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ABSTRACT

This report is about the study on clathrate hydrates. Clathrate hydrates have been
intensively studied due to its potential to be one of the energy sources. This project focuses
on clathrate hydrates thermodynamics properties which are the enthalpy of dissociation and
hydration number. Experimental work can be done to estimate both values, the enthalpy of
dissociation and hydration number. However, due to time constraints as well as the limited
laboratory equipments, the value will be determined by using theoretical calculation. By
using the Clapeyron equation, both enthalpy of dissociation and hydration for selected
systems will be estimated. The Clapeyron equation is chosen because it takes into account
the volume changes of the systems and the solubility of water in gases at appropriate
temperature and pressure. Avatlable data such as phase equilibrium data are the key
important in determining the values. The value estimated will be validated with the
previous studied data. The values estimated will be documented and these values can be
very useful as a base in order to investigate the potential of clathrate hydrates to be one of

the energy sources.
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CHAPTER 1: INTRODUCTION

1.1 BACKGROUND OF STUDY

Clathrate hydrates are clathrate compounds in which the host molecule is water and
the guest molecule is typically a gas. Without the support of the trapped ﬁolecules,
the lattice structure of clathrate hydrates would collapse into conventional ice crystal
structure or liquid water. Most low molecular weight gases (including O, Hz, Na, CO,,
CH,, HoS, Ar, Kr, and Xe) as well as some higher hydrocarbons will form hydrates at

suitable temperaturcs and pressures.

In addition, clathrate hydrates are not chemical compounds as the sequestered
molecules are never bonded to the lattice. The formation and decomposition of clathrate
hydrates are first order phase transitions, not chemical reactions. Their detailed formation

and decomposition mechanisms on a molecular level are still not well understood.

- Clathrate hydrates are well known structures that were considered for many years as
harmful by the oil and gas industry because of their annoying tendency to plug pipelines.
(Chatti ef al., 2005) Intense research on natural gas hydrates was conducted by the oil and
gas industry when it was pointed out that these compounds were responsible for plugging
natural gas pipelines. (Hammerschmidt, 1934) In fact, light gases such as methane or
ethane present in petroleum products are easily trapped as guest molecules in hydrate

structures.

But somehow, clathrate hydrates are now attracting renewed interest in many fields.
The reasons are that because of the hydrates widespread occurrences and the potential of
the hydrates to be resource for energy production causes global climate changes and things
related. Due to this, clathrate hydrates have successfully attracied the attention of the

scientific community of worldwide to conduct a study about it.

~ Gas hydrates naturally found in deep seas and permafrost may provide a large
amount of methane. Methane hydrates stored within and trapped below the hydrated
sediments has a large energy potential. It is estimated to be twice the amount of total fossil

fuel energy reserves of the world. Gas hydrates like methane hydrates is appear to be a

1



candidate as an alternative energy that can act as a clean fuel, provided that the

environmental impact is taken into consideration.

Even though clathrate hydrates can be considered as the main sources of energy for
the future, gas hydrate deposits might represent a real threat to the environment. Indeed,
when considering offshore hydrates as a global methane reservoir, exploitation of these
sediments in unfavorable circumstances could drastically modify the marine ecosystem and
even generate underwater gas bioWOuts. (Glasby, 2003) Moreover, destabilizing hydrate

sediments plays an undeniable role in climate change.

Other positive applications include carbon dioxide sequestration (Lee et al., 2003),
separation and natural gas storage (Sloan, 2000) and transportation. It is all due to the high
gas concentration of the clathrate hydrates. Finally, the use of their dissociation energy can
be applied in refrigeration applications, such as cool storage or air conditioning. (Tanasawa

et al., 2002; Fournaison et al., 2004)

For the industry, in order to utilize clathrate hydrates® energy potential in any
applications, one needs a deep understanding and knowledge about clathrate hydrates
compound especially in terms of its thermodynamics properties. These thermodynamics
properties such as its phase equilibrium data are highly crucial in order to develop clathrate
hydrates potential to be used in the industry. Study on thermodynamics properties of
clathrate hydrates can be done via experimental procedure such as differential scanning

calorimetric.

Previous research work done by the scientists and researchers can be used as a basis
to understand the clathrate hydrates behavior. The temperature and pressure data as well as
the phase’s condition data has been collected by them. These data can be used to develop
the phase equilibrium diagram. From the phase equilibrium diagram, the behavior of
clathrate hydrates can be known and help to estimate which region of temperature and

pressure that has high energy level.

Moreover, any applications developed can suits the clathrate hydrates behavior.
Once successful, the potential of clathrate hydrates to be one of the energy sources can be

known and commercialized publically.



1.2 PROBLEM STATEMENT

Theoretically, the enthalpy of dissociation and hydration number of clathrate
hydrates can be estimated by using the analysis of the Clapeyron equation. Based on
previous work done by Anderson (2003, 2004), he clearly stated that, this analysis takes
into account the finite volumes of the condensed phases, the non-ideality of the vapor

phase, and the solubility of gases in water.

Anderson {2003, 2004) analysis is an improvement on previous analyses because it
uses the Clapeyron equation directly which avoided the simplifying assumptions that must
be made to use the Clausius-Clapeyron equation. In his work, he utilizes recently published
data {Anderson, 2002) for the solubility of gases in water in the appropriate temperature

and pressure region.

Based on Anderson studies, it is my attempt to conduct an analysis to estimate the
enthalpy of dissociation and hydration number for selected clathrate hydrates systems. If
the comparison of his work with my research project are accurate, and obeys all the
assumptions, then his method of analysis, the enthalpy of dissociation and hydration

number can be used for other type of clathrate hydrates in the future.

As a preliminary step, the phase equilibrium data of single clathrate hydrates
systems will be selected and studied. Other relevant data will be collected to be used in the
calculation steps. The hydration number and enthalpy of dissociation of the single clathrate
systems will be predicted by using the Clapeyron equation. From this, the results of

calculation will be compared and validated.

From this work, it is expected that the Clapeyron equation can be use to predict the
estimation of the hydration number and enthalpy of dissociation of selected single clathrate

hydrates systems.



1.3 OBJECTIVES OF PROJECT, SCOPE OF STUDY AND OUTLINE OF
REPORT:
By taking into account all the limitations for this research project, the objectives of

this research are:

1. To estimate the enthalpy of dissociation and hydration number from the phase
equilibrium data in a single clathrate hydrate systems.

2. To test the accuracy of the predicted result from the Clapeyron equation by using
AADY% (average absolute deviation).

3. To compare the predicted result from the Clapeyron equation with the Clausius-
Clapeyron equation.

4, To validate the estimated values with experimental result done by previous

researchers.

The enthalpy of dissociation and hydration number can be determined by analysis of
experimental work by using high pressure differential scanning calorimetry. However, due
to the time constraints as well as the limited laboratory equipments, these both values are

being estimated by using theoretical calculation in this project.

The scope of this project is to estimate the enthalpy of dissociation and hydration
number of clathrate hydrate systems by doing analysis on the Clapeyron equation. Based on
the equation there are certain values that need to be extracted from the series of
mathematical calculation steps based on the phase equilibrium diagram. The estimated
value for phase behavior collected will be used in the Clapeyron equation in order the get

the estimated value for both the enthalpy of dissociation and hydration number.

In Chapter 2, the literature work is done to have a complete understanding about the
aims of this research project. A strong knowledge about the structure of clathrate hydrates
as well as the enthalpy of dissociation and hydration number can help to build a strong

understanding to achieve the objectives of this research project.

The experimental data of several clathrate hydrates systems will be selected and

studied. The experimental data involving the temperature and pressure has been collected
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by Sloan and Koh (2003). These data are highly crucial because it acts as a basis in order to

develop the phase diagrams for the selected clathrate systems.

The analysis of data will only take into account in determining the enthalpy of
dissociation and hydration number for the dissociation of solid hydrate to gaseous carbon
dioxide and liquid water, and dissociation of solid hydrate to gaseous carbon dioxide and

ice.

Since there are various types of clathrate hydrates, for this partiéular research
project, only methane (CHyg) hydrate, carbon dioxide (CO,) hydrate and ethane (C,Hj)
hydrate are chosen to be studied. For this research project, the temperature and pressure

range selected from experimental data will be different for each type of hydrates systems.

In Chapter 3, the methodology or series of calculation steps involved are described.
By referring to the calculation techniques done by Anderson (2003, 2004) and altering
certain measures, all assumption that is used in the Clapeyron equation are taken into
account. This is to ensure that the estimated result of enthalpy of dissociation and hydration

number obtained will yield an accurate result.

The results of the estimated calculation for enthalpy of dissociation and hydration
number of the methane hydrate and carbon dioxide are presented and discussed in Chapter
4. Here, the estimated value is also being validated with the previous work done by
Anderson for methane hydrate and carbon dioxide hydrate. Finaily, conclusions of the

present work together with the future recommendations are presented in the Chapter 5.



