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Abstract
Carbon dioxide (CO2) capture through hydrate formation is a novel technology under
consideration as an efficient means of separating CO2 from flue/fuel gas mixtures for
sequestration and enhanced oil recovery operations. This thesis examines post-combustion
capture of CO2 from fossil-fuel power plant flue-gas streams through hydrate formation in a
silica gel column. Power plant flue-gas contains essentially CO2 and nitrogen (N2) after suitable
pre-treatment steps, thus a model flue-gas comprising 17% CO2 and 83% N2 was used in the
study. Previous studies employed a stirred-tank reactor to achieve water-gas contact for
formation of hydrates; recent microscopic studies involved using water dispersed in silica gel to
react with gas, showing potential for improved hydrate formation rates without the need for
agitation. This study focuses on macroscopic kinetics of hydrate formation in silica gel to
evaluate hydrate formation rates, CO2 separation efficiency and determining optimal silica gel
properties as a basis for a CO2 capture process.

Spherical silica gels with 30.0 and 100.0 nm pore sizes and 40-75 and 75-200 µm particle
sizes were studied to determine pore size and particle size effects on hydrate formation. 100.0
nm pores achieved higher gas uptake and CO2 recovery over the 30.0 nm case. Improved CO2
separation was obtained when 75-200 µm particles with 100.0 nm pores were used. The two
effects observed are due to improved gas diffusion occurring with larger pore and particle size,
favouring increased hydrate formation. Compared to stirred-tank experiments, results in this
study show a near four-fold increase in moles of gas incorporated in the hydrate per mole of
water, showing that improved water-to-hydrate conversion is obtained with pore-dispersed water.
At similar experimental conditions, CO2 recovery improved from 42% for stirred-tank studies to
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51% for the optimum silica (100.0 nm 75-200 µm) determined in this study. Finally, effects of
tetrahydrofuran (THF) - an additive that reduces operating pressure were evaluated. Experiments
with 1 mol% THF, the optimum determined from previous stirred tank studies, showed improved
gas consumption in silica but reduced CO2 recovery, indicating that the optimum concentration
for use in silica is different from that in stirred-tank experiments.
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CHAPTER 1
INTRODUCTION

1.1

Carbon dioxide capture and sequestration
Human activity through increasing industrialization, improvement of standards of

living and rapid economic growth has led to increases in fossil fuel use with the attendant
increase in emissions of carbon dioxide (CO2) and to a lesser extent, nitrous oxide and
methane, all of which are known greenhouse gases (GHGs). This designation arises
because of their ability to absorb infrared radiation that leads to a rise in atmospheric
temperature (global warming). The bulk of the global warming effect is attributed to CO2
because of its dominant position in terms of atmospheric concentration and quantity
emitted compared to the other GHGs. Global warming is likely to induce large climatic
changes with many consequences and as a result is receiving increasing global attention.

In order to prevent detrimental changes in the earth’s climate, it is of utmost
importance that actions are taken to reduce or eliminate the rate of emission of the GHGs
into the atmosphere. The major thrust of these efforts is termed CO2 Capture and
Sequestration (CCS), defined as application of technology aimed at reducing greenhouse
gas emissions from burning fossil fuels during industrial and energy-related processes
involving the capture, transport and long-term storage of carbon dioxide. It is envisaged
that alongside other actions such as improving energy efficiency, switching to less carbon
intensive fuels, and making better use of renewable energy resources, CCS will lead to a
reduction in CO2 emissions and prevent untoward effects of climate change. [1]
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1.2

Introduction to gas hydrates
Gas hydrates are crystalline water compounds that belong to a group of solids

called clathrates. Clathrate hydrates are a class of solids in which gas molecules occupy
"cages" made up of hydrogen-bonded water molecules. They are formed from water and
small molecules at suitably high pressures and low temperatures. These hydrates form
when water molecules (host) develop linkages by hydrogen bonding to form crystal
lattices (cages) with cavities, which then enclose the small non-polar molecule (guest)
forming a stable structure. In these clathrate hydrates, there is no chemical bonding
between the host water molecules and the enclosed guest molecule, which is why they are
referred to as solid solutions.

Gas hydrates are stable only under specific pressure-temperature conditions.
Under the appropriate pressure, they can exist at temperatures significantly above the
freezing point of water. The maximum temperature at which gas hydrate can exist
depends on pressure and gas composition. Hydrate stability can also be influenced by
other factors, such as salinity. The discovery of gas hydrates is attributed to Davy [2] who
discovered that a solid could be formed when an aqueous solution of chlorine was cooled
below 9oC. Gas hydrates are known to occur in vast amounts in nature, mainly methanehydrate in the sea bed and below permafrost [3]. The rise to prominence of gas hydrates
was tied to the discovery by Hammerschmidt [4] that plug formation in oil and gas
pipelines was as a result of gas hydrate formation and not ice as previously thought,
leading to a period of intense research. The research efforts led to the development of
measures to prevent or delay the formation of gas hydrates in pipelines.

2

1.3

Structure of Gas Hydrates
The structure of gas hydrates have become known through the application of x-

ray diffraction [5] with various studies after these resulting in the elucidation of three
common structures sI, sII and sH [6-9]. Water molecules are linked through hydrogen
bonding and form lattice-like structures with cavities. The cavities have diameters in the
range 780 to 920pm. The guest molecules which do not disrupt the hydrogen bonding of
water and possess a diameter less than that of the cavity render the structure stable thus
producing the gas hydrate.

The cage sizes, geometries, and packing configurations are different among the
three structures but they have a common basic cage - the small cage with 12-pentagonal
faces (512). A larger cage is present in the hydrate structures, each with 12-pentagonal
faces, plus 2-hexagonal faces (51262) for sI, plus 4-hexagonal faces (51264) for sII and plus
8-hexagonal faces (51268) for sH hydrate. A cage with 3-square faces, 6-pentagonal faces,
and 3-hexagonal faces (435663) is also formed for sH hydrate, which has similar size to
the small cage (512). The size of the large cage increases from sI, sII to sH. As a result,
the stable hydrate structure formed from a given water-guest(s) mixture is controlled by
the size and geometry of the guest molecules that occupy these cavities.
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Table 1.1: Hydrate structural properties
Structure

I

II

H

Cubic
Pm3n

Cubic
Fd3m

a = 12A

a = 17.3A

2

2

Small/S (512)
Large/L (51262)

Small/S (512)
Large/L (51264)

Hexagonal
P6/mmm
a = 12.2 A
c = 10A
3
Small/S (512)
Medium/M (435663)
Large/L (51268)

2S.6L.46H2O

16S.8L.136H2O

Cage radius

rS = 3.95A
rL = 4.33A

rS = 3.91A
rL = 4.73A

Coordination
number

S = 20
L = 24

S = 20
L = 28

Crystal system
Space group
Lattice parameters
Number of cage
Cage identification
Ideal unit cell
formula

Small (S)

Medium (M)

Large (L)

rS = 3.91A
rM = 4.06A
rL = 5.71A
S = 20
M = 20
L = 36

Structure/Formula
Structure I (sI)

512

51262
-

512

3S.2M.1L.34H2O

2S.6L.46H2O
Structure II (sII)

51264

16S.8L.136H2O
Structure H (sH)

512

435663

51268

3S.2M.1L.34H2O

Figure 1.1: Structure and geometry of clathrate hydrate cages
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1.4

Importance of Gas Hydrates

Oil and Gas Industry
The major concern of the oil and gas industry is the formation of gas hydrates in
pipelines, causing blockages and delays in operations, and possibly explosions due to
pressure build up within pipelines. Other concerns include hydrate formation in drilling
mud, plugging of blow out preventers by hydrates, and safety issues related to drilling
through a hydrate containing region during deep sea exploration. These problems arise
primarily due to the physical nature of hydrates – they are non-flowing crystalline solids,
and hold large quantities of gas trapped in the crystal lattices [10]. To mitigate these
problems, efforts must be made to maintain pipelines and other processing equipment
outside the hydrate stability region, with attendant financial costs. These efforts are
usually classified as ‘flow assurance’ activities [11] involving drying of the natural gas,
heating gas to temperature above equilibrium hydrate formation temperature, reducing
pressure of gas to one below the equilibrium hydrate formation pressure at a given
temperature or injecting inhibitors to compete with the hydrate for water, or to delay the
formation of hydrates or to prevent agglomeration once formed. These activities are not
without their attendant financial implications, with cost of use for one of the typical
inhibitors - methanol estimated at over US$220 million annually [10].
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Environmental Hazards
The main environmental threat posed primarily by methane hydrates in the earth
stems from its possible role in climate change. Methane has a global warming potential
21 times greater than that of carbon dioxide, thus massive releases caused by hydrate
composition could lead to a ‘runaway’ green-house effect with very negative implications
for the environment [14-15]. Specifically, as the earth warms, increasing bottom water
temperatures could cause gas hydrate disassociation in many marine shelf locations. This
gas hydrate disassociation would cause further warming due to the greenhouse effects of
the gas which is released. Previous climatic changes have been attributed to the release of
large quantities of methane from hydrates [16]. There is however no uniform agreement
on the veracity of the so called ‘hydrate gun hypothesis’ [17], nevertheless, a significant
risk to the environment from decomposition of the oceanic and permafrost hydrates
exists.

Certain slumps in the sea floor have been found to be linked to gas hydrate
decomposition leading to release of methane and instability in the sea floor [8]. In
addition, the stability of offshore platforms and drilling rigs may also be affected by this
phenomenon. The Blake-Bahama ridge off the south-western U.S. coast contains a good
example of such a slump [10].

6

Potential Energy Source
Methane hydrates occurring in nature are estimated to contain 2.1 x 1016 SCM and
7.4 x 1014 SCM respectively in the oceans and permafrost respectively. These quantities
amount to twice the energy sum of all other fossil fuels on earth [11] albeit with some
margin of error, thus making them a huge potential source for meeting future energy
needs. Significant challenges still exist however, but advances are being made which
could lead to gas production from these sources in the next two decades [10]. As
mentioned earlier methane trapped in hydrates have been found to occur extensively
beneath permafrost and below the ocean floor. Even the most conservative current
estimates suggest that the amount of energy in hydrates is equivalent to twice that of all
other fossil fuels combined.

Most of the natural-gas-containing hydrates are in the ocean bottom, and although
production of gas from such deep-lying hydrates is now too expensive, improvements in
technology and growing energy demands will likely lead to production of gas from these
sources in the near future. Estimation of the quantity of hydrates in the oceans is done
primarily through indirect seismic evidence using what is known as a bottom simulating
reflector (BSR) which indicates reflections of gas from the base of the hydrate. BSR
indications are not totally reliable, and other more accurate methods are needed. In
addition to indirect methods, drilling programs such as the ocean drilling program (ODP)
have been carried out to increase the knowledge base on hydrate occurrences. Permafrost
regions tend to contain hydrates in higher concentrations, compared with the oceanic
hydrates which generally occur in more dispersed form. As a result pilot drilling
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programs in permafrost regions such as the 1998 Mallik 2L-38 well and the Mallik 5L
international field experiment concluded in March 2002 on Richards island in the
McKenzie delta of Canada at a cost of US$17 million have been used to learn how to
produce from these concentrated hydrate formation with the view to eventually
developing technology to develop the larger and more dispersed oceanic hydrates [13].

Technological Applications
Gas hydrates are currently being studied with regard to developing economically
feasible applications for their use. A number of such applications include carbon dioxide
(CO2) sequestration, natural gas transport, and wastewater minimization, amongst others
[10]. A number of technologies have already been developed, but with limited
applications, either due to cost factors or non desirable effects on the final product
quality. A number of applications have been proposed to exploit hydrate formation in
order to fulfill specific purposes. Applying hydrate formation as a separation technology
is a major focus, employing particular features of gas hydrates - gas hydrates contain only
water and the hydrate-forming substances and the composition of hydrate forming
substances in the crystal hydrate is different from that in the originating phases. A
number of possible applications include concentrating organic solutions, producing sugar
from sugar beet among others have been attempted [10].
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Methane hydrates have received considerable attention as an alternative natural
gas storage medium. In comparison with the conventional Liquefied Natural Gas (LNG)
which is produced and stored at extremely low temperature of -162°C, the production
cost for methane hydrates is much lower. Although the transportation amount per unit
energy of methane hydrates is more than that of LNG, the facilities for production,
storage, transport and gasification can be simplified because natural gas hydrate (NGH)
requires a milder condition i.e. -20°C under atmospheric pressure. Eventually, the total
cost of NGH system including production, storage, transportation and gasification could
be much cheaper than that of LNG [18]. This technology is also receiving attention
because it could allow for production from gas fields too small for liquefaction plants or
pipeline developments, estimated at 40% of total conventional gas reserves.

