadvantages of different methods used

for the amino acids production on the large scale.According to lkeda "2

, the economy
of fermentation method rely on the factors like the cost of the carbon source, the
amount of yield obtained, the purification steps required and the overall productivity of
the process. There are certain issues that need to be taken care of during the
fermentation process which includes the contamination of the culture with other micro-

organisms, reproducibility of the yields obtained, loss of genetic material in the

production strain and infection of the microorganism culture. 2°2

The fermentation and enzyme-based production processes both play an essential

role in the manufacturing of L-amino acids that are used as ingredients in the
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pharmaceutical industry. Both these processes are helping in the expansion of the

amino acids market and also helping to reduce the commercial cost of amino acids.

185

However, more research is required to improve these biotechnological methods by

varying culture conditions,

engineering and metabolic engineering. **°

mutation and combining technologies like genetic

Table 2-2: Advantages and disadvantages of different methods used for the production of

amino acids on the large-scale

195

Production Advantages Disadvantages

Method

Chemical It's a continuous process so It requires an additional optical resolution
Synthesis large-scale production of step to obtain the bio-activelL-isomers.

Fermentation

Use of enzymes
(Enzymatic
Method)

aminoacids can beobtained.

Simple process

2. Holds economicand
ecological benefits

3. Holds high production
capacity

4. Canutilizecheapand
renewable carbon
sources as theraw
material.

1. Canbeusedto produce
optically pureamino
acids

2. Holdeconomic and
ecological benefits

This additional step makes the process

expensive.

Not all types of amino acids (like L-
methionine) can be manufactured cost-
effectively usingthis method.

Only specific types of substrates can be
used as the rawmaterial for the
production process. These substrates can

be very expensive sometimes.
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2.2.2 Amino acids: Physio-Chemical Properties

In an aqueous solution with neutral pH, the carboxylic side chain of amino acids
gets dissociated into carboxylate and a free proton is liberated (—COOH — CO0™ +
H*) and the amino side which acts as a base is protonated (—-NH, + H* - —NH").
Due to this reason in an aqueous environment, the predominant form of amino acid
exists as a dipolar ion or zwitter ion [Figure 2-2], which consists of a carboxylate anion (-
COO’) and an ammonium cation (—NH3 ). 208 katchalski-Katzir, et al. 2%, illustrated a

dipolar form of amino acid with the R- side chain group as shown in Figure 2-2.

H H

L | + L | _
HoN—C—COOQCH HsN—C—COO

a R b R

Figure 2-2: (a) Physical Structure of amino acid (b) Dipolar form of the amino acid with

R the side chain group 2%

The physical properties of amino acids rely on their dipolar ionic structure.
Generally, amino acids can be classified as non-volatile crystalline solid that has a
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tendency to melt or decompose at high temperatures in comparison to amines and
carboxylic acids.

Amino acids tend to have high dielectric constants and high dipole moment.2%°
This facilitates the separation of positive and negative charges in their dipolar ionic
forms. The high dipole moment also shows that amino acids are insoluble in non-polar

solvents such as benzene and ether, but are fairly soluble in water. 28

2.2.2.1 Classification of Amino Acids

The physical and chemical features of the amino acids rely on the side chain (R-
group) attached to the amino acid structure [Figure 2-2]. Generally, there are two broad
classes of amino acids that are categorized as per the hydrophilic or hydrophobic nature
of the amino acid side chain.

According to Katchalski-Katzir, et al. 2°®

, the hydrophobic chemical groups are
more suited to dissolve in the non-polar organic solvents, while the hydrophilic groups
tend to dissolve more easily in water. The information regarding the hydrophobic or
hydrophilic character of the amino acid side chain helps to identify the chemical type of
a given protein or a specific region of a protein. The hydrophobic or hydrophilic
character of the solute is denoted as hydropathy. 2°® The chemical nature of their side

chains the amino acids can be classified into seven different groups [Figure 2-3]. The

group 1 includes the amino acids with aliphatic side chains such as Valine, Leucine,
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Alanine, Glycine, and Iso-leucine. The group 2 includes the amino acids that consist of
aromatic side chains like Phenylalanine, Tryptophan, and Tyrosine. The group 3 includes
the amino acids that consist of basic positively charged side chains like Lysine, Arginine,
and Histidine. The group 4 contains amino acids with acidic negatively charged side

chains like Aspartic Acid, Glutamic Acid, Asparagine, and Glutamine.

Group 1 (Aliphatic

Group 2 (Aromatic Group 3 (Positively Group 4 (Negatively
Side Chains) Charged Chains) Charged Chains)

Side Chains)
*Valine ePhenylalanine elysine eAspartic Acid
eleucine *Tryptophan eArginine eGlutamic Acid
eAlanine eTyrosine eHistidine eAsparagine
*Glycine eGlutamine

e|so-leucine

Group 5 (Aliphatic

Group 6 (secondary Group 7 (Sulfur side

hydroxyl side chains) amine group ) chains)
eSerine *Proline eCysteine
eThreonine eMethionine

Figure 2-3: Classification of 20 key amino acids into different groups based on their

respective side chains 2%

The group 5 includes the amino acids with aliphatic hydroxyl side chains like
Serine and Threonine. The group 6 only consists of amino acid Proline, as it has a

secondary amine group that affects the protein backbone conformation and the group 7
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consists of amino acids with sulfur-containing side chains like Cysteine and Methionine.
The disulfide bond that cross-links between two Cysteine residues exists in many
proteins, especially the extracellular proteins such as insulin, immunoglobulins, and

antibodies. The Disulfide bonds have an essential role in protein structure stabilization.

208,210

2.2.2.2  Absorption Spectrum of Amino Acids

None of the naturally occurring amino acids found in proteins absorbs light in the
visible range.?%® But, the amino acids with aromatic side chain (Group 2), such as the one

shown in Figure 7, tend to absorb light in the ultraviolet range.

The amino acids mainly tend to absorb light in the far UV range (<220nm) due to
the presence of amide bond, peptide bond, and carboxylic groups. The fluorescence of
amino acid Tryptophan is very easy to detect and this allows its use as a built-in probe

for investigating polypeptide structure and interactions. 2

2.2.2.3 Electrostatic Properties of Amino Acids

The electrostatic properties of the amino acids rely on the charge present on the
o-amino, the a-carboxy or the ionizable side chain of the amino acid according to
Chipot, et al. **. The overall charge is determined by the ionization constant of these

ionizable groups and the pH of the aqueous medium in which the amino acids

| 208

function.?!! Katchalski-Katzir, et a , provided equations that depict the dissociation
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of a-ammonium and a-carboxylic groups of amino acids as shown below 2°8:

*H3NCHRCOOH © *H3NCHRCOO™ + H* (1)
*H3NCHRCOO™ < H,NCHRCOO™ + H* (2)

The variations in the pH of the solution in which amino acid function causes a
change in the electric charge pattern of the amino acid, due to different ionization
states. When the pH of a solution is equal to the isoelectric point (pl) of amino acids, the
net charge of the amino acid is equal to zero. According to Katchalski-Katzir, et al. 2%,
The acidity constant of an acid (K3) is equal to the apparent equilibrium constant of the

dissociation reaction of the acid (Keq). Thus, the K; value for the dissociation reaction (1)

above can be given by:

K'eq = Ka(*COOH) = [H*][*HsNCHRCOO] / [*H3NCHRCOOH] >

The large the K,, the stronger is the acid. The pK, equals -log (K;), so the smaller
the pK, the stronger is the acid. Experimentally, the pKa values of different ionizable
groups of amino acids are easily obtainable via potentiometric titration of these groups
with strong base or acid. The pK; value of the a-carboxyl group of amino acids lies within
the range of 1.8-2.4 and the pK,value of the a-ammonium group lies within the range of

9.0-11.0. 28
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2.2.2.4 Optical features and Stereochemistry of Amino Acids

All amino acids that are produced as the result of acid or enzymatic hydrolysis of
proteins tend to display optical activity, except the amino acid glycine. The amino acids
display the optical activity by rotating the plane of polarized light. The stereochemical
analysis of these naturally existing amino acids reveals that they all have the same

configuration about the a-carbon, which is similar to that of the L-glyceraldehyde. 2°®

CHO COOH COOH
| " ul
_~ORemcH,0H R - Rmy
HO N, CH H,N N H,N N
H H R
L-Glyceraldehyde L-Amino acid D-Amino acid

Figure 2-4: Shows the optical configuration of L-Glyceraldehyde, L-Amino Acid, and D-

Amino Acid. 2%

As shown in Figure 2-4, there are two stereoisomers of glyceraldehyde which are
categorized as L and D. All stereoisomers of amino acids that are related to L-

glyceraldehyde are categorized as L, while the stereocisomers of amino acids that are

79



related to D-glyceraldehyde are categorized as D, irrespective of the direction of

rotation of plane-polarized light produced by the isomers [Figure 2-4].2°®

2.2.3 Amino acids: Recycle & Recovery

In 1957, a method to recover the amino acids from the solutions was patented by
Blish and Schlaeger 2*2. The process involves series of steps to recover glutamic acid and
pyrrolidone carboxylic acid from the solutions. The process consists of the columns
packed with the activated alumina to adsorb amino acids from the solutions containing

them.21?

When the acid protein hydrolysate solution is passed through a column containing
alumina, treated with hydrochloric acid, it was observed that glutamic, aspartic and
pyrrolidone carboxylic acids are quantitatively adsorbed from the solution onto the
activated alumina.?!? Later these amino acids can be eluted or desorbed by passing an
acid or an alkaline solution through the column of alumina. This allows the recovery of

2 stated that this

the amino acids from the alumina column. Blish and Schlaeger
method allows the recovery of glutamic acid from amino acid solutions and it also

allows recovery of glutamic acid and pyrrolidone carboxylic acid from liquors.?*?

The traditional separation of amino acids from the aqueous solution involves the

213 and the reversed

methods such as ion exchange, a liquid membrane with extractants
micelle.?** However, it is reported that most of this method utilizes organic solvents that

are flammable and hazardous to humans and other living organisms. Therefore, now the
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research is being focused on the use of low environmental impact solvents such as ionic
liquids for the recovery of amino acids from the aqueous solutions. *'° In addition to
that, the ionic liquids have also found applications in liquid-liquid extractions of metal

ions 2*® and organic compounds.?*’

The hydrophilic nature of amino acids makes it difficult to extract them using a
solvent in the liquid-liquid extraction process according to Leodidis and Hatton %8, In
order to extract amino acids, it's essential to add lipophilic cationic or anionic
extractants with the solvent.?'8%!° However, this extraction method is not considered
very efficient. Therefore, in order to extract amino acids, the researchers have tried the
use of macrocyclic compounds that have the tendency to form stable hydrophobic

‘host-guest’ complexes with amino acids.?%°

The most popular macrocyclic compounds used for the extraction of the amino
acids from the aqueous solution is crown ethers according to Noguchi, et al. 2%°. These
compounds have the tendency to form complexes by hydrogen bonding of protonated
amino groups.*?! Therefore, different types of carrier molecules have been designed and
studied.??> Normally, the optimum condition for efficient recovery of amino acids is

obtained using hydrophobic counterions.

The amino acids Tryptophan, Glycine, Alanine, Lysine, Arginine and Leucine were
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extracted from the aqueous solution by Smirnova, et al. %23

, using the room temperature
IL 1-butyl-3-methylimidazolium hexafluorophosphate (BmimPFs) and cyclohexane-18-
crown-6 (CE) solvents in the ratio 1:1 and 1:2. These amino acids were extracted at the
pH range of 1.5-5.5 and it was found that the most hydrophilic amino acids like glycine
are extracted more efficiently than the other amino acids. According to Smirnova, et al.
223 the system can be used to recover amino acids from the pharmaceutical samples
and fermentation media. The major advantage of using ionic liquid for the extraction
process is that it helps to eliminate the emulsion formation. The emulsion formation

usually takes place when the cationic or anionic extractants are used. This helps to

reduce the overall separation and recovery time.

The feasibility of using imidazolium-based ILs [C4mim][PFs], [C6mim][PFg],
[C6mMIimM][BF4] and [Csmim][BF4] as an alternative solvent for the recovery of amino acids
from the aqueous medium via extraction equilibrium experiments was investigated by
Wang, et al. >'°. By using these IL solvents the feasibility of recovery amino acids such as
L-tryptophan, L-tyrosine, L-phenylalanine, L-leucine and D-Valine from the aqueous

medium was tested.

The experimental procedure used by Wang, et al. 2*°

, involves the liquid-liquid
contact of an equal molar mixture of aqueous solution of amino acids with the pure

ionic liquid inside the glass test tubes (16 * 75 mm) with stoppers.?*> The system is then

vigorously stirred by the help of the magnetic stirrer and then after the stirring of half an
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hour, the two phases are carefully separated by the help of the centrifuge. The pH of the
aqueous phase is measured by the help of the pH meter and the concentrations of the
amino acids in the aqueous solution before and after extraction are measured by the
help of the spectrophotometer. For the amino acids mixtures, the concentrations are
evaluated by the help of liquid chromatography. Finally, the partition coefficients of
amino acids between the IL and aqueous solution are calculated by the following

equation®'®:

ww =
Cy

In the above expression the C; is the initial concentration of the amino acids and the C,

is the final concentration of the amino acids in the aqueous solution.

The extraction degree of amino acids tends to increase with the increase in the
hydrophobicity factor of the amino acids according to Wang, et al. 2*>. The partition
coefficients of the amino acids rely on the hydrophobicity factor of the amino acids.?*®
This indicates that the hydrophobicity factor is the driving force for the partition of the
amino acids into the particular ionic liquids. These partition coefficients were found to

be strongly affected by the pH of the aqueous phases and the water solubility in the

ionic liquids.

It was reported that the partition coefficients increase in value with the rising
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solubility of water in ionic liquid phase by Wang, et al. 2!>. On contrary, the partition
coefficients values decrease drastically by increasing the pH of aqueous phases. It was
also found that the ILs containing BF; anion tend to provide much higher extraction
efficiency for the amino acids compared to the ILs containing PF¢ anion due to stronger
effective charge in BF,.2*® The ILs [C6mim][BF4] and [Csmim][BF4] were found to be

potential IL solvents for the separation of amino acids from the aqueous medium.

The use of ionic liquids and macrocyclic compounds like crown ethers for
extraction of amino acids from the aqueous solution holds a good potential. The use of
these compounds can be a step forward in the development of the process on the

industrial scale for the extraction and recovery of amino acids from the process lines.

2.2.4 Amino acids: Hydrate Inhibition Studies

The first hydrate inhibition study using natural amino acids was conducted by Sa,

[ 191

et a using Glycine, L-Alanine, and L-Valine as thermodynamic hydrate inhibitors for

. 191 at the concentration 0.5 mol% and pressures of

CO, hydrates. According to Sa, et a
20 bars and 30 bars the CO, HVLE curve was shifted by 0.4 + 0.1 K by L-Valine, 0.35 + 0.1
K by L-Alanine and 0.30 + 0.1 K by Glycine. Thus, the increasing order of thermodynamic
inhibition was found to be in the following order: L-Valine > L-Alanine > Glycine. In the
same study, Sa, et al. ! stated that amino acids do have a tendency to inhibit CO>

hydrates and the thermodynamic inhibition strength of amino acids increases with

increase in their hydrophobicity. The side alkyl chains of amino acids are hydrophobic
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and as the size of an alkyl chain increases the hydrophobicity is enhanced and the

disruption of hydrogen bonds between water molecules also increases.

The kinetic inhibition effect of L-Alanine, Aspartic Acid, Asparagine, Phenylalanine,
and Histidine on CO, hydrates at a low concentration ( < 0.1 wt%) was further

investigated by Sa, et al. %**

. It was found that aspartic acid and asparagine exhibit
higher kinetic inhibition than alanine. Histidine was also found to be a better CO,

hydrate Kinetic hydrate inhibitor than alanine and phenylalanine.

It was predicted that the hydrophilic and electrically charged chain of amino
acids tends to disrupt the water structure and the hydrophobic part of the amino acid
side chain strengthens it when they are in touch with hydrate crystals by Sa, et al. 2%
Hence, the amino acids with stronger hydrophilic side chain are expected to be more
effective in delaying hydrate nucleation as they are more likely to cause disruptions in
water structure.

| 225

Then later Sa, et a , extended their study by using amino acids Glycine, L-

Alanine, L-Valine, Leucine, and lIsoleucine as kinetic hydrate inhibitor (KHI) for CO,

hydrate inhibition. According to Sa, et al. *?°

, the amino acids with lower hydrophobicity
act better as a KHI and tend to delay the hydrate nucleation and growth by disrupting

the water hydrogen bond network. They also stated that the amino acids with higher

hydrophobicity tend to strengthen the local water structure and have no or little effect
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on hydrate kinetics. This is mainly due to the dual complexity of strengthening of water
structure around side chains and disruption of water structure around ionic moieties.
The extent of perturbation caused by a particular amino acid is likely to depend on the
hydrophobicity of that particular amino acid. *?° Therefore, the perturbation of the

water structure around the plays a key role in the kinetic hydrate inhibition.

The glycine to be the most effective CO, kinetic hydrate inhibitor, as the small
chain amino acids like glycine form strong hydrogen bonds with water molecules

225

according to Sa, et al. “=°. It has also been reported that glycine has the ability to

eliminate the memory effect and same is the case found with previously reported

antifreeze proteins.*?’

The L-Alanine was found to be slightly less efficient than glycine
because amino acids with longer alkyl chains tend to less effective as kinetic hydrate
inhibitor and some of them can even accelerate the hydrate formation. Therefore, the
one with the shorter alkyl chains is better suited as kinetic hydrate inhibitor. The amino
acids that are highly hydrophilic tend to disrupt the crystal lattice of water and prevent

the hydrate formation. The increasing order of kinetic hydrate inhibition for CO, was

found to be in the following order: Glycine > L-Alanine > L-Valine > Leucine > Isoleucine.

The inhibition of gas hydrates via amino acids could also occur due to the
presence of oxygen atoms of the carbonyl group in amino acids as stated by Roosta, et
al. >?8. The oxygen atoms allow the formation of hydrogen bonds with the water

molecules causing disruption of hydrate cages. 22°
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The hydrophobic side chain of amino acids tends to produce electrostatic
interactions with the hydrate crystal structure, which interrupts hydrate nucleation and
disrupts the further growth of hydrate crystals. Normally, the amino acids tend to
reduce the rate of hydrate formation and delay the hydrate crystal growth during

intermediate formation stages.**°

[ 231 | 232

It was further proposed by Geiger, et a and Pertsemlidis, et a that amino
acids tend to cause a reduction in water orientation structure dynamics which is
favourable for the hydrate inhibition. When the hydrate formation takes place the water

molecules reorient themselves in a manner to form cages that can capture small guest

molecules like methane and ethane.

The amino acids affect the re-orientation behaviour of the water molecules
through hydrogen bonding and this causes hydrate thermodynamic inhibition effect as
shown in their hydrate multi dynamics simulation study conducted by Carver, et al. 233,
They observed that as the hydrogen bonding energy of amino acids increases, the water
reorientation, and disruption increases. This improves the overall thermodynamic

inhibition impact.

The methane hydrate dissociation in the presence of 0.01wt %, 0.03 wt%, and
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I. 234 and it was found that with the

0.3 wt% tryptophan was studied by Veluswamy, et a
increase in the concentration of amino acid there is a slight incremental increase in the

rate of the hydrate dissociation.

The kinetic inhibition effect of amino acids glycine and leucine on Tetra hydro
furan (THF) and Ethane hydrates was studied by Naeiji, et al. >*> and Rad, et al. 2*® . In

both studies, glycine was found to be a better kinetic hydrate inhibitor than leucine. Liu,

37 238

et al. 2% and Veluswamy, et al. showed in their studies that leucine kinetically

promotes CH4 hydrates.

The use of amino acid tyrosine as kinetic hydrate inhibitor for the natural gas
was suggested by Talaghat 23 and it was observed that tyrosine does have a tendency
to delay natural gas hydrate induction time. Kakati, et al. 2° further suggested that the
addition of tyrosine to PVP enhances the kinetic inhibition effect of PVP by 37 % on
natural gas hydrate.

1

The experimental results using infrared spectroscopy®*!, neutron scattering®3?

6

and Raman spectroscopy 22° also reveal that the amino acids can cause perturbation of

water molecules through the strengthening of hydrogen bond network between water

232,241

molecules and amino acids The amino acids with shorter side chain tend to have

lower hydrophobicity and higher inhibition potential.
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225,242 4150 states that the effectiveness of amino acids to

Many other studies
inhibit the hydrate growth strongly depends on their hydrophobicity. The amino acids
with higher hydrophobicity tend to be less effective as kinetic hydrate inhibitor than the

ones with lower hydrophobicity.

Summary

The above literature review shows that most studies using amino acids as hydrate
inhibitors have been conducted using pure CO, gas. But, no comprehensive hydrate
inhibition studies using amino acids as CH4 gas hydrates have been conducted to date.
Therefore in section 4.2, the thermodynamic and kinetic inhibition effect of amino acids
L-Histidine, Glycine, Asparagine, Phenylalanine and L-alanine at different concentration
(1-5 wt%) has been investigated using pure methane gas and different pressure
conditions. This will allow to evaluate the feasibility of using amino acids as hydrate

inhibitors on the large scale.
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2.3 Enhancing Hydrate Inhibition using Synergents

In order to enhance the inhibition effectiveness of hydrate inhibitors, the effect of
mixing synergents like polyvinylpyrrolidone (PVP), poly-vinyl caprolactam (PVCap),
Sodium Chloride (NaCl), poly-ethylene oxide (PEO) and anti-freezing polymers with

hydrate inhibitors have been considered in different kinds of previous work.22%% 43

Synergents are polymeric compounds normally do not show any hydrate inhibition
itself but can significantly enhance the kinetic inhibition performance of hydrate
inhibitors when added in small quantities.?*°* 2** They can help to reduce the required
quantity of hydrate inhibitors. As per the general observation, the synergistic effect of
polymeric compounds could be due to presence of alkoxyl (R-O) group in synergents.
The alkoxy groups in polymeric compounds disturb the hydrate cage formation, which
reduces the number of water cages. The less number of water cages reduces the

workload of KHI, which enhances their overall effectiveness.?**

The polymer and hydrate surface interaction is not structured specific and the
most likely mechanism by which large lactam ring size polymers provide hydrate
inhibition is the perturbation of bulk water structure assenting with Abrahamsen and
Kelland *’. However, more research is required to understand the acting mechanism of
these synergistic compounds. According to O’Reilly, et al. **°, the polyvinylpyrrolidone

(PVP) has a tendency to inhibit the hydrate crystal growth and many modelling studies
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also suggest that it prevents the nucleation of the hydrate crystals by destabilizing the SI

hydrate clusters from a distance without directly interacting with the hydrate surface.?*

2.3.1 Sodium Chloride (NaCl)

The synergistic effect of NaCl on the hydrate inhibition performance of PVP
(poly-vinyl-pyrrolidine) in deep water drilling fluid was examined by Zhao, et al. 2*®. The
NaCl exhibited a strong synergistic effect on the performance of PVP and enhanced both

the hydrate nucleation inhibition and hydrate growth inhibition strength of PVP.