CHAPTER 2: LITERATURE REVIEW

2.1 CLATHRATE HYDRATES

Clathrate hydrates were first discovered in 1810 by Sir Humphry Davy. In the early
days, clathrate hydrates were only considered as a laboratory curiosity. In the 1930s
clathrate formation turned out to be a major problem, clogging pipelines during
transportation of gas under cold conditions. (Thomas, 2004) That time marked the
beginning of an intense research effort on natural gas hydrates by the industry, the
government, and the academia. Since then, study on hydrates has been iﬁténsiﬁed
especially after discovery of the vast quantities of hydrates in the earth’s crust. (Buffett and
Archer, 2004)

‘Clathrate hydrates are a mixture of water and low molecular gases that crystallizes
to form a solid ‘ice plug’ under appropriate conditions of temperature and pressure. They
are formed when hydrogen-bonded water molecules form cage-like structures, known as
cavities in the crystalline lattice. These cavities have to be at least partially filled with
hydrate-forming molecules, also known as the ‘guest molecules’, in order to stabilize the
structure. (Sabil, 2009)

Currently, clathrate hydrates have three sttuctures that have been well studied which
are structure 1 (sl), structure II (slI), and structure H (sH). These structures can be easily
distinguished depending on the type and size of the guest molecule presents in the structure.

Figure 2.1 shown below is the types of cavities present in each structure.
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Figure 2.1: The three common hydrate unit crystal structures based on Stoan (2003).

The unit cell of structure I hydrate composts of two 54 cages, six 57°6° cages and 46
water molecules. The unit cell of structure I1 hydrates composis of sixteen 5% cages, eight
526" cages and 136 water molecules. Plus, structure H composts of three 5% cages, two
4°5°¢° cages, one 56" cages and 34 water molecules. In all three structures, typically there
is only guest molecule within each cage and in order to form hydrates, the size of the guest

molecules cannot be too large or too small compared to the size of the cavities.

Inside each cavity resides a maximum of one of small guest molecules, typified by
the eight guests associated with 46 water molecules in strueture I (2[5'7].6[526°1.46H:0),
indicating two guests in the 5'7 and six guests in the 57267 cavities of structure I. similar
formulas applied for structure II and structure I are (16[57].8[5'%6'1.13H,0) and
(3{571.214%5°6°1.1[5'%6%1.34H,0), respectively. (Sloan, 2000)

Based on Sloan (2000), structure I, a body-centered cubic structure forms with

natural gases containing molecules smaller than propane. Consequently, structure 1 hydrates
7



are found in situ in deep oceans with biogenic gases containing mostly methane, carbon
dioxide and hvdrogen sulfide. Structure I, a diamond lattice within a cubic framework,
forms when natural gases or oils confain molecules larger than ethane. Siructure il
represents hydrates from most natural-gas systems. Finally, structure H hydrates must have
a small occupant (like CHy, Nz, or COy) for the 512 and 4°5%° cages. But, the molecules in
the 5'%6® cage can be as large like ethyl cyclohexane. Structure H has not been found

commonly in natural-gas systems to date.

2.2 CLATHRATE HYDRATES PHASE BEHAVIOR

Based on the definition of hydrates, the amount of gas that dissolves in water to
occupy between water molecules depends on the temperature and pressure. When the
pressure is high, gas compresses and fills the spaces until they are saturated. Each
component of gases such as methane and carbon dioxide has different water solubility. Asa
result, clathrate hydrates will form at different temperatures and pressures for different
compounds. Figure 2.2 presents a typical phase diagram for a mixture of water with a light,
pure hydrocarbon (HC), similar to that presented by McCain (1990). (Adewumi, 2008)

'y Ligquid HC
i3 : _ +Water C
| Hydrate /
Hydrale |  + Free Water
- +Ice e
- 'si Q’Z » ) -
; Conditinns at which gas
¥ el Hoprid waler combine
1o foom hopdestes
+ :
R+ Hydeoestbon Gas
HC Gas
ol &

Figure 2.2: Phase Diagram for a Water/Hydrocarbon (HCJ System. (Adewumi, 2008)



Based on the diagram, the behavior of the clathrate hydrates can be simplified into:

» The three-phase critical point, point C — the condition where the liquid and gas
hydrocarbon merge into a single hydrocarbon phase in equilibrium with liquid

water.

s The upper quadruple point, Point (3, — four phases which are liquid water, liquid

hydrocarbon, gaseous hydrocarbon, and solid hydrate are found in equilibrium.

o The lower quadruple point, Point Q; — where typically occurs at 0 °C (ice freezing
point) where four phases which are ice, hydrate, liquid water, and hydrocarbon gas

are found in equilibrium.

The most important equilibrium line is the Q;Q. segment. It represents the
conditions for hydrate formation or dissociation. Phase Behavior thermodynamics is
usually invoked for the prediction of the ;Q; hydrate formation/dissociation line. It also
known as the equilibrium line where hydrates exist in the form of liquid/ice water +

hydrates -+ vapor (natural gas).

When focus on this zone, the phase behavior of water/ hydrocarbon system is

simplified to the schematic shown in Figure 2.3.
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Figure 2.3: Conditions of methane hydrates and carbon dioxide hydrates
Jormation. (Makogon, 1997}

Based on the diagram, it can be further simplified into:

¢ ABCD is the water — ice phase transition curve

+ ghik is the methane vapor pressure curve

¢ abed is the carbon dioxide vapor pressure curve

¢ gIbFGH is the methane hydrate P — T equilibrium curve

« aJcL is the carbon dioxide hydrate P —T equilibrium curve

e pw 1s the water vapor pressure curve.

Plot above shows of pressure — temperature dependence of methane and carbon
dioxide stability for low temperature and for high pressure respectively. It is very critical to

have a deep understanding with the phase diagram as this diagram represents as the base for
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this project where data needed in the calculation will be extracted from the diagram. But

first, the temperature and pressure data from previous experimental work will be taken from

avaitable sources.

2.2.1 Methane Hydrates

Methane hydrate will be the first hydrates to be studied in this project.
Studies had shown that methane hydrate is among the bydrates that have the
potential to be one of the energy sources. Methane forms a structure | hvdrate. The
phase behavior of methane hydrate can be seen clearly in the P-T diagram below.
As shown, methane hydrate equilibrium diagram fulfill the similarity with the
typical hydrates compound phase behavior. While it is stable at a temperature of up
to around 273 K, at higher pressures methane hydrate remain stable up to 291 K.
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145 2z

Figure 2.4: Three — Phases data for methane hydrate. (Sloan and Koh, 2003}
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2.2.2 Carbeon Dioxide Hydrates

Carbon dioxide forms structure I hydrate under appropriate pressure and
temperature conditions. (Sabil, 2009) The phase behavior of carbon dioxide hydrate
can be seen clearly i the P-T diagram below. (Sloan and Koh, 2003) As shown,
carbon dioxide hydrate equilibrivm diagram fulfill the similarity with the typical
hydrates compound phase behavior. At any specified temperature, carbon dioxide
hydrate will be stable as long as the pressure of the system is higher or equal to the
equilibrium temperature of the system. The critical temperature is 284 K (11°0),
where beyond that temperature; the carbon dioxide hydrate compound will reach the
region of instability. No hydrates compound between carbon diexide and water will

be formed beyond this temperature.
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Figure 2.5: Three — Phases data for carbon dioxide hydrate. (Sloan and Koh, 2003)



2.2.3 Ethane Hvdrates

Ethane hydrate will be the other hydrates to be studied in this project. Ethane
forms a structure T hydrate. The phase behavior of ethane hydrate can be seen
clearly in the P-T diagram below. Based on previous study, ethane hydrate data can
be found experimentally. As shown, ethane hydrate equilibrium diagram fulfill the
similarity with the typical hydrates compound phase behavior.
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Figure 2.6: Three — Phases data for ethane hydrate. (Sloan and Koh, 2003}



2.3 ENTHALPY OF DISSOCIATION

Enthalpy of dissociation of hydrates is an endothermic process in which heat must
be supplied externally to break the hydrogen bonds between water molecules and the Van
der Waals interaction forces between the guest molecules of the hydrate lattice to
decompose the hydrate to water and gas. (Sloan, 2003) The different methods can be used
in order to measure the enthalpy of dissociation, AH whether it is done theoretically or
experimentally. Theoretically, the approximation value of A/ can be estimated using the

Clapeyron equation or the Clausius — Clapeyron equation.

In the most thermodynamic case, the Clapeyron equation is used with pure
components to obtain the heat of dissociation from pure component phase’s data. The
Clapeyron equation is one the primary successes of thermodynamics, because it enables the
calculation of AH, which is difficult to measure, from easily available properties of
temperature and pressure. The analysis using the Clapeyron equation must take into
account, the non-ideality of the gas phase, the finite volume of the condensed phases and

the solubility of the gas in liquid water.

As Van der Waals and Platteeuw (1959) point out, however, the application of the
Clapeyron equation is thermodynamically correct, as long as the system is uni-variant and
relates the enthalpy changes of a phase-equilibrium reaction to the volumetric properties of

the reactants and products along the phase boundary.

The Clapevron equation relates the differential pressure change in dp that
accompanies a differential pressure change dT in a system where two or more phases are in

equilibrium. The equation is presented without derivation as,
dp AS  AH
dr ~ AV TaAV
(1)

14



It was suggested also by van der Waals and Platteeuw (1959) that the Clapeyron
equation could be applied to calculate the heat of decomposition of the single guest

clathrate hydrate systems along the three-phase equilibrium line.