1.5

Energy consumption and climate change
The growth of developing economies and the drive to bring significant portions of

the world population out of poverty implies that energy consumption especially in the
form of fossil fuels like coal, oil and gas are set to keep increasing, thereby further
increasing CO2 emissions. It is estimated that eighty percent of energy growth from 2000
through 2020 will be devoted to improving living standards in the developing world,
where about 85% of the world’s population will live in 20 years, with world energy
increasing by 55% over 2005 levels [19]. There is concerted effort being applied to
develop alternative sources of energy without the attendant impact on the environment,
and some progress has been achieved in this area, but with issues such as high cost,
reliability and widespread availability [19].
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Figure 1.2

Global distribution of large stationary sources of CO2 emissions

As a result, fossil fuels will continue to play a central role in the energy equation
for the foreseeable future, during the period when these alternative energies can be fully
developed to technological and economical viability [21]. These trends lead to continued
growth in global energy-related emissions of CO2, from 27 Gt in 2005 to an estimated 42
Gt in 2030 – a rise of 57% [19].

It is therefore of utmost importance to devise mechanisms to control the increase
of CO2 in the atmosphere while still maintaining the quality of life and sustaining
economic growth. Urgent action is needed if greenhouse-gas concentrations are to be
stabilised at a level that would prevent dangerous interference with the climate system.
Responding to these needs will involve an iterative risk management process that
includes both adaptation and mitigation and takes into account climate change damages,
co-benefits, equity, and the associated risks while ensuring that reliable technologies are
implemented while promoting improved energy efficiency without undermining
economic and social development [21]
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1.6

Gas Hydrates and CO2 Capture
Numerous existing technologies and novel concepts being considered for CO2

capture can be found in the literature encompassing a wide range of approaches including
absorption, cryogenic distillation, use of solid adsorbents, ammonium carbonation
amongst others , as well as efforts aimed at storage and sequestration of the captured CO2
[23-25]. While absorption with amine solutions is currently the best method for CO2
separation, there still exists a strong motivation for research into other alternative
technologies in order to achieve improved efficiency, lower operating costs and better
process performance.

Figure 1.3

CO2 capture processes and systems

Recent reports indicate that most of the existing CCS technologies are yet to be
optimized. It is thus recommended that research and development on the science and
technology underlying each capture and storage option is continued in order to improve
existing technologies and enable development of critical new components that can
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optimize capture and storage systems. In addition, it is recommended that efforts should
be directed towards reducing costs and developing effective, safe and environmentally
sound storage options. [26]. CO2 capture, storage and sequestration via gas hydrate
formation is a subject of active research, with various groups applying a number of
approaches to gain insight into the processes involved. A concept for recovering CO2
from the flue gases is based on the formation of gas hydrates [27] with recovery of a high
purity CO2 stream (99mol %) from flue gas via a hydrate formation process.

A

conceptual process involving three stages of hydrate formation/decomposition coupled
with a membrane process has been proposed [28, 29]. The latter work [29] presents a
process involving the use of an additive which allows for lower operating pressure with
attendant energy savings. It was concluded that better modes of gas-water contact need to
be investigated to achieve higher process efficiency and conversion. Recent work [30]
indicates that capture of CO2 from flue gases through hydrate formation in porous silica
gel can be achieved due to faster reaction rates without the need for stirring and an excess
water phase. This new approach improves reaction rates by increasing the contact area for
gas-water contact by dispersing the water in the pores of silica gel. More studies are
however required to investigate macroscopic conditions of the process such as kinetics as
well as heat and mass transfer characteristics of the process. Such information is essential
for detailed engineering design and feasibility study of the technology.
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CHAPTER 2
LITERATURE REVIEW & RESEARCH OBJECTIVES
2.1

Thermodynamic studies of clathrate hydrates
The initial focus of clathrate hydrate studies was on the gathering of incipient

equilibrium hydrate formation data. The incipient equilibrium refers to a condition in
which an infinitesimal amount of the hydrate phase is present in equilibrium with fluid
phases. This type of data is essential for the accurate and economic design of processes
and apparatus in which gas hydrate formation could be encountered. This initial stage
was then followed by the development of predictive methods for the calculation of phase
equilibria in order to be able to obtain reproducible results without resorting to
experimentation for each case or situation encountered. The latter has been primarily
achieved through development of computational methods employing thermodynamic
models to describe the hydrate and fluid phases.

Most of the work on natural gas hydrate formation has concentrated on making
macroscopic time-independent measurements to determine the equilibrium properties of
gas hydrates. Sloan has reviewed much of this work [31]. These studies have also focused
on the gathering of incipient hydrate equilibrium data, as well as the composition of the
phases in equilibrium. Such experimental studies have led to the development of phase
diagrams showing the possible equilibrium conditions as well as the phases present in
each case.
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Experimental studies have focused primarily on natural gas components and other
hydrocarbons, with a few exceptions mainly because of the importance of hydrate
formation in pipelines and process equipment to the oil and gas industry. All such phase
diagrams are based on experimental data for phase boundaries and quadruple points,
along with the application of the Gibbs Phase Rule. On these diagrams, quadruple points
(co-existence of 4 phases –ice, solid hydrate, aqueous liquid and vapour) are defined by
the intersection of four three-phase lines for sI and sII hydrates. Numerous workers [3,
32-33] have published detailed phase diagrams of the type described. The literature on sH
hydrates is not as abundant as for the other two common structures, and current pressuretemperature (P-T) diagrams have quintuple points joined by two four-phase lines [34].
Both sI and sII hydrate formers (except N2 and methane) exhibit two quadruple points,
and these points are unique for each hydrate former [31].

The phase behaviour of hydrocarbon + water mixtures differs significantly from
that of normal hydrocarbon mixtures, due to two main effects. In clathrate hydrates the
main difference is due to the presence of the hydrate phase as a significant part of all
phase hydrocarbon + water phase diagrams for hydrocarbons with a molecular size of
less than 0.9nm. In addition, water and hydrocarbon molecules exhibit such different
behaviours that two distinct phases are formed in the condensed phase, with very low
mutual solubilities.
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2.2

Hydrate Formation in Porous Media
The worldwide occurrences of natural gas hydrates, both onshore buried under the

permafrost as well as offshore buried in the oceanic sediments, are estimated to be the
largest reserve of natural gas, thus creating the possibility of its use as an energy source
on one hand, as well as the possibility of increasing the atmospheric methane content if
they become unstable and release the trapped gas. These hydrates are often found
dispersed in pores of coarse grained sediments or fractures in the earth’s crust, or as
‘massive hydrates’ containing less than 6% sediment [31]. In addition, studies are
underway to deploy gas hydrates in a separation process using porous materials as a
support [30]. In view of the foregoing, it is of obvious importance that we understand the
thermodynamics and kinetics of hydrates in porous media. Typical natural materials
known as hydrate bearing sediments include silica sand, sandstone and clays [31];
laboratory studies are also often performed using uniformly sized glass beads in order to
better understand results.

2.2.1

Effect of porous media on hydrate formation
There has been a lot of discussion on the formation and growth habit of gas

hydrates in porous media [38, 39] with the main talking point being whether hydrate
formation is preferentially on grain surfaces or in the center of the pore space. A second
important question is the degree to which pore size and surface properties of the host
sediment grain influence hydrate growth and distribution. Clennell et al. [37] and Henry
et al. [10] proposed a capillary-thermodynamic model that can explain some of the
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observations concerning hydrate distribution in relation to pore size and sediment type.
Inside the porous media the thermodynamic potential of chemical components can
change with respect to bulk conditions as a result of two factors:
•

Molecular interactions at the pore walls, usually attraction of the fluid molecules by
hydrophilic mineral surfaces

•

The energy required to maintain capillary equilibrium.

The consequence is that reactions involving water are inhibited in fine grained sediments.

Heterogeneous nucleation occurs when clusters form on a third surface such as
gas bubbles or mineral surfaces. The level of super-saturation required for heterogeneous
nucleation in porous media is normally much smaller than that required for homogeneous
nucleation under bulk aqueous conditions. Experimental observations of short induction
times [40] suggest that heterogeneous nucleation in pore spaces is the norm when gas
hydrates form in porous sediments and rocks. From these observations, it was concluded
that water activity is depressed by the partial ordering and bonding of water molecules
with hydrophilic pore surfaces. This decrease leads to the shift of hydrate formation
condition to a much higher pressure at a specified temperature, or to a much lower
temperature at a specific pressure. Handa and Stupin [36] previously observed this
phenomenon in mixtures containing electrolytes and alcohols, thus leading to the
conclusion that water activity reduction caused by the geometrical constraints in porous
media can be considered equivalent to a change in activity as caused by the inhibitors.
The pore size effect will be discussed in detail subsequently.
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Genov et al. [41] analyzed the peculiarities of methane hydrate formation and the
effect of sediment properties. They found that only a part of the pore water was
transformed to hydrate in methane saturated sediments. The portion of water transformed
to hydrate was found to be maximum (about 80%) in sandy sediments. The minimum
transformation (about 15%) was observed in montmorillonite clay. So, the hydrate ratio
decreased in accordance with the rise of bonding energy of pore water and mineral
surface in presence of clay. The fraction of water transformed to hydrate also decreased
with increase of salinity.

2.2.2

Kinetic studies of hydrate formation in porous media
Yousif and co workers [42] studied the dissociation of methane hydrate in Berea

Sandstone by the depressurization of a hydrate-containing core at constant temperature.
The hydrates were formed in a cylindrical Berea Sandstone core enclosed in a heat
shrunk plastic tube which was in turn encased in a stainless steel pressure bomb, placed
in a temperature controlled bath. The sample was first evacuated after which a 1.5 wt%
sodium chloride solution was injected into the sample till saturation was achieved, after
which methane was supplied to the core at a pressure higher than the equilibrium hydrate
formation pressure, thereby resulting in some water production/displacement. The sample
was then isolated for hydrate formation and allowed to proceed till there was no further
pressure reduction, indicating hydrate formation had ceased. The outlet pressure was then
reduced to a value below the equilibrium pressure (2.84MPa) to allow dissociation to
begin. Throughout the process the temperature was kept constant at 273.7 K.
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Pressure measurements at the gas inlet and outlet points as well as the volume of
gas produced were measured as a function of time during dissociation. Two core samples
with permeability values of 8.388 x 10-14 and 40 x 10-14 m2 respectively were used. They
observed that the lower permeability core required a longer span of time for hydrate
formation to be complete (20-30 hours) than the higher permeability core (4-5 hours).
There was a significant pressure drop noticed between the gas inlet point and outlet on
the core after hydrate formation, caused by greater hydrate being formed at the inlet
which reduced the core permeability and thus the transmission of pressure to the outlet
point.

Yousif et al [40] and Yousif and Sloan [43] improved on this work using the same
apparatus; this time they carried out annealing processes- cycled heating dissociation and
reforming of the hydrates in the core, so as to achieve more uniform hydrate distribution
along the core. Electrical resistance measurements were also taken at four locations
along the core length in order to provide an additional method to check for hydrate
formation besides the pressure drop in the core samples. The experimental data showed
that an appreciable amount of water is also produced simultaneously with gas production
as a result of hydrate dissociation. In both works a 1D numerical model was developed to
simulate the isothermal hydrate dissociation, with the model providing a satisfactory
match to the experimental data.
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Kumar [44] studied CO2 hydrate dissociation using a high pressure vessel capable
of withstanding a maximum pressure of 9.0 MPa and glass beads with diameters ranging
between 0.0889-0.14986 mm of density 2620 kg/m3 which served as the porous medium.
A brine solution was injected into the pressure cell, prior to pressurization with the gas
after which hydrate formation was allowed to proceed. Temperature profiles along the
core during hydrate dissociation were measured by four thermocouples installed along
the cell length. Permeability measurements were performed before and after hydrate
formation, indicating that there is reduced permeability due to hydrate formation in the
pore spaces. Gas production during the dissociation experiments was measured and
collected in a graduated displacement column. Different water saturations were employed
to determine the effects of water saturation on the formation of hydrates. The work
indicated that at water saturations of less than 35%, hydrate formation occurred on the
grain/particle surfaces, while at water saturations greater than 35% hydrate formation
occurred in the pore spaces.

2.2.3

Phase equilibrium studies of hydrates in porous media
Handa and Stupin [36] studied phase equilibrium of methane and propane

hydrates in 70 Å silica gels. Based on their previous work, they concluded that the
thermodynamic properties of hydrates change the same way as those of ice confined in
small pores. They reported equilibrium pressures 20-100% higher than those for bulk
hydrates. Uchida et al [45] studied equilibria of methane hydrate confined in small pores
of porous glass. Their measurements were made under conditions similar to those of
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Handa and Stupin [36] and this work showed that the smaller the pore diameter, the
larger the temperature-shift of the equilibrium line.