It was observed that in deep water drilling fluid with 0.5 wt% of PVP, the
addition of 10 wt% NaCl prolonged the hydrate induction time from 60 min to over 1000
min, at the same water depth conditions of 2 ° C and 100 bars and sub-cooling
temperature of 14.2 ° C. According to Zhao, et al. 2*®, at higher sub-cooling temperature
of 16.4 ° C, the mixture of 10 wt% NaCl + 1.5 wt% PVP gave an induction time of 600

min. This prolonged induction time allows safer deepwater drilling.

The kinetic inhibition effect of addition L-tyrosine and NaCl as synergents with
PVP on a gas mixture containing methane, ethane, and propane was investigated by
Kakati, et al. 2*°. Their experimental results show that the addition of L-tyrosine and
NaCl enhances the inhibition effectiveness of PVP. According to Kakati, et al. 240 the
addition of 1wt% PVP as an inhibitor with gas mixture delayed the hydrate induction

time from 27 to 45 min. But, the addition of mixture 0.5 wt% PVP + 0.25 wt% NaCl +
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0.25wt% L-tyrosine with gas mixture delayed the hydrate induction time from 27 to 65

min.

2.3.2  Poly-vinyl caprolactam (PVCap)

The kinetic and thermodynamic inhibition effect of nine ILs on CH,; hydrate
formation by mixing them with polymeric hydrate inhibitor PVCap was studied by the
Lee, et al. **’. These ILs included: [EMIM-BF4], [EMP-CI], [BMP-BF4], [HEMP-CI], [HEMP-
BF4], [BMP-Br], [EMP-Br], [EMP-BF4] and [BMP-CI]. According to Lee, et al. %/, the
selected ILs performed better as kinetic hydrate inhibitor and the hydrate induction
time at 3wt% ILs (7 MPa) was found to be within the range of 4.5-139.4 min. This range
was enhanced to 9.3-184.9 min when 0.5 wt % PVCap was added with ILs (0.5 wt% IL +

0.5 wt% PVCap).

The PVCap acts as a synergent and it can enhance the kinetic inhibition
effectiveness of selected ILs even at low concentration (0.5 wt%) as stated by Lee, et al.
247 Their experimental results indicated that the addition of PVCap helped to reduce the
amount of IL required for hydrate inhibition from 3 wt% to 0.5 wt%. This has a

significant effect on overall capital cost required for the purchase of ILs.

Later, the above study was extended by using a different gas mixture and varying
concentration of PVCap (0.1wt%, 0.5 wt% and 1wt% PVCap) in IL + PVCap mixture by

8

Lee, et al. 2*®. It was found that by keeping the concentration of IL constant and

increasing the concentration of PVCap alone, the induction time of hydrate formation is
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enhanced significantly. The hydrate induction time for mixture A (0.5 wt% HEMP-BF, +
0.1 wt% PVCap) was 84 min, for mixture B (0.5 wt% HEMP-BF,; + 0.5 wt% PVCap) was
500 min and for mixture C (0.5 wt% HEMP-BF,; + 1 wt% PVCap) was 1350 min at 7.7
MPa. This shows that the concentration of PVCap has a significant impact on the

effectiveness of IL + PVCap solution as KHI.

The synergistic effect of glycol ether compounds on the kinetic inhibition
performance PVCap (poly-vinyl caprolactam) using the methane-rich gas mixture
containing CO, and N, was investigated by Yang and Tohidi **°. They found that glycol
ether compounds significantly delayed the hydrate nucleation time and also delayed the
catastrophic growth of hydrates significantly. They proposed that the presence of glycol
ether molecules tend to increase the adsorption of PVCap molecules on the hydrate
growth sites more than on hydrate nucleation sites. In addition to that, the synergistic
effect of glycol ether compounds can also be attributed to the molecular size of these

molecules.

The hydrate inhibition strength of mixture containing mono-ethylene glycol
(MEG) and PVCap on a synthetic natural gas mixture containing 90 mol % methane and
traces of ethane, propane, and butane was investigated by Kim, et al. 2°°. According to
Kim, et al. 2°°, the mixture of 0.2 wt% PVCap + 20 wt% MEG delayed the hydrate
induction time significantly and the hydrate fraction was less than 0.19. They found that

the mixture of 0.2 wt% PVCap + 30 wt% MEG delayed the hydrate induction up to 24
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hrs. This shows that the mixing of MEG with a small amount of PVCap results in the
inducement of synergistic effect that helps to delay the hydrate induction time and also

prevent the agglomeration and deposition of hydrate particles.

The 5 to 6 rings structures like cyclopentane, tetrahydrofuran or tetrahydropyran
are the largest rings that can be lodged into the large Sl (51,64) cages by the help of the

251 The poly-vinyl caprolactam (PVCap) as a synergist (like glycol

gas such as methane.
ether) may provide better kinetic hydrate inhibition performance due to the fact that

most of the lactam ring sizes in polymers are too large to be accommodated into any of

the 51,6, or 51,64 hydrate cavity.

2.3.3  Poly-ethylene Oxide

Polyethylene oxide (PEO) as a non-ionic homopolymer of ethylene oxide that
exists as a white powder and can act as an antioxidant.>>? It is used in various
papermaking applications and is usually obtained as dry granules. It is a linear polymer
and is soluble in water. It shows an inverse solubility-temperature relationship and as
the water temperature rises the PEO-water system gets separated into phases.?>? It is
considered to be a weak thermodynamic inhibitor?®* and is unable to act as a kinetic

inhibitor itself.”°

The use of PEO as a hydrate inhibitor for the pure methane, ethane and propane

gas was reported by Englezos and Ngan *°*

. They studied the hydrate inhibition
strength of PEO at different concentrations (5- 25 wt%) within the temperature range of
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273.55 — 285.3 K and pressure range of 0.187-9.961 MPa. Englezos and Ngan 2°*3,

reported PEO as a poor hydrate inhibitor compared to electrolytes and alcohols.

The synergistic effect of PEO on the kinetic inhibition performance of
commercial kinetic inhibitors like Luvicap EG (INH 3), Luvitec K90 (INH 4), Luvitec VPC 55
(INH 5) and many others using pure methane gas and methane-ethane gas mixture was

investigated by Lee and Englezos 2°°.

The addition of 0.5 wt% INH 3 to pure methane sample delayed the hydrate
induction time from 0.5 min to 86 min. However, the addition of mixture 0.5 wt% INH 3
+ 0.025 wt% PEO delayed the hydrate induction time from 0.5 min to 148 min. Similarly,
the addition of 0.025 wt% PEO with INH 4 helped to delay the hydrate induction time
from 0.5 min to 15.6 min. In case of INH 5, the addition of 0.025wt% of PEO helped to
delay the hydrate induction time from 0.5 min to 82 min respectively. The addition of
PEO also helps to reduce the memory effect of the commercially used kinetic hydrate

inhibitors.2>®

The synergistic effect of PEO and Polypropylene oxide (PPO) on kinetic inhibition
strength of inhibitor PVP and I-tyrosine using pure methane, pure CO, and pure propane
gases in a flow mini-loop apparatus was investigated by Talaghat 2°>. He found that the
hydrate induction time is prolonged significantly when the small dosage of PEO and PPO

is added with the kinetic inhibitors PVP and I-tyrosine.
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The PEO and PPO are high molecular weight polymers that are not kinetic
inhibitor themselves, but their addition in solution with inhibitors decreases the
accessibility of water molecules to guest CH; molecules and this helps to delay the

252

hydrate formation or induction time.“> The bulkier structure of these polymers is also

likely to cause steric hindrance to water molecules and block the guest diffusion.

The addition of 200 ppm of PVP in a blank sample of pure methane gas helps to
delay the hydrate induction time from 50 to 80 min at 8 MPa, reported by Talaghat 2°2.
However, the addition of mixture 200 ppm PVP + 100 ppm PEO in a blank pure methane
sample helps to delay the hydrate induction time from 50 to 95 min. Similarly, the

addition of PEO with I-tyrosine helped to delay the methane hydrate induction time

from 320 to 420 min.

Summary

It is evident from the above literature review that most studies using PEO as a
synergent has been conducted on commercial kinetic hydrate inhibitors like Luvitec,
PVP, and Luvicap. But no work has been reported showing the synergistic effect of PEO
on the hydrate inhibition performance of ionic liquids and amino acids. Hence, in
Section 4.1 and Section 4.2, the synergistic effect of PEO on the kinetic inhibition
performance of selected ionic liquids and amino acids has been experimentally

investigated using the quaternary gas mixture (QM) and pure methane gas. The

96



synergents can help to reduce the dosage of the required hydrate inhibitor and reduce

the overall CAPEX.
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2.4 Factors affecting the rate of hydrate formation

The formation of gas hydrates is a nuisance for the oil and gas sector, but the gas
hydrates also have many positive uses which include transportation and storage of

7 separation of gas >°%, CO, capture **°, desalination 2°°, refrigeration 6.

natural gas *°
coal mine gas separation®®?, and separation of undesirable (toxic or incombustible)

species from biogases.?®® The transportation of natural gas in the hydrate form hold

strong future prospects due to the economic feasibility of converting gas to hydrates 264,

The gas hydrates possess good storage properties and one volume of hydrate can
hold up to 180 volumes of natural gas at STP 2®°. Therefore, there is a strong industrial
interest in the development of hydrate production plants and processes that can

convert gas to hydrates and transport them over the long distances.

As shown in Figure 2-5, the gas molecules within hydrate clusters are highly
compressed and one volume of gas hydrates has a tendency to hold 164 volumes of
methane and 0.8 volume of water [Figure 2-5]%® Therefore, they are considered to be

the future energy resource and medium for natural gas storage and transportation.
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Figure 2-5:The amount of pure methane gas and water present in the one volume of the

gas at Standard Temperature and Pressure (STP).%%

The hydrates formation rate is the major parameter, in design and operation of
hydrate production units that can convert gas into hydrates 2°’. It is widely accepted
that high pressure and low-temperature conditions stimulate the rate of hydrate
formation. Luo, et al. 28, stated that the methane consumption rate increases as the
temperature is reduced and the methane consumption rate increases as the pressures is
raised across the bubble column. However, there are many other factors that can
stimulate the rate of hydrate formation. The hydrate formation rate can be accelerated

269

by the addition of zeolite in pure water 2°°, the addition of surfactant in system 2’°, and

use of the fixed bed column filled with sand. 2”*

The chemical aspects used to enhance the rate of hydrate formation includes the

272

use of hydrate thermodynamic promoters like tetra hydro furan (THF)“’“ and kinetic

promoters like sodium dodecyl sulfate 2”>.The mechanical aspects used to enhance the
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rate of hydrate formation includes magnetic stirring or agitation 2’#, use of baffles?’® and
bubbling of gas using a nozzle.?®® These aspects are related to different types of reactors
which include stirred tank and bubble tower reactors. Among all the mechanical
aspects, the magnetic stirring is mainly used in the hydrate formation studies. As the
stirred tank is easier to construct and maintain on the laboratory scale, most hydrate

276

formation studies are conducted using the stirred tanks. A brief review of work

conducted on hydrate formation kinetics using magnetic stirring is provided below.

2.4.1 Mechanical agitation

The mechanical agitation is widely used in the batch process reactor to speed up
the rate of reaction. In the hydrate formation studies, the mechanical agitation is mainly
provided by the help of a magnetic stirrer.?’® Previous studies suggest that the stirring
aids in reducing hydrate formation time and enhances the hydrate formation rate and

gas storage capacity of hydrate.?’”

The methane hydrate formation in a semi-continuous stirred tank reactor with

275 1t was found that the stirrer

and without the stirrer was observed by Hao, et al.
strongly affects the rate of hydrate formation and enhances the rate of mass transfer

and heat transfer in the hydrate formation process.

The stirring helps to reduce the hydrate formation time according to Hao, et al.
275 and the optimum stirring velocity and stirring time for the selected stirred tank

reactor was found to be 320 RPM (Rotations per minute) and 30 min. They also
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suggested the use of baffle along with the stirrer to enhance the rate of hydrate
formation inside the stirred tank reactor. However, the long stirring time can result in

the decomposition of the hydrates formed in the reactor.

The hydrate first tends to appear at the gas/water interface and then nurture
into a stiff hydrate film that impedes any further growth of the hydrate crystals under

still conditions according to Xiao, et al. 2’/

. The stirring helps to renew the gas\water
interfacial area and reduces the hydrate formation time and speeds up the rate of
hydrate formation at early stages of the formation. The two main stages of hydrate

formation inside the stirred reactor identified are the formation of hydrate slurry and

the eventual block caused by the hydrate clusters.

A series of experiments where only the stirring rate was varied and the other
factors were kept consistent was conducted by Englezos, et al. 2’%. It was observed that
the hydrate formation time is lower at the higher stirring rates. According to Englezos,

et al. 2’8

, the average supersaturation needed for the hydrate nucleation is less at higher
stirring rates. The experiments were performed at different stirring rates ranging from
300 to 450 RPM at the same pressure and temperature conditions. They observed that
at the stirring rate of 400 RPM or greater, the kinetic parameter is no longer affected by
the further increase in the stirring rate. In order to avoid extensive rippling on the gas-

liquid interface, the 400 RPM was selected as the optimum stirring rate for the methane

hydrate formation.
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The growth of hydrate crystals was observed as a two-step process by Englezos,
et al. 2’8, In the first step, the dissolved gas tends to diffuse from the bulk of the solution
to the hydrate crystal water interface. The in the second step, the gas molecules are

incorporated into the water structure framework by an adsorption process.

The kinetics of methane hydrate decomposition in a semi-batch stirred tank
reactor at different stirring rates was investigated by Kim, et al. 2’°. They observed that
the methane hydrate decomposition rate at a fixed stirring rate (RPM) is affected by the
length of the stirring time. Also, the stirring time required to obtain methane hydrate
decomposition also depends on the stirring rate (RPM). At the stirring rate of 640 and
700 RPM, the decomposition rates were found equal to the stirring times three minutes
or higher. The longer stirring time aids in removing any excess gas from water to get a

homogenous hydrate crystal during the initiation of the decomposition phase.

It was observed that the hydrate decomposition rate increases as the stirring
speed is increased and the maximum hydrate decomposition rate was obtained at the
stirring rate of around 640 RPM by Kim, et al. 279 However, at the stirring speeds higher
than 640 RPM, the decomposition rate was found to reach its upper limit. Kim, et al. 279
proposed the upper limit is reached due to the fact that the mass-transfer resistances

are abolished at stirring rate of 640 RPM and higher. It was also observed that the

optimum stirring rate to obtain maximum hydrate decomposition is dependent on the
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temperature and pressure conditions. Higher stirring rates are required at lower

pressures and vice versa.

The effect of different stirring rates on the hydrate formation rate was also
experimentally investigated by Ke and Svartaas *%°. They found that the higher stirring

rates offer better hydrate formation rate in the isochoric system 2°. According to Ke and

280

Svartaas “°°, the continuous stirring in the isochoric cell aids in reducing mass and heat

transfer resistances and it also provides a homogenous environment for the hydrates

31, 281

formation Moreover, the continuous stirring helps to improve the water gas

interfacial area and also helps to improve hydrate formation rate 2°°. Many modeling

and simulation studies on hydrate kinetics are based on this concept. 274 282

The faster stirring speed or higher stirring rates decreases the metastable crystal

I 283

formation time according to Skovborg, et a , Which in turn speeds up more hydrate

formation within the system. Parent and Bishnoi 284

, also observed that the faster
stirring speed enhances heat and mass transfer rates and facilitate accelerated hydrate
formation by hindering temperature and composition gradients in bulk phase. Turner, et
aI. 281

, observed an acceleration in the hydrates formation rate when the hydrate cell

impeller speed was accelerated from 400 rpm to 500 rpm during the experiments.
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The low stirring rate is not adequate for hydrates formation, as at low stirring
rate the hydrate crystals are likely to accumulate at the gas-liquid interface, which
obstructs the heat and mass transfer and also reduces the hydrates formation rate

according to Vysniauskas and Bishnoi 27%°

. Interestingly, there also exists an upper
threshold limit above which higher stirring rate or faster stirring speed has no effect on
hydrates formation and above that threshold limit, negative effects can be detected
within the system 25°.

It was suggested by Mork %8¢

that all hydrate kinetic experiments rely on the
experimental system mechanics and specifications. Therefore, the model used for a
single experimental system may not be appropriate for other experimental systems 22°.

Though, the improvement in any factor that affects the gas-liquid interfacial area like

stirring rate, may assist to accelerate the hydrate formation significantly 22°.

Summary

Based on the literature review, it was found that most of the hydrate formation
rate studies have been conducted at the stirring rates of 200-700 RPM. Ke and Svartaas
287 reported the effect of stirring rate on methane hydrate crystal formation within the
range of 220 to 650 RPM in an isochoric cell. Furthermore, no experimental work was
found to be reported on the higher stirring rates of 1000 RPM and above. Also no

experimental work was found to be reported at lower stirring rates of 200 RPM and

below. This indicates that there is a knowledge gap and in order to understand the
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effect of stirring on the rate of hydrate formation it's essential to conduct experiments
at low stirring rates of 200 RPM and below and also conduct experiments at higher

stirring rates of 1000 RPM and above.

In the Section 4.1.1, the number of experiments were conducted at the stirring
rates varying from 100 to 1400 RPM using the quaternary gas mixture (QM) was used in
the High-pressure autoclave cell (HPC). The optimum stirring rate at which maximum

hydrate formation occurs has been determined along with the interval of CHG.
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CHAPTER 3: EXPERIMENTAL METHODOLOGY

The chapter 3, provides experimental details about the methods and procedure
used for testing the ionic liquids and amino acids as hydrate inhibitors. The experimental
work has been conducted using pure methane gas and quaternary gas mixture (QM)
which imitates natural gas mixture. The list of ionic liquids and amino acids tested in this
work along with their purity index and relevant solubility in aqueous solution has also

been provided.

A brief description of the experimental equipment used in this thesis experimental
has been provided in section 3.2. Two different types of apparatus such as Rocking Cell
Assembly (RC-5) and High-Pressure Cell (HPC) has been used in this work. The RC-5 has
been used to test the ionic liquid and amino acid inhibitors. The HPC has been used to
investigate the effect of stirring on the hydrate formation. The equipment calibration

and experimental result validations are also shown in the section 3.23.

3.1 Materials

The list of ionic liquids (ILs), synergents and amino acids used in this work is shown
in Table 3-1 and Table 3-3. These ILs were purchased from lolitec ionic liquid
technologies GmbH, Germany (purity = 98 %) and synergents were purchased from
Sigma Aldrich Korea (purity = 98 %). The amino acids used in this work were purchased

from the Sigma Aldrich USA. All the sample solutions were prepared using distilled
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water at the room temperature using the Mettler Toledo electronic mass balance with a

precision of £0.0001 g.

The Table 3-1, shows the ionic liquids and synergents tested as the hydrate
inhibitors in this work. These ionic liquids were tested at different concentrations (1-10
wt%) and pressure conditions (40-120 bars) on the pure methane gas and the specially
designed quaternary gas mixture (QM). The ILs [EA][Of], [DMA][Of], [DMEA][Of] and
[TBA][Of] were tested on the pure methane gas (purity = 99 %) purchased from the
Buzwair gas factories (Qatar). The ILs [PMPy-Cl] and [PMPy-Triflate] were tested as
hydrate inhibitor on a specially designed quaternary gas mixture (QM) also purchased

from the Buzwair gas factories.

Table 3-1: List of lonic Liquids (ILs) and synergents studied in this dissertation

Ionic Liquids (ILs) Structure Synergents Structure
1-Methyl-1- Polyethylene
Propylpyrrolidinium T Oxide (PEO)

. CIE)
Chloride N Q

T

[PMPy-CI] H 0
1-Methyl-1- Caprolactam
Propylpyrrolidinium (VCAP)
Triflate Q CF,502 " ,1,0\4\0
[PMPy-Triflate] s n
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Table 3-2: List of lonic Liquids (ILs) studied in this dissertation

Ionic Liquids Structure
. - H Q
Ethyl-armumennum Formate [EA][Of] e T
-ELalils s
H H O
O
EHJMﬁ ». ‘l;L
Di-methyl-ammenium Formate [DMA][Of]
cHy”” SHHT O-
Di-methyl-ethyl-anmonium Formate Me
[DMEAJ[Of] l, O
et—n ||
| i
ue H O
n-butyl-methyl-anmonium Formate :
Tri-butyl-methyl um F : f|:|1
[TBAJOf] s Co.
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Table 3-3, shows the amino acids tested as the hydrate inhibitors in this work.

Table 3-3: List of amino acids used in this work

Solubility
in water
AminoAcid  Structure M.W at25°C
mol
(8/mol) (per100  Traits 289 Hydrophobicity®*’
m/) 288
o) Non-polar,
Glycine H.N 75.06 24.99¢ Exists as
2 CH zwitterion can -0.4
fitinto both
hydrophilicand
hydrophobic
environments
Alanine 0] 89.09 16.72¢g Non-polar, 1.8
H-C Hydrophobic
’ j)\OH
NH»
Histidine H ] 155.15 4.19g Polar, -3.2
N g
\NOH Hydrophilic
N NH
O
Asparagine HzN\n/\‘)J\OH 132.12 294¢g Polar, -3.5
Hydrophilic
O NHp yarop
Phenylalanine 9 165.19 296¢g Non-polar, 2.8
h hobi
- ydrophobic
NH,
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These amino acids were tested at different concentrations (1-5 wt%) and
pressure conditions (40-100 bars) on the pure methane gas using the rocking cell

assembly (RC-5).

3.1.1 Gas mixture

The ILs [PMPy-Cl] and [PMPy-Triflate] were tested as hydrate inhibitor on a
specially designed quaternary gas mixture (QM) purchased from the Buzwair gas
factories (Qatar). The components of the QM mixture are shown in Table 3-4. The

purchased gas mixture composition was confirmed using the GC-analysis.

Table 3-4: Mol Composition of the QM mixture as per GC analysis

Components Composition (Mol %)
Methane C; 84.20

Ethane C, 9.90

n-hexane Cg., 0.015

Carbon Dioxide CO, 2.46

Nitrogen N, 2.19
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3.1.2 GC-Analysis for Quaternary Gas Mixture (QM)

The GC-Analysis for the quaternary gas mixture (QM) was conducted by the Gas

Processing Center (GPC) located at the Qatar University using the PerkinElmer Calrus

580 Gas Chromatograph. The detail GC analysis numeric report is shown in Table 3-5.

As shown in Table 3-5, GC-analysis show that the quaternary gas mixture (QM)

mainly consists of four components which include methane (85.24 %), ethane (10.03

%), carbon dioxide (2.49 %) and nitrogen (2.22 %).

