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Abstract. Structural features of the nanosized phases of gas
hydrates are considered. Physicochemical models for the
formation of these phases are analyzed. Mathematical
models for high purification of gases by gas hydrate
crystallization and an algorithm for calculations of the
parameters affecting the purification efficiency are given.
Procedures for calculations of the distribution coefficients
of mixture components between phases during the forma-
tion of mixed gas hydrates are discussed. The bibliography
includes 109 references.

1. Introduction

Gas hydrates are key process components in the gas and
petroleum industries. The formation of gas hydrates can
significantly change the conditions for gas and oil produc-
tion, in particular, cause emergency situations. At the same
time, of considerable interest is the treatment of gas
hydrates as nanosized phases in the separation and purifi-
cation of gas mixtures including production and trans-
portation of natural gas.! Research on these processes will
help to determine the chemical compositions of gas mixtures
and conditions suitable for avoiding the formation of gas
hydrates and related emergency situations.

At present, there are severe requirements on the purity
of process gases for industrial purposes. Therefore, elabo-
ration of new and improvement of the known methods of
purification are topical. Isomorphous co-precipitation of
substances in the form of gas hydrates? called gas hydrate
crystallization 3 is a promising technique for separation and
purification of gas mixtures. Gas hydrate crystallization can
occur at about 0 °C under low pressures. It is a highly
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efficient, safe and environmentally friendly method for
separation and purification of gas mixtures which requires
relatively low energy expenditure compared to conventional
methods.

Recently, a number of reviews have been reported,?—©
concerning some historical details and physicochemical
properties of gas hydrates. The kinetics of formation,
morphology, thermodynamics and properties of gas
hydrates were discussed at the Third (USA, 1999), Fourth
(Japan, 2002), Fifth (Norway, 2005) and Sixth (Canada,
2008) International Conferences on gas hydrates. A total of
650 communications submitted to the Seventh International
Conference on gas hydrates (United Kingdom, 2011) indi-
cate intensive progress in this field. Of course, most studies
were devoted to natural gas hydrates; the number of
communications on the use of gas hydrates for separation
of gas components was much smaller.

The separation process is based on the difference
between the chemical compositions and properties of solid
and liquid (or gas) phases. In the course of gas hydrate
crystallization, components of a gas mixture are redistrib-
uted between the gas and solid (gas hydrate) phases. It was
proposed to characterize the ability of gas hydrates to
maintain compositional difference between the equilibrium
gas and solid phases by the Berthelot—Nernst distribution
constant (coefficient) and to use this parameter for separa-
tion and concentration of noble gases and natural gas
components.?”’

The unit cells in the crystal framework of a gas hydrate
are 1 —2 nm in size. A statistically valuable phase formation
(including at least 1000 unit cells) has a size ranging from 15
to 20 nm. This allows gas hydrates to be treated as a
nanosized phase in biphasic methods of separation and
high purification of substances. Of considerable interest is
analysis of the chemical compositions of such phases and
evaluation of the efficiency of gas hydrate methods for high
purification of gas.?

In this review, we analyze modern physicochemical
models for gas hydrate formation and algorithms for
calculating the distribution coefficients of gas mixture
components between the gas and solid phases based on
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these models. We will also consider mathematical models
for separation and high purification of gas by gas hydrate
crystallization and evaluate their efficiency taking purifica-
tion of sulfur hexafluoride and carbon tetrafluoride as
examples.

I1. The structures of gas hydrates and
physicochemical models for their formation

1. The structures of gas hydrates

Gas hydrates are solid crystalline substances of variable
composition belonging to clathrates. The chemical compo-
sition of gas hydrates is described by the general formula
M -nH,0, where M is the molecule of the hydrate-forming
gas at a specified temperature and pressure and n is the
hydrate number dependent on the nature of the hydrate-
forming gas, pressure and temperature.

There exist individual, double and mixed hydrates. The
chemical composition of mixed hydrates includes a number
of gases. To date, more than 150 substances capable of
forming gas hydrates are known.® This property has found
practical applications in, e.g., concentration of heavy water
and thermal compression of gases,® ! demineralization
and separation of salt solutions,!'~ !5 for container trans-
portation of natural gas and storage of gases in the form of
hydrates.® '8 Most gas hydrates known to date form three
types of crystal structures, viz., structures I, I and H with
the cubic (space group Pm3n, Fd3m) and hexagonal (space
group P6/mmm) symmetry, respectively. These structures
include five fundamental types of cavities in the crystal
framework.