Seshadri et al [46] studied propane hydrate formation in silica gels with nominal
pore sizes of 2.0, 3.0 5.0 and 7.5 nm. Their method for forming the hydrates was similar
to that employed previously [36]. Two silica gel samples of 7.5nm nominal pore radius
were used in this study with particle size distributions of 33-74 µm and 74-250 µm for
comparison with previous studies by Handa and Stupin [36]. The equilibrium pressuretemperature dissociation experiments carried out on these two silica gels were in good
agreement, indicating that dissociation of the hydrates is controlled primarily by the pore
radius, not the particle size, and thus support the conclusion that hydrate formation occurs
in the silica gel pores, and not in the inter-particle spaces. The results also showed
excellent agreement with the results of Handa and Stupin [36]. The equilibrium P-T
profiles of the silica gel hydrates for all four pore sizes studied were compared with those
obtained for bulk propane hydrates as shown in Figure 2.2. The figure shows that the
equilibrium pressures increased with decreasing pore radius at a given temperature. The
increase obtained was 53-87% for the nominal 7.5nm pores, 79-110% for the nominal
5nm pores, 78-131% for the nominal 3.0nm pores, and 200-300% for the nominal 2.0nm
pores. The lower quadruple points (H-I-Lw-V) were also determined for each sample
using an empirical correlation for the second virial coefficient given by Pitzer [47]. The
values obtained were found to be consistent with both theoretical and experimental
melting temperatures of ice in small pores based on the use of nominal pore sizes to
represent the samples.
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Hydrate equilibrium for bulk and porous media propane hydrates
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Seo et al [48] studied hydrate phase behaviour of the CO2+CH4 system in silica
gels of three different nominal diameters, and compared their data with those of previous
workers as well as a modified van der Waals Platteeuw model. The correction term added
to the model accounts for the capillary effect and activity decrease effect of porous media
on water activity. The improved model gave a better agreement with the experimental
data. Their experimental data was in good agreement with those of Uchida et al [49], but
largely deviated from those of Handa and Stupin [36] and Smith et al [50]. Their results
indicate that the decrease of pore diameter led to increasing shift of the equilibrium Lw-HV line shifted toward lower temperature at a given pressure, compared to bulk hydrates.

Seo and Lee [51] have studied hydrate phase equilibria in silica gel pores for
single hydrate (CO2, CH4) and mixed hydrate (CO2+CH4) formation in the presence of
sodium chloride (NaCl) electrolyte. The aim was to investigate fundamental electrolyte
role on hydrate formation processes occurring in pores, in connection with hydrate
formation on the sea floor. In addition, various pore diameters were used in the study
alongside varying CO2 composition for the mixed hydrate study in order to meet
changeable surroundings of sea floor sediments. At a specified temperature, three phase
Lw-H-V equilibrium curves of pore hydrates were shifted to a higher pressure region
depending on NaCl concentrations and pore sizes.
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Uchida and co workers [49] studied the effect of pore sizes on the dissociation
temperatures and pressures of methane, propane and carbon dioxide hydrates in several
kinds of porous media. They reported dissociation temperature shifts to a lower
temperature at a given pressure compared with bulk hydrates.

2.2.4

Prediction of hydrate equilibrium in porous media
Prediction of hydrate equilibria is based mainly on the application of the statistical

thermodynamic model of van der Waals and Platteeuw [35], in conjunction with the basic
phase equilibria conditions. The major difference in the prediction of hydrate formation
in porous media and bulk hydrates lies in modifications made to this model to account for
the different conditions encountered in porous media.
For vapour-liquid-hydrate equilibria, the basic equations for the equilibrium are
(2.1)

µ iV = µ iL
µ iH = µ iV

(i =1,…, N)

For all the N components, and by
(2.2)

(j =1,…, c)
For all the c hydrate forming components including water
In terms of fugacities,

f i L = f iV

f jH = f jV

(2.3)

Because the gas phase fugacity is implicit in the hydrate phase fugacity expression, the
equilibrium relationship for water can be represented by

f WH = f WL

(2.4)
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The expressions for equation (2.4) for bulk hydrates are
⎛ ∆µ MT − H
f WH = f WMT exp⎜⎜ − W
RT
⎝

⎞
⎟
⎟
⎠

(2.5)

nc
2
∆µWMT − H
= ∑ υ m ln(1 + ∑ C mj f j )
RT
1
1

(2.6)

where

Cmj =

4π
kT

Rm

∫ exp(

− Wmj (r )

0

kT

) r 2 dr

(2.7)

and
⎛ ∆µ MT − Lo
f WMT = f WLo exp⎜⎜ W
⎝ RT

∆µ
RT

MT − Lo
W

=

⎞
⎟
⎟
⎠

∆µ
∆h
−∫
RT To RT
0
W

T

MT − Lo
W
2

(2.8)

P

dT + ∫
0

MT − Lo
w

∆v
RT

(2.9)

dP

The equilibrium relationship in equation (2.4) can thus be represented by

⎛ ∆µ MT − H
⎛ ∆µ MT − Lo ⎞
⎟⎟ exp⎜⎜ − W
fWH = fWLo exp⎜⎜ W
RT
⎝
⎝ RT ⎠
or
⎛ f L ⎞ ∆µ MT − Lo ∆µWMT − H
ln⎜⎜ WLo ⎟⎟ = W
−
RT
RT
⎝ fW ⎠
fWL
aw = Lo
fW

⎞
⎟⎟ = fWL
⎠

(2.10)

(2.11)
(2.12)

However, in the case of hydrate formation in porous media, the situation
encountered above is now different. The surface effects neglected in the case of bulk
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hydrate formation cannot be neglected in the case of porous media. This is because the
hydrates form in the small capillaries or pores present in the latter. As a result the Gibbs
free energy for the system changes, leading to a situation that at equilibrium, the pressure
in the liquid phase will not be equal to that in the gas phase. In a capillary system, the
pressure will be greater on the side that of the interface that contains the center of
curvature of the curved surface (i.e. the vapour phase). This pressure difference between
the vapour and liquid phase can be expressed as a function of the surface tension between
the vapour and the liquid. [38]

pg

θ

r
pl
y
Figure 2.2 Schematic of fluid in a capillary

∆p = p g − pl =

2σ cos θ
r

(2.14)

where r =radius of the capillary,
θ = wetting angle (angle between wall and meniscus)
σ = interfacial tension between hydrate and water
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When the wetting angle is 90o, the pressures will be equal, corresponding to bulk
hydrate formation. The effect of this pressure reduction is primarily on the activity of the
water, due to the capillary effect and geometrical constraints. The activity of water can
thus be written as

ln a w =

v1
( pl − p g )
RT

(2.15)

Substituting (2.14) into (2.15) gives

ln aw =

− 2σvl cosθ
rRT

(2.16)

vl = molar volume of liquid water
The effect of the pressure differential between the vapour and liquid phases
results in two other changes – firstly the integration of P in (2.9) above must now be done
at the liquid pressure, pl, while the vapour phase fugacities, fi must be computed using the
vapour phase pressure, pg .

In earlier modeling attempts, the interfacial tension between hydrate and liquid
water was assumed to be the same as that between ice and liquid water (0.027J/m2). The
use of this value led to large discrepancies between experimental and calculated values.
Uchida et al. [45] have calculated values of σ by fitting their data to the Gibbs-Thompson
equation which describes the pore size dependence of the hydrate equilibrium
temperature compared to the bulk hydrate phase. They reported a value of 0.039J/m2 as
interfacial tension for CH4 hydrate.
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∆T = Tdpore − Tdbulk

(2.17)

∆T / Tdbulk = −4σ HW / ρ H LH d

(2.18)

Equation (2.18) is the Gibbs Thompson Equation
where
Tdpore = pore hydrate dissociation temperature
Tdbulk = bulk hydrate dissociation temperature
ρH = density of the hydrate
LH = dissociation heat for the hydrate
d = pore diameter
The value of the interfacial tension between the hydrate and water can be estimated from
the slope of the plot of ∆Td/Tdbulk against 1/d.

Uchida et al [49] determined the value of σHW with a wider range of pore sizes
used compared to their previous work. They reported values for CH4 hydrate (0.017J/m2)
and CO2 hydrate (0.014J/m2) that were lower than those previously obtained. The higher
accuracy of these new values is attributed to the wider pore size range used. Seo et al [48]
used these values in their model and reported a better agreement with experimental data.

Seo et al [51] studied hydrate phase equilibria of methane and CO2 mixtures with
aqueous solutions of sodium chloride in porous media. In describing the water activity,
decrease due to the capillary effect and geometrical constraints as well as the effect of the
presence of electrolytes were considered. The fugacity coefficient of water in aqueous
electrolyte liquid is given by the model of Aasberg-Peterson et al [52]:

ln ϕ w = ln ϕ wEOS + ln γ wEL

(2.19)
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The first term is the normal contribution that can be obtained from a cubic equation of
state, while the second term for the electrolyte contribution can be calculated from the
Pitzer model [53, 54]

γ WEL =
EL
W

ln a

(2.20)

aWEL
xW
M vm
=− w φ
1000

{2.21}

aWEL is the activity of water in the electrolyte solution, Mw is the molecular weight of
water, m represents the molality of the electrolyte, v stands for the number of ions the
electrolyte dissociates into, while Φ is the osmotic coefficient. The osmotic coefficient
can be obtained from expressions available in the literature.
The decrease in water activity is thus expressed as

ln aW = ln aWEL −

VL 2 cosθσ HW
rRT

(2.22)

The pore hydrate model developed by Seo et al [51] using the activity term in the above
equation gave both quantitative and qualitative agreement, with values of percent
absolute average deviations (%AAD) reported in the range of 1.73 to 11.86.
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2.2.5

Diameter range of pore effects on gas hydrate equilibrium.

Uchida et al [49] determined the diameter range in which hydrates formed in
porous media have physical properties similar to the bulk hydrate phase. They
determined this range by means of the Gibbs-Thomson equation.

For the largest pore size studied in this work, 100 nm, the shift in the dissociation
temperature obtained was approximately -0.5 K at a given pressure. If the pore space is
much larger however, the pore effect will not be measurable. In determining the upper
limit for which no pore effects occur, the maximum pore size, dmax, is estimated such that
the value of ∆T is less than the accuracy of the temperature measurements, i.e. the ∆T is
so small that it is not measurable by current measurement apparatus. In their experiment,
the accuracy of temperature measurement was approximately +0.15 K, whereas the
accuracy for equilibrium temperature in a field measurement is 0.5 K. This field value
was used in the Gibbs-Thomson equation along with a Tbulk= 293.2 K chosen as the
temperature of the hydrate stability zone at approximately 3200m below sea level of the
Blake Ridge [56]. The calculations yield a value of dmax=101nm. According to Henry et
al [39] pore size distributions cannot be obtained for pore diameters of less than 100nm,
thus the pore size measurements in the field will yield values of ∆T less than 0.5 K. IF
smaller pore sizes can be measured, however, then the temperature shifts would be
greater.
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In determining the minimum pore size that would cause a temperature shift,
experimental data could not be used due to the increasing difficulty in forming hydrates
as lower pore diameters were used. Consequently the minimum pore diameter, dmin, was
obtained from a combination of the Gibbs-Thomson equation and the homogeneous
nucleation theory. The application of the Gibbs-Thomson equation is predicated on the
bulk hydrate and the hydrate in the pores possessing the same structure. Since bulk
properties of materials depend on the unit cell, the pore should therefore have a size
larger than the unit cell for the G-T equation to be applicable.
Therefore, the maximum shift of the dissociation temperatures at a given pressure caused
by the Gibbs-Thomson effect is when the critical radius rc for nucleation of a spherical
hydrate crystal has decreased to the point where it equals the unit cell radius.
From homogeneous nucleation theory, this critical radius is
rc = 2vγ / ∆µ

(2.23)

where v is the specific volume of water molecules in the hydrate structure (either 3.8 x
10-29m3 for type I or 3.6 x10-29 m3 for type II) and ∆µ is the chemical potential difference
of water between the solution and the hydrate phase (1263 J/mol for sI or 884 J/mol for
sII).15 By using the obtained interfacial tension γHW, they obtained the critical size to be
0.6, 0.5, and 1.1 nm for CH4, CO2, and C3H8 hydrates, respectively. The lattice constant
of the unit cell for each crystal structure is approximately 1.2 nm for sI hydrates and 1.7
nm for sII. So the size of the critical nucleus is considered to be equivalent to that of the
unit cell. The lower limit of the effective pore diameter dmin for a given hydrate structure
must exceed the unit cell size of the bulk hydrate structure. By assuming that the bound
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water is independent of the gas molecule and of the formation of solid structures, as
suggested by Handa and Stupin [36], the thickness of the bound water layer around the
hydrate is also estimated to be approximately two molecular layers or approximately 0.5
nm in the present study. The value of dmin is, therefore, approximately 3 nm.

According to equation (2.18) for gas hydrates with dmin = 3 nm, the value of ∆T is
approximately 16, 13, and 20 K at Td = 273.2 K for CH4 hydrate, CO2 hydrate, and C3H8
hydrate, respectively. These are considered to be the maximum shift of the dissociation
temperatures at a given pressure caused by the Gibbs-Thomson effect. This pore diameter
range is valid only for porous media with similar properties to the silica gels and vycor
glass used in this study, since it has been observed by Uchida [45] that shifts in P-T
diagrams for CH4 hydrates were different in various porous media.