According to Gibbs phase rule, the single guest clathrate hydrates system for

example; methane hydrate is uni-variant at the three-phase equilibrium conditions.

Gibbs phase rule: F=C-P~+ 2,
AndC =2 P=3
Hence, FF = 1.

Where £ is the degree of freedom, C = number of components, P = number of

phases.

The heat of dissociation can be calculated from the slope of the three-phase line and
the change in volume, AV using the Clapeyron equation for example, methane hydrate to

water and gas reaction in shown below,

dp ARH7WHG HoWHG How+g P
ar = Taymowee —> A =TAV ar
(2)

Where AV=Ve+ V- ¥Vy

Recently Anderson, (2003, 2004) calculated the heat of dissociation of pure
methane and carbon dioxide hydrates using the Clapeyron equation. The analysis accounts
for the change in the exact volume of hydrate, gas, and water/ icé phases. The slope of the
three-phase equilibrium curve at certain temperature was determined by first developing a

pressure vs. temperature diagram based on the available data from Sloan Jr. (2003).

From the graph, the dp/ d7 can be determined. The calculation for AV will be
determined according to the volume for each region.
e J; refers to the molar volume of pure methane vapor at certain temperature and

pressure.
15



e Vyis referring to the sum of molar volume for both;\ liquid water and methane.
e Vyrefers to the molar volume of hydrates which comes from the experimental value

done by previous researcher.

According to Anderson (2004), the term AV is the part of the Clapeyron equation
that presents the most difficulty. As the temperature increases over the stability field of the
hydrate, dp/ dT becomes very large and AV becomes correspondingly very small. It is
necessary to find accurate representations of the volumes of each of the phases in

equilibrium, and to account for how these vary with the temperature and pressure.

Later on, AH value can be estimated by adding up all this value. The important step
above is needed, in order to calculate the enthalpy of dissociation of both methane hydrate
and carbon dioxide hydrate. Mathematical tools involving differentiation as well as the

integration can be very useful in order to simplify the Clapeyron equation.
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2.4 HYDRATION NUMBER

Calculation for hydration number can only be done only after the calculation for the
enthalpy of dissociation is completed. De Forcrand had proposed his method by using the
Clapeyron equation to obtain the heat of dissociation from phase diagram, pressure-
temperature data, then considers the equilibrium of gas and 1 mol of liquid water (or ice)

with hydrates on either side of the ice point. For example:

Hydrates — Gas + n(liquid water) AH;

(3)
Hydrates — Gas + n (ice) AH,
(4)
n (liquid water) — n (ice) AH;
(5)
AHg = AHI - AHZ
(6)

Enthalpy of fusion (AH)) of water/ ice is well known, » can be obtained by dividing
the difference in AH values (AH; - Alf>) with the heat of fusion of water/ ice (AHp. n is

equal to moles of water (ice) converted to hydrates.

The theoretical considerations and observations reported in the literature on cage
occupancy of the hydrate structures can be used to justify the calculated hydration number.
The hydration number is calculated based on the number of cavities occupied by gaseous
molecules in the hydrate cage. (Khalik, 2009)
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CHAPTER 3: METHODOLOGY

3.1 EVALUATION OF CLATHRATE HYDRATES PHASE BEHAVIOR

Before any calculation steps can be done, understanding the hydrates component is
highly important. A strong literature review need to be done based on the previous study in
order to understand the problem and find the best solution to get the accurate result. Among
the segments that must be fully understand are phase behavior including the phase diagram
and formation condition of both methane hydrate and carbon dioxide hydrate.

From here, the value of the dp/dT expression in the Clapeyron equation will be
extracted from the phase diagram. This value need to be extracted carefully to ensure that
the value is taken at the correct temperature and pressure as well as the phases of the
hydrates. These data are highly important in order to complete the next step to determine

the enthalpy of dissociation.

Based on Anderson'(2004), he has come out with the steps of solving in order to get
the estimated value of enthalpy of dissociation and hydration number. These series of steps
will be used as the method to validate the estimated value of enthalpy of dissociation and
hydration number for single systems which are methane hydrate, carbon dioxide hydrate

and ethane hydrate.

Anderson (2004) has highlighted the steps involved for methane hydrate and carbon

dioxide hydrate respectively:

3.1.1 Mecthane Hydrate

The enthalpy of dissociation of methane hydrate will be determined from the

two equations represent the dissociation of:
» Methane hydrate to liguid water & gaseous methane

CH;.#H,0 (s) - CHy @+ #H,O (1) (AH}) ()

13



e Methane hydrates to ice water & gaseous methane.

CHy.1H0O () - CH; @7 nH,O (s) (AH 2) ®)

Determination of AH; and AH, will be done from an analysis of the pressure and
temperature (p, T) behavior along the liquid, hydrate, vapor (L, H, V) and ice,
hydrate, vapor (I, H, V) equilibrium lines respectively.

According to Anderson {2004), there is a small complication with regard to
reaction for A, the liquid in equilibrium with hydrate is not pure water, and rather
it is water that is saturated with respect to methane at the appropriate temperature

and pressure.

The mole fraction of methane in the water in equilibrium with the hydrate is
xcH.. Then n moles of water supplies mxcr, / (1 - xcu,) moles of methane to the
hydrate; while the rest is comes from the gas. Thus, reaction for AH; must be

analyzed as the sum of two terms:

CHenH0 9 > (1~ 7 )CH  + 1H0 g cnesmy (MM

(9)
CHynH,0 ¢ > (1"_";;‘4)(:}14 © + L0 g | (AH;s)

(10)

The term H,O (1, CHy sat) refers to a mole of liquid water which is saturated
with respect to methane at the given temperature and pressure. The Clapeyron
equation will be used to find AH;,, while solubility data will be used to find AH;.
For AH), enthalpy can be determined directly because solubility of methane in ice is

negligible.
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The Clapeyron equation is presented without derivation gives;

Ay (2
AH =T AV (dT
(11)

From there, the analysis begins with the determination of AH> because it is

straightforward and the value of AH> will be used in order to find AH; and .

The (p, T) of three phase equilibrium (ice, hydrate, vapor) lines will be taken
from experimental data collected by Sloan and Koh (2003). The data sets that will

be used are shown below;

e Roberts et al. (1940)

e Falabella (1975)

e Deaton and Frost (1946)

e Makogon and Sloan (1994)

The (p, T) data will be plotted as In (p/ MPa) vs. K/T graph. Then, the graph will
be least-squares fitted to a third order polynomial with respect to the 1/T in order to

get the same expression of parameters in the Clapeyron equation.

From the Clapeyron equation, the AV, will be calculated manually while; the dp/
dT will be calculated using the equilibrium graph plotted before. Based on the
graph, the dp/ d7 can be represented by the equation of;

In(p/MPa) = ibx(fﬁ )

(12)
The function is differentiated with respect to 1/ T that yield;
din(p/ MPa LK,
din(p/MPa) _ >b(=)
d(K/T) =T
(13)
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Finally, dp/ dT at each temperature and pressure are found by
do _ —®) din)
dr T d()

(14)

‘The fit parameters of ag, a; and a, can be obtained directly from the equation of

the graph.
The next step is to calculate the AV, AV} is equal to;

n Viee (volume of n moles ice) + Vey, (volume of 1 mole methane vapor) —

Viya (volume of hydrate containing 1 mole methane).

(15)

The parameters for each sections of volume can be obtained from the data
collected by previous studies and NIST webbook. From there, the Clapeyron
equation for AH; can be easily calculated once the value for AV, and dp/ AT has

been determined for selected temperature and pressure.
The next step is to determine the AL, we starts with AH;,,

The (p, T) of three phase equilibrium (liquid, hydrate, vapor) lines will be taken
from experimental data collected by Sloan and Koh (2003). The data sets that will

be used are shown below;

¢ Roberts et al. (1940)

o Marshall e al. (1964a)

¢ Jhaveri and Robinson (1965)
¢  Galloway ef al. (1970)

¢ Deaton and Frost (1946)

¢ Kobayashi and Katz (1949)

* McLeod and Campbell (1961)
* Verma (1974)
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o de Roo et al (1983)

¢ Thakore and Holder (1987)
e Adisasmito er al. (1991)

¢ Makogon and Sloan (1994)

The (p, T) data will be plotted as In (p/ MPa) vs. K/T graph. Then, the graph will
be least-squares fitted to a sixth order polynomial with respect to the 1/T in order to

get the same expression of parameters in the Clapeyron equation.

From the Clapeyron equation, the AV, will be calculated manually while; the
dp/ dT will be calculated using the equilibrium graph plotted before. Based on the
graph, the dp/ dT can be represented by the equation of;

in(p/MPa) = Z b,.(% y
i=0

(16)
The function is differentiated with respect to 1/ 7T that yield;
din(p/ MPa S, K,
din(p/MPa) _ > 5>
d(K/T) T
(17)
Finally, dp/ dT at each temperature and pressure are found by;
& _ —@) dinm)
ar T 4
(18)

The fit parameters of by, by, b2 b3 bs and bs can be obtained directly from the
equation of the graph. '

The next step is to calculate the AV, AV, is equal to;
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-(1 — nxCH‘*) Vene (volume of n moles ice) + nVy, (volume of 1 mole
1-xCH,

methane vapor) — V3,4 (volume of hydrate containing 1 mole methane.