The results of studies on high-pressure gas phases
suggest the existence of gas hydrates with some other
structures.!” 22 For instance, a new argon hydrate structure
was reported 22 and a fourth structural type of gas hydrates
(space group P4,/mnm) identified in gas-phase neutron
diffraction studies of high-pressure gas hydrate phases in
the systems argon—water and tetrahydrofuran—water was
discovered.?? Selected parameters of the crystal structures
of gas hydrates were also considered.? 24

It was experimentally shown that large cavities of
hydrates with the type-I and type-II structures can house
two nitrogen molecules.?> Hydrates with the cubic struc-
ture II and small guest molecules are more stable than the
hydrates with the type-I structure. The cubic structure I is
more favourable for the hydrates containing larger mole-
cules (HzS, Xe, etc.) that cannot be accommodated two at a
time within the same cavity. Also, large cavities of the
structure-II hydrates can house two molecules of such
gases as oxygen, nitrogen, krypton and argon.?®

2. The Kkinetics of formation, growth and decomposition of
gas hydrates

To use gas hydrates for separation of gas mixtures, one
should have complete information on the structure of
hydrates and mechanism of their formation. Most difficult
is to study the kinetics of hydrate formation. This is first of
all due to the fact that a hydrate can form in the reaction

M+ nH,O — [M ‘n Hzo]hydr
under different conditions.

The nucleation and growth of gas hydrate crystals can
occur:

— at the water(ice)/gas interface;

— in the bulk of free gas saturated with water vapours;
and

— in the bulk of gas-saturated water.

In each case, the nucleation mechanism of gas hydrates
has its own features.?* 2732 For instance, the morphology
of hydrate crystals was studied and factors affecting the
rates of their nucleation and growth were reported.?® It was
established that the rate of hydrate formation depends on
the degree of supercooling of the solution, on the pressure,
temperature, phase state of water and on the chemical
composition of the gas-hydrate-forming gas. A model for
hydrate formation with one fitting parameter was devel-
oped.?! It is based on the theory of homogeneous crystal-
lization and treats the growth of a hydrate crystal as two-
step process. It was shown that hydrates can form not only
within a thin layer at the gas/water interface,?? but also in
the bulk of the liquid phase. The model 3* for gas hydrate
formation allows one to take account of heat transfer
effects. The model of nonreacting compressible nucleus 33
describes the kinetics of formation of gas hydrate from ice.
A method for numerical solution of kinetic equations for
this case was developed. Experiments on the formation of
carbon dioxide and methane gas hydrates carried out to
verify the model confirmed its applicability.

Limitations on the possibility of direct observation
(nanoscale particle size), the influence of heat and mass
transfer as well as difficulties in the isolation and exact
determination of the amount of hydrate formed preclude
obtaining of reliable experimental data on the formation
and decomposition of gas hydrates. Therefore, the results of
determination of the dissociation pressure, parameters of
quadrupole points in phase diagrams and the compositions
of gas hydrates reported by different authors are different.

Experimental difficulties can be avoided using molecular
modeling methods.3¢

3. The model of ideal solid clathrate

To describe the nonstoichiometric nature of clathrate crys-
tals, a model of ideal solutions was proposed.3’ It assumes
the same type for all cavities and a single type of guest
molecules. Taking into account specific features of gas
hydrates (presence of large and small cavities in the type-I
and type-II structures, water crystal framework, etc.)
required significant modification of the equations. This
was done elsewhere.?® There is also a model of clathrates
with different types of cavities and different types of guest
molecules.?® It is called ‘the model of ideal solid clathrate’.

The theory of ideal solid clathrates is based on the
similarity between hydrate formation and physisorption
and on the Lennard —Jones and Devonshire model for the
structure of fluids.4°

The model of ‘ideal solid clathrate’ assumes that

— energies of host molecules are independent of the
energies of guest molecules;

— nonpolar guest molecules fill cavities that can house
at most one molecule each;

— guest molecules in cavities obey classical statistics;
and

— guest—guest interaction is negligible.