Wilder et al [57] has suggested that the equilibrium temperatures for hydrates in
silica gel pores below the H-V-Lw-I quadruple point should be the same as that of the
bulk hydrate phase. This arose from the experimental data from methane hydrate
formation in 7.5nm silica gels, showing that the H-V-I line for the porous hydrates
coincided with the bulk hydrate H-V-I line. Their work involved development of a
conceptual model based on hydrate formation in porous media comprised of a bundle of
tubes of different radii. From their modeling work, prediction of the exact dissociation
pressure was obtained using a specific pore size corresponding to the equilibrium point,
not the nominal pore size used by Clarke et al [58]. This was later confirmed by workers
in the same group [59] using ethane hydrate and a wide pore size range, indicating there
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are no detectable effects of pressure due to the restricted geometries of the porous media.
From these results it was suggested that the interface relevant to the formation of hydrate
in silica gel pores is that between the hydrate and the appropriate aqueous phase, and that
the surface energy γIH between hydrate and ice phases is equal to zero. Uchida et al. [49]
however considered γIH not equal to zero and report a value of 4.1 x 10-2 J/m2.
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2.3

Gas hydrate formation as a novel CO2 capture technology

There are a variety of technologies for CO2 capture and the largest portion of the
cost of a capture and storage sequestration scheme is due to CO2 separation and
compression [60-62]. Aaron and Tsouris [24] have extensively reviewed the existing and
proposed technologies available and it is noted that absorption with amine based
solutions is the best developed and cost effective method currently available. The fact
that most fossil fuel power plants use air instead of oxygen results in flue gases with
relatively low CO2 concentrations of 15-19 mol% and large quantities of N2. This
necessitates that a difficult and expensive separation process be deployed to capture CO2
as a concentrated stream, as is required in most storage, conversion and reuse
applications [63]. Approximately 80% of world energy needs are met using fossil fuels,
with coal being the dominant fuel for power generation. When this is coupled with
increased coal use under any foreseeable energy scenario due to its cheapness and
widespread abundance, it is of great necessity that new technologies are investigated to
provide alternative methods of capture and sequestration of CO2. [64]

Figure 2.3

500MWe ultra-super critical pulverized coal unit stack emissions
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2.3.1

Thermodynamics and kinetics of CO2 and N2 hydrates

CO2 forms structure I hydrate as a single guest. The CO2 molecules occupy
primarily the large cavities and some small ones [38, 39]. Incipient hydrate equilibrium
conditions for CO2 were investigated and reported by numerous workers in the literature
[67-70]. The equilibrium hydrate formation conditions for CO2 in water are shown in
Figure 2.4. Dholabhai et al. [71] measured the formation conditions of CO2 hydrates in
aqueous electrolyte solutions. Englezos and Hall [72] investigated the equilibrium
hydrate formation conditions of carbon dioxide in the presence of aqueous electrolyte
solutions, water soluble polymers and montmorillonite. Breland and Englezos [73]
investigated the equilibrium hydrate formation conditions of carbon dioxide in the
presence of glycerol. Fan et al. [74] studied the hydrate formation conditions for carbon
dioxide and carbon dioxide rich gas mixtures in the presence of ethylene glycol.
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Equilibrium hydrate formation conditions for the CO2-H2O system
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N2 is known to form structure II hydrate as a single guest with the N2 molecules
occupying both cages [75]. The equilibrium hydrate formation conditions for nitrogen
were observed by van Cleef et al [76]. Marshall et al. also [77] investigated and reported
equilibrium hydrate formation conditions for nitrogen. Reported equilibrium hydrate
formation conditions for N2 in water from various workers are shown in Figure 2.5.
Sugahara et al [78] studied the equilibrium hydrate conditions of nitrogen for higher
temperatures.
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Equilibrium hydrate formation conditions for the N2-H2O system

2.3.2 Pre and Post-Combustion CO2 capture via gas hydrates

It has been proposed that gas hydrates can be applied as a separation method to
achieve CO2 capture from flue and fuel gas streams, CO2 sequestration, as well as
hydrogen storage, with significant research efforts being undertaken by various groups to
assess the feasibility and efficiency of such processes [79].
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Kang and Lee [80] proposed a hydrate-based crystallization process that can
recover 99mol% of CO2 from the flue gas. The flue gas from a power plant is fed to a
commercial desulphurization plant for removal of sulphur oxides {SOx}. The pre-treated
flue gas is passed through the first hydrator I in which carbon dioxide is separated from
nitrogen. The hydrate slurry is then decomposed in a dissociator. The gas from the
dissociator is compressed and sent to second hydrator and dissociator and then finally
through the third hydrator and dissociator. Kang et al. [81] reported equilibrium hydrate
formation data for a mixture of carbon dioxide and nitrogen with varying ratios of each.
Such data are needed for the design of hydrate-based separation processes. Their work
involved incipient hydrate phase equilibrium measurements in the range 272-295K with
different CO2/N2 mixture compositions to determine operating conditions for the
proposed process. This work also included statistical thermodynamic modeling to predict
phase equilibrium, and good agreement was reported between the experimental and
model results.

Kang et al. [82] reported the enthalpy of dissociation for carbon dioxide and
nitrogen hydrates. They employed a calorimetric technique to measure the enthalpy of
dissociation of hydrates. The enthalpies of dissociation reported were for CO2 (65.2±1.0
kJ/mol of CO2 hydrate) and for N2 (65.8±1.0 kJ/mol of N2 hydrate) at 273.7K and
0.1MPa. Seo and Lee [83] studied the structure and guest distribution of mixed (CO2+N2)
hydrates of carbon dioxide and nitrogen using X-ray diffraction and C NMR
spectroscopy. X-ray diffraction results showed that for mixed (CO2+N2) hydrates with 320mol% CO2, the unit cell parameter was ~11.8Å and the structure formed is structure I.
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For 1mol% CO2, the unit cell parameter was found to be 17.26Å and the structure formed
was identified as Structure II. They also found that the NMR spectra results revealed that
carbon dioxide molecules mainly occupied the large 51262 cages of structure one when
the mixed hydrate (CO2+N2) was formed at a vapour phase composition range of 1020mol% CO2. They also reported that with a small increase of carbon dioxide in the
vapour phase the amount of carbon dioxide in the mixed (CO2+N2) hydrates increased
greatly. Finally, Seo and Lee reported that CO2 molecules may occupy both large and
small cavities of structure I when the CO2 content in the gas phase exceeds 33%.

Linga et al [28] studied hydrate formation from CO2+N2 and CO2+H2 gas
mixtures using a semi-batch stirred vessel operating at isothermal and isobaric conditions.
Incipient equilibrium hydrate compositions were reported for both gas mixtures as well as
with gas uptake measurements and phase composition determination during kinetic
experiments. It was concluded that the rate of hydrate growth was faster from the
CO2+H2 mixture, with CO2 preferentially incorporated into the hydrate phase. It is also
noted that higher operating pressures lead to increased incorporation of N2 for the flue
gas experiments. Linga et al [84] provided basic thermodynamic and kinetic data for
conceptual process design of hydrate based separation processes from CO2+N2 and
CO2+H2 gas mixtures. Hybrid conceptual processes for both pre and post-combustion
capture based on hydrate formation coupled with membrane separation were developed.
In addition, two metrics called the split fraction and separation factor were defined to
quantify the separation achieved by the process. CO2 recovery was found to be 42.1% in
one stage at 10.0 MPa and 0.6oC for CO2/N2 and 42.5% at 8.5 MPa and 0.6oC for the
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CO2/H2 mixture. The hybrid hydrate-membrane processes developed involved the use of
three hydrate stages coupled with a membrane process and two hydrate stages coupled
with a membrane process for CO2/N2 and CO2/H2 mixtures respectively, each producing
a 98-99% CO2 stream suitable for disposal. It is noted that high pressures are required for
the process and additives need to be investigated which can lower pressures without
compromising separation efficiency and CO2 recovery.

2.3.3

Effects of additives on CO2 and N2 hydrate formation

Mooijer-van-der Heuvel et al. [85] investigated the effect of additives on carbon
dioxide hydrate formation conditions. The additives used were organic substances like
tetrahydropyran, cyclobutanone, cyclohexane and methylcycohexane. Cyclic organic
compounds as additives are attractive to use if the reduction of hydrate equilibrium
pressure is desired. Kang and Lee [80] presented thermodynamic data showing that the
addition of THF in the water results in a reduced hydrate formation pressure at a given
temperature compared to a system in which THF is absent. A 1mol% addition of THF
lowers the incipient hydrate formation pressure from 8.4 to 0.5 MPa for a 17%CO2/83%
N2 mixture at 2oC. Linga et al [28] studied the effect of THF on CO2/N2 hydrate
formation and reported incipient hydrate equilibrium data that was in agreement with the
previous work of Kang and Lee [80]. In addition, kinetic gas uptake measurements were
presented which indicated a shorter induction time for hydrate formation in the presence
of THF as well as lower operating pressure. It is also noted that the rate and overall gas
consumption over time are significantly lower compared to the experiments in the
absence of THF.
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Linga et al. [29] presented thermodynamic, kinetic and separation efficiency data
for a medium-pressure process for post-combustion CO2 capture from conventional
power plant flue gases. The conceptual process consists of three hydrate
formation/decomposition stages operating at 0.6oC and a reduced pressure of 2.5 MPa
due to the presence of 1mol% THF, coupled with a membrane separation state to tackle a
CO2-lean stream. The proposed process was the culmination of their study based on the
preliminary work of Kang and Lee [82] aimed investigating the effect of THF as an
additive on the hydrate formation kinetics of flue gas (CO2/N2) mixtures with a view of
determining an optimal concentration which would lower operating pressures without
compromising CO2 recovery and separation efficiency. From the results it was observed
that hydrate formation rates are maximum at 1mol% THF over the range 0.5 to 1.5mol%
THF studied. Thus 1mol% THF was chosen as the optimal concentration around which
the conceptual process was designed. It is noted that the presence of THF achieves a
reduction of compression costs from 75% to 53% of the power output of a 500MWe
power plant. High CO2 recoveries of 50% in the first two stages and 37% in the third
hydrate stage were reported. It is also noted that the trend of reduced rate of gas
consumption is also observed in this system with THF present. Finally, it is noted that
improved gas-water contact is highly desirable for enhancement of the rate of hydrate
formation and thus improvement of overall yield.
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2.3.4

Significance of gas-water contact mode

It has been recognized by various workers [86-90] that hydrate crystallization is a
heterogeneous process. The hydrate formation process itself is a complex combination of
mass and energy transfer processes not fully understood. Englezos et al. [89] developed a
mechanistic model based upon crystallization and mass transfer theories to describe the
kinetics of hydrate formation. Their model assumes that particles may be located either in
the bulk of the solution or in the liquid film at the gas–liquid interface and, in both cases,
a stagnant liquid diffusion layer and an adsorption “reaction” layer surround the solid
hydrate particle, as seen in Figure 2.6. The dissolved gas diffuses from the solution
surrounding the stagnant diffusion layer to the hydrate–water interface and subsequently,
by an adsorption process, the gas molecules are incorporated into the structured water
framework [91].

Figure 2.6

Fugacity gradients in the diffusion and adsorption “reaction” film around a

growing hydrate particle. The fugacity is equal to f when the hydrate particle is located in
the liquid-side film region of the gas–liquid interface and fb when the hydrate particle's
located in the bulk solution.
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Hydrate formation studies have generally been conducted with a bulk water phase
consisting of ice or liquid water [80-84, 86-90]. However, mass transfer limitations still
exist in this system; hydrates form as a solid mass at the gas-water interface, this build up
of solid serves as a barrier for gas diffusion to the water phase to form more hydrates,
thus slowing down the rate of hydrate formation. [30]. Different methods have been
proposed to resolve this mass transfer problem in hydrate forming systems. Stirred
vessels fitted with baffles [29, 84-85] have been employed to counter this mass transfer
limitation by continuously renewing the water-gas interface. Bubbling gas through the
water to achieve improved hydrate formation rates has also been applied for storage and
transport of methane in hydrates [92]. This area remains under active study because of
the need to improve gas-water contact to achieve increased rates of hydrate formation.

.
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2.4

CO2 capture via hydrate formation in silica gel pores

One of the methods that have been proposed for countering this gas-water contact
limitation involves increasing the gas-water contact area by contacting the gas phase with
water dispersed in the pores of silica gel. Porous materials such as silica gel possess
useful properties high internal surface area in a small volume, which makes them suitable
candidates for achieving greater contact area between the liquid and vapour phases for
rapid hydrate formation. Silica gels have been widely used for exclusion and liquid
chromatography, metal scavenging and other separation processes. It is also possible to
incorporate bonded phases to the surface of the silica gel to achieve increased
functionality for applications such as metal scavenging. [93].

2.4.1

Silica gel properties

Silica gel is a porous, amorphous form of silica (SiO2). Due to its unique internal
structure silica gel is radically different to other SiO2-based materials. It is composed of a
vast network of interconnected microscopic pores. As opposed to zeolites, silica gels
have larger pores with a wide range of diameters – typically between 5 Å and 3000 Å,
which enables them to be suitable for a number of different applications. It is possible to
adjust the pore size range during the manufacturing process to suit various end uses.
Silica gel can be broadly categorized into two groups based on pore size.

Silica gel is extremely pure by industrial standards due to the absence of
noticeable concentrations of metallic compounds like aluminium, iron or heavy metals.
Therefore pure silica gel is much less active as a catalyst than other adsorbents like
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zeolites or aluminas, which means unwanted reactions like cracking reactions in
hydrocarbon streams and resulting coke formation can be minimized. By varying the pore
size distribution, silica gels can be produced that are well suited for adsorption of liquids
or gases and vapours.