(19)

The parameters for each sections of volume can be obtained from the data
collected by previous studies. Fach of the sections will be determined according to
the function. From there, the Clapeyron equation for AH;, can be easily calculated
once the value for AV, and dp/ dT has been determined for selected temperature

and pressure.

AHp can determined from the solubility data. The solubility can be evaluated by
the available data using the Krichevsky-Kasarnorvsky (1935) equation;

v Y
ln( f )=inKH+ Ocpanzo @ — D)

XcHa RT

(20)

Where £, fugacity of CHy in the gas phase; xcy4, mole fraction of CHy dissolved
in the liquid phase; Ky, Henry’s law constant; Voocyy 5720 » partial molar volume of
CH, in water at infinite dilution; p, total system pressure; p°, vapor pressure of water

at temperature 7.

The partial molar volume, Veocy, yop at infinite dilution is independent of

pressure and slightly dependent of temperature and can be determined by;
3 -1 3(T
In |[Voocqa pao /(m®.mol™*] = —10.275 + 1.23x 10 e 273.15)

@1

The methane solubility is found from the measured value from Servio and
Englezos (2002). Because of the mole fraction xcy, is so low, the enthalpy of
solution per mole of methane can be equated with little error to the partial molar

enthalpy of solution at infinite dilution which denoted byAH o4 120 -
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Based on Benson and Krause (1989), AHoocy 4 p2o ¢an be known by equation;

din KH
1
acs)

AHwocyapzo = R - Tdecm H20 (p — p%) + Voocyauzo ( ~ p°) +

d
TVoocnamo (%)
(22)

The second term in equation is negligible since Veoocyyp20is almost
independent of 7. also, the fourth term is negligible due to the smallness of the
water vapor pressure at the temperatures of hydrate formation. Once calculated, the

AHI, can be determined just by simply multiply the expression of AHoocyy 2o With

the (_ nxCH4)

1—-xCH,4

Finally, the enthalpy of dissociation of methane hydrate AH; can be known by,
the total submission of AH}, + AH}; For the calculation of hydration number can

only be done once the enthalpy of both reactions has been determined.

The difference between enthalpy of both reactions will be divided with the

enthalpy of fusion of water and the hydration number can be known.

3.1.2 Carbon Dioxide Hydrate and Ethane Hydrate

Basically, the steps to calculate the enthalpy of dissociation for carbon dioxide
hydrate and ethane hydrate are the same with the calculation steps for methane
hydrate. The steps can be referred from Anderson (2003). However, there are some
parameters for carbon dioxide hydrate that will be not the same as methane hydrate
and these parameters must be carefully selected to ensure the value estimated is

accurate.

The steps in determining the enthalpy of dissociation for carbon dioxide hydrate
and ethane is discussed in the Appendix L If the both method is proven correctly, it

will be used as a basis in solving the estimated value of enthalpy of dissociation and
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hydration number for other clathrate hydrates single systems such as ethane hydrate

given that the parameters will be suited according to the type of hydrates.

3.2 VALIDATION

As mentioned earlier, using the Clapeyron equation, the enthalpy of dissociation as
well as the hydration number can be estimated. Once value has been estimated, the

important keys that need to be considered in this part are:

o To test the accuracy of the predicted result from the Clapeyron equation for
clathrate hydrates selected systems.

e To compare the predicted result from the Clapeyron equation with the Clausius-
Clapeyron equation.

e To validate the estimated values with experimental result for clathrate hydrates

selected systems.

Previous studied result is important as it acts as the basis of the calculation work.
The previous studied will be fully studied and some modifications on calculation that need
to be done will be taken to get more accurate result. For this project, the previous studied
result by Anderson (2003, 2004) will be fully utilized in order to get the estimated value for

enthalpy of dissociation for methane hydrate and carbon dioxide hydrate.

Moreover, the estimated value from the calculation will be validated with the
previous studied data done by Anderson (2003, 2004) and other experimental result done
by previous researchers. Once comparison is made, the error should be at low value, the
estimated value from the calculation must be low value or equally same as experimental

value done by previous studied result.
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3.3 TOOLS AND SOFTWARE REQUIRED

For this project, all the equilibrium data will be collected by using the Microsoft
Excel. As mention in the steps above, the graph of pressure versus temperature will be
plotted accordingly for methane hydrate and carbon dioxide hydrate. The slope of the graph
will be determined to fit the parameters inside the Clapeyron equation. This software is
very suitable to use as it will help in ensuring the diagram is correct and value determined

by the software is essential to be used in the Clapeyron equation.

For manual calculation, mathematical tools especially from engineering
mathematics subjects are very essential to use. The statistical analyses tools will be used to
ensure that the value estimated from the calculation are accurate and the error must be at
low value. For instance, AAD% (average absolute deviation) test will be used to determine

the accuracy for both estimated value calculated and previous studied result.
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CHAPTER 4: RESULT AND DISCUSSION

Based on the Anderson {2003, 2004) method of calculating the enthalpy of

dissociation and hydration number is followed, the result for three different clathrate

hydrates is calculated respectively;

4.1 METHANE HYDRATE

4.1.1 Enthalpy of Dissociation of Clathrate Hydrate to Methane Vapor and Ice
(AHZ

The equation that represenis the dissociation of methane hydrates to ice water &

gaseous methane.
CHsnH:0 o > CHy (g + 0RO (AH> (8)

The graph of (p.T) data plotted for AH; is shown below:

CH, Hydrate 1/T (K) vs In P (MPa)

0.008

In B {MPa)
&

Figure 4.1: (p,T) data along the (ice. hydrate, vapor) coexistence line for methane hydrate,
third order polynomial fir.
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¥rom the graph, the fit parameters for equation {12) and (13) can be represented in table 4.1
below:

In@MPa) =3 b( ? ¥ 12y
E=

The function is differentiated with respect to 1/ 7 that yield;

dn(p/ MPa) =i

K i -
G L (13)

Table 4.1: Fitted parameters for determination of AH-.

a | 27258
a 66998

The region for temperature is selected from 150 K to 270 K in calculafing the
enthalpy of dissociation. The pressure can be calculated directly from equation {12} while
dp/ dT ecalculated using equation (14).

dp _ —(p} din(p)
dr T2 d()

(14}

In determining the volume changes for AH, the calculation bas be shown in
Chapter 3 where the changes of volume in methane vapor minus the volume of hvdrate
containing 1 mole methane is taken into account. (AV=VF¢y, — 2.739¢™ x »). The summary

of data calculated is shown in Table 4.2,



Table 4.2: Enthalpy change for AF, from 150 K fo 270 K

150 | 000564 | 00004593 | 02212 |  15.4
170 | 002473 | 0001651 | 0057142 | 1604
190 | 0.08421 | 0004600 | 0018742 | 16.70
510 | 02358 | OOI111 | 0007388 | 1724
230 | 05662 | 002287 | 0.003361 17.68
250 | 1203 0.04200 0.001711 | 18.01
376 | 2315 | 007084 | 0.000953 18.23

4.1.2 Enthalpy of Disseciation of Clathrate Hydrate to Methane Vapor and Water
(._'kH— 1a and AH Ib}

The equation that represents the dissociation of methane hydrate to water and

methane vapor,

- CH .-
CHnBLO ¢ > (1 — o) CHy g + 0H0 g, cesy (o)
©)

The graph of (p, T} data plotted for AF;, is shown below:
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CH, Hydrate 1/T (K) vs In P (MPa)

In P (MPa)

]
i
!
!
R
!
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|
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;
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i

o ¥ v ¥ 7 i ¥ 1
0.003 0.0031 0.0032 0.0033 0.0034 00035 00036 0.0037

TRy

Figure 4.2: (p, T} data along the (liguid, hydrate, vapor} coexistence line for methane
hydrate, sixth order polynontial fit.

From the graph, the fit parameters for equation (16} and (17) can be represented in
table 4.3 below:

Tahble 4.3: Fitted paramefers for determination of AH;,.

e ChisioT
by “2775067¢¢
b | 16215560
bs -4.77455¢"
by - 7.02147¢B
bs - 4.12578%"Y
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The region for temperature is selected from 274 K to 318 K in calculating the

enthalpy of dissociation. The pressure can be calculated directly from equation (12)

while dp/ dT calculated using equalion (14). In determining the volume changes for

AH;,, the calculation has be shown in Chapter 3 where AV, = (I s

TR,
1—xCH,

Feny

{volume of n moles ice} + #Fy, (volume of 1 mole methane vapor) — Vje (volume of

hvdrate containing 1 mole methane
calculated is shown in Table 4.4.