Table 3-5: GC Analysis Report for the QM gas mixture

Peak Component Time  Area Area Cal. Adjusted Amount
# Name [min]  [uV*sec] [%] Range Amount [Norm.
%]

1 0.011 2619.16 002 e 0.00

2 Ce+ 3.142 6840.90 0.04 0.0153 0.02

3 11.564  4485.14 0.03 0.0045 0.00

4 11.705  4629.99 0.03 0.0046 0.00

5 o, 11.934  589298.52 3.54 + 2.4625 2.49

6 G, 12411  2434644.88 1463 + 9.9036 10.03

7 13.556  956.27 0.01 0.0010 0.00

8 13.674  253.77 0.00 0.0003 0.00

9 N, 13.954  537574.20 3.23 2.1890 2.22

10 C 14.467  13057499.01 78.48 + 84.1988 85.24
1.66 * 10 98.7795 100
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3.2 Equipment

The experiments were carried out using the high-pressure cell (HPC)
manufactured by Top Industrie France and the Rocking cell assembly (RC-5)
manufactured by PSL systemtecknic Gmbh Germany. The brief description of both

equipment is provided below:

3.2.1 High-Pressure Cell (HPC)

The effect of stirring on QM mixture hydrate formation was analyzed in the high-
pressure autoclave cell (HPC) purchased from the Top Industrie (France). As shown in
Figure 3-1, the HPC cell is made up of Hastelloy (material: C276 + PTFE) and has the
volume of 0.159 L and can be pressurized up to 700 bars and operated within the

temperature range of -20°C to 200°C.
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Figure 3-1: A schematic diagram of the High-pressure cell (HPC) used for studying the
effect of stirring on the QM mixture hydrate formation.

The HPC has a data log system that takes reading after every 5 seconds. The Huber is
connected to the HPC and it is used for cooling and heating the mixture solution inside

the HPC.

As shown in Figure 3-1, the HPC consists of three manual high pressure (HP) 1/8”
valves. The valves VMO1 and VMO02 are used for the gas inlet and gas out, while the

valve VMO3 is used for venting the gas into the atmosphere. The equipment also
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consists of pressure safety rupture disc PSEO1 (limit 800 bars) and pressure sensor
PT100. The equipment is controlled by the help of software using the protocol specially
written for the hydrate kinetic experiments. The CAD drawing showing the system

dimensions is shown in Figure 3-2.

Figure 3-2: The CAD drawing showing the dimensions of the High-Pressure Cell (HPC)
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Figure 3-2, illustrates the dimensions of the HPC. The liquid sample cylinder is

located at the centre of the cell and has the diameter of 45 mm. This length of the cell is

219 mm and diameter of the cell is 184 mm. Table 3-6, shows the HPC specifications

provided by the manufacturer.

Table 3-6: High-Pressure Cell (HPC) specifications by the manufacturer

Factors Specification
Operating Pressure 700 bar
Maximum Pressure 880 bar

Operating Temperature -20 to 200 °c

Material 2.4819 (Hastelloy C276)
Volume 0.159 liter

Internal diameter 45 mm

Valve 1/8"”

Mass of autoclave 27 kg

Figure 3-3, demonstrates the top of the HPC (flange) consisting of eight stainless

steel nuts (red arrows). After the liquid sample is filled inside the cylinder [Figure 3-4],

these nuts are tightened by the help of the wrench. The Hastelloy body of the high-

pressure cell below is then covered with the jacket to prevent heat losses during the
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experiments.

Figure 3-3: A) A high-pressure cell assembly with the valves and pressure transducer, B)
The top view of the high pressure cell

Figure 3-4, highlights the liquid sample cylinder where the magnetic stirrer is located.
The internal diameter of this cylinder is 45 mm and it can hold the liquid volume of up to

150 ml.
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Figure 3-4: The liquid sample cylinder where the magnetic stirrer is located

Figure 3-5, indicates a magnetic stirrer which rotates via Lab Mixer manufactured by
Fisher brand inside the liquid sample cylinder. The lab mixer provides the necessary
stirring needed for the experiments and its rotational speed (RPM) can be varied

between 0 to 1400 revolutions per minute (RPM).
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Figure 3-5: Magnetic stirrer inside the high-pressure cell that is agitated using the lab

mixture placed below the high-pressure cell.

During the experiments, the liquid sample volume of 50 ml is added into this
cylinder and then this cylinder is carefully tightened by the help of the stainless steel
nuts located at the top. The cylinder also consists of the seal that needs to be replaced

after the period of 6 months. This seal is used to prevent any gas leakages.
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3.2.2  Rocking Cell Assembly (RC-5)

All experiments using ionic liquids (Table 3-1) and amino acids (Table 3-3) were
conducted using a hydrate rocking cell assembly (RC-5) purchased from PSL
SystemtechniK GmbH [Figure 3-6]. The rocking cell apparatus consists of 5 stainless
steel cells that operate in parallel to each other and are connected to the same skid that

rocks the cells.

The RC-5 consists of the 5-stainless steel cells that are submerged in the bath. The

heating and cooling of the cells is carried out via the water batch (Huber) attached to

the RC-5 bath [Figure 3-6].
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Figure 3-6: A schematic diagram of Rocking Cell assembly (RC-5) used for the

Gas Cylinder

mhibitors test.

These cells can be operated up to 200 bars (2900 psi) and have temperature
range within -10° C to 60 °C. Each cell has a capacity of 40.13 cm® and entails a stainless
steel ball with the diameter of 1.7 cm that spins back and forth inside the cell to provide

40
l.

the necessary agitation and turbulence within the cell.”™ The detail system specification

for the RC-5 is shown in
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Table 3-7: System specification for the Rocking Cell Assembly (RC-5) provided by the

manufacturer
Factor Specification
Number of test cells 5
Rocking Rate: 1 to 20 rocks per minute
Rocking Angle: 1to45°
Pressure range: up to 200 bar (2,900 psi)
Temperature range: -10 °C... 460 °C (+14 °F ... +140 °F)
The volume of test chamber: 40.13cm’
The material of test chamber: stainlesssteel (AISI 316L)
Data recording: After every 1to 30sec.
Bath Volume: 9.5 Liters
Cooling liquid: Mixture of water-glycol
Power consumption: 90 W (RC5), max. 2,900 W (thermostat)
Voltage input: 230V~ (115 V~ on request)
Experimental duration Upt 0 30 days
Dimensions (WxDxH): 51x60x29cm (20x 24 x 11 in) - without
thermostat
Weight: 21 kg (46 |b) - without thermostat

The diameter of the stainless steelballs 17 mm

A diluted solution of inhibitors with the volume of 15 cm® measured in the
cylinder is added to each cell and the cells are carefully tighten up via wrench to prevent

any leakages. These cells are then placed on a rocking skid, which is submerged in a
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cooling bath. The agitation is carried out inside the cells by rocking the cells back and

forth with the hold angle of 30° and at rocking frequency of 10 rocks/min [Figure 3-7].

Figure 3-7, exhibits the key components of the rocking cell assembly which

includes the cooling bath (a), stainless steel balls (b) and stainless steel cell with cap (c).

Figure 3-7: a) Shows cells submerged in cooling bath, b) Shows the stamless steel balls

that provide agitation inside the cells, c) Shows the stainless steel rocking cell with a

temperature sensor and the cap (lab pictures).
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Once the cells are submerged in the cooling bath, each cell is pressurized alone
with the gas until the desired pressure. Normally, cells are pressurized in a sequence
ranging from 40-120 bars to obtain a wide range of the hydrate vapor liquid equilibrium
data. The temperature and pressure readings of the cells are monitored by the help of

the built-in data log system throughout the experiment.

The cooling bath, in which the cells are submerged, is connected to an external
cooling circulator Huber Ministat 125 w that has a capacity to operate within the range
of -25 °C to 60 °C. The temperature sensors have an accuracy of £ 0.25 °C and pressure

sensors have the accuracy of 0.1 %.

3.2.3 Equipment Calibration & Un-certainty
Initially, the calibrations tests were conducted on the new RC-5 assembly to
confirm the reliability of the data obtained. The test results were compared with the

literature data and the simulation package.

Before using the RC-5, the 3 tests were conducted without inhibitors using the
pure methane gas at different pressure conditions (40-120 bars) in the RC-5 and the
tests results were compared with the already published results in the literature.?°* The
experimental result matched well with the methane hydrate liquid vapor equilibrium

(HLVE) data points provided in the literature [Figure 3-8]. This confirmed that the RC-5 is
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well calibrated and reliable enough to be used for the hydrate inhibition studies.

The calibration results have been already reported as the supporting information
in the published works. The comparison results clearly show that the experimental HLVE
data points match well with the literature results, indicating that the RC-5 is well

calibrated.

The combined standard un-certainty of the experiments (including the
uncertainties from temperature, pressure measurements and the composition
uncertainty of the gas mixture) for the RC-5 working with QM mixture was found to be

5.66 % and working with pure methane was found to be less than 2 %.

The pressure sensor uncertainty was found to be * 0.2 bar and temperature
sensors un-certainty was found to be + 0.2 °C. The un-certainty for the experiments was

determine using the procedure provided by Stephanie Bell 22

and the excel spreadsheet
model provided by company Mahrenholtz + Partner (m+p) International (UK). The

uncertainty in the reported hydrate induction or formation times was found to be + 0.5
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Figure 3-8: The comparison between the methane Hydrate liquid vapour equilibrium

(HLVE) data pomts obtained experimentally from RC-5 and the methane HLVE data

points reported in the literature previously.*”"!

Comparison with Simulation Package

The QM mixture used in this study is a novel mixture and no hydrate liquid vapor
equilibrium HLVE equilibrium data for it has been published in the literature. Therefore,
the results obtained for the QM mixture were compared with the results of simulation
software Wat-Gas v2011 [Figure 3-9]. The software is programmed by Nor Craft

Software Company (Canada) and it is capable of performing hydrate formation
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calculations and can also predict inhibitor quantities required to avoid hydrate

d 2% to calculate the hydrate

problems. The program uses specific gravity metho
formation conditions using the Berge correlation.?®* The experimental results obtained
for the QM mixture matches well with the simulation results of the Wat-Gas v2011

[Figure 3-9]. The matching of WatGas V2011 results with the RC-5 results indicates the

reliability of the system.
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Figure 3-9: Comparison of the Quaternary Gas Mixture (QM) HLVE data points
obtamed experimentally using RC-5 and the QM HLVE data poits obtamned using

commercial simulation software WatGas V2011.

126



3.3 [Experimental Procedures

There were two different experimental procedures used in this work and each of

the experimental procedure is discussed in detail in this section.

3.3.1 High-Pressure Cell (HPC)

The following experimental method was used for studying the “Effect of Magnetic
Stirring on QM hydrate formation” in the section 4.1.1. The 50 ml of de-ionized water
was added to the liquid sample cylinder in the HPC and the cell is carefully closed by the
help of the eight nuts located at the top of the cell. Then the HPC was pressurized up to
desired pressure (98 bars) using QM mixture and using the lab mixer the stirring rate

was adjusted to a specific value (Example 550 RPM) for each experiment accordingly.
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Figure 3-10: Experimental kinetic loop showing cooling, heating and isothermal steps in

the stirring effect study on QM mixture nside the High-Pressure Cell (HPC).

As shown in Figure 3-10, before starting of the experiment, the system was
stabilized at the temperature of 20 ° C for one hour. Once the system was stabilized at
20 °C, keeping the stirring rate constant, the system was cooled from 20 °Cto 2 °Cin 18
hours (1 ° C / hr ). The cooling step was followed by the isothermal step (constant
cooling at 2 °C ) for 18 hours. The isothermal step facilitates the growth of the hydrate

crystals within the HPC [Figure 3-10].
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The formation of hydrates was indicated by the sharp pressure drop within the
HPC [Figure 3-10]. In the end, the system was slowly heated from 2 °C to 30 °C in 14
hours (0.5 ° C / hr) to dissociate away all the existing hydrate crystals within the HPC.
Finally, the HPC was left stable for 30 ° C for next 10 hours to ensure complete crystal
dissociation. Each experiment was repeated at least three times and average hydrate

formation time and average pressure drop at each stirring rate were determined.

3.3.2 Rocking Cell Assembly (RC-5)

The following experimental procedure was used for the testing of amino acids and
ionic liquids as the gas hydrate inhibitors on the QM gas mixture and the pure methane
gas in the sections 4.1, 4.2and 4.3Before initiating the experiment, the RC-5 is stabilized

at the temperature of 20 °C for one hour. The mass transfer®®>

and heat transfer aspects
are crucial in hydrate formation process.?*® Therefore, once the RC-5 is stabilized at 20
°C the experiment is proceeded using isochoric pressure search method.** 27 This

method was reported by Ohmura et al.??® and it consists of cooling and heating cycles at

a constant volume.?%°

Initially, the submerged cells are cooled from 20 °C to 2 °C in the time-frame of 9
hours with the cooling rate of 1.8 °C /hr, followed by an isothermal step of 24 hours at a
fixed temperature of 2 °C. Finally, the cells are heated slowly at the rate of 0.1 °C per
hour till the temperature reaches back to 20 °C [Figure 3-11]. The entire experimental

process consists of three main step which includes cooling step, isothermal step and
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heating step.

It was reported by Semenov, et al. 3°°, that a constant heating rate of up to 0.5
°C/ hr does not affect the equilibrium point measurements. In this work, this rate is
much slower (0.1 °C / hr). Furthermore, the extraction of hydrate dissociation point has

been carried out using the procedure used by Tohidi, et al. 3

The hydrate formation takes place during sub-cooling and the crystal growth is
observed from the steep pressure drop that occurs during isothermal step when the
temperature is kept constant at same volume [Figure 4].2°° The same protocol is used

for all the experiments.
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Figure 3-11: The experimental loop showing the hydrate formation and dissociation in

the Rocking Cell Assembly (RC-5).

3.3.3 Extracting hydrate dissociation and formation point

The hydrate dissociation starts when the H-V (hydrate-vapour) and the H-L,-V
(hydrate-liquid-vapour) equilibrium lines interconnect with each other,3°? and then the
hydrate phase completely vanishes as the temperature is increased further.3%? This point
on the H-L,-V equilibrium line is considered as a hydrate dissociation point [Figure 3-11].
The induction time is the time-frame where the first hydrate crystal formation is
observed through an sudden decrease in pressure from the initial values.3’®* The

induction times with and without inhibitors were estimated from the pressure-time (P-t)
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curves obtained for a specific sample solution [Figure 3-12]. The same intersection

methodology used for hydrate dissociation point was used for determining hydrate

induction point. The similar methodology was also used by Daraboina, et al. °

Hydrate Formation Point |
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Figure 3-12: Shows the hydrate formation/ induction point that is considered to occur

right before the steep pressure drop within the system.
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CHAPTER 4: EXPERIMENTAL RESULTS & DISCUSSION

The Chapter 4, provides the experimental results obtained for the tests conducted
using ionic liquids, amino acids, and synergents. The results obtained for effect of
stirring on hydrate formation is also discussed in detail. Moreover, the results obtained
for the amino acids and ionic liquids as methane inhibitors have been compared with
the 21 imidazolium ionic liquids, 5 choline ionic liquids and 2 industrial hydrate

inhibitors methanol and mono-ethylene glycol reported in section 4.3 .

4.1 Hydrate Formation and Inhibition in the Quaternary gas mixture (QM)

The natural gas extracted from the offshore is not purely methane and contain
other components like ethane, propane and heavy hydrocarbon molecules. In addition
to that, it also contains nitrogen, carbon dioxide, and hydrogen sulfide.?®* Therefore, in
the first part of the work a synthetic quaternary gas mixture (QM) was designed. The
QM consisted of four components of the natural gas (methane, ethane, nitrogen and
carbon dioxide). The mole composition of these components was confirmed through the
in-house GC-analysis. There were only four components selected to keep the
uncertainty error below 10 % and the hydrogen sulfide was not included due to safety

reasons.
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4.1.1 Effect of Magnetic Stirring on QM hydrate formation

In order to observe the effect of stirring on the rate of hydrate formation, a range
of experiments was conducted at different stirring rates in the high-pressure cell (HPC)
using the QM mixture. The experiments were conducted within the range of 100-1400
RPM (rotations per minute) using the lab mixer. Figure 4-1, illustrates the hydrate
formation observed at different RPM inside the HPC. The pressure values are provided

on the Y-axis and the respective time values are indicated on the X-axis.
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The initial pressure drop is likely to occur as the results of cooling when the gas
dissolves within the aqueous solution, while the second pressure drop indicates the
formation of hydrate crystals. Each experiment was repeated minimum three times and
the average pressure drop at each stirring speed was evaluated. No hydrate formation

was deduced at the low (250-500 RPM) and high stirring rates (1200-1400).

The stirring helps in reducing the hydrate formation time and Hao, et al. 2>,
suggested that the use of baffle along with the stirrer to enhance the rate of hydrate
formation inside the stirred tank reactor. However, the long stirring time can result in

the decomposition of the hydrates formed in the reactor.

The kinetic experiments like these are not replicable, so each experiment was
repeated at least three times and the average pressure drop at each RPM was evaluated
to get an approximation of the amount of hydrate formed inside the HPC. The hydrate
crystal formation was observed through the sharp pressure drop detected within the
HPC during the cooling process. The pressure drop variable was taken as an indicator of

the number of hydrate crystals formed inside the HPC.

As demonstrated in Figure 4-1, initially the experiments were carried out at low
stirring rates of 250 to 500 RPM. At low stirring rates of 250 to 500 RPM, no significant
hydrate crystal formation was detected within the HPC (Part A & B, Figure 11).

274b

According to Vysniauskas and Bishnoi , at low stirring rates, the hydrates nucleation

is restricted due to the accumulation of hydrate crystals at the gas-liquid interface. This
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accumulation of hydrate crystals at gas-liquid interface restricts the rate of mass and
heat transfer and hinders the overall growth of hydrate crystals within the cell. This
could be the major reason behind no significant hydrate crystal formation observed
within the HPC at low stirring rates. When the stirring rate was accelerated from 550 to
1000 RPM (Part C, D, E, F & G of Figure 4-1), two sharp pressure drop curves were

observed in the experiments.

The initial steep pressure drop occurs as the result of the absorption of a gas

molecule in the liquid phase according to Chu, et al. 1*°

and the plateau detected shows
that the liquid phase gets saturated with the gas molecule. Then as the hydrates
formation initiates, another pressure drop is observed which indicates that hydrates

crystals are growing within the HPC. Finally, there comes a saturation point where no

further pressure drop is identified within the HPC.

The growth of hydrate crystals as a two-step process was proposed by Englezos,
et al. 2’8, In the first step, the dissolved gas tends to diffuse from the bulk of the solution
to the hydrate crystal water interface. Then in the second step, the gas molecules are

amalgamated into the water structure framework by an adsorption process.

There exists an upper threshold limit above which higher stirring rate has no

285

effect on hydrates crystal formation according to Englezos, et al. and above that

upper threshold limit, opposing effects are observed within the system. A similar
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scenario was observed at a higher stirring rate of 1200 -1400 RPM (Part H & | of
Figure 4-1) where no significant hydrate crystal formation was detected within the HPC.
Thus, it was deduced that the optimum-stirring zone at which maximum hydrate
formation can be obtained for QM mixture lies within the range of 550 to 1000 RPM

(Figure 4-1).

4.1.1.1 Finding the optimum stirring rate

In order to detect the optimum stirring speed (RPM) at which maximum hydrate
formation occurs with the HPC, the overall average pressure drop calculated for the
three trials at each RPM were evaluated and plotted against their respective RPM
[Figure 4-2]. The hydrate formation rate was also observed by measuring the overall

pressure drop within the HPC at the particular stirring rate.

The overall pressure drop was evaluated by finding the minimum pressure value
obtained in the experimental trial during the cooling process and then subtracting this
minimum value from the initial pressure value of 98 bars during the starting of the

experimental trial [Figure 4-2].

Figure 4-2, provides a visual scheme of the rate of hydrates formation (indicated
by the total pressure drop in HPC) with respect to different stirring rates within the HPC.
The pressure drop values are indicated on the Y-axis and the respective stirring speed

(RPM) is indicated on the X-axis. The results indicated that there exist a U-shape pattern

138



and threshold limit for the stirring speed.
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Figure 4-2: The total average pressure drops observed within the HPC at different

stiring  speed evaluated by conducting a minimum of three experimental trials.

The experimental results indicate that within the chosen HPC system the
hydrates formation rate with respect to different RPM generates a U-shape pattern. At
low RPM (100-500 RPM), only single pressure drop due to the cooling process was
observed within HPC. This average pressure drop was found to be within the range of 10
to 11 bars. No further pressure drop was detected within the HPC, even when during

the isothermal step when the HPC was left stable at 2 °C for next 18 hrs. Therefore, it’s
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likely that no hydrate crystal formation took place at low RPM.

At moderate RPM (550-750 RPM), two pressure drops were detected within the
HPC. The overall pressure drop within the HPC was found to be within the range of 14 to
19 bars. These pressure drops were found to be higher compared to the pressure drops
observed at the lower RPM (100-500 RPM). This shows that good amount of hydrate

formation occurs at moderate RPM (550-750 RPM).

The maximum pressure drop of 18.8 + 0.2 bars within HPC was found at 750
RPM, which indicates that maximum hydrate formation occurs at 750 RPM. Therefore,
the 750 RPM was deduced as an optimum stirring speed at which the experimental trails
must be carried out within the HPC to obtain maximum hydrate crystal formation

[Figure 4-2].

At higher RPM (1000-1400 RPM), the hydrates crystal formation within the HPC
started to impede. The pressure drops across within the HPC was found to be 10 bars
compared to 19 bars at 750 RPM, which shows an opposing effect of high stirring rates

on the hydrates crystal formation within the HPC [Figure 4-2]
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4.1.1.2 Checking functioning of a magnetic stirrer at a higher stirring rate

A: Mixing at 750 RPM B: Mixing at 1200 RPM

Figure 4-3: Shows the visual scenes of mixing taking place within the High-pressure cell

(HPC) at different stirring rates.
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The gas in HPC was vented and the cell was re-opened to check if the magnetic
stirrer was operating rightly at high RPM (1000-1400 RPM) to provide the required

agitation for the hydrate formation within the HPC [Figure 4-3].

On opening the cell and running dry sample trials at stirring speeds of 750 RPM,
1200 RPM and 1400 RPM it was found that the magnetic stirrer functions well and no
mechanical problem was observed at these stirring rates [Figure 4-3]. The visual
observation shows that the magnetic stirrer functions well even at high stirring rates

and provide adequate mixing within the cell.

The stirrer rotates evenly at higher stirring rates (1000-1400 RPM) but still, no

hydrate formation is observed within the HPC [Figure 4-3]. Thus, it was deduced that at

the high stirring rates the hydrate crystal might be colliding heavily against the walls of

the cell and breaking leaving no time for the hydrate nucleation to take place within the

HPC.

It was detected by Kim, et al. 27°

that the hydrate decomposition rate increases
as the stirring speed is increased and at the certain stirring rate an upper limit is

obtained. This upper limit is reached due to the fact that the mass-transfer resistances

are eradicated at that certain stirring rate.
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The optimum stirring rate to obtain maximum hydrate decomposition is
dependent on the temperature and pressure conditions according to Kim, et al. 27°.
Higher stirring rates are required at lower pressures and vice versa. Vysniauskas and

Bishnoi 274

, proposed that low stirring rate are not suitable for hydrates formation, as at
low stirring rate the hydrate crystals are likely to gather at the gas-liquid interface,

which blocks the heat and mass transfer and also decreases the hydrates formation

rate.