Figure 2.8

Scanning electron microscope (SEM) image of porous silica gel

There are two broad groups of silica gels – spherical silica gel and irregular silica gel,
depending on the mode of production. Irregular silica gel is produced when the ‘xerogel’
of polymerized silicic acid obtained during the manufacturing process is allowed to dry
after which grinding is done with subsequent sieving to determine particle sizes.
Spherical silica gels on the other hand are produced by spraying the neutralized silicate
solution (the colloidal silica sol) into fine droplets prior to gelling, and subsequently
drying the droplets with a stream of hot air.

Spherical silica gel consists of small spherical particles with diameters of a few
microns, which, in turn, are made up of fused primary particles of silica a few Angstroms
in diameter. These primary particles coalesced together by condensation during gel
synthesis. It is on the surfaces of these primary particles that the adsorption of water takes
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place. The matrix of the primary silica gel particle consists of a core of silicon atoms
joined together with oxygen atoms by siloxane bonds (silicon-oxygen-silicon bonds).
However on the surface of each primary particle some residual, uncondensed hydroxyl
groups from the original polymeric silicic acid remain. It is these residual hydroxyl
groups that confer on silica gel its polar properties and it is with these hydroxyl groups
that the silane reagents react to form bonded phases as used in liquid chromatography
(LC). The silica surface, however, does not simply consist of uncondensed hydroxyl
groups. The silica surface can be quite complex and contain more than one type of
hydroxyl group, strongly bound or ‘chemically adsorbed’ water and loosely bound or
‘physically adsorbed’ water depending on the history of the gel.

Theoretically, these hydroxyl groups can be one of three types. Firstly, it may be a
single hydroxyl group that is attached to a silicon atom which has three siloxane bonds
joining it to the gel matrix. Secondly it can be one of two hydroxyl groups attached to the
same silicon atom which, in turn, is joined to the matrix by only two siloxane bonds.
These are called Geminal hydroxyl groups. The third configuration involves one of three
hydroxyl groups attached to a silicon atom which is now only joined to the silica matrix
by a single siloxane bond. By using NMR techniques Sindorf and Maciel [94] have
determined that the single hydroxyl group is likely to be the most prolific, and is
generally assumed to be the only type present for simplicity.
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(a)

(b)

(c)
Figure 2.9

Different forms of Hydroxyl group that can occur on the surface of silica

gel.
(a) The single hydroxyl group (one OH group on a single silicon atom)
(b) The double or Geminal hydroxyl group (two OH groups on a single silicon atom)
(c) The triple hydroxyl group (three OH groups on a single silicon atom)
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2.4.2

Experimental studies for CO2 capture

Recently, Seo et al. [30] presented hydrate phase equilibrium data for CO2-N2
mixtures varying from 10–50mol% CO2 over a temperature range of 271–279 K in 30.0
nm pore size silica gel, which would be useful for designing a conceptual CO2 capture
process. 25cm3 samples of water sorbed silica gel were used in the investigations,
prepared by placing the dried silica gel in a desiccator till it became completely saturated.
It is noted that C cross-polarization NMR spectral analysis and direct measurement of
CO2 content in the hydrate phase suggested that the mixed hydrate formed of more than
10mol% of CO2 gas is structure I and the CO2 molecules occupied mainly the more
abundant 51262 cages. From these measurements phase diagrams illustrating phase
compositions were presented with a conceptual three-stage recovery process for CO2
recovery included.

Figure 2.10 Pressure-composition diagram of the ternary N2-CO2-water system
measured at 272.1 K
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Kinetic studies with H NMR micro imaging showed that the dispersed water in
the silica gel pore system reacts readily with the gas leading to increased hydrate
formation rates. This rapid formation of hydrates obviates the need for a stirred type of
reactor as is currently prevalent, thus making it a potential candidate for large scale CO2
capture studies. In an test run performed to form pure CO2 hydrates, 85% conversion to
hydrate on water basis was achieved in 1 hour, with ~90% of this conversion achieved in
20 minutes. These results show that employing water dispersed in silica gel pores
improves the rate of hydrate formation. Kinetic studies were not performed on CO2-N2
model flue gas mixtures, and it is noted that rates obtained when this mixture used may
be different from those encountered in a pure CO2 system. In addition, the process by
which hydrates form in the pores is unclear, as well as any effects properties of the
porous medium such as pore size, particle size and pore volume have on hydrate
formation.
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2.5 Motivation for research and research objectives

From the previous discussion, it is clear that devising optimal water-gas contact is
essential for achieving higher rates of hydrate formation for CO2 capture applications. A
conceptual hydrate-based CO2 process as developed by Linga et al. [29] achieves lower
operating pressures without sacrificing separation efficiency by using THF as an additive,
but improved contact modes are still needed to increase formation rates. Microscopic
studies by Seo et al [30] indicate that dispersion of water in silica gel pores is a promising
technique to achieve higher gas-water contact areas due to the high internal surface area
of silica gels.

There is a need for additional investigations into the macroscopic rates and
conversion levels that are obtainable in such a system. The effects of the silica gel
properties such as pore size and particle size as well as operating (temperature-pressure)
conditions require further study in order to determine optimal values needed to improve
reaction and conversion rates. The hydrate formation kinetics of the CO2-N2 system in
silica gel requires study, as well as mass and heat transfer characteristics of the system to
give more information needed for process evaluation. The water layer next to the pore
walls is generally considered as ‘bound water’ which does not undergo freeze transition
and is unlikely to participate in hydrate formation [95]. It is therefore necessary to
determine what portion of water present in the silica gels is available for hydrate
formation in order to accurately measure water to hydrate conversion. Finally, the effect
THF as an additive needs to be investigated with regard to reducing operating pressure
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required for the process, thus lowering compression costs while maintaining separation
efficiency.
Based on the foregoing, the goal of this thesis is to examine the capture of CO2
from flue gas mixtures through hydrate formation in a silica gel column. The focus is to
obtain kinetic data and study the process characteristics of a hydrate-based CO2 capture
process in silica gel pores.
More specifically, the main objectives are:
1.

To study the macroscopic kinetics of hydrate formation from flue gases using
water confined in the pores of a silica gel column.

2.

To gain insight into the processes involved in the hydrate formation inside
silica gel pores.

3.

To determine process conditions required to achieve high CO2 capture
efficiency by examining
a. silica gel properties
b. operating temperature and pressure

4.

To examine the effects of additives on hydrate formation in porous silica gel

5.

To determine CO2 separation efficiencies and conversion rates of the process
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CHAPTER 3
MATERIALS AND METHODS
3.1

Apparatus

The experimental set up is designed to study the kinetics of hydrate
formation/decomposition in a silica gel matrix. The main focus of the system is the
hydrate reactor (HR) made of stainless steel with an internal volume of 227 cm3 where
the water-sorbed silica gel is contacted with the gas phase to form hydrates. An 8 cm
length of coiled copper tubing with 0.95 cm diameter is located inside of the reactor
through which circulating fluid flows in order to remove heat evolving from hydrate
formation and ensure isothermal conditions. Four T-type thermocouples (Omega) are
located within the reactor to monitor temperature changes during hydrate formation or
decomposition at specific locations in the silica gel matrix as indicated in table 3.1. Gas is
supplied to the reactor from the supply vessel (SV) connected to a gas cylinder. Both the
supply vessel and the hydrate reactor are located inside the temperature controlled water
bath (WB) in order to maintain the fresh gas supply at the same temperature as the reactor
and maintain the isothermal state. A BROOKS 5860S/BC mass flow meter (FM1)
calibrated for operation at three different inlet pressures is connected downstream of the
supply vessel and upstream of the reactor to measure the quantity of gas supplied to the
reactor. A pressure gauge is installed on the gas supply line to the reactor to ensure that
the process is run at the desired operating pressure. A second BROOKS 5860S/BC mass
flow meter (FM2) is connected downstream of the hydrate reactor to measure the
quantity gas released from the hydrate during decomposition. Data from the flow meters

51

and thermocouples are collected by the data acquisition system on a personal computer
for analysis. A sampling valve is located downstream of the reactor for collecting gas
samples for analysis on a gas chromatograph. Water dispersed in the silica gel pore
system reacts readily with the gas, thus obviating the need for stirring within the hydrate
reactor. [30]

DAQ – Data Acquisition System
FM – Gas Flow meter
HR – Hydrate Reactor
GS – Gas Supply Cylinder
T1-T4 – Thermocouples

Figure 3.1

SV – Supply Vessel
GC – Gas Chromatograph
DG – Decomposed Gas collection vessel
WB – Temperature Controlled Water Bath
RV – Pressure Relief Valve

Experimental apparatus for investigating hydrate formation kinetics in a

silica gel column
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Figure 3.2

Hydrate Reactor (HR) cross section and dimensions

53

Table 3.1

Location of thermocouples within hydrate reactor

Thermocouple #

Location within
column
Gas phase

Length within
reactora (cm)
3.2

Distance from axial
centerb (cm)
4.0

5.3

2.0

T3

Gas-silica bed
interface
Within gel column

7.5

5.0

T4

Base of gel column

7.8

0.0

T1
T2

a

Reactor height = 8cm. Lengths are measured from the top of the reactor

b

Reactor radius = 6cm. Distances are measured from axial center, ‘0.0’ indicates

thermocouple is at axial center.

3.2

Materials

Three silica gel types with properties listed in table 3.2 were purchased from
SiliCycle Inc. (Canada) with varying pore size, particle size distribution and surface area
to study the effects of these properties on the CO2 capture process. The gas mixtures used
in the study were UHP grade and were supplied by Praxair Technology Inc. The gas
compositions were chosen to represent power plant flue gas as well as the enriched
product gas from the ‘first stage’ of a hydrate capture process. A typical conventional
power plant emits a flue gas of composition 15–20% CO2, 5– 9%O2, and the rest N2. Pretreatment removes acid gases (H2S, SO2) and particulates. Thus, treated flue gas contains
CO2, N2 and O2. Since N2 and O2 form hydrate crystals at approximately the same
conditions the treated flue gas is considered a CO2/N2 mixture. The dry molar (%) gas
compositions of the binary gas mixtures were determined by gas chromatography and are
as follows: CO2 (17.0)/N2 (83.0) for the model flue gas. THF used in the experimental
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work was supplied by Fisher Scientific with 99% purity. Distilled and deionized water
was used in all the experiments.

Table 3.2

Silica Gel #

Silica Gel Properties
Particle Size

Pore Diameter

Pore Volume

Surface Area

(µm)

(nm)

(ml/g)

(m2/g)

1

40-75

30

0.81

100

2

40-75

100

0.81

50

3

75-200

100

0.83
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3.3

Silica gel preparation and analysis

Silica gel analysis was performed on a Micromeritics ASAP 2010 pore size
analyzer to confirm the properties of the gels as listed above. The silica gel was first dried
at 373 K for 24 hours and then weighed to determine the dry weight of silica. Distilled
water or THF solution equal to the pore volume of the silica gel determined during
analysis was then added to the dried silica to obtain pore saturated silica gel. The gel was
then placed in a Precision Durafuge® 100 centrifuge (Geneq Inc.) and spun at 3000 rpm
for 3 minutes to aid the uniform dispersion of water. Visual observation and thermogravimetric analysis (TGA) were used to confirm that water was evenly dispersed in
silica gel saturated in this manner.
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3.3.1

Determination of free water content of water sorbed silica gel

The water layer next to the pore walls is generally classified as surface or
‘chemically bound’ water which does not undergo the usual freezing transition and is
unlikely to participate in hydrate formation [95]. It is expected that the physically
adsorbed water will be available for hydrate formation.

Scott [93] studied water

desorption from silica gels and concluded that physically adsorbed water is released from
gels below 200oC and water loss between 200oC and 400oC is due to either the loss of
strongly bound water or condensation of Geminal silanol groups on the silica surface.
Based on the foregoing, thermo-gravimetric analysis (TGA) will be performed on the
water sorbed silica gel to determine the quantity of free water present in the gel.

A TA Instruments TGA 2050 Thermogravimetric Analyser was used to
characterize the free water content of saturated silica gel. Sorbed silica gel (~10mg) is
placed in the sample holder and heated from ambient conditions to 300oC at a rate of
5oC/min and weight loss due to water evaporation is recorded on a data acquisition
system. The weight loss recorded below 200oC gives the free water content of the gel.

3.3.2

Freezing point determination of water confined in silica gel pores

Water confined in silica gel pores is generally accepted to undergo freezing point
depression due to reduction in water activity in the pores [95]. It has been reported in the
literature that freezing point depression of water occurs within the range 0<T<-40oC
depending on the pore size [96]. Based on the work of Seo et al. [30] experiments will be
carried out at 272.1K – below freezing point of water, thus it is important to determine
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the freezing point of water adsorbed in the silica gel to confirm that gas-liquid water
contact is indeed being achieved and not gas-ice contact.

A TA Instruments DSC 2920 Moulded Differential Scanning Calorimeter (DSC)
with a sub-ambient liquid nitrogen cooling accessory allowing measurements to be made
down to -150oC was used to characterize the melting point of water in the silica gel.
Sorbed silica gel (~10mg) was sealed in an aluminum pan under liquid nitrogen and
placed in the DSC cell at -150°C. The sample was equilibrated at that temperature for
~10 minutes before heating to 30°C with the rate of 5°C/min. The thermal profile the
sample was measured and recorded on the acquisition system, from which the melting
point is determined.