Table 4.4: Enthalpy change for AH,, from 274 K to 318 K

is taken into account . The summary of data

T L AHE
MPr) | MPHK) | xgm | (mmol) (d/ mob) | (i fms} m:g; m&}
374 | 285000 | 03209266 | 0.001046 | 0000605 | 5302 | 013274 | 53n5
278 | 4.28000 0.4172600 ja.@{ncms} 0.00046 5336 | 0.15852 | 53.52
787 | 636000 | 06635091 | 0.00i81 | 0.000201 5445 | 0.18425 | 5463
286 | 9.88000 | 11519971 | 0.00220 | 0.000169 | 5568 | 021729 | 5590
250 | 1606000 | 2.0111545 | 0.00285 | 0.0000915 | 5337 | 025903 | 5363
294 | 3660000 | 33744460 | 0.00340 | 0.0000527 | 5228 | 038753 | 5257
298 | 43.92000 | 52755647 | 0.00419 | 00000339 | 5329 | 029361 | 5359
302 | 69.68000 | 7.5716436 | 0.00499 | 0.0000236 | 5396 | 029416 | 5426
306 | 105.18000 | 10.0970266 | 0.00583 | 0.0000175 | 5407 | 026695 | 5434
310 | 15170000 | 13.1870032 | 0.00661 | 0.0000132 | 5396 | 020002 | 5416
314 | 214.40000 | 185766253 | 0.00723 | 0.00000929 | 5419 | 0.08095 | 5427
318 | 311.14000 312279381 | 0.00744 | 0.00000545 5412 011463 | 5401
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AH is calculated by calculations steps shown in Chapter 3, from equation 20 to 22. The

table below summarizes the value calcuolated.

Table 4.5: Enthalpy change for Ay, from 274 K fo 318 K.

274 | 2.85000 | 6.00105  0.0980 -19313 | -192150 | 0.13274

278 | 428000 | 0.00146 | 01490 | -18.219 | -18.0706 | 0.15852 |
282 | 636000 | 0.00181 02220 17157 | -169350 | 0.18425
28 | 9.88000 | 0.00229 0.3460 16124 | -15.7780 | 021729
T390 | 16.06000 | 0.0086 | 05660 | -15.618 | -15.0520 | 0.25903 |
394 | 2669000 000349 | 09450 | -14.628 | -13.6830 | 0.28753 |
398 | 43.92000 | 0.00419 | 1.5620 “13.192 | -11.6300 | 0.29361 |
7302 [ 69.68000 | 0.00499 | 24910 | -12.267 | 97760 | 0.29416 |
306 | 105.18000 | 0.00583 |  3.7780 | -11365 | -7.5870 | 0.26695 |
310 | 151.70000 | 0.00661 |  5.4770 10487 | 5.0100 | 020002
314 | 21440000 | 000723 | 7.7790 96315 | -1.8525 | 0.08095 |
318 [ 311.14000 | 0.00744 | 113460 87973 | 25487 |-0.11463 |

4.1.3 Hydration Number of Clathrate Hydrate at Q1.

At quadruple point Ql, both reaction of (7} and (8) occur simultaneously.
Subiracting reaction (8) from reaction {7),

n O (1) 2 n1LO (5)

The quadruple point Ql is not far removed from standard conditions where p =
§.1013 MPa and T = 273.15 K, and thus the enthaipy of fusion at Q1 will be very close
to the standard enthalpy of fusion of ice, 6.01 kJ/ mol.
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The most useful comparison of the present work is with the calorimetric study of
Handa (1986) who reported values for AH; and AH- corrected to standard conditions of
p = 0.1013 MPa and 7 = 273.1 K. Table 4.6 summarized all the known Clapeyron

analyses to date for methane hydrate at Q1.

The accuracy test, AAD% is use to compare the value calculated in this work with
the experimental value done by Handa (1986).

AADY {average absolute deviation) ~ x experimental value — X calculated) X experimentat value

;de Rooetal.

Clapeyron  Roberts et al. 513 | 587 | 217

Clapeyron  |Deaton and Frost - - -
Clapeyron McLeed and Campbell; - - -
Ciapeyren .Marshaﬁ et al. - - -
Clapeyron  [Yoon et al. 5381 | 071 | 1753 | 331 | 603 | 05
Clapeyron  |Glew 55536 | 216 | 1806 | 038 | 62 | 333
j'C.Iapeyron Anderson | 529 ; 238 17.47 3.6 j 59 | 1.67
Experimental 1813 | - 6 | -

7T 1324 061 58230

Clapeyron  [Present Work |~ -
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4.1.4 Discussion

Previous determinations of enthalpy of dissociation for methane hydrate
have been done using the Clapeyron equation. However, almost all of these analysis
have used the approximation leading to the Clausius — Clapeyron equation, namely
the neglect of the volumes of the condensed phases. This approximation tends to
overestimate the AV term in the Clapeyron equation and hence gives too large value
for AH.

The enthalpies of dissociations AH; and AH; are in excellent agreement with
the experimental results (Handa, 1986). The hydration number at Ql, n=5.82, also
agrees with that reported by Handa, n = 6. The other study of methane hydrate that
attempts to calculate enthalpies and hydration numbers as a continuous function of
temperature is the study of Glew (2002) and Anderson (2004). Their results for
hydration number agree with the present results within experimental error over most

of the temperature range.

Both results (Glew and Anderson) for the enthalpy of dissociation is
between 5% to 10% larger than the present work calculated and it show a deﬁnite
trend with temperature, in contrast to the present results. This comparison between
the previous results and those of Glew and Anderson are unclear but might be due

to differing methods for determining the molar volume of the hydrate.

Regardless of which result is closer to the truth, it is clear that the structure
and energetic of methane hydrate have at most a small variation over a wide range
of temperatures and pressures. This is a testament to the extraordinary stability of
methane hydrate, which in turn no doubt derives from the fact that the methane
molecule is a good fit to both small and large cages in the SI structure. Methane
hydrate differs in this respect from carbon dioxide hydrate, for which a previous
study shows that the cage filling varies significantly with temperature and pressure.
(Anderson, 2003)
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4.2 CARBON DIOXIDE HYDRATE

4.2.1 Enthalpy of Dissociation of Clathrate Hydrate to Carbon Diexide Vaper and
fce (AHY

The graph of (p.7) data plotted for AH- is shown below:

CO, Hydrate T(C) vs P(MPa)

P (MPa)

ol
B

©
M

=]

-20 -15 -10 5 8
T

Figure 4.3: (p. T} data along the (ice, hydrate, vapor) coexistence line for carbon dioxide

hvdrate, third order pohymomial fit.

From the graph, the fit parameters for equation (12} and (13) can be represented in table 4.7

below:

Table 4.7: Fitted parameters for determination of AH-.

1.1046
a; 0.000629 |
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The region for temperature is selected from 259.15 K to 271.15 K in calculating the
enthalpy of dissoeiation. The pressure can be calculated directly from equation (12) while
dp/ dT calculated using equation (14). In determining the volume changes for AL, the
calculation only takes into acceunt the changes of vohmne in carbon dioxide vapor.

{AV=VFrg,). The smmary of data calculated is shown in Table 4.8.

Table 4.8: Enthalpy change for AFf5, from 259.15 K to 271.15 K.

250.15 | - 0.02688 | |
36605 | 0632 | 000814 | 3245 | 2373
26115 | 0661 | 0.02939 311 | 387
36215 | 0651 | 0.03065 368 | 2395
26315 | 0723 | 003191 | 286 23.98
26415 | 055 | 003317 | 2738 2399
T265.15 | 0780 | 003443 | 2625 | 2396
366.15 | 0824 | 003568 | 2518 | 2391
36715 | 086 | 003694 | 2415 2383
36815 | 0898 | 003820 | 2317 | B7
269.15 | 0937 | 0.03946 | 2224 | 2362
27015 | 0977 | 0.04072 | 2136 2549
27115 | 1018 | 004197 | 2052 | 2335

4.2.2 Enthalpy of Disseciation of Clathrate Hydrate to Carbon Dioxide Vapor and
Water (AH, and AH )

The graph of (p. T} data plotted for AH;, is shown below;



€O, Hydrate T(C) vs P(MPa}

s
g- .
0:500—
-400 -200 000 200 400 6600 800 1000 1200

TC)

Figure 4.4: (p. T} dota along the (liguid, hyvdrate, vapor) coexistence line for carbon dioxide
hydrate, fifth order polynomial fit. '

From the graph, the fit parameters for equation (16) and (17} can be represented in
table 4.9 below:

Table 4.9: Fitted parameters for determination of AHj,.

b 1.2242
by 0.14119
b | 0014872
bs | -0.0005674
bs | 0.0000972

The region for temperature is selected from 274.15 X to 282.15 X in calculating the
enthalpy of dissociation. The pressure can be calculated directly from equation (12)
while dp/ dT calculated using equation (14). In determining the volume changes for
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AH,, the calculation has be shown in Chapter 3 where AV}, = (1 — % ¥eoo
. - z

(volume of n moles ice} + nVy, (volume of 1 mole carbon dioxide vapor) — Viga
{volume of hydrate containing 1 mole carbon dioxide is taken into account . The

summary of data calculated is shown in Table 4.10.