There exists an upper threshold limit above which higher stirring has no effect on

285 and above that threshold limit,

hydrates formation according to Englezos, et al.
negative effects can be detected within the system 28>, The similar case was observed in

the stirring rate experiments performed on the HPC using the QM gas mixture.

At low stirring rates (< 250 RPM) no hydrate formation was observed and at the
high stirring rates (> 850 RPM) no hydrate formation was observed may be due to the
high shear force that might be resulting in the dissociation of the hydrate crystals or not
giving enough time for the hydrate nucleation. This indicates the counter effect of very

high stirring rate on the hydrate crystal formation in the stirred vessels.

All hydrate kinetic experiments rely on the experimental system mechanics and
specifications according to Mork 2%, Therefore, the model used for a single

experimental system may not be appropriate for other experimental systems 226
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However, the improvement in any factor that affects the gas-liquid interfacial area like

stirring rate, may assist to accelerate the hydrate formation significantly 22°.

4.1.1.3 Identifying the interval of Catastrophic Hydrate Growth (CHG)

The phenomena of catastrophic hydrate growth (CHG) has been described in

249,256,305 3nd basically, it’s a time zone where spontaneous

different kinds of literature
hydrate formation occurs within the system, mainly after initial hydrate formation or

induction time?*°. The catastrophic hydrate formation is considered to be the major

cause of plugging in oil and gas pipelines 2°°.

The CHG is an interval when spontaneous hydrate formation occurs within the
experimental system as stated by Zhao, et al. ', As CHG starts, a sharp drop in the
pressure can be detected within the system and this eventually leads to the formation
of hydrate plugs.3? 3% Therefore, by operating the experimental system within optimum
stirring range and by finding out the CHG interval, the best-operating conditions for the
hydrates production plants can be deduced. The experimental trials carried out at
moderate RPM (550-1000 RPM) were studied further to identify the interval of

catastrophic hydrate growth (CHG) at these stirring rates.

The interval of CHG occurs after the initial hydrates nucleation or induction time
as proposed by Zhao, et al. *!and it's the interval where the rate of hydrate crystal
growth is maximum, normally detected by the sharp pressure drop within the system.
Therefore, the CHG interval was identified by measuring the sharp pressure drop that
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occurs after the hydrates induction time within the HPC. This period was suggested as

an interval of CHG within the HPC [Figure 4-4].
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Figure 4-4: Hydrate crystal formation rate (HCFR) during the 1st, 2nd and 3rd hour after

the hydrate nduction time within the High-pressure cell (HPC).

According to Figure 4-4, the hydrate growth was found maximum first hour after
the hydrates induction time. After the first hour of the hydrate induction time, the
hydrate crystal formation rate tends to decrease till the HPC reaches its saturation

point. Once the saturation point is reached, no further pressure drop is observed within

145



the HPC. As per the Figure 4-4, it can deduce that the first hour (1°' hr) after the
hydrates induction time can be categorized as the interval of CHG. In order to save
electrical energy, the experimental trials can be halted the first hour after the hydrates
induction time. This will help to save energy cost and time required for hydrate

production on the laboratory scale and prospective industrial scale in future.

The following are the key findings deduced from the above experimental results that

also agree with the previous literature findings:

1. There exists a threshold limit for the stirring rate, above and below which no
hydrate formation occurs in the selected system. In the selected HPC system, the
optimum stirring rate was observed to be within the range of 550-750 RPM.

2. The catastrophic hydrate formation occurs one hour after the hydrate induction
time for the selected system. It's an interval where the rate of hydrate formation
is maximum and after this interval, the rate of hydrate formation is likely to
drop.

3. At higher stirring rates (1200-1400 RPM) no significant hydrate crystal formation
is observed within the system. This may be due to the heavy collision of hydrate
crystals with the wall of the HPC, causing the breakage of hydrate crystals when

agitation is high.
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4.1.2 Effect of Pyrrolidinium Ionic Liquids on QM hydrate inhibition

No work has been previously reported on hydrate inhibition studies using a
quaternary gas mixture (QM). Hence, two pyrrolidinium-based ionic liquids (ILs) 1-
Methyl-1-Propyl-pyrrolidinium Chloride [PMPy][CI] and 1-Methyl-1-Propyl-pyrrolidinium
Triflate [PMPy][Triflate] were selected to test their inhibition effect on the quaternary

gas mixture (QM) hydrate formation and dissociation.

4.1.2.1 Thermodynamic inhibition (TI) effect of pyrrolidinium ILs

Firstly, a blank sample test with QM and deionized water in the RC-5 was carried
out to get the QM gas mixture HLVE data points or hydrate dissociation points
[Table 4-1]. It was essential to obtain QM gas mixture HLVE data points to test the
thermodynamic inhibition effectiveness of the IL [PMPy][CI] and [PMPy][Triflate].
Previously, no literature has reported the HLVE data points for the QM gas mixture used

in this work.
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Table 4-1: Hydrates dissociation points for the QM gas mixture

Pressure (Bar) Temperature ( °C)

40.79 11.21
66.10 14.21
80.02 15.51
99.63 17.18
117.95 18.05

At starting, the experimental trials were carried out using the 1 wt% solution of
the of the ILs [PMPy][CI] and [PMPy][Triflate] [Figure 4-5]. The QM gas mixture HLVE
data points obtained in Table 5, were compared with the HLVE data points obtained in
the presence of 1wt% pyrrolidinium ILs. The HLVE data points were obtained at different
pressure conditions (38-120 bars) and the pyrrolidinium ILs were observed to be more

effective at lower pressures compared to higher pressures.

Figure 4-5, illustrates the thermodynamic shift in the Quaternary Mixture (QM)
HLVE curve in the presence of 1wt% of pyrrolidinium-based ionic liquids. The QM blank
sample HLVE data points are indicated in the black and the QM HLVE data points in the
presence of 1wt% ionic liquids [PMPy][CI] and [PMPy][Triflate] are indicated in the red

and green.
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According to the experimental results, no significant thermodynamic inhibition
effect or shift in QM gas mixture HLVE takes place in the presence of 1wt%
pyrrolidinium ILs. Only a slight shift of 0.5 °C was observed at the pressure close to 40
bars provided by the IL [PMPy][CI] [Figure 4-5]. Tariq, et al. 3®/, observed that IL as
hydrate inhibitors are effective at the concentration of 5wt% and show only a slight

thermodynamic effect at the concentration of 1wt%. Tariq, et al. 3%’

, also observed that
the IL show a better thermodynamic effect at a lower pressure compared to higher

pressures [Figure 4-5].

The thermodynamic effect of 1wt% choline based ILs on the Qatar Natural Gas
(QNG) and observed that no significant thermodynamic hydrate inhibition occurs at the
concentration of 1wt% was investigated by Mohamed, et al. °®. An observable shift QNG
gas mixture HLVE was only observed at the concentration of > 5wt%. The similar results
are obtained using the pyrrolidinium ionic liquid as hydrate inhibitors for the QM gas

mixture in this case study [Figure 4-5].

The structure of pyrrolidinium-based ionic liquids under high-pressure conditions

l. 3% and it was

using molecular dynamics simulation was examined by Sharma, et a
found that the strength of charge ordering and polarity ordering decreases as the
applied pressure increases. They also observed that by increasing pressure, a significant

decrease in the nearest neighbour pair correlations for both polar-polar and an apolar-

apolar group of ionic liquids is observed.

149



The alky tails of ionic liquids cations go through an increased amount of gauche
defects at high pressure compared to lower pressures according to Sharma, et al. 3%,
This leads to increased bending or curling of the cation tails at high pressure. This could

be the reason that the selected pyrrolidinium ionic liquids function better at a lower

pressure compared to higher pressure.
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Figure 4-5: The shift in the HLVE curve of the quaternary gas mixture (QM) in the
presence of 1wt% of pyrrolidinum-based ionic liquids. The above data has the

uncertainty of = 0.2 °C.
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During the process of hydrate formation, the water molecules are likely to form
loosely ordered clusters around the guest molecules like methane and ethane. Koh et al
309 stated that These clusters then grow larger in size and become more structured at

low temperatures.

The ionic liquids normally tend to function by disturbing hydrogen bonding
between the water molecules within these clusters as stated by Shin et al 3*°. The ILs
tend to use their pair of anions to disturb the hydrogen bonding network of a water

310311 Therefore, it’s likely that at 1wt% the number of anions (like chloride)

molecule.
in IL was not sufficient enough to disturb the hydrogen bonding within the QM hydrate

clusters. This could be the reason that no significant thermodynamic inhibition effect

was shown by selected pyrrolidinium ILs at 1wt% [Figure 4-5].

151



—m—QM
e QM + 5wt% [PMPy][Triflate]
= QM + 5wt% [PMPy][CI]

s 17.49m W18.05

100+ 16.30m ™ M 17-18

4]

0

; 80 - 14.617.15'51

| -

=

% m14.21

& B 12.46m
404 9o5m mi1.21
20 ' Y : Y ' r v ' ’ . ’ .
8 10 12 14 16 18 20

Temperature (°C )

Figure 4-6: The shift in the HLVE curve of the quaternary gas mixture (QM) in the
presence of Swt% of pyrrolidinum-based ionic liquids. The above data has the

uncertainty of + 0.2 °C.

The next set of the experimental trials were conducted using higher
concentration (5wt%) of pyrrolidinium ILs. Figure 4-6, illustrates the thermodynamic
shift in the Quaternary Mixture (QM) HLVE curve in the presence of 5wt% of
pyrrolidinium-based ionic liquids. At 5wt%, the number of ions present in the

experimental samples increased. As the quantity of ions increases, the disturbance of
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hydrogen bonding within the hydrate clusters takes place. This likely causes the shift in

the QM gas mixture HLVE at different pressure conditions [Figure 4-6].

Figure 4-7, illustrates the temperature shift or hydrate suppression temperature
obtained at different pressure conditions in the presence of 5wt% [PMPy][Triflate] and
5wt% [PMPy][CIl]. As presented in Figure 4-7, at 5wt% the IL [PMPy][Triflate] provided
the temperature shift or hydrate suppression temperature of 1.56 °C, 0.54 ° C, 0.48° C
and 0.11 °C at 40 bar, 80 bar, 100 bar and 118 bar respectively. Similarly, at 5wt% the IL
[PMPy][Chloride] provided the HLVE temperature shift of 1.8 °C, 0.89 °C, 0.86 °C and
0.56 ° C at 40 bar, 80 bar, 100 bar and 118 bar. This indicates that IL [PMPy][CI] is
slightly more effective than the IL [PMPy][Triflate] and in terms of effectiveness the ILs

can be listed as:

[PMPy][CI] > [PMPy][Triflate]

The effect of pyrrolidinium ILs on methane hydrate formation using ILs
[HEMP][BF4] and [BMP][BF4] was tested by Kim, et al. *’%. As a thermodynamic hydrate
inhibitor at 10wt%, the selected ILs provided the temperature shift of 1.3-1.6 °C. In
comparison, the ILs [PMPy][Cl] and [PMPy][Triflate] in this work provided the

temperature shift of (1.6-1.8 °C) at a lower concentration of 5wt% using QM. However,
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the QM gas mixture used in this work consists of Nitrogen component which itself can

act as the hydrate inhibitor.>*?

The nitrogen N, gas acts as a hydrate inhibitor for natural gas when it is added in
the pipelines. According to Obanijesu, et al. 33, the N, is a hydrate former itself but the
pressure and temperature conditions required for the N, hydrate formation are
relatively high. (-1 to 13.2 °C at 144 to 554 bar)*'* compared with methane gas. This is
an interesting idea to explore further in future as the use of nitrogen for hydrate
inhibition is more economical and requires less sophisticated infrastructure compared

to the industrial inhibitor methanol. 3%’
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Figure 4-7: The hydrate suppression temperature obtamned at different pressure
conditions in the presence of 5wt% [PMPy][Triflate] and 5wt% [PMPy][Cl]. The data

has an uncertainty of = 0.2 ° C.

The pyrrolidinium cation possesses shorter alkyl chains which facilitate ILs to
form hydrogen bonding with water molecules effortlessly and they have strong

electrostatic charges that enable strong interaction between an ion and a dipole.*’
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The overall inhibition performance of ionic liquids depends on both cations and
anions and the thermodynamic inhibition effectiveness of ionic liquids enhances with
the increase in pressure and concentration according to Long, et al. *¢%.

It was reported by Russina, et al. 3%°

, that upon increasing the hydrostatic
pressure on the imidazolium ionic liquid, the polar moieties with strong electrostatic
interactions are unaffected by pressures, but the conformation of the alkyl tails are

affected by pressure. Salminen, et al. 3'°

, stated that the pyrrolidinium cation based
ionic liquids show more influence of tail modification on their microscopic properties

that other classes of ionic liquids.

Cytotoxic studies of ionic liquids reveal that the pyrrolidinium cation based ionic
liquids are less toxic than the piperidinium and imidazolium-based ionic liquids
according to Salminen, et al. 3'®. This makes the pyrrolidinium-based ionic liquids
environmentally more benign. The pyrrolidinium based ionic liquids similarly show
higher conductivities that piperidinium based ionic liquids. Table 4-2, show the hydrate

dissociation points in the presence of pyrrolidinium ILs. 32°

The thermodynamic inhibition effect of mixing ILs together in equal proportions
was observed in the next stage. A sample solution was prepared to add ILs [PMPy][Cl]
and [PMPy][Triflate] in equal proportions to observe their thermo effect on the QM and

then results obtained were compared with the 10wt% methanol HLVE data [Figure 4-8].
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methanol is a commercial thermodynamic inhibitor that is widely used in the oil and gas

industry.3!’

Figure 4-8, illustrates the comparison between the QM HLVE data points
obtained in the presence of 10 wt % methanol and the mixture 5wt% [PMPy][Triflate] +
5wt% [PMPy][Cl]. Based on the experimental trial results [Figure 4-8], it was found that
the sample solution with mixture 5wt% [PMPy][CI] + 5wt% [PMPy][Triflate] provided a
thermodynamic inhibition effect close to 10 wt% methanol. This is one of the most
significant findings of this research work and no similar effect has been reported in the

literature elsewhere.
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Figure 4-8: The shift in the HLVE curve of the quaternary gas mixture (QM) in the
presence of 10 wt % methanol and the mixture 5wt% [PMPy][Triflate] + Swt%

[PMPy][CI]. The data has an uncertainty of+ 0.2 ° C.

It's important to consider the fact that the pyrrolidinium ILs used in this work
have longer alkyl chains in comparison to methanol. Keshavarz, et al. >°* stated that the
thermodynamic inhibition effect of ILs decreases with the increase in the length of the
alkyl chain.?®'® This may help methanol to provide better thermodynamic inhibition

effect than the pyrrolidinium ILs [Figure 4-8].
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The key factor that helps methanol to provide better thermodynamic inhibition
effect is the presence of —OH group. 3!® The strong interaction of —OH group with the
hydrogen bonds in hydrate clusters and further interaction of —CH3 group with the C-C
or hydrogen bonds within hydrates clusters tend to cause disturbance of hydrate

crystals.31®

The presence of the —OH group is as well essential to make hydrogen bonds with
“free water” and shift the thermodynamic equilibrium via hydrogen bonding. The
Table 4-2, shows the hydrate dissociation points obtained for QM in the presence of 1

wt% and 5wt% pyrrolidinium ILs and in the presence of 10wt% methanol.
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Table 4-2: OM gas mixture hydrate dissociation points obtained in the presence of the
ionic liquids (ILs)

Mixture P(bars) T(°C) Mixture P (bars) T(°C)
QM + 1wt% [PMPy][CI] 38.65 10.41 QM + 1wt% 58.16 13.08
[PMPy][Triflate]
64.83 14.04 78.30 15.22
78.22 15.36 97.72 16.77
98.60 17.19 118.87 18.67
QM +5wt% [PMPy][CI] 37.77 9.25 QM + 5wt% 39.07 9.66
[PMPy][Triflate]
57.30 12.46 57.96 12.86
77.28 14.62 77.99 14.97
96.88 16.32 98.80 16.70
116.27 17.49 117.67 17.94
QM +5wt% 37.99 8.15 QM + 10wt% 42.69 8.58
[PMPy][Triflate] +5wt% Methanol
[PMPy][CI] 55.94 10.97 63.72 11.80
77.20 13.77 78.85 13.32
96.97 15.33 97.70 14.84
116.80 16.43 116.45 15.90
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4.1.2.2 Kinetic inhibition effect of Pyrrolidinium lonic liquids

The hydrate nucleation depends on different factors, which includes subcooling
temperature, water history, impurities, the composition of the gas, amount of agitation
or turbulence and geometry of the system.” This is one of the reasons that hydrate
kinetic experiments are not replicable and the results obtained from one system may

not match the results of the other system.

The induction time is a good indicator of the efficiency of kinetic hydrate
inhibitors in delaying hydrate nucleation and hydrate formation according to Ripmeester
and Alavi 3. The induction time may vary from seconds to days due to complex nature
of hydrate nucleation.?’® Therefore, in this work the pyrrolidinium based ILs
[PMPy][Triflate] and [PMPy][CI] were tested for their ability to exhibit kinetic inhibition

by using induction time as an indicator.

Figure 4-9, displays the time delay in the QM hydrate formation in the presence
of 5wt% ILs [PMPy]Triflate] and IL [PMPy][Chloride]. The both ILs showed an almost
similar kinetic effect at all pressure conditions. The hydrate formation in QM blank
sample is shown in the black and the hydrate formation in the presence of 5wt% ionic
liquid inhibitors [PMPy]Triflate] and IL [PMPy][Chloride] is shown in the green and red.

The data has the uncertainty of £ 0.5 hr.
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As indicated in Figure 4-9, both pyrrolidinium ILs exhibited the kinetic inhibition
effect confirming their dual functional behaviour. This shows that the IL [PMPy][Triflate]
and the IL [PMPy][Chloride] can act as the thermodynamic and kinetic hydrate inhibitor

both at the same time.

The two ILs tested showed the similar kinetic effect and the average time delay
provided by the ILs was around 0.5-0.6 hrs at wide process conditions [Figure 4-9]. This
time delay is not very significant from the scale-up perspective, therefore, it was
essential to find a way to improve the kinetic inhibition effectiveness of the selected

pyrrolidinium ILs.
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Figure 4-9: The time delay in the quaternary gas mixture (QM) hydrate formation in the
presence of 5Swt% ILs [PMPy]Triflate] and IL [PMPy][Chloride]. The above data has the

uncertainty of = 0.5 hr.

Figure 4-10, illustrates the kinetic hydrate inhibition effect of adding 5wt%
[PMPy][CI] and 5wt% [PMPy][Triflate] with QM mixture at 40 bars. The IL [PMPy][CI]
seems to be slightly more effective than IL [PMPy][Triflate] in delaying hydrate
formation time at 40 bars. The uncertainty of + 0.5 hr exists in the data. The hydrate

formation time in QM blank sample is shown in the black bar.
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As shown in Figure 4-10, at low pressures (40 bars) the addition of IL 5wt%
[PMPy][CI] and 5wt% [PMPy][Triflate] with QM mixture delayed the average hydrate
induction time from 6.7+ 0.5 hrto 7.4 £ 0.5 hr and 7.2+ 0.5 hr respectively. The results
cannot be compared with the literature as unlike thermodynamic results, the kinetic
results are not replicable and no hydrate kinetic inhibition study has been conducted

using QM gas mixture before.

QM + 5wt% [PMPy][Triflate] 7.2 |

QM 6.7
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Time (hr)
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N

Figure 4-10: The time delay in the quaternary gas mixture (QM) hydrate formation in the

presence of Swt% IL [PMPy][Cl] and 5wt% IL [PMPy][Triflate] at 40 bars. The

uncertainty of £ 0.5 hr exists in the above data.
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Figure 4-11, demonstrates the kinetic effect of adding 5wt% [PMPy][CIl] and
5wt% [PMPy][Triflate] with QM mixture at 100 bars. The IL [PMPy][Triflate] seems to be
slightly more effective than IL [PMPy][Triflate] in delaying hydrate formation time at 100
bars. At higher pressure (100 bars) the addition of IL 5wt% [PMPy][CI] and 5wt%
[PMPy][Triflate] with QM mixture delayed the average hydrate induction time from 3.1

hr £ 0.5 hr to 3.6+ 0.5 hrand 3.1+ 0.5 hr to 4.1 + 0.5 hr respectively [Figure 4-11].

Subsequently, in comparison to IL [PMPy][CI], at higher pressures (100 bars) the
IL [PMPy][Triflate] tends to provide the slightly longer time delay in hydrate formation
and slightly stronger kinetic effect. The hydrate formation time in QM blank sample is
shown in the black bar. The general observation of the hydrate formation trend
indicates that the hydrate formation occurs faster at higher pressures compared to

lower pressures.
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Figure 4-11: The time delay in the quaternary gas mixture (QM) hydrate formation in the
presence of 5Swt% IL [PMPy][CI] and 5wt% IL [PMPy][Triflate] at 100 bars. The

uncertainty of £ 0.5 hr exists in the above data.

Figure 4-12, illustrates the kinetic inhibition effect of mix ionic liquids on the QM
hydrate formation time. The kinetic inhibition effect of mix ionic liquids (ILs) is observed
to be more effective than the kinetic inhibition effect provided by the single IL. The ionic
liquids mixture delay the hydrate formation time within the range of 1.5 to 2 hrs. This
slightly indicates that the kinetic inhibition strength of the selected pyrrolidinium ILs

tends to increase with their respective concentration.
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Figure 4-12: The time delay in the quaternary gas mixture (QM) hydrate formation in the
presence of a mixture of Swt% IL [PMPy][CI] and 5wt% IL [PMPy][Triflate] at different

pressure conditions. The uncertainty of + 0.5 hr exists in the above data.

As shown in Figure 4-12, the delay provided by the ILs mixture in the hydrate
induction time is higher compared to 5wt% IL. This indicates that at higher
concentration the kinetic and thermodynamic inhibition effect of the IL is likely to
increase simultaneously. The delay in the hydrate induction time is higher at lower
pressures and a maximum delay of up to 2 +0.5 hr is observed at pressures close to 40

bar.
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The following are the key findings that can be deduced from the above experimental

results that agree well with the literature:

1. The formation of hydrates take faster at higher pressures (100 bars) compared to
lower pressures (40 bars)

2. The experimental results show that the selected ILs [PMPy][CI] and
[PMPy][Triflate] both have a tendency to act as dual function inhibitors.

3. At 1wt% no significant thermo or kinetic inhibition effect is displayed by the
selected ILs. However, the higher concentration of ILs helps to enhance their
kinetic and thermodynamic inhibition performance both at the same time.