3.4

Experimental Procedure

3.4.1

Hydrate Formation

The reactor is charged with ~100cm3 of water saturated silica gel and placed in
the water bath to attain thermal equilibrium at the desired temperature. Prior to
commencing the kinetic experiment, two cycles of hydrate formation and decomposition
are carried out. This ensured that the water in the gel matrix exhibited the ‘memory’
effect which is generally accepted to significantly shorten induction times [97, 98]. The
reactor is then pressurized to the desired operating pressure and connected to the supply
vessel as shown in the schematic. The regulator on the gas cylinder is set to the operating
pressure and this serves as a constant pressure source for the system and is monitored via
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the pressure gauge on the gas inlet supply line. As hydrate formation in the silica gel
proceeds causing a pressure drop in the reactor, gas flows from the supply vessel through
the mass flow meter (FM1) to maintain the pressure in the reactor. The flow meter
accurately measures the gas uptake by the process and this can be used in subsequent
material balances. Each experiment is run for a period of 4 hours after which final gas
phase and hydrate phase compositions can be determined. During hydrate formation
entire system is operated in a semi-batch mode under isothermal and isobaric conditions.
A third kinetic experiment coupled with sampling is performed after two kinetic
experiments with consistent results have been completed. 300 µL gas samples are taken
at regular intervals for analysis on the GC to monitor the changes in gas composition
during the reaction. Results for the two initial kinetic experiments without sampling are
used in material balance calculations.

3.4.2

Operating conditions

The first task towards process development is to determine the operating
temperature and the minimum hydrate formation pressure at the operating temperature
for post combustion capture of CO2 in a silica gel matrix. Seo and co workers [30]
determined the equilibrium hydrate formation pressures at different temperatures for
various CO2+N2+water mixtures in 30 nm silica gel pores as well as a pressurecomposition (% CO2) phase diagram measured at 272.1 K from which a conceptual CO2
recovery process from hydrates was devised. Equilibrium pressure of ~7.0 MPa was
reported for the 17% CO2 83% N2 gas model flue gas at 272.1 K.
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Based on the foregoing, experiments were performed with distilled water at two
operating pressures (Pexp) of 8.0 MPa and 9.0 MPa 17% CO2 83% N2 gas model at the
selected operating temperature of 272.1 K with driving force of 1 MPa and 2 MPa
respectively. Experiments involving THF solutions and the 17% CO2 model flue gas
were carried out at 5 MPa and 272.1 K and 274.1 K respectively to observe the effect of
temperature on hydrate formation kinetics.

3.4.3

Hydrate dissociation

Dissociation is initiated by isolating the hydrate reactor (HR) from the supply
vessel, then depressurizing to atmospheric pressure by opening the sampling valve and
quickly closing it to allow the gas evolving from the decomposed hydrate to be collected
in the decomposed gas reservoir (DG) via the outlet line from the reactor. The hydrates
are allowed to dissociate completely, after which gas chromatography is used to
determine the composition of the evolved gas. The composition of the evolved gas will
be used to determine the feed gas into subsequent hydrate formation/dissociation stages
required to achieve a 94-99% pure CO2 stream suitable for sequestration.

3.5

Hydrate Analysis

The characterization of the solid hydrate phase is essential to determine hydrate
properties prior to process scale up and to give insight into the crystal structure, crystal
dimension/volume, and composition/occupancy values of the cages [97]. The hydrate
samples were collected under liquid nitrogen temperature (82 K) at the end of the kinetic
experiment to preserve the hydrates with the recovered hydrate samples stored in liquid
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nitrogen for subsequent analysis. Raman Spectroscopy and Powder X-Ray Diffraction
were applied to characterize the hydrate phase.

3.5.1

Structure Determination

Crystal structures and lattice constants were obtained from powder X-Ray
Diffraction (PXRD) of the hydrate samples. The PXRD patterns were recorded at ~85K
on a Rigaku Geigerflex diffractometer (λ=1.79021) in the θ/2θ scan mode. The XRD
experiments were carried out in step mode with a fixed time of 5 s and a step size of
0.05° for 2θ=5-50° with a total acquisition time of ~5 minutes for each hydrate sample.

3.5.2

Raman Spectroscopy

An Acton Raman spectrograph equipped with a 1200 grooves/mm grating and a
CCD detector was used to collect Raman spectra on the hydrates. An Argon-ion laser was
used as the excitation source emitting at 514.53 nm. The laser was focused on the sample
using a 10cm focal length lens. The laser light was depolarized due to multiple reflections
within the sample and the light scattered at 180o was collected with an f/1.8 (50mm focal
length) lens and focused through a polarization scrambler onto the entrance slits of an
SPEX model 1403 double monochromator. The spectrograph was controlled with a
computer and the spectra were recorded with a 1s integration time over 5 to 30 scans. All
spectra were collected at liquid nitrogen temperature.
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3.6

Gas phase analysis

An SRI 8610C (SRI Instruments) gas chromatograph (GC) with a thermal
conductivity detector (TCD) and flame ionization detector was used. Ultra high purity
Helium was used as carrier gas. Gas sampling was performed using a 1.8” stainless steel
sample loop with internal volume of 300 µL. This small sample volume ensured that
reactor conditions were not significantly altered during sampling as well as having a
negligible effect on mass balance calculations. The sampling tube was flushed out three
times with He before collecting a sample for analysis. Gas samples were injected into the
GC via a two-port valve into a 100 µL sample loop.

3.7

Material balance calculations

In order to determine the performance characteristics of the CO2 capture process,
it is important to accurately determine the quantity of gas captured in the hydrate phase,
thus necessitating setting up appropriate material balances on the system. At any given
point in time, the total number of moles of gas (nT,t) present in the system remains
constant and equal to that at time zero (nT,0). The system includes the hydrate reactor
(HR), the supply vessel (SV) and the connecting tubing. The total number of moles at any
given time is the sum of the number of moles (nSV) in the supply vessel, the number of
moles (nG) in gas phase (G) of the crystallizer and the number of moles (nH) consumed to
form hydrate (H) or dissolved in water.
nG ,0 + n SV ,0 + n H ,0 = nG ,t + n SV ,t + n H ,t

(3.1)

The number of moles of gas that have either dissolved in the water or been consumed for
hydrate formation can then be calculated as follows:
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n H ,t − n H , 0 = nG ,0 − nG ,t + n SV , 0 − n SV ,t

(3.2)

Or
⎛ PV ⎞
⎛ PV ⎞
⎛ PV ⎞
⎛ PV ⎞
−⎜
∆n H = n H ,t − n H ,0 = ⎜
⎟
⎟
⎟ +⎜
⎟ −⎜
⎝ zRT ⎠ G ,0 ⎝ zRT ⎠ G ,t ⎝ zRT ⎠ SV , 0 ⎝ zRT ⎠ SV ,t

(3.3)

where z is the compressibility factor calculated by Pitzer's correlation [47].
During the kinetic experiment, the composition of the gas phase is determined by
gas chromatography. At any given time by knowing the composition of the gas mixture
in the crystallizer, the number of moles of the individual gas component consumed for
hydrate formation can be calculated by the component mass balance:

⎛ PV ⎞
⎛ i PV ⎞
⎛ i PV ⎞
⎛ PV ⎞
− ⎜ yi
∆n i H = n i H ,t − n i H ,0 = ⎜ y i
(3.4)
⎟
⎟
⎟ +⎜y
⎟ −⎜y
⎝ zRT ⎠ G , 0 ⎝ zRT ⎠ G ,t ⎝ zRT ⎠ SV ,0 ⎝ zRT ⎠ SV ,t
⎡⎛
⎡⎛ i P ⎞
P ⎞
P ⎞ ⎤
⎛ i P ⎞ ⎤
⎛
i
= VG ⎢⎜ y i
− ⎜ yi
⎟ −⎜y
⎟ ⎥ + y SV VG ⎢⎜ y
⎟
⎟ ⎥ (3.5)
⎢⎣⎝ zRT ⎠ G , 0 ⎝ zRT ⎠ G ,t ⎥⎦
⎢⎣⎝ zRT ⎠ SV , 0 ⎝ zRT ⎠ SV ,t ⎦⎥

3.8

CO2 recovery and efficiency

In addition to the information obtained from the material balance calculations, it
is also desirable to assess the degree of separation obtained from the process as well the
efficiency of the separation. Linga et al [84] defined two quantities for the performance
of a hydrate based CO2 capture system:
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CO2 Recovery

The CO2 recovery or Split Fraction (Sp.Fr.) is defined as the fraction of CO2
present in the system at the onset of the process or in the feed that is captured in the
hydrate phase at the end of the experiment. It is calculated as follows
Sp.Fr. =

H
nCO
2

(3.6)

Feed
nCO
2

where nFeedCO2 is defined as number of moles of CO2 in feed gas and nHCO2 is the
number of moles of CO2 in hydrate phase at the end of the experiment.

Separation Factor

The Separation factor of the process (S.F.) is defined as the ratio of the split
fraction for CO2 to that of N2. This quantity gives an indication as to how preferentially
CO2 is captured in the hydrate phase compared to N2. It is calculated as follows
S .F . =

H
nCO
2
Feed
nCO
2

×

n NFeed
2
n NH2

(3.7)

where nFeedN2 is defined as number of moles of N2 in feed gas and nHN2 is the
number of moles of N2 in hydrate phase at the end of the experiment.
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CHAPTER 4
RESULTS AND DISCUSSION
4.1

Freezing point depression and free water content of silica gel pores

The three silica gel types were subjected to DSC and TGA analysis as described
in Chapter 3 in order to determine the free water content of the gel – i.e. water available
for hydrate formation, as well as the freezing point of water confined in the silica gel
pores to ascertain whether water exists as liquid or ice at 272.1 K in the gel. The melting
point was determined from the crossing point between the baseline (horizontal) and the
maximum inclination line of the endothermic reaction peak. Figure 4.1 displays the
melting profile showing heat flow variation with temperature profile for the 30.0nm silica
gel. Samples were cooled till liquid nitrogen temperature and then heating at a rate of
5oC/min commenced. Melting was observed to begin from -5oC and continued till 16oC
when no more exothermic heat flow was observed, yielding a melting point of -4oC from
the crossing point.. The results exhibit high reproducibility over multiple runs. Similar
trends were observed for the 100 nm silica gels with a melting point of -2oC observed.
When runs were conducted with only pure water in the sample holders, the onset of
melting occurred close to 0oC indicating that a freezing/melting point depression is
present in the gel and is consistent with literature values [95]. These results indicate that
the water present in the silica gel pores exists as liquid water at the selected operating
temperature of -1oC and thus gas-liquid water contact will be achieved as desired.
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Figure 4.2 shows the TGA weight loss variation with temperature profile for the
30 nm silica gel. In each sample prepared for TGA analysis, the silica was dried, and then
weighed before and after water sorption in order to determine the quantity of water added
to the gel before the onset of the analysis. Water sorbed samples contained 45+2% by
weight of water and the balance silica gel. From figure 4.2 it can be clearly seen that all
the sorbed water is released from the gel by ~90oC, with no further water observed up to
300oC. This analysis was repeated multiple times to confirm reproducibility. The final
weight recorded on the instrument was in the range of 54-56% for all the runs conducted,
which is within experimental error for the instrument. These results indicate that all the
water added to the silica gel exists as free water and should therefore be available for
hydrate formation. Based on these results it can be presumed ‘bound water’ was probably
present with the silica gel as received, and is strongly held on the gel surface such that it
is not released during the drying of the gel, and can be neglected in water conversion
calculations.
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Figure 4.1

Figure 4.2

DSC spectra of water adsorbed in 30 nm pore size silica gel

Thermo-gravimetric analysis results for water adsorbed in 30 nm silica gel
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4.2

Gas uptake measurements

Figure 4.3 shows a typical gas uptake curve for a period of four hours. This curve
represents the kinetics of hydrate growth for the indicated time duration. While the
general shape of the curve agrees with the gas uptake curve described in detail by Bishnoi
and Natarajan [99] and Lee et al. [97], the dispersed state of water in the silica gel pores
likely prevents extensive agglomeration of the hydrates.