From the model of ideal clathrate it follows that,
assuming equilibrium distribution of guest molecules in the
gas hydrate cavities, the chemical potential of water mole-
cules has the form 3839
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= KT (1 - ), N

where ,uev is the chemical potential of the empty hydrate
framework, #n; is the ratio of the number of cavities of the ith
type in the unit cell to the number of water molecules
forming the cell, and Q; is the proportion of gas-filled
cavities. The parameter Q; is given by the known expression
for the Langmuir adsorption isotherm

Cifi
O =1 7 @
Here C; is the Langmuir coefficient of the ith gas, which
depends on the temperature and pressure (although
weakly), and f; is the fugacity of molecules of the ith gas*!
(it can be determined from the Redlich— Kwong equation of
state 4> with a reasonable accuracy).

Using Eqn (1), one can determine the minimum propor-
tion of filled cavities while Eqn (2) provides the minimum
pressure of the ith gas (dissociation pressure) necessary to
stabilize the hydrate at a given temperature.

The maximum pressures at which gas hydrates are still
stable lie between 15000 and 20 000 atm.*3~43

Provided that a gas hydrate is in thermodynamic equi-
librium with water vapour, the saturated vapour pressure
above the surface of the gas hydrate is given by 3%

P, =P — Zniln(l + Cif)s ®

where P9 is the saturated vapour pressure above the empty
clathrate framework, which depends on the temperature
and structural type of the hydrate. Using experimental data
for the best studied methane hydrate (structure I) and
propane hydrate ()structure I1), it was shown?’ that the
dependences P are described in the temperature range
260—-290 K with a reasonable accuracy (deviation is about
3.5%) by the following equations:

In POV = —128.0009+22.0937In T— w, (42)
In PUD = 1110433 4202241 In T— 20370 (4b)

Thus, Eqns (3) and (4) allow one to calculate the
dissociation pressure (or fugacity) of a gas hydrate or the
saturated water vapour pressure above the gas hydrate
surface if the Langmuir coefficients are known.

The assumptions made in constructing the model of
ideal clathrate solutions are similar to those used in models
of ideal solutions. Correspondingly, both types of models
have identical fields of application. They can be used either
at very low impurity concentrations (weak guest—guest
interaction) or if the solute molecules weakly interact with
one another. Clearly, the first condition is not met in
clathrate systems. Guest molecules are reasonably close to
one another and, if the energy of the guest—guest interac-
tion is high enough, the mutual influence of the guest
molecules is significant. It should be noted that improved
models for the description of gas hydrates based on stat-
istical thermodynamics laws are developed.?# 4648

4. The model of nonideal solid clathrate

Thermodynamic description of gas hydrates can be
improved using the model of regular solution instead of
the model of ideal solution. The model thus obtained is
called ‘the model of regular solid clathrate’.

An attempt to calculate the statistical sum for a clath-
rate taking account of the interaction between guest mole-
cules was reported.*® The guest — guest interaction treated as
‘addtive’ to the host—guest interaction was taken into
account by adding the potential of guest molecules located
at the centres of the neighbouring cavities to the cell host
potential. Unlike Ref. 49, the authors of Refs 50-53
considered the guest—guest interaction as ‘having equal
rights’ with the host—guest interaction rather than an
‘additive’. It is believed that the guest—guest interaction is
the weakest interaction in clathrate systems. However, it
significantly influences the stoichiometry of clathrates>*
and, to a lesser extent, their stability. Taking account of
guest—guest interaction allows one to describe various
phase transitions in systems.

As applied to gas hydrates, the thermodynamic model of
regular clathrate is characterized by the following key
admissions:?*

— each cavity can hold only one gas molecule and some
cavities remain unfilled; same-type cavities are thermody-
namically equivalent;

— molecules in cavities execute nearly free rotation;
thus, the motion of the centre of mass of the guest molecule
and rotation of the entire guest molecule are almost inde-
pendent;

— the interaction between guest molecules located in the
neighbouring cavities is taken into account; this interaction
has no effect on the random character of the distribution of
gas molecules over cavities;

— the free energy of hydrate is the additive sum of the
free energies of water framework and guest molecules.