4. The IL [PMPy][CI] as a thermodynamic inhibitor provided hydrate suppression
temperature within the range of 0.8-1.8 °C (+ 0.2 °C) and as a kinetic inhibitor
delayed hydrate formation by 0.8-1.3 hrs (+ 0.5). [PMPy][CI] is found to be more
effective than the IL [PMPy][Triflate] as a thermodynamic inhibitor. However, IL
[PMPy][Triflate] acts better as a kinetic hydrate inhibitor at higher pressures (100
bars).

5. The experimental results show that the equal ratio mixture of ILs [PMPy][CI] +
[PMPy][Triflate] provided a thermodynamic effect similar to 10wt% methanol.

6. The equal ratio mixture of ILs [PMPy][CI] + [PMPy][Triflate] provided the kinetic
inhibition effect better than the equal ratio mixtures of [PMPy][CI] + VCAP and

PMPy][Triflate] + VCAP respectively.
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4.1.3 Co-effect of Pyrrolidinium Ionic Liquids and synergents on QM hydrate
inhibition
In order to improve the thermodynamic and kinetic inhibition effectiveness of the
pyrrolidinium, ILs the synergents compounds poly-ethylene oxide (PEO) and
Caprolactum (VCAP) were added in equal proportions with the pyrrolidinium ILs. The
PEO is a water-soluble polymer, while VCAP is the monomer. The hydrate dissociation

points experimentally obtained for the QM gas mixture using the RC-5 for the IL-

synergent mixtures are shown in Table 4-3.

4.1.3.1 Thermodynamic Inhibition effect of pyrrolidinium IL + Synergents

Figure 4-13, illustrates the effect of adding VCAP and PEO in equal proportions
with the IL [PMPy][CI] at different operating conditions. The IL-synergent mixture
[PMPy][CI] + PEO showed no significant thermodynamic effect, which indicates that PEO

I 254

is a poor thermodynamic hydrate inhibitor. Engeloz et. a , reported PEO as a weak

thermodynamic inhibitor.

As shown in Figure 4-13, in comparison to mixture [PMPy][CI] + PEO, the mixture
[PMPy][CI] + VCAP showed an observable shift temperature shift of 2.2 + 0.2 °C at 40
bars. This temperature shift is better than the temperature shift of 1.8°C + 0.2 °C,

provided by the IL [PMPY][CI] by itself at low pressure (40 bars) [Figure 4-13].
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At higher pressures (100 bars), the IL-synergent mixture [PMPy][CI] + VCAP
provided the temperature shift of 1.3 ° C + 0.2 ° C, which is a better than the
temperature shift of 0.86 °C + 0.2 ° C provided by the IL [PMPy][CI] itself at the higher
pressure (100 bars). Accordingly, in terms of effectiveness, these inhibitor solutions can

be listed as:

[PMPy][CI] + VCAP > [PMPy][CI] > [PMPy][CI] + PEO
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Figure 4-13: The shift n the HLVE curve of the quaternary gas mixture (QM) in the

presence of equal ratio IL-synergent mixtures [PMPy][CI] + PEO and [PMPy][CI] +

VCAP at wide process conditions. The above data has the uncertainty of+ 0.2 °C .

Similarly, the synergents PEO and VCAP were added in equal ratio with the IL

[PMPy][Triflate]. A similar thermo effect was observed and IL-synergent mixture

[PMPy][Triflate] + VCAP provided a temperature shift of 2.0°C + 0.2 °C lower pressures

(40 bars), which is higher than the temperature shift of 1.56°C + 0.2 °C provided by the

IL [PMPy][Triflate] by itself [Figure 4-14].
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Figure 4-14, exhibits the thermodynamic inhibition (TI) effect of equal ratio IL-
synergent mixtures [PMPy][Triflate] + PEO and [PMPy][Triflate] + VCAP at wide process
conditions on QM gas mixture. The IL-synergent mixture [PMPy][Triflate] + VCAP seems
to be thermodynamically more effective and it shifted the QM HLVE by 2.0 °C at lower

pressures (40 bars) and by 0.7 °C at higher pressures (100 bars). The above data has the

uncertainty of + 0.2 °C.
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Figure 4-14.The shift n the HLVE curve of the quaternary gas mixture (QM) in the
presence of equal ratio IL-synergent mixtures [PMPy][Triflate] + PEO and

[PMPy][Triflate] + VCAP. The above data has the uncertainty of+ 0.2 °C.
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At higher pressures (100 bars), the IL-synergent mixture [PMPy][Triflate] + VCAP
provided the temperature shift of 0.7 ° C + 0.2 ° C, which is again higher than the
temperature shift of 0.48 ° C + 0.2 ° C provided by the IL [PMPy][Triflate] itself. On
contrary, the IL-synergent mixture [PMPy][Triflate] + PEO showed no thermodynamic
inhibition at both low and high pressures. This helps us to deduce that PEO is not a
suitable synergent for the thermodynamic hydrate inhibition [Figure 4-14]. Therefore,

in terms of effectiveness, these inhibitor solutions can be listed as:

[PMPy][Triflate] + VCAP > [PMPy][Triflate] > [PMPy][Triflate] + PEO
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Table 4-3: The hydrate dissociation points experimentally obtained for the IL-synergent

mixtures.
Mixture P (bars) T(°C) Mixture P (bars) T(°C)
38.37 9.74 38.34 10.73
QM + QM + 5wt%
5wt% 56.88 12.81 [PMPy][Triflate] + 56.18 13.14
[PMPy][CI] 5wt% PEO
+ 5wWt% 78.03 15.14 77.61 15.54
PEO
97.34 16.41 97.05 17.16
117.21 17.32
37.36 8.29 37.65 8.93
QM + QM + 5wt%
5wt% 56.3 11.69 [PMPy][Triflate] + 56.25 12.06
[PMPy][dI] 5wt% VCAP
+Swt% 76.1 13.92 77.10 15.09
VCAP
95.35 15.55 97.60 16.47

115.83 17.17

4.1.3.2 Kinetic Inhibition effect of Pyrrolidinium ILs + Synergents

The PEO was found to be a poor thermodynamic inhibitor, but as a synergent, it
significantly enhanced the kinetic inhibition effectiveness of IL [PMPy][CI] and
[PMPy][Triflate] and delayed the hydrate induction time by 6-20 hrs at different
pressures. In comparison, the VCAP was found to be a weak kinetic inhibitor and it did

not provide any significant delay in the hydrate induction time.
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320 that holds an oxygen atom at its

The PEO is a low toxic water-soluble polymer
center, that helps it to form strong hydrogen bonds within the water bulk system 321,
The hydrophilic part of the polymeric alkyl chain of PEO helps it to be completely
miscible in water, whereas hydrophobic part helps it to reach closer to a guest molecule

(CH4) and pushes the water molecules away from it 322.

As far as hydrate inhibition is concerned, the PEO has been reported as a poor
hydrate inhibitor and is incapable to show as hydrate inhibition itself. 2°% 2%42 323
However, it acts well as a synergent and addition of low dosage of water-soluble
polymers PEO with hydrate inhibitors can significantly enhance kinetic inhibition
strength of inhibitors by binding with free water molecules. Previously, PEO has been
used as a synergistic material to enhance the kinetic inhibition strength of inhibitors in

various gas hydrate inhibition studies.*® 2% 253,323,324

Figure 4-15, shows the kinetic inhibition (KI) effect or delay in the QM gas
mixture hydrate formation in the presence of equal ratio IL-synergent mixtures
[PMPy][CI] + PEO and [PMPy][CI] + VCAP. The IL-synergent mixture [PMPy][CI] + PEO
seems to be kinetically more effective and it delays the hydrate formation by 16 hrs at

low pressures (40 bars) and by 6 hrs at high pressures (120 bars).
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As shown in Figure 4-15, at lower pressures (~37 bars), the IL [PMPy][Cl] delayed
the hydrate formation time from 6.7 + 0.5 hr to 7.6 £ 0.5 hr. In comparison, the IL-
synergent mixture [PMPy][CI] + VCAP delayed it to 8.3 + 0.5 hr, while the the IL-

synergent mixture [PMPy][CI] + PEO delayed itto 22.7 £ 0.5 hr.

Similarly, at higher pressures (~100 bars), the IL [PMPy][CI] delayed the hydrate
formation time from 3.1 + 0.5 hr to 3.6 = 0.5 hr. In comparison, the IL-synergent
mixture [PMPy][CI] + VCAP delayed it to 4.1 + 0.5 hr, while the IL-synergent mixture
[PMPy][CI] + PEO delayed it to 9.1 + 0.5 hr. This indicates that PEO is a strong kinetic
synergent and addition of PEO with the inhibitors can help to increase their kinetic

effect significantly [Figure 4-15].

Accordingly, in terms of effectiveness as kinetic hydrate inhibitors selected

inhibitor and their mixtures can be listed as:

[PMPy][CI]+PEO > [PMPy][CI]+VCAP > [PMPy][CI]
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Figure 4-15: The delay in the QM gas mixture hydrate formation time in the presence of

equal ratio IL-synergent mixtures [PMPy][Cl] + PEO and [PMPy][CI] + VCAP. The

above data has the uncertainty of = 0.5 hr.

Figure 4-16,

shows the kinetic inhibition (KI) effect or delay in the QM gas

mixture hydrate formation in the presence of equal ratio IL-synergent mixtures

[PMPy][Triflate] + PEO and [PMPy][Triflate] + VCAP at wide process conditions. The IL-

synergent mixture [PMPy][Triflate] + PEO seems to be kinetically more effective and it

delays the hydrate formation by 8 hrs at low pressures (40 bars) and by 3 hrs at high

pressures (120 bars). The above data has the uncertainty of £ 0.5 hr.
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As indicated in Figure 4-16, at lower pressures (~37 bars), the IL [PMPy][Triflate]

delayed the hydrate formation time from 6.7 + 0.5 hr to 7.3 £ 0.5 hr. In comparison, the

IL-synergent mixture [PMPy][Triflate] + VCAP delayed it to 8.5 + 0.5 hr, while the the IL-

synergent mixture [PMPy][Triflate] + PEO delayed itto 14 + 0.5 hr.

Time ( hrs)
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Figure 4-16: The delay in the QM gas mixture hydrate formation time in the presence of

equal ratio IL-synergent mixtures [PMPy][Triflate] + PEO and [PMPy][Triflate] +VCAP.

The above data has the uncertainty of + 0.5 hr.
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Similarly, at higher pressures (~100 bars), the IL [PMPy][Triflate] delayed the
hydrate formation time from 3.1 £ 0.5 hr to 4.1 = 0.5 hr. In comparison, the IL-
synergent mixture [PMPy][Triflate] + VCAP delayed the hydrate formation time to 4.2 +
0.5 hr, while the the IL-synergent mixture [PMPy][Triflate] + PEO delayeditto 6.1+ 0.5
hr [Figure 4-16]. Therefore, in terms of effectiveness as kinetic hydrate inhibitors

selected inhibitor and their mixtures can be listed as:

[PMPy]([Triflate]+PEO > [PMPy][Triflate]+VCAP > [PMPy][Triflate]

Figure 4-15 and Figure 4-16, clearly indicate that PEO is an effective kinetic
synergent and it can substantially enhance the kinetic inhibition ability of the IL
inhibitors. It can help to reduce the amount of inhibitor required for the hydrate
inhibition and also possess good solubility in agueous solution avoiding the chances of

precipitation within the system.

The following are the key findings that can be deduced from the above experiments:
1. The monomer caprolactam (VCap) is more suited to act as a thermodynamic
synergents. It can help to shift the QM HLVE curve by 0.3-0.5 °C. On contrary, the

polymer PEO (Polyethylene Oxide) is a poor thermodynamic synergent and
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addition of it with ILs does not help to improve their thermodynamic inhibition
performance.

2. The Polymer PEO is more suited to act as the kinetic synergent and its addition
with the ILs can help to delay the hydrate formation time by 6-20 hrs. On

contrary, VCAP does not perform well as the kinetic synergent
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4.2 Hydrate Formation and Inhibition in pure methane (CHy ) gas

The synthetic quaternary gas mixture (QM) used for hydrate formation and
inhibition study in the first part of this work was a novel gas mixture and its results
cannot be compared with the literature results. Therefore, the next part of the
experiments was conducted using pure methane gas and the results obtained were
compared with the literature results to figure out how effective the chosen ionic liquids
and amino acids inhibitors are against the already reported ionic liquids and amino acids
inhibitors. This comparative study is essential for industrial scale up and computational

modelling and simulation work in the future.

In the second part of work, four ionic liquids (Ethyl-ammonium formate [EA][Of],
Dimethyl-ammonium  formate  [DMA][Of],  Dimethyl-ethyl-ammonium formate
[DMEA][Of]. and Tri-butyl methyl ammonium formate [TBMA][Of] ) and 5 amino acids
(L-Alanine, L-Pheny-alanine, Asparagine, Histidine, Glycine) were tested as the
inhibitors for the pure methane gas on the rocking cell assembly (RC-5) at different

concentrations and operating conditions in the presence and absence of synergent PEO.

4.2.1 Effect of Ammonium lonic liquids on CH4 hydrate inhibition
The cost of ionic liquids is a major concern for their usage on the large industrial

scale. George, et al. 3%

, synthesized number of ionic liquids with the objective of
reducing the ionic liquids cost by using inexpensive feedstock like sulfuric acid and

simple amines combined into a range of protic ionic liquids containing hydrogen sulfate

[HSO4] anion.
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The most effective way of reducing the cost for the large-scale ionic liquid
production is through the use of protic ionic liquids (ILs with protonated amine for a

| 325

cation) according to George, et a ,and the concept is already being implemented in

BASF BASIL process.’®?

The protic ionic liquids do not require purification and number of synthesis steps
can be reduced from 30 steps to 7 steps, making them less expensive than the
traditional imidazolium liquids. It is estimated, that the bulk production of the tri-ethyl
ammonium hydrogen sulfate [HNEts][ HSO4] can be as low as $1.24 per Kg.2*® Therefore,
in this study for the first time ammonium based protic ionic liquids containing formate

anions were tested as the hydrate inhibitors.

These ILs are likely to be cheaper than the protic ILs liquids containing sulfate
anions. The use of such ionic liquids as hydrate inhibitors is likely to have a lower
environmental impact due to a reduction in the waste by-products, solvent losses,

energy requirement and CO, generation. 3

The four ammonium based ionic liquids tested include: Ethyl-ammonium formate
[EA][Of], Dimethyl-ammonium formate [DMA][Of], Dimethyl-ethyl-ammonium formate
[DMEA][Of] and Tri-butyl methyl ammonium formate [TBMA][Of]. These ammonium ILs

are increasingly used as an electrolyte in different fuel cells and battery applications3?’
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and for CO, capture 3?8, However, they have not been tested as the hydrate inhibitors.
Therefore, it was of great research interest to test these ammonium ILs as the CH,
hydrate inhibitors. In section 4.3, a comparison will be drawn between the effectiveness

of pyrrolidinium and ammonium-based ionic liquids.

4.2.1.1 Thermodynamic inhibition effect of Ammonium based ILs

In the first part (4.1.2 & 4.1.3), the 1wt% pyrrolidinium IL showed no
thermodynamic effect. Therefore, in the second part, the experimental trial were
carried out using 5wt% of ammonium ILs to study thermodynamic inhibition effect of ILs

[EA] [Of], [DMA] [Of], [DMEA] [Of] and [TBMA] [Of] [Figure 4-17].

The Figure 4-17, shows the shift in HLVE curve of methane (CH,) hydrate in the
presence of 5wt% ammonium based ionic liquids at wide process conditions. The
ammonium based ILs showed the slight average temperature shift of around 0.5 °C,

except for the IL [TBA][Of] which showed no temperature shift.
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Figure 4-17: The shit m HLVE curve of methane (CHy4) hydrate in the presence of Swt%

ammonium based ionic liquids. The data has an uncertainty of+ 0.2 °C.

As exhibited in Figure 4-17, the selected ammonium based ILs showed slight
thermodynamic inhibition effect at all operational pressures (40-100 bars). At lower
pressure (~40 bars), the 5wt% DMA [Of] was found to be the most effective
thermodynamic hydrate inhibitor and it provided an average temperature shift of 0.7 +
0.2 ° C. The 5wt% TBA [Of] was found to be the least effective thermodynamic hydrate

inhibitor at lower pressures.
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In comparison, at higher pressures (~100 bars), the selected ammonium ILs
showed better thermodynamic inhibition effect. As shown in Figure 4-18, at 5wt% the
ammonium ILs DMA [Of], DMEA [Of] and EA [Of] showed a similar thermodynamic
inhibition effect and provided the average temperature shift of around 0.9 + 0.2 ° C.

[Figure 4-18].

Figure 4-18, illustrates the CH4 hydrate suppression temperatures at 100 bars
observed using 5wt% ammonium-based ILs. The average hydrate suppression
temperature provided by IL EA [Of], DMA [OF], DMEA [OF] was around 0.8 °C. The TBA
[Of] was found to be the least effective and it provided the hydrate suppression

temperature of around 0.3 °C.
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Figure 4-18: The CH4 hydrate suppression temperatures at 100 bars observed using

5wt% ammonium-based ILs. The data has an uncertainty of 0.2 °C.

The next set of experimental trials was conducted at the concentration of 10
wt%. In comparison to 5wt%, at the concentration of 10wt%, the selected ammonium

ILs showed a better thermodynamic effect at all pressures [Figure 4-19].

Figure 4-19, indicates the shift in CH; HLVE curve in the presence of 10 wt%
ammonium based ionic liquids at wide process conditions. The 10 wt% ammonium
based ILs showed the average temperature shift of around 2.0 ° C, except for the IL

[TBA][Of] which only showed a slight temperature shift of around 0.8°C.
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Figure 4-19: The shit m HLVE curve of methane (CHy4) hydrate in the presence of 10
wt% ammonium based ionic liquids at wide process conditions. The data reported has an

uncertainty of = 0.2 °C.

As presented in Figure 4-20, at moderate pressures (~65 bars) the ILs EA [Of],
DMA [Of] and DMEA [Of] provided an average temperature shift of around 2.0 + 0.2 °C.
The IL EA [Of] was found to be the most effective thermodynamic inhibitor and it

provided the temperature shift of 2.1 + 0.2 °C. The IL TBA [Of] was found to be the least
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effective thermodynamic inhibitor and it provided the temperature shift of 0.75 + 0.2 °C

[Figure 4-20].
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Figure 4-20: The CH4hydrate suppression temperatures at 65 bars observed using 10

wt% ammonium-based ILs. The reported data has an uncertainty of+ 0.2 ° C.

Similarly, at higher pressures (~100 bars), the ILs EA [Of], DMA [Of] and DMEA
[Of] again provided an average temperature shift of around 2.1 + 0.2 ° C. The average

hydrate suppression temperature provided by IL EA [Of], DMA [OF], DMEA [OF] was
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around 2.0 °C. The TBA [Of] was found to be the least effective and it provided the
hydrate suppression temperature of around 0.8 °C [Figure 4-21]. The Table 4-4, shows
the hydrate dissociation points for the ammonium based ILs used in this work at

different pressure conditions.
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Figure 4-21: The CHy4 hydrate suppression temperatures at 100 bars observed using 10

wt% ammonium-based ILs. The reported data has an uncertainty of+0.2 ° C.
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As shown in Figure 4-21, the IL EA [Of] was found to be the most effective
thermodynamic hydrate inhibitor and it provided the temperature shift of 2.3 + 0.2 °C.
The IL TBA [Of] was found to be the least effective thermodynamic inhibitor may be due
to its non-protic nature and it provided the temperature shift of about 0.8 + 0.2 °C
[Figure 4-21]. Hence, in terms of effectiveness as a thermodynamic inhibitor at 10 wt%

(~100 bars) the selected ammonium ILs can be listed as:

[EA] [Of] > [DMEA] [Of] > [DMA] [Of] > [TBA] [Of]

In case of the similar anion, the IL with shorter alkyl chain tend to be more
effective according to **°. They proposed that the thermodynamic inhibition using ILs
occurs as a result of the presence of strong electrostatic charges in ILs and the ability of

ILs anions and cations of ILs to form hydrogen bonding with the water molecules.

The thermodynamic inhibition effect of the ILs is small at low pressure and gets

better as the pressure increases according to Partoon, et al. **’

. In our case, the
thermodynamic inhibition effect of ILs was high at low pressure and it decreases as the

pressure increases.

The thermodynamic inhibition effect of ILs enhances with the increase in the
concentration of the selected ILs, as stated by Partoon, et al. **’. It was observed by
Sabil, et al. 3°, that the thermodynamic inhibition effectiveness of ILs increases with the

increase in their respective concentration. The similar case was also observed in this
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work and the thermodynamic inhibition effectiveness of both pyrrolidinium ILs and

ammonium ILs enhanced with the increase in their respective concentration.

The shorter alkyl chain ILs tend to be more effective thermodynamic hydrate
inhibitor than the longer ones according to the Chu, et al. '°°. It was proposed by Long,

330

et al. that ILs with shorter alkyl chain in the cation tend to offer better

thermodynamic inhibition effect compare to ILs with longer alkyl chain.

The longer alkyl chain might lead to increase in the hydrophobicity factor of ILs,
which in turn affects the hydrogen bonding ability of IL with the water molecules. *3*

30

Long, et al. >3 also observed that the thermodynamic inhibition tendency of the IL

strongly relies on the anion size.

The smaller size anions offer higher charge density, which causes stronger
electrostatic interaction between IL and water molecules resulting in an effective
hydrate formation suppression.>° The similar case was also observed with selected
ammonium based ILs and in terms of effectiveness as cation can be listed as [EA] >
[DMA] > [DMEA] > [TBA]. The IL [EA][Of] possess shorter alkyl chain in the cation which

may help it to offer better thermodynamic inhibition effect.
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Table 4-4: CH; Hydrate dissociation points in the presence of Swt% and 10 wt%

ammonium based ionic liquids.

lonic Liquids P (bars) T(°C) lonic Liquids P T
(bars) (°C)
CH4 + 5wt% [EA][Of] 39.01 3.8 CH,4 + 10 wt% [EA][Of] 59.38  6.43
59 7.61 76.63 8.43
7791  10.15 112.01 11.73

96.58 11.98

CH4 + 5wt% [DMA][Of] 39.51 3.62 CH4 +10 wt% [DMA][Of] 62.91 6.92
58.37 7.46 81.1 9.23
77.63 9.97 100.64 11.04
98.86 12.12

CH4 + 5wt% [DMEA][Of] 59.24 7.16 CHy + 10 wt% [DMEA][Of]  60.55 6.44
71.12 9.22 7426  8.62
84.9 10.72 102.5 11.08
96.79 11.62
115.01 13.33
CH4 + 5wt% [TBA][Of] 38.46 3.94 CH4 +10 wt% [TBA][Of] 4241 454

59.8 8.3 62.32 8.049
76.43 10.51 100 12.18
95.62 12.32 11394 13.25

114.96 13.93

COSMO-RS analysis conducted by Khan, et al. }’° depict that the thermodynamic
inhibition effect of ILs is due to their hydrogen bonding affinity with water molecules

and the ILs does not participate in the hydrate crystalline structure.
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It's the factors like hydrophobic nature and solubility that play a key role in

l. >, In the section

inhibition effectiveness of the some ILs according to Mohamed, et a
(4.3), the thermodynamic results obtained for ammonium-based ILs will be compared
with the pyrrolidinium-based ILs and choline-based ILs at 5wt%. The further comparison

of ammonium-based ILs will be made at 10 wt% of the amino acids, imidazolium-based

ILs and other hydrate inhibitors reported in the literature.