Temperature readings from thermocouples inserted in the silica gel column at
different depths as described in Chapter 3 do not exhibit a distinctive temperature rise
indicating hydrate nucleation; instead the trend observed is a slightly higher initial
temperature, likely caused by the marginally increased temperature of the gas used to
pressurize the reactor during its flow through piping and measuring instruments upstream
of the reactor. Beyond this initial point all thermocouples record fluctuations in
temperature over a small range as shown in figure 4.4. This indicates that due to the
dispersed nature of the water, hydrate formation occurs at many different sites within the
silica gel column thus there is no massive exothermic release at any single location within
the column to cause a sharp rise in temperature. In addition, the presence of the internal
cooling coil ensures that any exothermic energy release is quickly absorbed thus keeping
the temperature profiles within the set range throughout the experiment. It should also be
noted that because memory water is used in this study to simulate an actual process that
would undergo many cycles of hydrate formation/decomposition, hydrate nucleation is
expected to occur very quickly.
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Figure 4.3

Gas uptake measurement curve for CO2/N2 hydrate in 30.0nm silica gel

pores at 272.15 K and 8.0 MPa.
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4.3

Pore size effect on hydrate formation kinetics and CO2 recovery efficiency

Figure 4.5 displays the gas uptake measurements for silica gel 1 and 2 at 8.0 MPa
and 9.0 MPa respectively. These two silica gel types have the same particle size
distribution and pore volume, but different pore diameters, in order to investigate the
effect of the latter on hydrate formation kinetics. For the pore volume to remain the same
for both gels, the larger pore of 100.0 nm diameter results in a lower internal surface area.
The results show that remarkably higher gas consumption into the hydrate phase is
obtained in the case of the 100.0 nm silica gel for both operating pressures. This indicates
that though the internal surface area in the 100.0 nm gel is lower than that obtained in the
30.0 nm silica, the effect of the increased pore diameter is more favourable for increased
hydrate formation as reflected by the increased gas uptake. It can also be seen that that
the number of moles of gas consumed by hydrate formation increases with increasing
driving force, thus making 9.0 MPa a preferable operating pressure.
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Figure 4.5
Gas uptake measurement curves for hydrate formation in 30.0 nm and
100nm silica gel pores at 272.15 K and 8.0 MPa (a) and 9.0 MPa (b).
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Gas phase compositions were analysed by gas chromatography during the kinetic
experiment at 30 minute intervals as shown in figure 4.6. At both pressures studied, little
change is observed in CO2 concentration over the first ~60 minutes of the reaction, likely
indicating that both N2 and CO2 get incorporated into the hydrate at similar rates initially.
As the experiment proceeds, the depletion of CO2 in the gas phase becomes more
pronounced, indicating that more CO2 is being converted into hydrate than N2. CO2
concentration in the gas phase reduces from an initial value of 17% to 14.87% and
14.72% for the 8.0 and 9.0 MPa experiments respectively for the 30.0 nm gel. Gas phase
composition measurements for the 100.0 nm show a similar progression as obtained in
the 30.0 nm experiments. Gas phase CO2 concentration reduces from an initial value of
17% to 11.27% and 12.02% for the 8.0 MPa and 9.0 MPa experiments respectively.
These results show that a lower driving force achieves lower CO2 concentration in the
residual gas phase and is consistent with trends observed in the literature [29, 84]

At the end of the kinetic experiments, the residual gas phase analysed by gas
chromatography after which the hydrates were decomposed as described in the
experimental procedure. The gas released from hydrate decomposition was also analyzed
by gas chromatography and the results for silica gel 1 and 2 are shown in figure 4.6 (a)
and (b). At both operating pressures, the 100.0 nm silica gel achieves lower CO2 residual
gas phase content as well as increased CO2 enrichment in the hydrate phase over the 30.0
nm gel. Hydrate phase compositions of 42.44% and 46.73% CO2 were obtained at 8.0
MPa for gels 1 and 2 respectively, while the 9.0 MPa experiments yielded CO2
compositions of 38.37% and 44.80% respectively. These results are in agreement with
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the gas uptake measurements indicating that in addition to the increased hydrate
formation obtained, the presence of a larger pore size also improves the preferential
inclusion of CO2 in the hydrate phase.

Rate of hydrate formation, Rf, was calculated for the 30.0 and 100.0 nm silica
gels, based on the gas consumption during the first 20 minutes of hydrate formation.
Since induction is expected to occur quickly, no induction point is determined from the
data thus hydrate formation is viewed as beginning at time t=0. Initial hydrate formation
rates of 0.00047 and 0.00066 mol/min were obtained at 8.0 MPa for the 30.0nm and
100.0 nm gels respectively, indicating an increased rate of hydrate formation in the larger
pore size. However at 9.0 MPa the initial rates obtained were 0.00071 and 0.00073
mol/min for gel 1 and 2, which indicates that though initial rates may be similar, there is
a limiting effect observed in the 30.0 nm gel that results in the lower final gas
consumption value compared to the 100.0 nm gel.
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Material balance calculations as previously described were used to calculate CO2
recovery or split fraction (Sp.Fr.) and separation factor (S.F.) for gel 1 and 2 as shown in
Table 4.1. The CO2 recovery calculated for the 8.0 MPa experiments were higher than
those obtained for the 9.0 MPa experiments in both cases, agreeing with the observations
of Linga et al. [84] that a higher driving force reduces CO2 inclusion in the hydrate phase.
This is explained by the higher equilibrium formation pressure for pure N2 compared to
CO2, indicating that at a higher pressure, the N2 molecules compete more with CO2 for
cage occupancy thus lowering the CO2 in the hydrate. As with the gas consumption and
phase analysis results, the 100.0 nm gel also outperforms the 30.0 nm gel in CO2
recovery, with a value 41% of CO2 recovered for the 100.0 nm gel compared to 21% for
the 30.0 nm gel.
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Figure 4.6
Gas phase CO2 measurements during hydrate formation at 272.15 K and
9.0 MPa in 30.0 nm (a) and 100.0 nm (b) silica gel.
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Figure 4.7
CO2 content in the gas phase (initial composition), hydrate phase and
residual gas phase (final composition) for CO2/N2 hydrate formation at 272.15 K and 8.0
MPa (a) and 9.0 MPa (b).
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Table 4.1
and 2

Split
Fraction
Separation
Factor
Rfa (mol/min)
a

CO2 Recovery, Separation Factor and Hydrate Formation Rates for gel 1
30.0 nm (40-75 µm)

100.0 nm (40-75 µm)

8.0 MPa
0.16

9.0 MPa
0.21

8.0 MPa
0.42

9.0 MPa
0.41

8.42

3.20

5.82

3.69

0.00047

0.00071

0.00066

0.00073

Rate of hydrate growth (gas consumption rate for first 20 min)
The results from kinetic experiments on silica gel 1 and 2 show marked increases

in gas uptake and final hydrate phase composition in the 100.0 nm gel compared to the
30.0 nm gel. The two silica gels have identical particle size distributions and pore
volume, and were saturated with the same quantity of water. This indicates that the
difference is between the two gels occurring as a result of the pore size difference
between the gels. Though the process of hydrate formation in porous media like silica gel
is not clearly understood, Seo et al. [30] postulated that CO2 molecules are transported
from the gas phase and are able to diffuse into the pores to participate in the formation of
hydrate. Diffusion rates of gases through porous materials can be significantly lower than
through air, and would depend on the properties of the medium such as porosity, pore
sizes and pore connections [100]. Mu et al [101] describe diffusion of gases in porous
materials mathematically by Fick’s law. Considering the mass flux per unit volume
(gcm-1s-1) in across a single pore as
mi , j = Dij ( ρ i − ρ j )

(4.1)

where Dij is the effective diffusion coefficient in cm2s-1 of the pore connecting site
i and site j, ρi and ρj are gas concentrations in g/cm3 at site i and j respectively. The
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diffusion coefficient essentially governs the rate at which gas diffuses from one site to the
other, and this rate is usually expressed in the form diffusivity - ratio of the effective
diffusion coefficient through the porous medium to the diffusion coefficient in ambient
air. In mathematical terms the effective diffusion coefficient can be related to the
corresponding coefficient through air by the porosity. By making simplified limiting case
assumptions, such as no diffusion taking place through the solid portions of the porous
material, the cross section area available for diffusion would be the average area of the
pore space, that is εA, where A is the total area of the cross section [101]. The resulting
expression is:
Deff
Db

≡ε

(4.2)

where
Deff = effective diffusion coefficient of the gas in the porous medium
Db = bulk diffusion coefficient of the gas through air

ε = porosity of porous medium

Given this relationship between diffusivity and porosity, it is evident that the size
of pores present in a porous material will have an effect on diffusion rates of gases within
the material. Simulation studies on a 3-D bond pore network model were presented by
Mu et al [101] to evaluate pore size effects on effective diffusion coefficient. Their
results indicate that the diffusivity increases with mean pore diameter when the pore size
< 1 µm as a result of the Knudsen effect, with a very strong dependence of effective
diffusivity on pore size.
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To estimate the pore size effect, Dij in equation (4.2) was defined by Mu et al
[101] as
1
1
1
=
+
Dij Db Dk

(4.3)

where Di,j is bulk diffusion coefficient in a single cylindrical pore, Db is the bulk
diffusion coefficient, and Dk is the Knudsen diffusion coefficient given by
Dk ≈ 48.5d p

T
M

(4.4)

where dp is the pore diameter, T is temperature and M is the molecular weight of the gas.

The equations as stated above describe the case of a gas diffusing through air as
the bulk medium, but this study involves gas diffusion through water; assuming Knudsen
diffusion is also important in water, pore size effect similar to that observed with in air
can be expected while bulk diffusion coefficient Db would be determined accordingly for
water as the bulk medium. The pore sizes used in this current study lie within the stated <
1 µm range of pore size effects determined by Mu et al [8], thus it can be inferred from
these results that the increased hydrate formation observed in the 100nm gel is likely as
result of increased diffusion rates in the larger pore compared to the 30nm gel. As a result
it will be favourable to carry out hydrate formation for CO2 capture with the larger pore
size gel.
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4.4

Particle size effect on hydrate formation kinetics and CO2 recovery efficiency

In light of the observed effects of pore size on hydrate formation kinetics and
separation efficiency, further insight is needed into the effect of other silica gel properties
such as particle size on the CO2 capture process. Porosity of a porous material such as
silica gel is a combination of the internal pore spaces, as well as the inter-particle spaces
between individual silica gel spheres. Thus in order to investigate the effect variation in
the inter-particle spaces on the kinetics and separation efficiency of hydrate formation, a
third silica gel was studied. This silica gel has a 100.0 nm pore size, the same pore
volume as the two gels previously studied (0.83ml/g) and a larger particle size
distribution of 75 – 200 µm compared to the 45 – 75 µm used for gel 1 and 2. The effects
of this property on the CO2 capture process can thus be evaluated.
Gas uptake measurements for gels 2 and 3 are displayed in Figure 4.9. The figures
show that the gas consumption values for hydrate formation as measured by the flow
meters for both gels are quite similar, with a 2% difference in the number of moles at 8.0
MPa and 10% difference for the 9.0 MPa experiments. The initial hydrate formation rate,
Rf, was calculated for the two experiments with values of 0.00066 and 0.00064 mol/min

obtained at 8.0 MPa for gel 2 and 3 respectively, while a rate of 0.00073 mol/min was
observed at 9.0 MPa in both cases. The experiments with the 75-200 µm gel in both cases
show the larger consumption values, though the 2% difference obtained for the 8.0 MPa
experiments can be said to be statistically insignificant. A larger increase in gas
consumption for the larger particle size is observed in the 9.0 MPa experiments, but the
other measures of process performance need to be evaluated to give further insight into
the differences in the two experiments.
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Gas composition measurements were taken during the kinetic experiment on gel 3
as previously described for gels 1 and 2, with a final CO2 concentration of 10.20% and
10.83% for the 8.0 MPa and 9.0 MPa respectively. These values are less than 11.27% and
12.02% obtained under the same experimental conditions for gel 2 (100.0nm 40-75 µm).
This indicates that though the gas consumption values from the flow meter readings are
nearly equal, there is slightly higher CO2 depletion in the 75-200 µm particle size gel.
This is confirmed by the higher CO2 hydrate composition obtained for the latter – 47.96%
and 45.51% at 8.0 MPa and 9.0 MPa compared to 46.73% and 44.80% for the 40-75 µm
gel.
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Figure 4.8
Gas uptake measurement curves for hydrate formation in two 100.0 nm
silica gels with varying particle size at 272.15 K and 8.0 MPa (a) and 9.0 MPa (b).
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Mass balance calculations for the three gels showing the split fraction/CO2
recovery and separation factor results are displayed in Table 4.2. It can be seen from the
figures that the 75-200 µm gel achieves higher CO2 capture as shown by the split fraction
results, with 51% of the CO2 captured in the hydrate phase compared with 41% for the
40-75 µm gel at 9.0 MPa. This is in agreement with the earlier observations in phase
measurements and gas uptake calculations. These results indicate that internal pore space
is the dominant contributor to bed porosity with inter-particle spaces playing a lesser role.

It can thus be concluded that increased pore size achieves a large improvement on
hydrate formation kinetics and CO2 recovery from 30.0 to 100.0 nm. Increased particle
size also produces some improvement in process performance as increased from 40-75 to
the 75-200 range, albeit to a lesser extent.

Table 4.2

CO2 Recovery, Separation Factor and Hydrate Formation Rates for gel 1,

2 and 3

Split
Fraction
Separation
Factor
Rfa (mol/min)
a

30nm (40-75 µm)

100nm (40-75 µm)

100nm (75-200 µm)

8.0 MPa

9.0 MPa

8.0 MPa

9.0 MPa

8.0 MPa

9.0 MPa

0.16

0.21

0.42

0.41

0.45

0.51

8.42

3.20

5.82

3.69

9.86

8.22

0.00047

0.00071

0.00066

0.00073

0.00064

0.00073

Rate of hydrate growth (gas consumption rate for first 20 min)
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Figure 4.9
CO2 content in the gas phase (initial composition), hydrate phase and
residual gas phase (final composition) for CO2/N2 hydrate formation at 272.15 K and 8.0
MPa (a) and 9.0 MPa (b).
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4.5

PXRD and Raman Analysis

Hydrate samples synthesized in each of the three silica gels were analyzed by
PXRD first to confirm the presence of hydrate and to verify the crystal structure. A
typical PXRD pattern of sI hydrate is shown in Figure 4.10. The pattern for hydrates
formed from 17% CO2/N2/Water in silica gel was fitted to a standard sI hydrate. These
structural results obtained for the hydrate samples are in agreement with results in the
literature [51] indicating that the confined nature of these hydrates does not alter the
crystal structure of the hydrates. Thus the hydrates confined in the silica pores can be
considered to possess the same properties as bulk hydrate samples.