In this model, the chemical potentials of water and
‘guest molecules are determined using expressions similar
to Eqns (1) and (3) augmented with the term taking account
of the guest—guest interaction. The second admission
allows one to describe this interaction by a temperature-
independent coefficient. The Langmuir coefficients and the
chemical potentials of water molecules calculated using the
models of ideal and regular solid clathrate differ appreci-
ably.>3

The model of regular solid clathrate was improved.>% It
was assumed that, when calculating the dissociation pres-
sure of gas hydrates taking into account the guest—guest
interaction, the magnitude of this interaction depends on
the guest molecules. The authors of Ref. 56 believed that the
guest molecule should first of all distort the water frame-
work, although other factors, e.g., polarity of the guest
molecule, also can affect its parameters. The experimentally
substantiated values ,u(v)v for each gas hydrate depend on the
nature of the guest molecule and increase with the guest
volume. When calculating the dissociation pressure, the use
of reference data on the properties of all molecules
decreases the error.

It should be emphasized that at high degrees of filling of
cavities in the hydrate framework and at close values of the
guest—guest interaction parameters for different gases
(when considering narrow groups of gas mixtures, e.g.,
natural gas, hydrides, fluorides, etc.), the contributions to
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the corresponding expressions are almost the same and
independent of the chemical composition of the gas phase.
In this case, the guest—guest interaction can formally be
included in 1 (Ref. 24). That is why the field of application
of the model of ideal gas hydrate extends considerably.

In the cell potential method,’” the potential of the
host—guest interaction in clathrate hydrates is calculated
analytically. The technique allows one to determine param-
eters of the potential interaction for hydrates with the
known Langmuir coefficients. It was used to calculate
parameters of a number of structural transitions in gas
hydrates and the results obtained agree with experimental
values.

A somewhat different method for calculations of phase
transitions in the system methane — water was proposed.>$- 59
Calculations were carried out based on the model of
intermolecular interactions using the Monte Carlo method.
This is a general approach. The Monte Carlo method was
used to determine the properties of the solid phase, while
the properties of the fluid phases were calculated using the
thermodynamic perturbation theory. According to calcula-
tions, such a simple molecular model allows one to describe
the phase diagram of the system methane—water and to
obtain qualitative agreement with the experiment. Monte
Carlo simulation was also used to evaluate a number of
approximations in the van der Waals—Platteeuw theory and
some its extensions.

A simple thermodynamic model for estimation of the
solubility of pure hydrocarbon hydrates (methane, ethane,
propane) in pure water in equilibrium with gas hydrates was
developed.®® 62 The results of calculations based on this
model are in reasonable agreement with experimental data.

Yet another thermodynamic model ©3 includes only two
fitting parameters. It enables accurate calculations of the
hydrate —water —vapour phase equilibria for gas hydrates
containing one guest molecule at temperatures below
300 K. It was shown that calculations using this model
give smaller deviations from experimental data compared to
other known models. In addition, it was found that the
solubility of guest molecules in water has little effect on the
accuracy of calculations.

A mathematical model for evaluation of the effect of
temperature on equilibria in the vapour —solid phase system
was proposed.®* Calculations using this model are simpler
and more accurate than those based on the equation of
state. Numerical calculations of the formation of gas
hydrates in multicomponent mixtures including methane,
ethane, propane, carbon dioxide and hydrogen sulfide were
carried out.

Below we present a detailed consideration of the model
of ideal gas hydrate. It allows the properties of gas hydrates
to be determined rather accurately without fitting parame-
ters.

5. Calculations of the Langmuir coefficients

The models considered above are based on calculations of
the Langmuir coefficients [see Eqns (1) and (2)]. They can
be determined using the results of a study®® in which the
spherical cell model was proposed. Having replaced the
average radius of a cell formed by neighbouring molecules
in the liquid by the average radius (R;) of the cavity formed
by water molecules, the authors of Ref. 65 derived the
following equation

R
C = n | exp (— % > 2dr, %)

where W(r) is the radial potential function obtained using
the potential of the interaction between gas molecules and
surrounding water molecules and r is the distance from the
centre of the cavity to the inserted gas molecule.

As shown above, the interaction between gas molecules
within the hydrate cavities can be ignored. The energy of the
gas—water interaction is usually determined by the Len-
nard-Jones potential; however, other potentials can also be
used. For instance, it was proposed ¢ °7 to use the spherical
Kihara potential because it seems to provide a better
description of the equilibrium of hydrates than other
potentials. The Kihara potential has the form

12 6
F(x)_4.s[(x_"2a) —(xf2a> } atx > 2a, (6)

where F(x) is the potential energy of the interaction between
water and gas molecules separated by the distance x; ¢ is the
depth of the potential well; ¢ is the distance between the
molecular centres for which F(x) = 0; and a is the parameter
that takes account of the length of the molecule. The
spherically symmetric smoothed potential (W(r)) derived
from the cell model is expressed through the parameters of
the Kihara potential as follows:

12 6
o 10, 4,01 o 4, 455
Ry (B +RB ) Rr (B +RB )

where Z is the coordination number, R is the radius of the
cavity,

Bnl[<1_i_£>n_<1+i_ﬁ)n} 8)
n R R R R ’
and n can be equal to 4, 5, 10 or 11.