The following are the key points that can be deduced from the thermodynamic

study of the ammonium based ILs that agree with the literature.

1. Inthe case of the similaranion, the IL with shorter alkyl chain like [EA][Of] tend to
be more effective

2. The thermodynamic inhibition effectiveness of ILs increases with the increasein
their respective concentration

3. The thermodynamic inhibition effect of ILs with respect to pressure increase was not

clear.

4.2.1.2 Kinetic inhibition effect of Ammonium based ILs

The selected ammonium based ILs were tested for their kinetic inhibition effect
in order to confirm their dual functional behavior at the concentrations of 5wt% and
10wt%. Figure 4-22, shows the time delay in the CH4 hydrate formation in the presence
of 5wt% ammonium based ILs [TBA][Of], [EA][Of], [DMA][Of] and [DMEA][Of]. All ILs
showed almost similar kinetic inhibition effect. The IL [TBA][Of] was observed to be the
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most effective kinetic hydrate inhibitor at 5 wt% and it delayed the hydrate formation

by around 2.5 hr at 40 bars.

As indicated in Figure 4-22, the 5wt% ammonium based ILs were found to be
most effective at lower pressures (40 bars), the IL [TBA] [Of] delayed the hydrate
formation time from 9.0 = 0.5 hr to 11.5 + 0.5 hr, the IL [DMA] [Of] delayed it to 9.8 +
0.5 hr and the IL [DMEA] [Of] delayed it to 9.5 + 0.5 hr. At higher pressures (100 bars) all
the ammonium IL showed a similar kinetic effect and the delay in the hydrate formation

time was within the range of 0.5 to 1 hr [Figure 4-22].

At higher concentration of 10 wt%, no hydrate formation was observed at low
pressure (~ 40 bars). The experiments were repeated three times, but no hydrate
formation was detected at low pressure (~ 40 bars). As presented in Figure 4-23, the

hydrate formation was only observed at pressures close to 60 bars.
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Figure 4-22: The time delay in the CHy4 hydrate formation in the presence of 5wt%
ammonium based ILs [TBA][Of], [EA][Of], [DMA][Of] and [DMEA][Of]. The data has

the uncertainty of + 0.5 hr.

As presented in Figure 4-23, at 10 wt% and pressures close to 60 bars, all the
ammonium-based ILs showed the similar kinetic effect and delayed the hydrate
formation time from 0.5-1.5 hr. At the pressure close to 100 bars, the IL [EA] [Of]
delayed the hydrate formation time from 5.0 + 0.5 hr to 7.36 + 0.5 hr, and it was found

to be the most effective kinetic hydrate inhibitor compared to other ammonium ILs.
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Figure 4-23: The time delay n the CH4 hydrate formation in the presence of 10 wt%

ammonium based ILs [TBA][Of], [EA][Of], [DMA][Of] and [DMEA][Of]. The data has

the uncertainty of 0.5 hr.

Thus, in terms of effectiveness at 10 wt% and pressures close to 100 bars, the ILs

can be listed as:

[EA] [Of] > [DMA] [Of] 2 [TBA] [Of] = [DMEA] [Of]
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The ILs that have shorter alkyl chain and stronger electrostatic forces tend to be
more effective kinetic hydrate inhibitor according to Rasoolzadeh, et al. ***. It was also
observed that the effect of cations is much more significant than the effect of anions in

the selected ILs.

The hydrate induction time for ILs increases with their concentration, as
observed by Lee, et al. . The X-ray diffraction pattern of some ILs shows that no

amalgamation of IL in the hydrate crystal structure occurs.

Generally, it is known that the kinetic hydrate inhibitors like ionic liquids inhibit
the hydrate formation by adsorbing on the hydrate surface and slowing the diffusion of

1 The actual mechanism of hydrate

guest molecules to the hydrate water surface.3?
inhibition by kinetic hydrate inhibitor is still not clear. However, three key mechanisms

have been reported in the literature previously.

The first mechanism proposes that inhibitors adsorb on the surfaces of growing
hydrate crystal (sub-critical or super-critical size), thus inhibiting further growth.”® The
second mechanism proposes that inhibitors adsorb on the surface of the “foreign”
particles that would otherwise act as a site for heterogeneous hydrate nucleation.’* The

third mechanism, based on the simulation observation, proposes that perturbation of
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liquid water structure by inhibitors prevent the growth of hydrate crystals to the critical

cluster size or destabilizes the partially formed hydrate clusters completely.>?

The following finding can be deduced from the above experimental results:

1. The higher concentration favours both the thermodynamic and kinetic hydrate
inhibition in the selected ammonium ILs.

2. The selected ammoniums ILs have the tendency to act as the dual functional
inhibitors showing both the kinetic and thermodynamic hydrate inhibition at the
same time.

3. The selected ammoniums ILs have the same anion but different cations. The
shorted alkyl chain cations like [EA] are likely to be more suited for the
thermodynamic and kinetic hydrate inhibition due to likely presence of extra pair

of protons.
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4.2.2 Co-effect of Ammonium-based Ionic liquids and Synergent on CH; hydrate

formation

Poly-ethylene oxide (PEO) worked as an exceptional kinetic synergent with
pyrrolidinium ILs in the first part and it exponentially enhanced the kinetic inhibition
effect of pyrrolidinium ILs. Therefore, PEO was also tested with ammonium-based to
enhance their kinetic inhibition performance. However, this time lower dosage (1wt %)

of PEO was used instead of a higher dosage of 5wt% used in the previous section.

The most effective 5wt% ammonium based IL with the addition of the 1wt% PEO
was found to be [DMEA] [Of]. In the IL-synergent mixtures containing [5wt% [DMA] [Of]
+ 1wt% PEO] and [5wt% [TBA] [Of] + 1wt% PEO] no hydrate formation was observed at
low pressures (> 60 bars). The hydrate formation was only observed at the pressures

above 60 bars [Figure 4-24].

Figure 4-24, presents the kinetic inhibition (KI) effect or delay in the CH4 hydrate
formation time in the presence of 5wt% ammonium ILs + 1 wt% PEO mixtures at wide
process conditions. The IL + synergent mixture 5wt% [DMEA][Of] + 1 wt% PEO was
observed to be kinetically most effective and it delayed the hydrate formation by 20 hrs
at 55 bars and by 10 hrs at 100 bars. The hydrate formation in the CH4 blank sample is

shown in the black.
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As shown in Figure 4-24, at the pressure close to 55 bars, the IL-synergent mixture
[5wt% [DMEA] [Of] + 1wt% PEO] delayed the hydrate formation time from 7.7 £ 0.5 hr
to 29.6 £ 0.5 hr and the IL-synergent mixture [5wt% [EA] [Of] + 1wt% PEQ] delayed it to

20.3 £ 0.5 hr.

Similarly, at the higher pressure close to 100 + 2 bars the IL-synergent mixture
[5wt% [DMEA] [Of] + 1wt% PEO] delayed the hydrate formation time from 5.0 £ 0.5 hr
to 14.9 £ 0.5 hr and the IL-synergent mixture [5wt% [EA] [Of] + 1wt% PEQ] delayed it to

13.8 £ 0.5 hr [Figure 4-24].
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Figure 4-24: The kinetic delay in the CH4 hydrate formation in the presence of Swt%
ammonum ILs + 1 wt% PEO mixtures at wide process conditions. The data has the

uncertainty of £ 0.5 hr.

The IL-synergent mixture [Swt% [TBA] [Of] + 1wt% PEO] delayed the hydrate
formation time from 5.3 + 0.5 hr to 8.5 + 0.5 hr and the IL-synergent mixture [Swt%
[DMA] [Of] + 1wt% PEO] delayed it to 12.46 * 0.5 hr respectively at pressures close to 92
bars + 0.5 bars [Figure 4-24]. Hence, in terms of effectiveness, the 5wt% ammonium

based IL and their mixture with 1wt% PEO can be listed as:
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[(DMEA) (Of) + PEO] > [ (EA) (Of) + PEO] > [DMA) (Of) + PEO] > [(TBA) (Of) + PEO]

As mentioned in the previous section, the PEO is a low toxic water-soluble

320

polymer that holds an oxygen atom at its centre, which allows it to form strong

321 The hydrophilic part of the polymeric

hydrogen bonds within the water bulk system
alkyl chain of PEO helps it to be completely miscible in water, whereas hydrophobic part
helps it to reach closer to a guest molecule (CH,4) and pushes the water molecules away

from it 322,

However, PEO is a poor hydrate inhibitor and is incapable to show as hydrate
inhibition itself. 2°%2>%323 Byt it acts well as a synergent and addition of low dosage of
PEO with ILs can significantly enhance their kinetic inhibition strength of KHI, by

providing disruption of water cages and also repeling water molecules away.
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4.2.3 Effect of Amino Acids on CH4 hydrate inhibition

In recent years, the research interest has diverted towards the use of biological
compounds that have high biodegradation rate in sea water. Previously, the natural
antifreeze proteins found in fish, insects, plants, and bacteria have been used for

333

hydrate inhibition studies.>*? According to Perfeldt, et al. 333, these proteins and

peptides are expected to biodegrade easily.>*® Therefore, in this work the biological

molecules like amino acids have been tested as the hydrate inhibitors.

The amino acids are the biological compounds that naturally exist in nature.*®®
Amino acids are manufactured on large scale and available readily. Till date, no
comprehensive kinetic and thermodynamic hydrate inhibition study has been conducted
using amino acids on pure methane gas (> 99 %) . This makes them attractive

compounds to be tested as the hydrate inhibitors. Amino acids as inhibitors are

considered to be non-toxic, biodegradable and easier to produce in higher purity.8®

They can be obtained at low cost in large quantities and this makes them an attractive

187

option to be used as a gas hydrate inhibitor ~°’. Previously many studies have reported

the use of amino acids as corrosion inhibitors >’ 188

The amino acids are non-volatile in nature which offers them an advantage over

191 Due to better stability and compatibility, the amino acids can also be

other inhibitors
easily recovered from the pipelines. The structure and chemical properties of amino

acids are also well understood which makes it easier to understand their inhibition
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mechanism.*’®

4.2.3.1 Thermodynamic Inhibition effect of Amino Acids

Initially, the experiments were conducted using 1wt% of amino acids. At 1 wt%,
like ionic liquids, the pure amino acids samples did not show any thermodynamic
inhibition effect on methane hydrates. This clearly shows that 1wt% quantity is not

sufficient enough to disrupt or perturb methane hydrate crystal formation [Figure 4-25].

Figure 4-25, shows the HLVE curve of CH4 in the presence of 1wt% amino acids.
No shift in methane HLVE was observed, which indicates that no thermodynamic
hydrate inhibition takes place within the system in the presence of 1wt% amino acids.
The CH4 HLVE in the blank sample is shown in the black. The data has the uncertainty of

+0.2 °c.
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Figure 4-25: The HLVE curve of CHy is the presence of 1wt% Amino Acids. The data

has the uncertainty of + 0.2 °C.

Amino acids like asparagine and L-phenyl alanine have low solubility (< 3 wt %) in
water due to which their inhibition effect cannot be studied at higher concentration.
Therefore, the amino acids with higher solubility in water (24wt %) were selected to

study their inhibition effectiveness at higher concentrations [Figure 4-26].
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Figure 4-26, illustrates the thermodynamic inhibition (TI) effect or shift in CH4
HLVE in the presence of 4-5 wt% amino acids. The amino acids L-alanine and glycine
were found to be most effective and they shifted the CH4 HLVE by 0.9 °C. The amino acid

Histidine showed no significant thermodynamic inhibition effect at higher

concentration.
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Figure 4-26: The shift n HLVE curve of CH4 in the presence of 4-5 wt% ammo acids

(AA). The data has the uncertainty of +0.2 °c.
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As presented in Figure 4-26, at higher concentration (5 wt%), both L-alanine and
glycine showed the similar thermodynamic effect and provided the temperature shift of
0.9 + 0.1 °C at higher pressures (~100 bars ) and the temperature shift of 0.7 + 0.1°C at
lower pressures (~60 bars). However, histidine showed no thermodynamic inhibition

effect at higher concentration [Figure 4-26].

Therefore, in terms of effectiveness as a thermodynamic hydrate inhibitor, the amino

acids can be listed as:

L-Alanine 2 glycine > histidine

Figure 4-27 and Figure 4-28, illustrate the thermodynamic inhibition effect of 10

wt% glycine and 10 wt% alanine on the methane hydrate formation studied by Bavoh, et

334

al. . It was observed by Bavoh, et al. 334 that 10 wt% glycine and 10 wt% alanine

provides a temperature shift of around 1.5 2C and 1.7 2C at 98 + 2 bars.

As shown in Figure 4-27, as the concentration of amino acid L-alanine increases

ita thermodynamic inhibition effect increases and vice versa. The CH; hydrate

I 334

dissociation points for 10 wt% of L-Alanine was obtained from Bavoh, et a Similarly,

as the concentration of amino acid Glycine increases its thermodynamic inhibition effect

I 334

also increases. Bavoh, et a , conducted further experimental trials using 15 wt% and

20 wt% of glycine. They found that at 98 + 2 bar, the 15 wt% Glycine provided the
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temperature shift of up to 2.27 2C and the 20 wt% Glycine provided the temperature

shift of up to 2.9 2 C [Figure 4-28].

The experimental results of this study and Bavoh, et al. 33

study clearly shows
that the thermodynamic inhibition effect of amino acid glycine increases with the
concentration. However, the major objective of this work was to use amino acids as low

dosage hydrate inhibitors (< 5wt%), as the higher concentrations of amino acids (> 10 wt

%) can cause storage issues on the large industrial scale.
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Figure 4-27: The shift in the HLVE curve of CH4 at different concentrations of L-

Alanine. The data has the uncertainty of+ 0.2 °C.

The thermodynamic hydrate inhibition effect occurs due to hydrogen bonding
and electrostatic force of attraction via zwitterion interactions between amino acids and
water molecules according to Sa, et al. **>. The molecular structure of amino acids is
made up of hydrophilic and hydrophobic head.?*® This may allow amino acids to act as

zwitterions in an aqueous environment.?*?

Its the ability of amino acids to act as
zwitterions that is likely to cause a strong electrostatic force of interaction between

electric charges of amino acids and water molecules, resulting in disruption of water

cages in hydrate clathrates according to Sa, et al. **>. The carboxylic and amine groups of
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amino acids may also facilitate the formation of hydrogen bonds with water molecules.

Figure 4-28, illustrates the thermodynamic inhibition (TI) effect or shift in CH4
HLVE at different concentrations of glycine. As the concentration of amino acid glycine
increases the thermodynamic inhibition effect of glycine increases and vice versa. The

CH4 hydrate dissociation points for 10-20 wt% of Glycine was obtained from Bavoh, et

al. 334
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Figure 4-28: The shift in HLVE curve of CHy4 at different concentrations of Glycine. The

data has the uncertainty of+ 0.2 °C.

The gas hydrate inhibition is carried out by thermodynamic hydrate inhibitors,
through competing for water molecules and disruption of water activity in the hydrate
cages via hydrogen bonding, as suggested by Laage, et al. 33®. This concept is closely

related to the hydrophobic effect 3%’.

Most hydrophobic molecules tend to be non-
polar and do not dissolve well in water according to Akhavan, et al. 337 These molecules

often form clusters know as micelles and they tend to repel away the water molecules.

337 Amino acids are proposed to act in a similar way and the presence of amino acids
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disrupts the water activity in the hydrate cages through hydrogen bonding with water

molecules.

As the length of the alkyl side chain of amino acids increases, the hydrophobicity
enhances and kinetic inhibition performance of the particular amino acid decreases

I 191

according to Sa, et a . This shows that longer alkyl chain adversely affects the kinetic

inhibition performance of the amino acids. The longer alkyl side chains support the

thermodynamic inhibition performance of the amino acids.®*

The thermodynamic inhibition strength of amino acids tends to increase with the
increase in the size and the side alkyl chain of amino acids according to Sa, et al. 1. This
is mainly due to enhanced hydrophobic effect as a result of longer alkyl side chains.
Thus, the kinetic hydrate inhibition performance of amino acids depends on their

hydrophobicity and the length of the alkyl side chain. 9% 338,

. 33% stated that the amino acids with shorter side

On contrary, the Bavoh, et a
alkyl chain like Glycine and L-Alanine show better thermodynamic inhibition effect than
those with longer side alkyl chain like arginine.®** This is due to the fact that as the alkyl
chain of amino acids reduces in size the solvation with water molecules increases, which
increases the thermodynamic inhibition impact of these amino acids.>3° The CH4 hydrate

dissociation points at different pressures and amino acid concentrations are provided in

Table 4-5.
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Table 4-5: CH,; Hydrates dissociation points (P-T) obtained in the presence of the amino

acids at different concentrations

Amino Acids

P (bars) T(°C)

Amino Acids

P (bars) T(°C)

CH,4 + 1wt% L-Alanine

CH4 + 1wt% Glycine

CH4 + 1wt% Histidine

CH,; +1 wt% Asparagine

116.69
97.63
76.95
57.78
39.05
118.96
97.55
77.04
58.16
38.89
118.40
97.99
78.21
60.28
40.11
112.33
95.15
76.30
57.43
38.22

14.23
12.73  CH4 +5 wt% L-Alanine
10.70
8.04

4.27
14.40
12.73  CH4 +5 wt% Glycine
10.63
8.01
4.18
14.45
12.84
10.91 CH4 +4 wt% Histidine
8.47
451
14.00
12.57
10.56 CH4 + 1wt% Phenylalanine
7.95

3.88

110.49
94.80
75.83
56.71
38.08
96.06
76.99
57.09
39.20
113.40
98.45
76.17
58.56
40.74
105.09
97.67
80.29
60.27
40.14

12.86
11.81
9.76
7.17
3.42
11.91
9.95
7.26
3.48
13.66
12.69
10.44
8.02
4.57
13.48
12.91
11.18
8.50
4.53

In this work, it has also been observed that the solubility factor plays a key role

and the amino acids with higher solubility in aqueous solutions are likely to act as better

thermodynamic inhibitors. Akhavan, et al. 3*’, likewise reported that the thermodynamic

inhibition strength of amino acids relies on the solubility of amino acids. The higher the
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solubility, the better is the inhibition effect of the amino acids. It’s likely that as the
solubility of amino acid increases their hydrogen bonding ability increases which

increases disruption and water re-orientation in hydrate cages.

The following, are the key experimental findings that match well with the literature
statements:

1. The higher concentration of amino acids is likely to provide better hydrate
inhibition.

2. The shorter alkyl chain amino acids like glycine and alanine are more suited to
act as the hydrate inhibitor due to the fact that as the alkyl chain of amino acids
reduces in size the solvation with water molecules increases, which increases the
thermodynamic inhibition impact of these amino acids.

3. The amino acids with lower solubility in aqueous solution leave behind
undissolved particles, which can cause precipitation in the aqueous phase.
Therefore, such amino acids do not take part in the inhibition process and no
significant shiftin hydrate HLVE is observed using these types of the amino acids.

4. Glycine and L-alanine, due to their high solubility in agueous solution, are likely
to be the potential hydrate inhibitor both thermodynamically and kinetically.

5. The thermodynamic hydrate inhibition effect of amino acids is likely to occur due
to hydrogen bonding and electrostatic force of attraction via zwitterion

interactions between amino acids and water molecules.
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4.2.3.2 Kinetic inhibition effect of Amino Acids

The selected amino acids did not show any thermodynamic inhibition effect at
the concentration of 1 wt%. But, at 1wt% the amino acids exhibited the slight kinetic
inhibition effect and delayed the hydrate formation by up to 1 hr [Figure 4-29]. At 1wt%,
the amino acids were found to be most effective at low pressures and at a high pressure

no kinetic inhibition effect was shown by the selected amino acids.

Figure 4-29, depicts the time delay in the CH,4 hydrate formation in the presence
of 1 wt% amino acids. The amino acid asparagine was found to the most effective
kinetic hydrate inhibitor and it delays hydrate formation by 45 min at 55 bars. The

hydrate formation in the CH4 blank sample is shown in the black.
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Figure 4-29: The time delay in the CH4 hydrate formation in the presence of 1 wt%

amino acids. The data has the uncertainty of 0.5 hr.

At 1wt% and pressure of around 55 * 0.5 bars, the Asparagine was found to be
the most effective kinetic hydrate inhibitors with an average time delay of about 45 min
[Figure 4-29] and the amino acids in terms of kinetic inhibition effectiveness can be

listed as:

Asparagine > L-alanine > glycine > phenylalanine
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The kinetic inhibition effect of L-alanine, aspartic Acid, asparagine,
phenylalanine, and histidine on CO, hydrates at a low concentration ( < 0.1 wt%) was
studied by Sa, et al. 2**. It was found that aspartic acid and asparagine exhibit higher

kinetic inhibition than alanine.

The hydrophilic and electrically charged chain of amino acids (like asparagine) is
likely to disrupt the water structure and the hydrophobic part of such amino acid side-
chain is likely to strengthen the water structures.?** Hence, the amino acids with
stronger hydrophilic side chain like asparagine are likely to be more effective in delaying

hydrate formation as they can cause more disruptions in water structure.

The amino acids with lower hydrophobicity tend to function better as a kinetic
hydrate inhibitor according to Sa, et al. *>. The more hydrophilic amino acids (like
Asparagine) delay hydrate formation and growth by disrupting the water hydrogen

bond network.

The extent of perturbation caused by a particular amino acid is likely to affect its
kinetic hydrate inhibition effectiveness and the perturbation depends on the
hydrophobicity factor of amino acids. 2*® Therefore, the amino acids with lower
hydrophobicity tend to be more effective as kinetic hydrate inhibitor than the ones with

higher hydrophobicity.
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The kinetic inhibition effect of glycine on tetra hydro furan (THF) hydrate

. 23° and it was found

formation at an atmospheric pressure was studied by Naeiji, et a
that 1wt% of glycine delayed the THF hydrate induction time by 4 min. Consequently, in

comparison to THF, the 1wt% Glycine shows much better kinetic results with methane

and delays methane induction time by 27 min at lower pressures [ < 40 bars].

Similarly, the kinetic inhibition effect of glycine on ethane hydrate formation at

20 bars was studied by Rad, et al. 23¢

and they observed that 1wt% Glycine delayed
ethane induction time by 58 min. However, Rad, et al. 236 stated that by increasing the

concentration of glycine from 1wt% to 3wt% the delay in ethane induction time got

reduced to 45 min.

Phenylalanine and Asparagine both have limited solubility in water, as a result, it
was difficult to test their effectiveness at higher concentration (> 4wt%). Therefore, L-
Alanine, Glycine, and Histidine were tested at higher concentration (= 4wt%) to check
for their effectiveness in delaying hydrate crystal formation. The further experiments
were conducted at a higher concentration based on the solubility of the selected amino

acids [Figure 4-30].
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Figure 4-30: The time delay in the CH4 hydrate formation in the presence of 5 wt%

amino acids. The data has the uncertainty of +0.5 hr.