Table 4.10: Enthalpy change for AH;,, from 274.15 K0 28215 K

374.15| 1380 | 00162 0.1696 | 0001371 | 63.62 | 2256 | 6588
575.15| 1.563 |00174| 61970 | 0001193 | 6436 | 2426 | 6679
57615 | 1.774 | 00187 | 02256 | 0.001035 | 6389 | 2610 | 6650
277.15| 2015 | 00200 02578 | 0.000896 | 6308 | 2796 | 6587
37815 | 2292 |00214] 029 | 0.000773 | 6225 | 2995 | 6524
379.15| 2.610 |0.0228| 0342 | 0.000662 | 6157 | 3.196 | 64.76
780.15| 2980 | 0.0044| 0399 | 0.000561 | 6085 | 3426 | 6427
281.15| 3413 | 00261 0469 | 0.000468 | 5994 | 3671 | 6361
28315 | 3923 |00279| 0554 | 0.000383 | 5859 | 3931 | 6252

AH; reaction represents the formation of a saturated solution of CO; in water, at a
pressure corresponding to the (liquid, hydrate, vapor) phase boundary at a given
temperature. The reaction is non-stoichiometric that xCO» varies with temperature and
pressure and therefore so does the enthalpy change due to reaction. However, the solubility
of COy is low such that the mole fraction xCO» dees not exceed 0.03 in the hydrate-forming
region. Therefore, the enthalpy of solution at infinite dilution for CO, in water can be used
with little error. This value (AH™ oz, moy = - 22.83 kJ/ mol) has been determined from
recent measurement by Anderson (2002). Al ;= (22830 ax(CO2}Y {1 — x{COy)) where n =

6. The table below summarizes the value calculated at given temperature and pressure.
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Table 4.11: Enthalpy change for AHp, from 274.15 K to 28215 K.

27415 | 1380 | 00162 | 2256
27515 | 1563 | 00174 | 2426
27615 1774 | 00187 | 2610
' 277.15 | 2.615 | 0.0200 | 279
27815 | 2292 | 00214 | 2995
279.15 | 2610 | 00228 | 3.19
38015 | 2980 | 00244 | 3426,
28115 | 3413 | 00261 | 3671
28215 | 3.923 | 00279 | 3.931

4.2.3 Hydration Number of Clathrate Hydrate at Q1.
At quadruple point Ql, both reaction of (7) and (8) oecur simultaneously.
Subtracting reaction {(8) from reaction (7),

aH O 2 n H0(s)

The quadruple point Q1 is not far removed from standard condition 7= 271.8 K,
and thus the enthalpy of fusion at Q1 will be very close to the standard enthalpy of
fusion of ice, 6.61 kJ/ mol.

The most useful comparison of the present work is with the differential scanming
calorimetric study of Kang et. af (2001) who reported values for AH; and AH>at Q1 is
65.22 k¥/ mol and 21.77 kJ/ mol. Table x summarized all the known Clapeyron analyses
to date for methane hydrate at (1.

The accuracy test, AAD% is use to compare the value calculated in this work with
the experimental value done by Kang et. of. (2001).

AADY {average absolute deviation) {x experimental vatue — X catoutated ) X experimental value
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Table 4.12: Comparison of previous analyses for AH; and AH> at Q1.

- Claustus-Clapeyron Larson
| Clausius-Clapeyron | BoZzoetal | 5899 | 955 ; - ; ]
~ Clausius-Clapeyron Vlahakls etal. | 599 10.8 - - - -
1 Claustus-Clapeyron Long 73 8.16 - - - -
| Clausius-Clapeyron Kamath 0.1 | 119 ; - ; -
Clausius-Clapeyron | Yoonetal | 5766 | 598 - ; ] ;
Clapeyron Anderson 63.6 | 248 | 2393 | 992 | 66 | 871
Experimental Kanget al | g599 ; 21.77 - i1 -
. Clapeyron | |Present Work | 66.02 | 123 | 2358 | 8§31 [ 71| 179

4.2.4 Discussion

The first thing to note about table 4.12 is that in most cases there is single
entry for AH; and/ or n. In some cases the measurement techniqué only gives a
value at a single point. In other cases there is an assumption that AH; and n are
constant, and thus analysis gives an average value. This is particularly frue of the

previous analyses using the Clausius-Clapeyron equation.

Previous determinations of AH; using the Clausius-Clapeyron equation have
viclded varying results. Some of the reasons have been addressed earlier in this
work. The results of Long and Kamath are unreasonably large in magnitude. The
present work agrees most closely with Larson and Viahakis er. al. whose values are

very close to the average of present results at Q1 and Q2.

Yoon ef. el. correctly noted the various assumptions that are often made in
using the Clausius-Clapeyron equation for clathwate hydrates. They give

approximate ranges for the errors that can arrive from each of the assumptions.
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They do not provide enough details to evaluate their results. Also, it is unclear why
“fixing” the Clausius-Clapeyron equation is preferable to using the simple

Clapeyron equation directly.

Kang ef. al. using experimental procedure, report a value of AH; = 65.22 kI/
mol for a hydrate sample that was prepared at T = 271.8 K, which agrees with
present result AH; = 66.02 k/ mol at that temperature. Experimental measurements
are usually preferred over the Clapeyron equation analysis technique since

experimental procedure is more “direct”.

The present work suggest that the range of values for the hydration number
18 consistent With the idea that complete occupancy of the small cages in the SI
structure can only occur at sufficiently high pressui‘e. The Clapeyron equation is
directly preferred to the use of the Clausius-Clapeyron equation for determining the
enthalpy of dissociation of clathrate hydrates.
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4.3 ETHANE HYDRATE

4.3.1 Enthalpy of Dissociation of Clathrate Hydrate to Ethane Vapor and Ice
(AH3)

The graph of (p.7) data plotted for AH: is shown below:

C,H, Hydrate 1/T (K) vs In p (MPa})

) 0.001 0.002 0.003 0.004 0.005 0.006

Inp (MPa)
o

_5

VT ({K)

Figure 4.5: (p,T) data along the (ice, hydrate, vapor} coexistence line for ethane hydrate,
Jfourth order polynomial fif.

From the graph, the fit parameters for equation (12) and (13) can be represented in table
4.13 below:

Table 4.13: Fitted parameters for determingtion of AH;

as . -3.35¢°

a3 2.70e™




The region for temperature is sclected from 190 K to 270 K in calculating the
enthalpy of dissociation. The pressure can be calculated directly from equation (12) while
dp/ dT calculated using equation (14}. In defermining the volume changes for AF., the
calculation has be shown in Chapter 3 where the changes of volume in ethane vapor minus
the volume of hydrate containing 1 mole ethane is taken into account, similar to methane

hydrate. (AV=Vcu;—2.739e® x n). The summary of data calculated is shown in Table 4.14.

Table 4.14: Enthalpy change for AH>, from [90 K to 270 K.

190 | 0.004238 | 25785 | 0373 18.26
200 | 0.008007 ! 52458 | 0208 | 2179
210 | 001549 | 1.0228% 0.1127 | 2417
220 | 002969 | 1.895E™ | 0.0616 25.68
230 0.05528 | 3.333E™ 0.0346 26.51
240 6.09892 | 55398 0.0202 26.80
250 0.1692 | 8697E" 0.0123 26.67
260 02764 | 1.292E% 0.0078 | 2621
270 | 04311 | 1.8I19FEY | 00052 | 2549

4.3.2 Enthalpy of Dissociation of Clathrate Hydrate to Ethane Vapor and Water
(ﬁH Ia arnd AH, HJ

The graph of (p.T) data plotted for AH), is shown below:
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C,H, Hydrate 1/T (K} vs In p (MPa)}
15 -

05

In p (MPa)

9.0-5345

0.0035 0.00355 0.00365 0.0037

o5 |

VT (K)

Figure 4.6: (p, T} data along the (liquid, hydrate, vapor} coexistence line for ethaie
hydrate, third order polynomial fit.

From the graph, the fit parameters for equation (16) and (17) can be represented in table
4.15 beiow:

Fable 4.15: Fifted parameters for determination of AH ..

by 1.872¢%%
by | 94e™
b, 1.18¢%

The region for temperature is selected from 274 K to 290 K in calculaling the
enthalpy of dissociation. The pressurc can be calculated directly from equation {12} while
dp/ 4T calculated using equation (14). In determining the volume changes for AHy, the

calculation has be shown in Chapter 3 where AV, = (1 — —1%%) Feas (volume of n
- 21lg
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moles iee} + nbyy, (volume of 1 mole ethane vapor) — Vi, (volume of hydrate containing 1

mole ethane is taken into account . The summary of data calculated is shown in Table 4.16.

Table 4.16: Enthalpy change for AHy,, from 274 K fo 296 K.

274 | 05742 | 006325 | 0001455 | 000046 | 7224 | 029361 | 7254
278 | 0.9158 | @.ii1z72 | 000229 | 0.000169 73.04 | 0.26695 73.31
282 1.5345 020684 0.00349 0.0000527 | 7396 | 0.25903 | 7422
286 ] 26884 | 039088 | 0.00499 | 3.8330236 T4.65 - 022281 | 74.87
290 | 40038 | 075999 | 000661 | 0.0000132 | 7354 | 0.1989 | 73.74

AHg s calculated by ealculations steps shown in Chapter 3, from equation 20 fo 22. The

table below summarizes the value calculated.

Table 4.17: Enthalpy change for AHy, from 274 K to 290 K.