Hydrates formed from CO2/N2/THF/Water in silica gel were also analyzed by
PXRD. The hydrates formed in this case were of sII crystal structure, as shown in Figure
4.10 below. THF forms sII hydrate as a single guest, with the CO2/N2/THF system
reported to form sII as well. The presence of THF in the large 51264 cages likely reduces
the available cavities for CO2 in the hydrate phase, and this leads lower CO2
concentration in the decomposed gas from the hydrate compared to the previous results
with no THF present.
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Figure 4.10

PXRD Pattern of CO2/N2/Water hydrate in 30.0nm silica gel forming sI

hydrate

Hydrate samples were also analyzed with Raman spectroscopy to confirm the
presence of hydrates in the three silica gel types. Distinct peaks from the symmetric
stretching vibration bonds for CO2 and N2 molecules in the clathrate were obtained from
the Raman spectra as shown in Figure 4.11. N2 in hydrate produced a strong single peak
of 2324.8 cm-1 while CO2 yielded the combined Fermi diad peaks of 1279.53cm-1 and
1382.22cm-1. Raman shift values obtained are in agreement with the results of Murphy
and Roberts [102].
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Figure 4.11

Raman spectra of 17% CO2/N2/1.0 mol% THF (sI) hydrate in 100.0 nm

silica gel
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4.6

CO2/N2/THF hydrate formation in silica gel pores

The results obtained so far have shown that high operating pressure remains a
drawback of a hydrate-based CO2 capture process as mentioned in previous studies [29,
84]. It is thus desirable to evaluate the CO2 capture performance of hydrate formation in
silica gel in the presence of THF as a pressure reducing additive. Kinetic experiments
were carried out with a 17% CO2/N2 gas mixture with 1mol% THF solution in water,
which is the optimal concentration determined by Linga et al [29] for hydrate formation.
Based on the previous results, the experiments were performed with the 100.0 nm, 75200 µm gel which gave optimum performance among the three gel types studied. The
experiment was performed at 272.15 K and 5.0 MPa which is 4.0 MPa lower than the
maximum operating pressure studied for the experiments without THF. This pressure was
selected after a number of trials in order to achieve an appreciable rate of hydrate
formation and CO2 fractionation in the hydrate phase. The gas uptake measurements are
shown in Figure 4.12 for the THF kinetic experiment, and it can be clearly seen that gas
consumption tapers off at ~80 minutes with marginal incremental consumption observed
beyond this point, compared to the experiment at 8.0 MPa where the gas consumption
curve is still on an upward trend after 240 minutes. Initial rate of hydrate formation, Rf,
calculated for the experiment with 1mol% THF 0.00087 mol/min. This initial rate is
higher than the highest initial rate of 0.00073 mol/min observed in gel 3 without THF,
indicating that the presence of THF improves initial rates of hydrate formation but
reduces the total gas consumption. The decrease in gas consumption can be attributed to
the presence of THF in the large cages of sII hydrate formed, thus reducing the available
cavities for CO2 and N2.
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Hydrate phase and residual gas phase analyses were performed for the THF kinetic
experiment as shown in Figure 4.13. Gas phase CO2 concentration reduced from 17% to
14.72%, while the evolved gas from hydrate composition contained 28.57% CO2

0.1
Gel 3 no THF 9.0 MPa

0.09

Gel 3 1mol% THF 5.0 MPa

Gas consumption [mole]

0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0
0

50

100

150

200

250

300

Time [min]

Figure 4.12 Gas uptake curves for CO2/N2 and CO2/N2/THF hydrate formation in
100.0 nm, 75-200 µm silica gel.
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4.7

Comparison between hydrate formation kinetics in bulk water systems and
water dispersed in silica gel pores

One of the primary aims of utilising water dispersed in silica gel pores for hydrate
formation is to investigate improvements in kinetics or conversion compared with bulk
water systems. It is therefore necessary to compare the results obtained in this current
study with bulk water experiments to ascertain any differences between the two systems.
Linga et al. [84] reported CO2 split fraction of 0.42 for hydrate formation with 16.9%
CO2/N2 mixture at 0.6oC and 10.0 MPa. The best case results in this study for silica gel 3
(100.0 nm 75-200 µm) give a split fraction of 0.51 at -1oC and 9.0 MPa. In terms of
hydrate phase and residual gas phase compositions, Linga et al. [84] report 57% and
9.7% CO2 respectively at the aforementioned conditions, while results in this study on
silica gel 3 give 45.51% and 10.83% CO2 respectively.

These results indicate the bulk water system achieves a higher CO2 concentration
in the hydrate phase and a lower residual gas phase concentration, while higher CO2
recovery is observed in the present study. It should be noted, however, that the bulk water
experiments were carried out for 120 minutes while experiments in the current study
were run for 240 minutes. The longer duration in the current study was used because
significant gas consumption was still observed after 120 minutes; the experiments were
not terminated till 240 minutes when hydrate formation as reflected by gas consumption
had significantly reduced. In addition to this, the experimental pressure and temperature
are not identical, but similar and this likely affects the results obtained.
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A further important difference to note between the two studies is in the quantity of
water charged to the system for hydrate formation. The Linga et al. [28, 84] studies use
140 ml of water, while 35 ml of water was used in this study. Thus in order to make a
valid comparison in the gas uptake data, the variation of gas consumption/mole of water
with time was determined from the previous study [28] and compared to this present
work as displayed in Figure 4.14. It can clearly be seen that a far greater gas
consumption/mole of water is recorded in the silica gel experiment compared to the bulk
water system. While gas uptake from the bulk system has levelled off by 120 minutes, the
rate of gas consumption is still sustained in the silica gel experiment. This confirms that
dispersing water in silica gel pores increases the amount of hydrate formed dramatically
over that obtained in a bulk water system. Thus it is highly beneficial to carry out CO2
capture via hydrate formation with water confined in silica gel pores.
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Figure 4.14 Comparison between gas uptake data of bulk water systems with pore
confined water in silica gel for hydrate formation from 17% CO2/N2 mixture.

Figure 4.15 displays results in silica gel 3 compared with bulk water in a stirred
reactor [28] with 1mol% THF used in both cases. This data is depicted in moles of gas
consumed/mole of water. It should be noted that the experimental conditions for the two
experiments differ: 2.6 MPa and 0.6oC for the stirred reactor case and 5.0 MPa and -1oC
for the silica gel experiment. Increased gas consumption per mole of water is observed in
the silica gel case over the bulk water experiment. A residual gas phase CO2
concentration of 14.72% was obtained for the silica gel experiment, while the experiment
in the bulk system yielded 11.23%. Hydrate phase analysis showed 28.57% CO2 in the
hydrate for the silica gel case and 37.21% CO2 in the bulk water system. The bulk water
experiment also yielded higher CO2 recovery of 0.46 compared to 0.19 obtained in the
current study.
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Figure 4.15 Comparison between gas uptake data of bulk systems with pore confined
water in silica gel in the presence of 1mol% THF for hydrate formation from 17%
CO2/N2 mixture

It is not clear why there is significantly poorer CO2 inclusion in the hydrate phase
for the silica gel experiment when compared to the stirred reactor case. 5.0 MPa was
selected as an operating pressure for this study because appreciable hydrate formation
was not obtained below this value in the porous silica gel. While there is an increase in
gas consumption, CO2 recovery is significantly lower in the silica gel case compared to
bulk water. The hydrate phase composition is also reduced compared to the bulk water
case, but this same trend was observed with the systems without THF as discussed
previously. Linga et al [28, 84] report comparable CO2 recovery of 0.42 and 0.46 for the
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pure water and 1 mol% THF experiments respectively, while in this current study a
reduction from 0.51 to 0.19 is observed. The interaction of silica gel with THF solution is
not well known, and the inhibiting effect of confining the water in pores coupled with the
presence of THF may be responsible for this reduced CO2 recovery. It is also possible
that due to differences in equilibrium conditions between bulk water systems and water
confined in silica gel pores, 1 mol% THF may not be the optimal concentration for use in
silica gel. Clearly this area requires more investigation and should serve as the basis for
future studies.
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CHAPTER 5
CONCLUSIONS AND RECOMMENDATIONS
5.1

Conclusions

Post combustion CO2 capture through hydrate formation in a silica gel column has
been investigated using different silica gel types, operating conditions and an additive.
The following conclusions can be made from the results of this study.

1. Water confined in 30.0 nm and 100.0 nm silica gel pores exhibit freezing point
depression such that gas-liquid contact is achieved during hydrate formation at
272.1 K. Water adsorbed on the silica gel surface is not chemically bound to the
gel thus making it available for hydrate formation.

2. Higher pressures favour increased hydrate formation by achieving higher gas
consumption into the hydrate phase. This results in a greater CO2 capture by the
process thus making it a suitable candidate for further study for industrial
application.

3. Increasing pore size from 30.0 to 100.0 nm improves CO2 capture by increased
gas uptake and higher CO2 recovery or split fraction. This effect arises from
improved diffusion conditions in the larger pores for the gas molecules to form
hydrates with the water confined in the silica gel pores.
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4. Increasing silica gel particle size range from 40-75 µm to 75-200 µm improves
the hydrate formation process in terms of increased gas uptake by the hydrate and
higher CO2 recovery. This improvement is not as large as is observed by
increasing pore size, but is still significant since inter-particle spaces contribute to
overall bed porosity thus contributing to improved gas diffusion through the silica
gel column.

5. Gas uptake by hydrate formation (moles of gas/mole of water) is markedly
improved when water dispersed in silica gel is used compared to bulk water. This
results in energy savings by eliminating the need for mixers or agitators as well as
achieving better conversion of water to hydrate.

6. The silica gel with 100.0 nm pore size and 75-200 µm particle size achieves
higher CO2 recovery than bulk water systems and can thus be used to evaluate
process performance with additives.

7. The use of 1 mol% THF as an additive reduces the operating pressure required to
achieve hydrate formation in silica gel pores and reduces the initial rate of hydrate
formation over the experiments without THF. However hydrate phase CO2
concentration is reduced due to the presence of THF in the hydrate phase.
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8. CO2 recovery when 1 mol% THF is used in silica gel was lower than results
obtained in a stirred tank system, indicating that the optimum THF concentration
for the silica gel system is different from that obtained in the bulk water case.
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5.2

Recommendations

Significant insights into the effects of silica gel properties and the presence of
THF on CO2 capture through hydrate formation have been gained through this study.
Based on the foregoing conclusions, a number of recommendations can be made as to
how this work may be improved and extended in future investigation.

1.

A conceptual process based on multiple hydrate formation stages in silica gel
columns can be devised. This would involve determining the number of
hydrate formation/decomposition stages needed to achieve a CO2 stream of
95-99% purity suitable for sequestration/enhanced oil recovery uses, with the
enriched gas from each stage serving as the feed gas for hydrate formation in
the next stage.

2.

More insight is required into the effects of THF on the hydrate formation
kinetics in silica gel. A detailed study focusing on determining the optimum
THF concentration for use in a silica gel system should be undertaken.

3.

Particle sizes studied in this work involved one order of magnitude difference
between the gels (40-75 and 75-200 µm). A wider study incorporating larger
particles up to millimeter size should be studied to investigate any possible
effects this would have on the hydrate formation kinetics.
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4.

Gas consumption/conversion into hydrate has received attention in this study;
however accurate information is not available as to the quantity of water
converted to hydrate. NMR micro-imaging and other microscopic techniques
should be applied to give more insight into water conversion.

5.

The current study employed a stationary silica gel column to form hydrates;
alternative reactor designs such as fluidizing silica gel particles in the flue gas
stream may be considered to improve kinetics.

6.

For this process to be considered a valid alternative to the amine process and
other technologies currently being promoted for CO2 capture applications,
process scale up and detailed economic analysis of the process should be
carried out. This will facilitate a cost comparison between the silica gel
process and other available technologies.

7.

Hydrate formation in silica gel pores should be evaluated as a means of
separating fuel gas produced from gasification - essentially CO2/H2 mixtures
thus producing a pure H2 feed to gas turbines in an integrated gasification
combined cycle (IGCC) power plant.
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(b)
Figure A-1 Gas phase CO2 measurements during hydrate formation at 272.15 K and
8.0 MPa in gel 1 (a) and gel 2 (b).
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(b)
Figure A-2 Gas phase CO2 measurements during hydrate formation in gel 3 at 272.15
K and pressure 9.0 MPa (a) and 8.0 MPa (b).
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Figure A-3 Gas phase CO2 measurements during hydrate formation at 272.15 K and
5.0 MPa 100.0 nm silica gel with 1 mol% THF.

109