Improvement ¢~ % of the model for calculations of the
Langmuir coefficients made it possible to describe exper-
imental data more correctly.

The radius and coordination number for each cavity
were determined.®® This allows one to use the parameter
(W(r)) for approximation of the potential of the interaction
in the cavity for all distances where this potential, either
negative or positive, is small in absolute value. Also, it is not
necessary that the coordination number of the equivalent
spherical cavity be equal to the actual coordination number
of the cavity.

The results of dissociation pressure calculations for a
number of substances carried out using this model are in
good agreement with experimental data.68 9

Thus, the system of equations (5), (7), (8) makes it
possible to calculate the Langmuir coefficients necessary
for the determination of conditions for the existence of gas
hydrates using Eqns (1)—(3).

An algorithm and the results of calculations of gas
hydrate parameters for separation and high purification of
gases using the model of ideal solutions and the spherical
cell model for the determination of the Langmuir coeffi-
cients were reported.”® To verify the correctness of the
results obtained, the Langmuir coefficients for argon, kryp-
ton and xenon hydrates were calculated using these methods

(W(r)) =2Z¢ - (7
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and then compared with the corresponding experimental
data.”’! The results of calculations appeared to be in good
agreement with the experimental data.

II1. Separation of gaseous components during gas
hydrate crystallization

If a hydrate-forming gas represents a mixture of gases My,
My, ..., M;, the formation of mixed hydrates is possible at
corresponding pressures and temperatures. The composi-
tion of such systems change on decomposition. The simplest
example of mixed hydrates is provided by double hydrates
M, +M,. Gaseous components are redistributed between
the gas hydrate and gas mixture.? The gas hydrate (or gas
mixture) is enriched (or depleted) with one or more compo-
nents due to the differences in the chemical compositions of
the equilibrium gas and solid (on anhydrous basis) phases.”®
This effect was experimentally established in the separation
and concentration of noble gases? and components of
natural gas.” The dissociation pressure of the mixed gas
hydrate depends strongly on the composition and temper-
ature of the gas mixture.”>73 If the gas mixture contains a
component with a lower dissociation pressure of its gas
hydrate, this component is responsible for the decrease in
the dissociation pressure of the mixed hydrate.

Recently, this property has found a practical applica-
tion.”4~7¢ Mention was made 74 that clathrate hydrates are
promising for storage and transportation of various gases.
In particular, chlorinated hydrocarbons can be removed
from water using the hydrate techniques with CO», N>, CH4
as hydrate-forming gases.”® The stability boundaries of the
hydrate CO,—N>—H>O in the presence (or in the absence)
of tetrahydrofuran were determined by measuring phase
equilibria.”® Based on the results obtained, a process for
CO; recovery from flue gases by hydrate separation of gas
was developed; it appeared to be more efficient than the
existing separation techniques. An apparatus for the
hydrate process of helium recovery from natural gas was
patented.”” It was also proposed® to isolate hydrogen
isotopes during separation of normal and heavy water by
column gas hydrate crystallization. Gas hydrates can be
used as selective stationary phases in chromatography.”®

Gas hydrates are considered as a new class of impurities
in high-purity substances.3- 3% This particularly concerns the
formation of double or mixed gas hydrates. Here, the
crystal framework of a gas hydrate can contain molecules
of other gases that act as impurities.”®

The results of theoretical and experimental studies on
the separation of mixtures and purification of gases by the
gas hydrate crystallization method were reported.’? 7984
An algorithm was proposed for calculating the distribution
coefficients of components of gas mixtures during the gas
hydrate crystallization. It is constructed taking into account
the known parameters of the interaction of gas hydrates and
impurity molecules.