274 | gs74p | 0001455| 02220 C19313 | -192150 | 0.29361 |
278 | ooiss | 000220 | 03412 | 18219 | -18.0700 | 0.26605 |
282 | 15345 | 000349 | 0.5661 17.157 | -16.9350 | 0.25903
386 | soggs | 000499 | 0973 16.124 | -15.7780 | 022281 |
290 | 19038 | 0.00661 | 0.3362 -15.618 | -15.0520 | 0.1989 |

4.3.3 Hydration Number of Clathrate Hydrate at Q1.

At guadruple point Q'I, both reaction of (7) and (8) occur simultaneously.

Subtracting reaction (8} from reaction (7),
7 H0 ) 2 a0 (s)
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The quadruple point Q1 is not far removed from standard conditions where T =
273.15 K, and thus the enthalpy of fusion at Q1 will be very close to the standard
enthalpy of fusion of ice, 6.01 kJ/ mol.

The most useful comparison of the present work is with the calorimetric study of
Handa (1986) who reported values for AH; and AH; corrected to standard conditions of
T = 273.15 K. Table x summarized the comparison value in present work with Handa

for cthane hydrate at Q1.

The accuraey test, AAD% is use to compare the value calculated in this work with

the experimental value done by Handa (1986).

AADY ¢average absolute deviation) — {x experimental vaive — X caleutated ¥ X experimental value

Table 4.18: Comparison of Clapeyron analyses for AH; and AH>at (1.

Exper}memal Handa

Clapeyron . Present Work

4.3.4 Discussion

The omly comparison can be made is between present work with the
experimental result done by Handa. The result calculated i agree to be closed with
the experimental value which gives approximately 1% error for both value. Since
there is no comparison can be made by using the Clapeyron equation with previous
study, it can be assume that the Clapeyron equation will give accurate results when

calculation is made.

The method outlined by Anderson (2003, 2004) to calculate the enthalpy of
dissociation and hydration number is proved to work extremely well. When
comparison is made, the results calculated were close with the experimental work

indicates that the Clapeyron equation is the good in determination of enthalpies.
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CHAPTER 5: CONCLUSION AND RECOMMENDATION

5.1 CONCLUSION

Method for determining the enthalpy of dissociation of clathrate hydrates using the
Clapeyron equation which takes into account the solubility of gases in water and the non —
ideality of vapor phases. To fully exploit the rigor of the Clapeyron equation, a large

amount of supplemental data for hydrate systems is required.

For methane hydrate, when comparison is made between experimental values with
present work calculated, the AADY for AH; is 1.77% and AHis 0.61% where the error can
be concluded as low. For hydration number the AAD% is 3.0% which is estimated closer to

the experimental value.

For carbon dioxide hydrate, when comparison is made between experimental values
with present work calculated, the AAD% for AH; is 1.23% and AH; is 8.31% where the
error can be concluded as low. For hydration number the AAD% is 1.79% which is

estimated closer to the experimental value.

For ethane hydrate, when comparison is made between experimental values with
present work calculated, the AAD% for AH; is 0.97% and AH>is 1.52% where the error can
be concluded as low. For hydration number the AAD% is 2.35% which is estimated closer

to the experimental value,

The present study does not completely resolve the problems occurred when
determining the enthalpy of dissociation and hydration number. However, from this project
it can be concluded that the Clapeyron equation is better when comparison is made between

the Clausius — Clapeyron equation with experimental studies.

The net resuit yielded a very satisfactory analysis whose results are in accord with
almost all previous studies. For most other clathrate hydrates, which exist at different
pressures than the clathrate hydrates that is studied in this work, the method outlined in this
project is also expected to work extremely well.
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5.2 RECOMMENDATION

After analyzing the calculated result for three different types of clathrate hydrates
with the same methodology which is using the Anderson (2004) analysis, it yield the result
that have relatively small error when comparison is made with the experimental data. Thus,
in the future, the same methodology can be applied to determine enthalpy of dissociation

and hydration number for mixed clathrate hydrates systems.

The experimental result is assumed as the accurate since it involves the real
application. Thus, conducting an experimental procedure to calculate the enthalpy of
dissociation and hydration number will yield true result where comparison can be made

with the estimated result from the Clapeyron equation.
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APPENDIX I:

Calculation Steps of Enthalpy of Dissociation:

Carbon Dioxide Hydrate

The enthalpy of dissociation of carbon dioxide hydrate will be determined from

the two equations represent the dissociation of:

¢ Carbon dioxide hydrate to liquid water & gaseous carbon dioxide.

CO;nH20 g 2 COz g + ni0 g (AH}) (7

e Carbon dioxide hydrate to ice water & gaseous carbon dioxide.

COp.nHO (® - COy €3] + nH,O {s) (AH 2) (8)

Determination of AH; and AH> will be done from an analysis of the pressure and
temperature (p, T) behavior along the liquid, hydrate, vapor (L, H, V) and ice,

hydrate, vapor (I, H, V) equilibrium lines respectively.

According to Anderson (2004), there is a small complication with regard to
reaction for AHj, the liquid in equilibrium with hydrate is not pure water, and rather
it is water that is saturated with respect to carbon dioxide at the appropriate

temperature and pressure.

The mole fraction of carbon dioxide in the water in equilibrium with the hydrate
is xco,. Then n moles of water supplies nxco,/ (1 — xco,) moles of carbon dioxide to
the hydrate; while the rest is comes from the gas. Thus, reaction for AH; must be

analyzed as the sum of two terms:

52



COQ_.”HZO (s) > (1 - NxC0; ) COg ) +n H20 (I, CO2 sat} (AHM)

I—XCOZ
&)
COy.nHO (s) > (:_xxcczzz) CO, @tn H>O 1), : {AH Ib)
(10

The term H,O (1, CO, sat) refers to a mole of liquid water which is saturated
with respect to carbon dioxide at the given temperature and pressure, The Clapeyron
equation will be used to find AH),, while solubility data will be used to find AH .
For AH, enthalpy can be determined directly because solubility of carbon dioxide

in ice is negligible.
The Clapeyron equation is presented without derivation gives;
- a
AH =T av (2)
(1)

From there, the analysis begins with the determination of AH, because is it

straightforward and the value of AH, will be used in order to find AH 7 and #.

The (p, T) of three phase equilibrium (ice, hydrate, vapor) lines will be taken
from experimental data collected by Sloan and Koh (2003). The data sets that will

be used are shown below;
e Larson (1955)

The (p, T) data will be plotted as In (»/ MPa) vs. K/T graph. Then, the graph will
be least-squares fitted to a third order polynomial with respect to the 1/T in order to

get the same expression of parameters in the Clapeyron equation.
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From the Clapeyron equation, the AV, will be calculated manually while; the dp/
d7 will be calculated using the equilibrium graph plotted before. Based on the
graph, the dp/ dT can be represented by the equation of;

In(p/MPa) = ZI: b ? ¥

12)
The function is differentiated with respect to 1/ T that yield;
din(p/ MPa .
___(P;ﬁm)_ - Z b.(=)
d(K/T) ~ T
(13)
Finally, dp/ dT at each temperature and pressure 1s found by;

dp _ —(@) dinw)

ar = T* 4@
(14)

The fitted parameters of by, by and by can be obtained directly from the equation
of the graph.

The next step is to calculate the AV, AV is equal to;

# Viee (volume of n moles ice) + Vo ( volume of 1 mole carbon dioxide

vapor) — Viya ( volume of hydrate containing 1 mole carbon dioxide).

(15)

The parameters for each sections of volume can be obtained from the data
collected by previous studies and NIST webbook. From there, the Clapeyron
equation for AH: can be easily calculated once the value for AV and dp/ dT has
been determined for selected temperature and pressure.
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The next step is to determine the AH; we starts with AHy,

The (p, T) of three phase equilibrium (liquid, hydrate, vapor) lines will be taken
from experimental data collected by Sloan and Koh (2003). The data sets that will

be used are shown below;

e Deaton and Frost (1946)

¢ Unruh and Katz (1949)

* Robinson and Mehta (1971)
e Ngand Robiﬁson (1985)

e Vliahakis et al. (1972)

¢ Adisasmito et al. (1991)

The (p, T) data will be plotted as in (p/ MPa) vs. K/T graph. Then, the graph will
be least-squares fitted to a fifth order polynomial with respect to the 1/T in order to

get the same expression of parameters in the Clapeyron equation.

From the Clapeyron equation, the AV}, will be calculated manually while; the
dp/ dT will be calculated using the equilibrium graph plotted before. Based on the
graph, the dp/ dT can be represented by the equation of;

In(p/MPa) = Zj:b,(m‘? )

_(16)

The function is differentiated with respect to 1/ T that yield;
din{p/MPa) &, K
— == b( 17
ATy 2 an

“Finally, dp/ dT at each temperature and pressure is found by;

do _ =) din)

ar T T* A

(18)
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The fit parameters of by, by, bo, bs bs and bs can be obtained directly from the
equation of the graph.