Figure 4-30, shows the time delay in the CH,4 hydrate formation in the presence
of 5 wt% amino acids. The amino acid Asparagine and Glycine were found to the
effective kinetic hydrate inhibitors and they delay hydrate formation by 52 min and 44
min at 40 bars. The hydrate formation in the CH4 blank sample is shown in the black
[Figure 4-30]. Thus, in terms of effectiveness at higher concentration (4-5wt%) and low

pressures the amino acids can be listed as:
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L-Alanine > Glycine > Histidine

Figure 4-31, illustrates the delay in the CH4 hydrate formation in the presence of
amino acids L-Alanine, Glycine and Histidine at the low pressure of 40 bars. The L-
Alanine and Glycine both provided the similar delay in the CH4 hydrate formation and

were found to be more effective than the Histidine

As presented in Figure 4-31, the Glycine and L-Alanine were found to be
kinetically more effective than the Histidine, The Histidine has limited solubility in water
(< 4,19 wt%) at 25 °C and as the temperatures are reduced from 20 ° C to 2 °C the
precipitation is likely to occur within the rocking cells. This is likely to affect the kinetic

inhibition effectiveness of the histidine.

As shown in Figure 4-30, at high concentration ( 4-5wt%) the selected amino

acids did not show any significant delay in the hydrate inhibition and it seems that the

higher concentration does not affect the kinetic inhibition strength of the amino acids.
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Figure 4-31: The time delay in the CH4 hydrate formation in the presence of amino acids

Swt% L-Alanine, 5wt% Glycine and 4wt% Histidine at the low pressure of 40 bars. The

data has the uncertainty of = 0.5 hr.

The experimental and simulation result of various studies also indicate that
glycine and L-alanine are likely to be the most suited kinetic hydrate inhibitors and the
higher concentration of amino acids does not have a significant effect on the kinetic
inhibition strength of amino acids, 224 224225, 228,235,242 Hance our experimental results

agree with the following literature statements:
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The hydrophilic amino acids like asparagine are likely to act better as a kinetic
hydrate inhibitor. However, the Asparagine has a limited solubility (< 2.94 wt.%) in
aqueous solution. Hence, it may not be able to provide a significant delay in hydrate
formation due to likely precipitation factor.

The glycine and L-alanine are strong candidates as kinetic hydrate inhibitors due to
their higher solubility in aqueous solution.

The most likely mechanism that allows amino acids to show the kinetic effect is
their ability to disrupt the water hydrogen bond network.

The higher concentration of amino acids did not show any significant effect on
kinetic inhibition effectiveness of the amino acids. However, the higher
concentration does have a significant effect on the thermodynamic inhibition
effectiveness of the amino acids.

Amino acids have the ability to function as dual-functional inhibitors, providing the

thermodynamic and kinetic inhibition both at the same time.
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4.2.4 Co effect of Amino Acids and synergent on CH4 hydrate inhibition

Poly-ethylene oxide (PEO) worked well as a kinetic synergent with pyrrolidinium
ILs and ammonium IL in previous sections [4.1.3 and 4.2.2]. Therefore, 1wt% of PEO was
likewise tested with amino acids that have higher solubility like L-Alanine, Glycine, and

Histidine to enhance their kinetic inhibition performance.

The PEO contains a hydrophilic oxygen atom at its centre and the polymerized
hydrophobic ethylene chain is attached to this oxygen atom. Altamash, et al. 3%,
proposed that at one end, it’s likely that hydrophobic ethylene chain (attached with PEO
oxygen atom) forces the water molecules away from CH4 via Van der Waal hydrophobic
interactions and acts as a shield for the CH; guest molecules. On the other end, it’s
likely that hydrophilic oxygen atoms of PEO form hydrogen bonds with water molecules
via electrostatic force of attraction (CH20---HOH---OCH2) which delays the hydrate

formation time.34°

Figure 4-32, demonstrates the kinetic inhibition (KI) effect or delay in the CHg4
hydrate formation time in the presence of amino Acids + 1 wt% PEO mixtures at wide
process conditions. The amino acid + synergent mixture 5wt% L-alanine + 1 wt% PEO
seems to be kinetically more effective and it delays the hydrate formation by 23 hrs at
60 bars and by 7.5 hrs at 90 bars. The hydrate formation in the CH4 blank sample is

shown in the black.
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As indicated in Figure 4-32, at moderate pressure (60 bars), the amino acid-
synergent mixture 5wt% L-alanine + 1wt% PEO delayed the hydrate formation time from
7 £ 0.5 hr to 30 + 0.5 hr, the mixture 5wt% glycine + 1wt% PEO delayed it to 24 + 0.5 hr

and the mixture 4wt% histidine + 1wt% PEO delayed it to 22 + 0.5 hr [Figure 4-32].

Therefore, in terms of effectiveness as the kinetic hydrate inhibitors, the

mixtures at 60 bars can be listed as:

L-alanine + PEO > glycine + PEO > histidine + PEO

At higher pressure (90 bars), the amino acid-synergent mixture 5wt% L-alanine +

1wt% PEO delayed the hydrate formation time from 5.5 £ 0.5 hr to 13 £ 0.5 hr, the

mixture 5wt% glycine + 1wt% PEO delayed it to 12 + 0.5 hr and the mixture 4wt%

histidine + 1wt% PEO also delayed it to 12 + 0.5 hr [Figure 4-32].

Hence, in terms of effectiveness as the kinetic hydrate inhibitors, the mixtures at

90 bars can be listed as:

L-alanine + PEO > glycine + PEO 2 histidine + PEO
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Figure 4-32: The time delay in the CHy hydrate formation in the presence of amino acids

1 wt% PEO mixtures at wide process conditions. The data has the uncertainty of £ 0.5 hr.

In the presence of water, amino acids act as zwitterions and cause disruption of
hydrogen bonding in water molecules. In the presence of PEO, the kinetic inhibition
effectiveness of amino acids is significantly increased [Figure 4-32]. The Amino Acid-
synergent mixture of L-Alanine + PEO was found more effective than the mixture of
Glycine + PEO. According to Altamash, et al. 3, this slightly indicates that the presence
of extra methyl ( —CH3 ) attached with L-alanine side chain enhances the hydrophobic

interaction (H3C—CH,) with PEO. 340
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The significant delay in the hydrate induction time in amino acids-PEO mixture
also indicates that PEO in the water bulk acts as a shield and prevent the approach of
gas molecules towards the water molecules. On the other end, the amino acid causes
the disruption of hydrogen bonding within the water molecules. This provides an overall

delay in the hydrate formation time. 34°

Histidine is more hydrophilic amino acid and hydrophilic amino acids are likely to
show better kinetic effect. However, the major drawback of using Histidine is that it has
the limited solubility in aqueous water (< 4wt %). On contrary, the amino acids Glycine
and L-Alanine have higher solubility in water (> 15 wt %). The higher solubility factor is
likely to help Alanine and Glycine to act as a better kinetic and thermodynamic inhibitor
for the CH,4. As the solubility of amino acid increases their hydrogen bonding ability

strength increases which increases disruption and water re-orientation in hydrate cages.

340

In the above context, it has been deduced that the hydrophobicity and solubility
are the two key factors that are likely to affect the kinetic and thermodynamic inhibition
effectiveness of the amino acids. At the same concentration, the amino acids with lower
hydrophobicity are likely to perform better as a kinetic hydrate inhibitor and then the
amino acids with higher hydrophobicity are likely to perform better as thermodynamic

hydrate inhibitor.
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At different concentrations, the amino acids with higher solubility are likely to
perform better as a kinetic and thermodynamic inhibitor at the same time. The
following observations can be made from the above experimental results:

1. PEO helps to improve the kinetic inhibition effectiveness of the selected amino
acids significantly, but it works better with the amino acids Glycine and L-
Alanine.

2. The significant delay in the hydrate induction time in amino acids + PEO mixture
indicates that PEO in the water bulk acts as a shield and prevent the approach of
gas molecules towards the water molecule. On the other end, the amino acid
causes the disruption of hydrogen bonding within the water molecules. This

likely provides an overall delay in the hydrate formation time.
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4.3 Inhibitors Effectiveness Comparison

In this section, a comparative study has been conducted and the thermodynamic
results obtained for the ionic liquids and amino acids in section 4.1 and section 4.2 have
been compared with the thermodynamic results of the ionic liquids and commercial
hydrate inhibitors like methanol and mono-ethylene glycol reported in the literature. As
kinetic results are not replicable, so the kinetic results obtained using only RC-5 in the
presence of the synergent PEO for amino acids and ionic liquids were compared

together in the section 4.34.

4.3.1 Comparison with Choline based Ionic Liquids

Recently, Tarig, et al. 3%

, used 5 wt% choline based ionic liquids as thermodynamic
CH4 hydrate inhibitor. The thermodynamic results obtained for the 5 wt% amino acids,
5wt% pyrrolidinium based IL and 5wt% ammonium based ILs in this work were
compared with the 5wt% Choline based lonic liquids such Choline butyrate (Ch-But),

Choline iso-butyrate (Ch-iB), Choline Hexanoate (Ch-Hex) and Choline Octanoate (Ch-

Oct).>%* [Figure 4-33].

Figure 4-33, displays the shift in the CHs HLVE curve in the presence of 5wt%
Choline ILs (Ch-But, Ch-iB, Ch-Hex, Ch-Oct) %%, 5wt% amino acids (L-Alanine, Glycine),
5wt% ammonium based ILs ([DMEA][Of],[TBA][Of],[EA][Of],[DMA][Of]) and 5wt%
pyrrolidinium based ILs ([PMPy][CI]). The CH4 HLVE in the blank sample is shown in the

black. The data reported has an uncertainty of + 0.2 °C.
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As illustrated in Figure 4-33, the amino acids L-alanine and glycine are observed to
be more effective than other inhibitors. The 5wt% pyrrolidinium based IL [PMPy][CI] did
not show any significant thermodynamic inhibition effect on CH,; hydrate formation. At
5wt%, the IL [PMPy][CI] performed well with QM mixture and provided the temperature
shift of about 1.8 °C at low pressures [Figure 4-7]. But, it did not provide any significant
hydrate inhibition on pure methane at 5wt%. This may be due to the presence of small
amount (2 mol %) of nitrogen (N;) component in the Quaternary gas mixture (QM) that

may facilitate hydrate inhibition. 32
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Figure 4-33: The shift in the CH4 HLVE curve in the presence of 5wt% choline ILs *%¢,
Swt% amino acids, 5wt% ammonium ILs and 5wt% pyrrolidinium ILs. The data has an

uncertainty of + 0.2 °C.

The use of nitrogen (N,) to dissociate hydrates has been investigated by Haneda,
et al. 3*! and Masuda, et al. 3*2. Masuda, et al. 34, purge the limestone cores embedded
with hydrates with nitrogen gas and observed that the hydrates dissociated as the

nitrogen passed through the hydrates. Panter, et al. 3!2

, stated that nitrogen can be
viewed as a thermodynamic hydrate inhibitor and can be used to dissociate hydrate

plugs.
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As indicated in Figure 4-33, at 5wt% and pressure close to 40 bars, the L-alanine
and glycine were found to the most effective CH4 thermodynamic hydrate inhibitors and

in terms of the effectiveness the ionic liquids and amino acids inhibitors can be listed as:

L-alanine > glycine > [DMA][Of] > [DMEA][Of] > [EA][Of] > [TBA][Of] > Ch-Hex >

[PMPy][CI]

Similarly, at higher pressures close to 80 bars, the L-Alanine and Glycine were
again found to be the most effective CH4 hydrate inhibitors [Figure 4-33] and in terms of

the effectiveness the ionic liquids and amino acids inhibitors can be listed as:

L-alanine > glycine > [DMA][Of] > [DMEA][Of] > [EA][Of] > Ch-iB > [TBA][Of] > Ch-But >

[PMPy][CI] > Ch-Hex > Ch-Oct
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4.3.2 Comparison with Imidazolium-based Ionic Liquids

The thermodynamic inhibition effect of three ILs: [BMIM-BF;], [BMIM-N(CN)-]
and [N2,2,22-Cl] on methane hydrate formation at a concentration of 10 wt % and the
pressure range of 2.48-6.58 MPa was studied by Keshavarz, et al. ?°*®. The average
hydrate temperature shift using these ILs at 10 wt% was found to be within the range of

1.0-1.3°C.

The thermodynamic inhibition effect of six imidazolium-based ionic liquids on
methane hydrate formation at a concentration of 10 wt % within the pressure range of
3.6 to 11.2 MPa was investigated by Sabil, et al. 3°. The ILs investigated included:
[BMIM][CH3SO4], [BMIM][CF3SO3], [BMIM][N(CN),], [BMIM][CI], [BMIM][Br],
[BMIM][CIO4], [OH-EMIM][CI] and [OH-EMIM][Br]. The IL [OH-EMIM][CI] was found to
be the most effective thermodynamic hydrate inhibitor with the average suppression
temperature of 1.329 °C and the IL [BMIM][CIO4] was found to be the least effective
thermodynamic hydrate inhibitor with the average suppression temperature of 0.37 K.
Thus, the average hydrate temperature shift using these ILs at 10 wt% was found to be

within the range of 0.37-1.3 ° C.

A comprehensive study on the methane hydrate inhibition using seven
imidazolium-based ILs at the fixed concentration of 10 wt% within the pressure range of

3.45 to 13.28 MPa was conducted by Long, et al. **° . The seven ILs used for experiments
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included: [Emim][ClIO4], [Emim][SCN], [Emim][Ac], [Bmim]-[Ac], [OH-Emim][ClO4],

[Emim][CI] and [OH-Emmim][CI].

The IL [Emim][Cl] was found to be the most effective thermodynamic hydrate
inhibitor with hydrate suppression temperature of 1.7-1.9 °C and the IL [Emim][CIO4]
was found to be the least effective thermodynamic hydrate inhibitor with the hydrate
suppression temperature of 0.8 K. Thus, the average hydrate temperature shift using

these ILs at 10 wt% was found to be within the range of 0.8-1.9 ° C.

The thermodynamic inhibition effect of imidazolium-based ILs on methane
hydrates at a concentration of 10 wt% and within the pressure range of 7 - 12 MPa using
isochoric search method was studied by Zare, et al. **°. The ILs used for experiments
included: [BMIM][MeSO,], [EMIM][HSO,4], [EMIM][EtSO,4], [BMIM][BF;] and [OH-
EMIM][BF4]. All the selected ILs showed the thermodynamic effect and the IL [OH-
EMIM][BF4] were found to be the most effective IL. The hydrate suppression
temperature for the selected ILs at 10 wt% was found to be within the range of 0.46 -

1.1°C.
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Figure 4-34: Comparison m the shift obtamed for CH4 HLVE curve in the presence of 10
wt% ammonium-based ILs [(DMEA)(Of), (DMA)(Of), (TBA)(Of) and (EA)(Of)]This
work, 10 wt% amino acids [L-alanine, glycine] 2, and 10 wt% imidazolium ILs [BMIM

& EMIM] 27123293039 The data reported has an uncertainty of = 0.2 °C.

Figure 4-34, exhibit the comparison in the shift obtained for CH; HLVE in the
presence of 10 wt% ammonium-based ILs [(DMEA)(Of), (DMA)(Of), (TBA)(Of) and

(EA)(OF)]™swerk 10 wt% amino acids [L-Alanine, Glycine] 283, and 10 wt% imidazolium ILs

[BMIM & EMIM] 291a, 329-330, 343
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As shown in Figure 4-34, at 10 wt%, the ammonium-based ILs [(DMEA)(Of),
(DMA)(Of) and (EA)(Of)] and the amino Acids [L-alanine, glycine] were found to be more
effective than most imidazolium ILs reported in the literature. The CH4 HLVE in the blank

sample is shown in the black. In comparison to the ionic liquids inhibition results

[ 330 I 165

reported by Keshavarz, et al. 2°!2, Long, eta and Zare, et a the ammonium based
ILs ([EA][Of], [DMA][Of], [DMEA][Of]) and amino acids (L-alanine, glycine) in this work
showed better thermodynamic effect by providing the temperature shift within the
range of around 1.5-2.3 °C (75 bars), except for the IL [TBA][Of] which only provided the

temperature shift of around 0.8-1.0 °C (75 bars).

The ammonium based ILs used in this work are protic in nature and consist of a
free pair of the electron [H+] that may allow it to disrupt hydrogen bonding within the
water molecules and provide the better thermodynamic effect than other ILs.3**

Although the L-alanine and glycine were not as effective as ammonium based ILs, but

provided almost the similar temperature shift and were off by only 0.5 ° C.

The amino acids with shorter side alkyl chain like glycine and L-alanine show
better thermodynamic inhibition effect than most imidazolium ILs. This could be due to
the fact that glycine and L-alanine have short alkyl chains and as the alkyl chain of amino
acids reduces in size their solvation with water molecules increases, which increases the

thermodynamic inhibition impact of these amino acids.>*°
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Most ionic liquids reported in literature provides the CH4 HLVE shift of about 0.7-
1.5 °C at 10 wt%. In comparison, the ammonium-based ionic liquids used in this work
provided the HLVE shift of about 0.8-2.3 °C and amino acids (glycine and L-alanine)

provided the HLVE shift of about 1.5-1.7 °C.
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4.3.3 Comparison with Methanol and Ethylene Glycol

Figure 4-35, shows comparison in the shift obtained for CH; HLVE in the
presence of 10 wt% Ammonium-based ILs [(DMEA)(Of), (TBA)(Of) and (EA)(Of)] ™S werk,

10 wt% amino acids [L-alanine, glycine] 23, and 10 wt% ethylene glycol [EG].

—m— Blank (CH,) m 10 wt% EG A 10 wt% [EA][Of]

A 10 wt% [DMEAJ[Of] A 10 wt% [TBA]J[Of] —®— 10 wt% Methanol
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Figure 4-35: Comparison in the shift obtained for CH4 HLVE curve in the presence of 10
wt% Ammonium-based ILs [(DMEA)(Of), (TBA)(Of) and (EA)(Of)], 10 wt% Amino

Acids [L-alanine, glycine] *%°, and 10 wt% ethylene glycol [EG]. The data has an

uncertainty of =+ 0.2 °C.
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As indicated in Figure 4-35, at 10 wt%, the ammonium-based IL [(EA)(Of)] was
observed to provide the thermodynamic inhibition effect similar to EG and was off by
0.5 °C - 0.2 °f only. The CH; HLVE in the blank sample is shown in the black. At the
concentration (10wt%), the industrial inhibitors such as methanol provide the shift in
HLVE of about 3.5-4 °C, followed by NaCl with HLVE shift of about 2.5-4 °C and Ethylene

glycol (EG) with HLVE shift of about 2-2.5 °f [Figure 4-35].”

As illustrated in Figure 4-35, the ammonium-based IL [EA][Of] and the industrial
hydrate inhibitor ethylene glycol [EG] provided similar thermodynamic inhibition effect
within the respective pressure range at 10 wt%. At the pressure of 70 bars, the [EA][Of]
shifted the CH4 HLVE curve by around 2.2 °C, while the EG shifted the CH4 HLVE curve by
around 2.6 °C. The amino acids L-Alanine and Glycine shifted the CH4 HLVE curve by 1.4
°C and 1.6 °C respectively. While the IL [DMA][Of] and [DMEA][Of] provided a similar
CH4 HLVE shift of around 2.0 °C. Hence, among all the tested inhibitors, the IL [EA][Of]

was found to be the most effective one [Figure 4-35].

At the pressure above 80 bars, both EG and [EA][Of] provided almost similar
temperature shift in the methane HLVE curve and both were off by 0.25 °C. At the
pressure of 100 bars, the [EA][Of] provided the temperature shift of around 2.4 °C and

the EG provided the temperature shift of around 2.6 °C [Figure 4-35].
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This indicates that IL [EA][Of] has an ability to provide the thermodynamic
inhibition effect similar to the EG. However, the ammonium-based ILs and amino acids
used in this work were not found to be as effective hydrate inhibitors as the Methanol.
The methanol provided thermodynamic temperature shift of around 4.0 °C and was

found to be more effective than EG and the protic ionic liquids used in this work.

The major factor that may help methanol to provide better thermodynamic
inhibition effect is the presence of —OH group. The strong interaction of —OH group with
the hydrogen bonds in hydrate clusters and further interaction of —CHs group with the
C-C bonds or hydrogen bonds within hydrates clusters is likely to cause strong
disturbance or disorientation within hydrate crystal lattice. This may help to mitigate the

hydrate formation and shift the methane HLVE to lower temperature.

The presence of the —OH group in methanol facilitates the forming of hydrogen
bonds with “free water” and cause a shift in the CH4; HLVE curve to lower temperatures
via hydrogen bonding. 3*° Therefore, in the future, it will be viable to synthesize ionic
liquids with —OH group and that may help to beat methanol. Bavoh, et al. 34,
investigated the thermodynamic inhibition effect of glycine on methane hydrate
formation at different concentrations (5-20 wt % ) and provided the respective hydrate
dissociation points at different pressures. These results were compared with the 10 wt%

of methanol [Figure 4-36].
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Figure 4-36: Comparison in the shift obtamed m CHs HLVE curve in the presence of

4

different concentrations of amino acid glycine®>* and 10 wt % methanol. The data

reported has an uncertainty of + 0.2 ° C.

Figure 4-36, shows the comparison in the shift obtained in CH4 HLVE curve in the
presence of different concentrations of amino acid glycine and 10 wt % methanol. The
higher concentration of Glycine (20 wt%) does not beat methanol (10 wt%) and was off
by around 1.0 °C in terms of providing a shift in CHs HLVE curve. Interestingly, the higher
concentration of glycine (20 wt%) beats ethylene glycol (10 wt%). The CH4 HLVE in the
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blank sample is shown in the black.

As illustrated in Figure 4-36, at 70 bars the 10 wt% methanol shifted the CH,4
HLVE curve from 9.8 °C to 5.8 ° C, providing a temperature shift of around 4 ° C. The
Ethylene glycol shifted the CH4 HLVE curve from 9.8 °C to 7.2 ° C and provided the
temperature shift of around 2.6 ° C. In comparison, the 10 wt% and 20 wt% glycine

provided the temperature shift of around 1.7 °C and 2.8 °C respectively.

At the concentration of 20 wt%, the glycine was able to provide better
thermodynamic inhibition effect compared to ethylene glycol. This is the most
significant finding of this work. However, the glycine was not able to beat methanol, but
in terms of temperature shift the 20 wt% glycine was only off by 1.2 °C compared to 10

wt% methanol [Figure 4-36].