The next step is to calculate the AV, AV}, is equal to;

( - 1n—x ;:;2) Vene (volume of n moles ice) + nVy, (volume of 1 mole
carbon dioxide vapor) — Vi, (volume of hydrate containing I mole carbon

dioxide).
(19)

The parameters for each sections of volume can be obtained from the data
collected by previous studies. Each of the sections will be determined according to
the function. From there,. the Clapeyron equatibn for AH;, can be easily calculated
once the value for AV, and dp/ dT has been determined for selected temperature

and pressure. |

AH;p can determined from the solubility data. The solubility can be evaluated by
the available data using the Krichevsky-Kasarnorvsky (1935) equation;

f Voocoauzo (0 — P°)
| =InkK -
n (xcoz 8yt RT

(20)

Where f, fugacity of CO; in the gas phase; xg3. mole fraction of CO; dissolved
in the liquid phase; Ky, Henry’s law constant; Veocg; ap , partial molar volume of
CO; in water at infinite dilution; p, total system pressure; p°, vapor pressure of water

at temperature 7.

The partial molar volume, Voocg, yap at infinite dilution is independent of

pressure and slightly dependent of temperature and can be determined by;
_ _ T
In [Voocoamze /(m3.mol™?] = —10.275 + 1.23x 1073 (R' - 273.15)

@)
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The carbon dioxide solubility is found from the measured value from Servio and
Englezos (2002). Because of the mole fraction xgy, is so low, the enthalpy of
solution per mole of carbon dioxide can be equated with little error to the partial

meolar enthalpy of solution at infinite dilution which denoted byAH® 07 120 -

Based on Benson and Krause (1989), AHoop, 190 can be known by equation;

dinkKy T AV ocas Heo
@ dT

(® — p°) + Voorgamoe (o — p°) +
dp*

TVoorozuzo (57

(22)

The second term in equation is negligible since Veorps 2o is  almost
independent of T. also, the fourth term is negligible due to the smallness of the
waler vapor pressure at the temperatures of hydrate formation. Once calculated, the

AHIy can be determined just by simply multiply the expression of AH D2 p20 With

the(— 100, )

1-xCO,

Finally, the enthalpy of dissociation of carbon dioxide hydrate AH, can be
known by, the total submission of AH,, + AHj; For the calculation of hydration

number can only be done once the enthalpy of both reactions has been determined.

The difference between enthalpy of both reactions will be divided with the

enthalpy of fusion of water and the hydration number can be known.
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Calculation Steps of Enthalpy of Dissociation:

Ethane Hydrate

The enthalpy of dissociation of ethane hydrate will be determined from the two

equations represent the dissociation of:

s Ethane hydrate to liquid water & gaseous ethane.

CaHe.nH0 s) = CaHg ® + nHL0 (AH})
(7)
¢ [Ethane hydrate to ice water & gaseous ethane.
CaHg.nHZ0O (s) = C;H; @t nH>;O ) (AH. 2)
®

Determination of AH; and AH; will be done from an analysis of the pressure and
temperature (p, 7) behavior along the liquid, hydrate, vapor (L, H, V) and ice,

hydrate, vapor (I, H, V) equilibrium lines respectively.

According to Anderson (2004), there is a small complication with regard to
reaction for Aff, the liquid in equilibrium with hydrate is not pure water, and rather
it is water that is saturated with respect to ethane at the appropriate temperature and

pressure.

The mole fraction of ethane in the water in equilibrium with the hydrate is xc,,.
Then n moles of water supplies rnxc.n, / (1 — xc,H,) moles' of ethane to the hydrate;
while the rest is comes from the gas. Thus, reaction for AH,; must be analyzed as the
sum of two terras: |

Ca H,
CaHonHZ0 (9 > (1~ 2288 ) Coblg g + n HhO g, canssy. (AH L)

€
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nxCaHg
1-‘XC2H5

CoHgnH,0 ) > ) CaHg g + n 150 (AH5)

(10)

The term H;O (1, C;H; sat) refers to a mole of liquid water which is saturated
with respect to ethane at the given temperature and pressure. The Clapeyron
equation will be used to find AH,,, while solubility data will be used to find AHj,.
For AH>, enthalpy can be determined directly because solubility of ethane in ice is

negligible.
The Clapeyron equation is presented without derivation gives;

— dp
AH =T AV dT)
| (11)

From there, the analysis begins with the determination of AH, because is it

straightforward and the value of AH> will be used in order to find AH; and ».

The (p, T) of three phase equilibrium (ice, hydrate, vapor) lines will be taken
from experimental data collected by Sloan and Koh (2003). The data sets that will

be used are shown below;

o Roberts ef al. (1940)
+ Falabella and Varpee (1974)
¢ Deaton and Frost (1946)

The (p, T) data will be plotted as In (p/ MPa) vs. K/T graph. Then, the graph will
be least-squares fitted to a fourth order polynomial with respect to the 1/T in order

to get the same expression of parameters in the Clapeyron equation.
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From the Clapeyron equation, the AV will be calculated manually while; the dp/
dT will be calculated using the equilibrium graph plotted before. Based on the
graph, the dp/ dT can be represented by the equation of;

In(p/MPa) = ZI: by i;f; )

(12)
The function is differentiated with respect to 1/ T that yield;
din(p/ MPa L. K,
d(K/T) Y
(13)
Finally, dp/ dT at each temperature and pressure is found by;
dp _ =) din(p)
ar T2 d(
(14)

The fit parameters of by, by by and b; can be obtained directly from the equation

of the graph.
‘The next step is to calculate the AV, AV is equal to;

7 Viee (volume of n moles ice) + Ve, ( volume of 1 mole ethane vapor) —

Viypa( volume of hydrate containing 1 mole ethane).

(15)

The parameters for each sections of velume can be obtained from the data

collected by previous studies and NIST webbook. From there, the Clapeyron
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equation for AH, can be easily calculated once the value for AV, and dp/ dT has

been determined for selected temperature and pressure.
The next step is to determine the AH; we starts with AH,,

The (p, T) of three phase equilibrium (liguid, hydrate, vapor) lines will be taken
from experimental data collected by Sloan and Koh (2003). The data sets that will

be used are shown below;

e Roberts er al. {(1940)

. Galloway et al. (1970)

¢ Deaton and Frost (1946)

¢ Reamer et al. (1952)

¢ Holder and Grigoriou (1980)
o Holder and Hand (1982)

The (p, T) data will be plotted as In (p/ MPa) vs. K/T graph. Then, the graph will
be least-squares fitted to a third order polynomial with respect to the 1/T in order to

get the same expression of parameters in the Clapeyron equation.

From the Clapeyron equation, the AV}, will be calculated manually while; the
dp/ dT will be calculated using the equilibrium graph plotted before. Based on the
graph, the dp/ dT can be represenied by the equation of;

In(/MPa)=>_ b,(? )
i=0

(16)

'The function is differentiated with respect to 1/ 7 that yield;
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din{p/ MPa L, K.,
din(p/MPa) _ > b(=)
d(K/T) = T
(17)
Finally, dp/ dT at each temperature and pressure is found by;
ap _ —(p) din(p)
ar T TP d@
(18)

The fitted parameters of by, by, and b, can be obtained directly from the equation
of the graph.

The next step is to calculate the AV, AV, is equal to;
(1 — M—‘s—) Veor (volume of n moles ice) + #Vy, (volume of 1 mole
1-xCsHg

ethane vapor) — Vj, (volume of hydrate containing 1 mole ethane).

(19)

The parameters for each sections of volume can be obtained from the data
collected by previous studies. Each of the sections will be determined according to
the function. From there, the Clapeyron equation for AH}, can be easily calculated
once the value for AV, and dp/ dT has been determined for selected temperature

and pressure.

AHj, can determined from the solubility data. The solubility can be evaluated by
the available data using the Krichevsky-Kasarnorvsky (1935) equation;

Voo - n*
n ( f ) ~nK, + csz,Hé; @ —p°)
Xy He

(20)
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Where f, fugacity of C;Hs in the gas phase; x,y , mole fraction of C,Hg
dissolved in the liquid phase; Ky, Henry’s law constant; Voo, He, Hz0- Partial molar
volume of CoHg in water at infinite dilution; p, total system pressure; p°, vapor

pressure of water at temperature 7.

The partial molar volume, Voog g .o at infinite dilution is independent of

pressure and slightly dependent of temperature and can be determined by;

‘ T
In [Voog,y 0 /(m® mol™] = —10.275 + 1.23 x 1073 (E - 273.15)

25

The ethane solubility is found from the measured value from Anderson (2004).

Because of the mole fraction x¢,y, is so low, the enthalpy of solution per mole of
carbon dioxide can be equated with little error to the partial molar enthalpy of

solution at infinite dilution which denoted byAHooc, 5 1.0 -

Based on Benson and Krause (1989), AHooc . g pcan be known by equation;

din K dveo JH20 .
AHooc, gm0 = R d(i)H —T Cf;;,ﬁﬂz (p = p°) + Voo, o @ —p%) +
T
dp®
TVoor, u, mo0 (71"17)

(22)

The second term in equation is negligible since Veor, e m,01s  almost
independent of T. also, the fourth term is negligible due to the smallness of the
water vapor pressure at the temperatures of hydrate formation. Once calculated, the

AHIp can be determined just by simply multiply the expression of

nszHs, )

AHOOCZ He,Ha O Wlth the(_ 1—xCoH,,



Finally. the enthalpy of dissociation of ethane hydrate Aff; can be known by, the
total submission of AH, + AH;;. For the calculation of hydration number can only
be done .once the enthalpy of both reactions has been determined. The difference
between enthalpy of both reactions will be divided with the enthalpy of fusion of

water and the hydration number can be known.

64