This shows that amino acid glycine due to its high solubility and solvation ability
holds strong perspective to be used as a commercial thermodynamic hydrate inhibitor.
However, compared to ethylene glycol and methanol, two times (2X) more
concentration of glycine will be required to provide the similar thermodynamic effect.
Also compared to ethylene glycol and methanol, the glycine has limited solubility (< 24.9

wt %) in the aqueous solution.
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4.3.4 Comparison between Amino Acids & lonic Liquids Synergent Mixtures

As mentioned earlier, the hydrate nucleation relies on various factors, which
includes subcooling temperature, water history, impurities, the composition of the gas,
amount of agitation or turbulence and geometry of the system.” This is one of the
reasons that hydrate kinetic experiments are not replicable and the results obtained

k 286 also

from one equipment may not match the results of the other equipment. Mor
indicated that all hydrate formation and kinetic experiments rely on the experimental
system mechanics and specifications. Therefore, the experimental kinetic results

obtained using the RC-5 may not match the experimental kinetic results obtained using

any other system.

In the above context, the kinetic results obtained using the same RC-5 system,
under the similar subcooling conditions, were only compared together in this section.
The average time delay in hydrate formation obtained using the pure amino acids and
ionic liquids were found to be within the range of 0.5-1.5 hr. Therefore, the time delay
obtained using the amino acid + PEO and ionic liquids + PEO mixtures were compared

together in Figure 4-37and Figure 4-38.

Figure 4-37, exhibits the comparison in the delay in CH; hydrate formation
obtained for different amino acids + PEO and ionic liquids + PEO mixtures at 60 bars. The
mixture 5wt% L-Alanine + 1wt% PEO seems to be kinetically most effective mixture and

it delayed the CH,4 hydrate formation to 1800 min (30 hrs) at 60 bars. The hydrate
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formation time in the CH4 blank sample is indicated in the navy blue bar.
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Figure 4-37: The comparison in the delay m CHy hydrate formation obtained for
different ammo acids + PEO and ionic liquids + PEO mixtures at 60 bars. The data has

the uncertainty of + 0.5 hr.

As indicated in Figure 4-37, it is observed that these mixtures are more effective
at lower pressures compared to higher pressures. At the pressure close to 60 bars, the
L-Alanine + PEO mixture was found to be most effective and it delays the hydrate
formation time from 420 min to 1800 min. In comparison, at the same pressure, the

[DMEA][Of] + PEO mixture delayed the hydrate formation time from 420 min to 1620
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min.

Figure 4-38, illustrates the comparison in the delay in CH4 hydrate formation
obtained for different amino acids + PEO and ionic liquids + PEO mixtures at 78 bars. The
mixture 5wt% [DMEA][Of] + 1wt% PEO seems to be kinetically most effective and it
delayed the CH4 hydrate formation time to 1284 min (21 hrs) at 78 bars. The hydrate

formation time in the CH4 blank sample is indicated in the navy blue bar.
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Figure 4-38: Shows the comparison in the delay m CHy hydrate formation obtained for
different amino acids + PEO and ionic liquids + PEO mixtures at 78 bars. The above data

has the uncertainty of + 0.5 hr.
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As shown in Figure 4-38, at a higher pressure of 78 bars, the [DMEA][Of] + PEO
and [EA][Of] + PEO mixtures delayed the hydrate formation time from 384 min to 1284
and 1234 min respectively. The glycine and L-alanine mixture both provided a delay of
around 792 min. Hence, in terms of effectiveness the mixtures at 78 bars can be listed

as:

[DMEA][Of] + PEO > [EA][Of] + PEO > [DMA][Of] + PEO > histidine + PEO > L-alanine +

PEO > glycine + PEO > [TBA][Of] + PEO.

As illustrated from the results in the Figure 4-37 and Figure 4-38, the extra
methyl group attached to L-Alanine and [DMEA][Of] along with the polymerized
hydrophobic ethylene chain of PEO may be working together to keep the water
molecules away from CH,4 guest molecule for the longer period of time via Van der Waal
hydrophobic interactions. The mixture may be acting as a strong shield for the CH,4 guest
molecule against the water molecules. This might be making it difficult for the water

molecules to approach CH4 guest molecules and encapsulate it to form hydrate clusters.

245



4.3.5 Economic Evaluation

The complete economic evaluation of the usage of the proposed hydrate
inhibitors and their mixtures is beyond the scope of this work. However, this section
endeavours to provide a rough cost estimation based on the specs provided in the
literature and current price values of chemicals available online. The economic
evaluation can be subject large uncertainty and more research work is required to get
an actual economic evaluation of the hydrate inhibitors and their mixtures used in this
work.

According to Koh, et al. 3%

, on average a small gas dominated field transfer gas
from offshore to onshore facility at the flow rate of 5.66 * 10® m* per day. The average
water content present is 3.155 * 10* kg per day. The amount of methanol required to

treat 1 Kg of water is around 0.65 Kg. This shows that amount of methanol required to

treat water content is equivalent to 2.05 * 10* kg per day.

The current cost of methanol in bulk is around 1-3 S/ kg (Courtesy: Hebei Yanxi
Chemicals China). If the purchase cost of methanol is taken as 1 S / kg, the amount
required for the purchase of methanol will be 2.05 * 10*US $ per day. Assuming that the
field is operational 300 days a year, the methanol purchase will cost around 6.15 million

US S per year.
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On contrary, the amount of amino acid glycine and synergent PEO required to
treat 1 Kg of water is around 0.05 Kg and 0.01 Kg respectively. This shows that amount
of glycine and PEO required to treat water content is equivalent to 1557 Kg per day and
315.5 Kg per day. The current cost of glycine and PEO in bulk is around 2-3S / kg

(Courtesy: Luojiang Chenming Biological China).

If the purchase cost of PEO and glycine is taken as 2 $ / kg, the amount required
for their purchase will be equivalent to 3786 US S per day. Assuming that the field is
operational 300 days a year, the mixture of glycine + PEO will cost around 1.1 million US

S per year.

This roughly estimated cost for the purposed hydrate mixture is calculated to be
6 times less than the cost of the methanol. However, the other factors like storage and
regeneration costs should also be taken into account for the complete economic

evaluation. This complete economic in collaboration with the industry in future.
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CHAPTER 5: CONCLUSIONS

The prospects of low environmental impact chemical compounds like amino acids
and ionic liquids as hydrate inhibitors have been examined in this work at wide process
conditions along with a separate study on the effect of stirring on the hydrate
formation. The aim of this research work is to facilitate the on-going research in the
fields of development of low environmental impact hydrate inhibitors and use of

hydrates for natural gas storage and transportation.

Initially, in the stirring rate (RPM) study, the effect of stirring on the Quaternary Gas
mixture (QM) was investigated using the high-pressure cell (HPC) at 98 bars. According
to the experimental results, it was found that no significant hydrate formation occurs at
low stirring rates (250-500 RPM). The hydrate formation was only observed with in the
stirring rate zone of 550-850 RPM and the optimum stirring rate for maximum hydrate
formation was found to be 750 RPM. However, at a higher stirring rate (1000-1400
RPM) the rate of hydrate formation decreases and no hydrate formation is observed

within the system at 1200 and 1400 RPMs.

It's likely that at low stirring rates there is not enough driving force available that
can facilitate the hydrate formation and at the higher stirring rates heavy collision might
be taking place within the hydrate crystals and the walls of the high-pressure cell,

causing breakage of hydrate crystals and not allowing enough time for the hydrate
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crystal to nucleate and grow larger in size.

In the first hydrate inhibition study, two pyrrolidinium-based ILs: 1-Methyl-1-Propyl-
pyrrolidinium  Chloride [PMPy][Cl] and 1-Methyl-1-Propyl-pyrrolidinium Triflate
[PMPy][Triflate], were used to study the inhibition effect of these ILs on QM gas mixture
at different concentrations (1-5 wt%) and pressure conditions (38-120 bars) using RC-5
assembly. The experimental results indicate that the selected pyrrolidinium ILs have a
tendency to act as dual function inhibitors. The IL [PMPy][Cl] provided the temperature
shift of about 0.8-1.8 °C (*+ 0.2 °C) and delayed hydrate formation time by 0.8-1.3 hrs (+
0.5 hr). In comparison, the IL [PMPy][Triflate] provided the temperature shift of about
0.11-1.56 °C (*+ 0.2 °C) and delayed the hydrate formation time by 0.5-1 hrs (+ 0.5 hr).

The IL [PMPy][CI] was found to be more effective than IL [PMPy][Triflate].

In the same work, the co-effect of synergistic compounds caprolactam (VCap) and
Poly-ethylene Oxide (PEO) with IL [PMPy][CI] and IL [PMPy][Triflate] was studied in
equal ratio. It was found that the addition of VCAP helps to improve the hydrate
suppression temperature for IL [PMPy][CI]] from 1.8 °C to 2.2 °C and for IL
[PMPy][Triflate] from 1.56 °C to 1.8 °C at low pressures (~38 bars). The water-soluble
polymer PEO showed poor thermodynamic effect, but it helped to improve the kinetic
effect of pyrrolidinium ILs and delayed the hydrate formation time from 6.7 + 0.5 hrs to

22.7 + 0.5 hrs for the IL [PMPy][CI] and 6.7 + 0.5 hrs to 20 + 0.5 hrs for the IL
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[PMPy][Triflate] at low pressures (~37 bars). In this work, it was observed that the use of
synergents PEO can help to improve the kinetic inhibition effect of hydrate inhibitors
significantly. This motivated us to look for new combinations of inhibitor + synergents

mixtures that can help to mitigate the hydrate formation.

In the second hydrate inhibition study conducted using ammonium-based ionic
liquids, the effect of ammonium-based ILs on the CH4 hydrate inhibition was studied at
different concentrations (5-10 wt%) and pressure conditions (40-120 bars) using the RC-
5 assembly. The four ammonium based ionic liquids selected included: Ethyl-ammonium
formate [EA][Of], Dimethyl-ammonium formate [DMA][Of], Dimethyl-ethyl ammonium
formate [DMEA][Of] and Tri-butyl methyl ammonium formate [TBA][Of]. The
ammonium based ILs, used in this work, were more economical than pyrrolidinium
based ILs and were protic in nature except for [TBA][Of]. These ILs were synthesized of
the materials that are economical and readily available like alkyl amines and formic acid.
The selection of these ILs also allows to test the effect of mono, di and tri alkyl amines
on the hydrate inhibition and no prominent hydrate inhibition study using similar

ammonium based protic ILs was reported in literature till the date (Aug 2016).

The ionic liquids [EA][Of] was found to be the most effective hydrate inhibitor. It
provided the average temperature shift of around 2.3 ° C and the time delay of around

1.5 hr at 10 wt%. The ionic liquid [TBA][Of] was found to be the least effective
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thermodynamic hydrate inhibitor with the average temperature shift of around 0.8 °C (+
0.2 °C) at 10 wt%. In terms of effectiveness as the thermodynamic hydrate inhibitors the
ammonium-based ionic liquids can be listed as: [EA] [Of] > [DMEA] [Of] = [DMA] [Of] >
[TBA] [Of]. The synergent PEO was added in low dosage (1wt %) with ammonium based
ILs. The addition of PEO improved the kinetic inhibition effect of these ILs significantly
and at pressures close to 55 bars, the IL-synergent mixture [5Swt% [DMEA] [Of] + 1wt%
PEO] delayed the hydrate formation time from 7.7 + 0.5 hr to 29.6 + 0.5 hr and the IL-

synergent mixture [5wt% [EA] [Of] + 1wt% PEQ] delayed it to 20.3 + 0.5 hr.

ILs can provide the kinetic and thermo effect both simultaneously as they have
strong electrostatic charges and ability to form hydrogen bonding with water. The ionic
liquids normally tend to function by disturbing hydrogen bonding between the water
molecules within these clusters 3!°. The ILs tend to use their pair of anions to disturb the

310311 The selected ammonium based

hydrogen bonding network of a water molecule.
ionic liquids had similar anions but different cations. It was observed that the ionic
liquids with shorter cationic alkyl chains are more effective than the ones with the
longer cationic alkyl chains. This may be due to the presence of an extra pair of protons
in shorter alkyl chains of selected ILs that may facilitate the disruption of hydrogen

bonding between the water molecules, helping ammonium based ILs to provide better

inhibition effect.
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In the third hydrate inhibition study conducted using amino acids, the effect of
biological molecules amino acids on the methane hydrate inhibition was tested at
different concentrations and pressures conditions using the RC-5 assembly. Previously,
most studies focused on the kinetic effect of amino acids on CO, hydrate inhibition and
it was not clear if amino acids can function as dual functional inhibitors. Therefore, in
this work, the thermodynamic inhibition strength of amino acids was examined closely
along with their kinetic inhibition strength. The amino acids (AA) selected included: L-
alanine, glycine, L-histidine, L-phenylalanine, and L-asparagine. Except for glycine and L-
alanine, the other amino acids (L-histidine, L-phenylalanine, and L-asparagine) have low

solubility in aqueous solution (< 4wt%).

The amino acids with lower solubility in aqueous solution leave behind undissolved
particles, which can cause participation in the aqueous phase at high-pressure
conditions. Therefore, such amino acids do not take part in the inhibition process and no
significant shift in hydrate HLVE is observed using these types of the amino acids. The
amino acids with higher solubility and shorter alkyl chain like glycine and L-alanine were
found to be effective hydrate inhibitors. The amino acids are likely to provide hydrate
inhibition due to their ability to act as zwitterions that is likely to cause a strong
electrostatic force of interaction between electric charges of amino acids and water

molecules, resulting in disruption of water cages in hydrate clathrates 33°. The carboxylic
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and amine groups of amino acids may also facilitate the formation of hydrogen bonds

with water molecules.

Based on the experimental results it was found that the thermodynamic inhibition
effectiveness of both Glycine and L-Alanine enhances with the increase in their
respective concentration. At the concentration of 5wt%, the glycine and L-alanine
provided the average temperature shift of around 0.8 °C, but at low concentration
(1wt%) no thermodynamic effect is exhibited by the selected amino acids. The PEO was
added in low dosage (1wt%) with L-alanine, glycine and histidine. The amino acid-
synergent mixture 5wt% L-alanine + 1wt% PEO delayed the hydrate formation time from
7 + 0.5 hr to 30 + 0.5 hr, the mixture 5wt% glycine + 1wt% PEO delayed it to 24 + 0.5 hr

and the mixture 4wt% histidine + 1wt% PEO delayed it to 22 £ 0.5 hr.

The PEO is a low toxic water-soluble polymer 3%° that consists of an oxygen atom at
its centre, which allows it to form strong hydrogen bonds within the water bulk system
321 The hydrophilic part of the polymeric alkyl chain of PEO may help it to be completely
miscible in water and cause disruption of hydrogen bonds in water molecules, whereas
the hydrophobic part of it may help it to reach closer to a guest molecule (CH4) and push

the water molecules away from it 32
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The thermodynamic results obtained for the amino acids and ionic liquids used in
this work were compared with the 21 imidazolium ionic liquids and 5 choline ionic
liquids reported in the literature. It was found that at low concentration (5wt%), the
amino acids (L-alanine & glycine) show better hydrate inhibition effect (at certain
pressures) than the ionic liquids used in this work and the choline based ionic liquids

reported in the literature.

Furthermore, at higher concentration (10 wt%) both ammonium based ionic liquids
and amino acids (glycine & L-alanine) were found to be more effective than most
imidazolium ionic liquids and other types ionic liquids reported in the literature at the
same concentration. The amino acids were found to be slightly less effective than the
ammonium based ionic liquids and were off by only 0.5 °C. The IL EA[OF] was found to
provide thermodynamic inhibition effect similar to commercially used hydrate inhibitor
mono-ethylene glycol (MEG) and it was also observed that two times higher

concentration (20 wt%) of glycine can provide better inhibition effect than 10 wt% MEG.

In this work, it has been deduced that both amino acids and ionic liquids are able to
provide a temperature shift of about 0.8-2.0 °C and time delay of about 0.5-1.5 hr in
hydrate formation. This time delay can be significantly extended to about 25-30 hr using
low dosage (1wt%) of PEO and it equally works well with both ionic liquids and amino

acids. The PEO can also help to reduce the required dosage of amino acids and ILs.
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However, compared to ionic liquids the amino acids are more economical and
environmentally suited compounds. Therefore, keeping the solubility factor into the
account, the future research should be directed towards the use of amino acids and

synergent mixtures as the hydrate inhibitors.

Following are the key points that can be deduced from the conclusion above:

1. There exists a threshold limit for the stirring rate above and below which no
significant hydrate formation is likely to occur in the selected system. No hydrate
formation occurs at low stirring rates (250-500 RPM). However, as the stirring rate
is increased to 550 RPM (Rotations Per Minute) the hydrate formation is observed
and it tends to increase significantly as the stirring rate is accelerated to 750 RPM.
After 750 RPM, as the stirring rate is increased further, the rate of hydrate
formation decreases within the selected system. At a higher stirring rate (1000-

1400 RPM) no hydrate formation is observed within the system.

2. The pyrrolidinium-based ionic liquids tested as hydrate inhibitors on the QM
mixture have the tendency to act as dual functional inhibitors and can provide the
temperature shift of about 0.11-1.8 °C (+ 0.2 °C) and delay in hydrate formation
time of about 0.5-1.3 hrs (£ 0.5 hr). The addition of PEO with the pyrrolidinium ILs
in equal ratio can delay the hydrate formation time from 6.7 £ 0.5 hrs up to 22 + 0.5

hrs (~ 38 bars). This indicates that PEO is an effective kinetic inhibition synergent.
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3. The ammonium based ionic liquids tested as hydrate inhibitors on pure methane
also tend to act as the dual functional inhibitors. The ionic liquids [EA][Of] was
found to be the most effective hydrate inhibitor. It provided the average
temperature shift of around 2.3 ° C and the time delay of around 1.5 hr at 10 wt%.
The ionic liquid [TBA][Of] was found to be the least effective thermodynamic
hydrate inhibitor with the average temperature shift of around 0.8 °C at 10 wt%.
The addition of PEO at the low dosage of 1wt% with the ammonium based ILs
helped to delay the hydrate formation time from 7.7 £ 0.5 hr up to 29 £ 0.5 hr. This
indicates that PEO has a tendency to exhibits kinetic synergistic effect even at a low

dosage of 1 wt%.

4. The amino acids tested as the hydrate inhibitors on pure methane gas also exhibit
dual functional behaviour. At 1w% the amino acids showed no significant hydrate
inhibition. However, at 5wt% of the amino acids provided the temperatures shift of
about 0.8 °C and time delay of about 0.5-1 hr. The glycine and alanine were found
to be effective hydrate inhibitors. The addition of 1wt% PEO with amino acids
helped to delay the hydrate formation time from 7 + 0.5 hr to 30 + 0.5 hr. This
indicates that the PEO has the tendency to shows a similar type of synergistic effect

with both ionic liquids and amino acids.
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5. The comparative study results indicate that the ammonium based ionic liquids [
EA(Of), DMA(Of) and DMEA(Of) ] and the amino acids [glycine and alanine] used in
this work tend to show better thermodynamic inhibition effect (about 0.8-2.3 °C)
compared to the imidazolium and other types of ILs reported in the literature at the
same concentration (10 wt%) previously. The ammonium based ILs tend to show
better thermodynamic inhibition effect than amino acids (about 0.5 ° C ). The IL
EA[Of] tends to show thermodynamic inhibition effect similar to mono-ethylene
glycol (MEG) and the higher concentration of glycine (20 wt%) beats the inhibition

effect of MEG (10 wt%).
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5.1 Future Work

The work carried out in this dissertation has answered few major questions
regarding the prospects of amino acids and ionic liquids as the future kinetic hydrate

inhibitors and at the same time, many new questions also emerge out of this work.

The experimental results of this work show that both amino acids and ionic
liquids can act as the thermodynamic and kinetic inhibitors at the same time. The ionic
liquids with short cationic alkyl chain are more suited to act as the thermodynamic
hydrate inhibitor, while the amino acids with higher solubility in the aqueous solution

are more suited to act as the thermodynamic hydrate inhibitor.

It has also been observed that the polymeric compounds like polyethylene oxide
have the potential to enhance the kinetic inhibition effectiveness of the amino acids and
ionic liquids significantly when added in low dosage with them as a synergent. In
addition to that, it has also been observed that mechanical factors like stirring rate also
effects the rate of hydrate formation and a threshold limit exists above and below which
the no hydrate formation occurs. All the above findings open many new arenas for
research in the field of gas hydrates and offshore flow assurance. The following are
some recommendations for future research that can be initiated using the results of the

work performed in this dissertation:
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1)

2)

3)

Effect of amino acids and ionic liquids on the hydrate inhibition in the oil-
dominated systems

In this work, the hydrate inhibition effect of amino acids and ionic liquids was
studied on the gas dominated system. But, it will be interesting to check the hydrate
inhibition effect of the same amino acids and ionic liquids on the oil-dominated

system and compare the findings with this dissertation work results.

Effect of amino acids mixtures on the hydrate inhibition in the gas dominated
system

In this work, it has been observed that the ionic liquid mixtures can provide a strong
thermodynamic hydrate inhibition effect and can reach close to Methanol. In future,
it will be interesting to check if the amino acid mixtures can provide the similar

thermodynamic inhibition effect and if they can beat Methanol.

Thermodynamic hydrate inhibition effect of amino acids with higher solubility in
the aqueous solution

In this work, the amino acids glycine and L-alanine, both with good solubility in
aqueous solution has been identified as the potential thermodynamic and kinetic
hydrate inhibitors. In future, it will be interesting to check if the amino acids with
higher solubility than glycine (> 24 wt%) and L-alanine ( > 15 wt%) can provide

better hydrate inhibition.
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4)

5)

6)

Hydrate formation in the shut-in conditions and during the start up

In the future, it will be interesting to perform the same experiments on the rocking
cell (RC-5) and high-pressure cell (HPC) without any rocking or stirring within the
system. This can help to idealize a real-time offshore scenario when the pipeline is
shut in and the presence of water and gas mixture at the lower surface of the

pipeline leads to hydrate formation.

Test the amino acids and ionic liquids as hydrate inhibitors on the field

The laboratory scale results have shown that the selected amino acids and ionic
liquids hold strong potential to inhibit hydrate inhibitors. However, it's essential that
these inhibitors are added to the wellhead and tested on the offshore field. The
performance of these inhibitors in the offshore field will determine the future
market scope of these inhibitors.

Test the effect of different water cuts on the hydrate formation

In the current work, the water cut in the experimental samples was kept around 30
%. In future, it will be interesting to check the hydrate formation in the samples with
a lower concentration of water contents ( < 30 wt% ). This will help to deduce the

water content that is necessary for the formation of hydrates.
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7) Test the effect of different rocking rates on the hydrate formation
In the current work, the rocking rate was kept constant and only pressure and
temperature variables were varied in the RC-5. In future, a study can be conducted
by varying the rocking rates and observing the effect of low and high rocking rates

on the hydrate formation inside the cells in the RC-5 assembly.

8) Built a pilot-scale plant to study the feasibility of using hydrates as a medium for
natural gas storage and transportation
It is well known that hydrate has good storage capacity and it will viable to build a

small hydrate production plant and test the feasibility of gas storage in hydrates.

Many new types of research works can be developed and constituted out of this
dissertation. This dissertation is a step forward towards the goal of replacing
conventional hydrate inhibitors with the environmentally benign hydrate inhibitors,

reducing the inhibitor recovery unit cost and assuring offshore flow assurance
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