1. The distribution coefficients of gas mixture molecules in
the cavities of mixed hydrates

In studies of mixed hydrates of noble gases and a gas-
hydrate-forming gas (most often, sulfur dioxide), the frac-
tionation coefficient is defined as follows 2

dy 100 — dy

K=—2Pt
Y100 -d,  dy

©)

where d, and dj are respectively the fractions (in %) of the
major component (sulfur dioxide) and the distributing
substance (noble gas) in the gas hydrate form. The fractio-
nation coefficient is determined from experimental data and
this does not allow one to assess how the components are
redistributed between the gas hydrate and gas mixture from
calculations using parameters of the interaction of the gas
hydrates and included molecules (impurities).

It was proposed 3% 72 to characterize the distribution of
molecules in cavities of a gas hydrate using the distribution
coefficient which is calculated from the data on the fraction
of filled cavities in the gas hydrate and on the composition
of the gas mixture. The expression for this coefficient has
the form:

Ki _ QiPs

_piZQij

where Q; is the fraction of the hydrate cavities filled with the
molecules M;, Ps is the total pressure of the gas mixture, p;
is the partial pressure of the molecules M; in the gas
mixture, and ZQ; is the total fraction of the cavities filled
with the molecules of the hydrate-forming gas.

The fraction of the type-j cavities filled with the type-i
gas molecules is determined from the equation

0, - Sili
U 1 + Z Cﬁf} >
i

(10)

(1D

where Cj; are the Langmuir coefficients calculated using the
spherical cell model for the type-i gas in the type-j cavity;

Ji= pig;

is the fugacity of the ith gas; p; is the pressure of the ith gas;
and ¢; is the fugacity coefficient.”!

If n; is the fraction of the type-j cavities in gas hydrate,
one gets

0= n0;
7

To characterize the redistribution of components of the
gas mixture during the formation of gas hydrates, the
relative distribution coefficient was introduced 30-72
K;

K’

(12)

Ky = (13)

where the component of the mixture with i = 1 is condi-

tionally treated as the major component to be purified.
Substituting Eqn (10) into expression (13), one gets

0ipi

K; o (14)

The value of the relative distribution coefficient suggests
whether the gas hydrate is enriched (K; > 1) or depleted
(K1 < 1) in impurities from the substance to be purified.
From the equations listed above it follows that the relative
distribution coefficient depends strongly on the hydrate
formation conditions and on the impurity concentration in
the gas mixture.
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The effect of the hydrate formation conditions and the
composition of the gas mixture on this coefficient was
studied.”?89-82 It was shown that the K;; value depends
strongly on the component ratio in the gas mixture and can
appreciably differ from unity for identical conditions.
Therefore, depletion or enrichment of the major component
in impurities containing in hydrate is possible even in the
stage of hydrate formation. Having separated gas hydrates
from the gas mixture, one can additionally purify the major
gaseous substance or air— gas mixtures.

The effect of the hydrate formation conditions and the
impurity concentration in the gas mixture on the magnitude
of the relative distribution coefficients of some impurities in
the formation of gas hydrates in sulfur hexafluoride was
studied.®! The concentration ranges of the main hydrate-
forming impurities (¢;) in sulfur hexafluoride are listed
below.

Impurity N> CO» SO> Oz
ci(vol.%)  0.02-0.2 0.015-0.2  0.001-0.025  0.005-0.05
Consider a three-component gas mixture

SF¢—H>0 —impurity.®! The results of calculations of the
dependences of the distribution coefficient on the impurity
concentration, temperature and pressure are shown in
Figs 1—3. Since in all cases the partial pressure of water is
much lower than the partial pressure of impurity in the gas
mixture, the concentration of the mixture H,O +impurity
can be considered equal to the impurity concentration. The
error in calculations of the distribution coefficients due to
inexact values of the Kihara potential parameters is at most
10% for sulfur dioxide and carbon dioxide and 15% for
oxygen and nitrogen. This error was determined by varying
the parameters of the potential, i.e., by calculating the
changes in the distribution coefficient determined from
Eqns (5), (6), (12) and (13) using the maximum and mini-
mum values of the parameters of the Kihara potential.’!
For more convenient analysis of the dependences thus
obtained, Eqn (11) was transformed 8! taking into account
the fact that the following relations between the Langmuir

3.5

2.5

1.5

0.5

4 i (%)

Figure 1. Concentration dependences of the relative distribution
coefficients of impurities.8!

Gas mixture composition: 99.5% SFe+0.5% (H2O +impurity);
P =400kPa; T = 273 K; impurity: SO» (1), CO2 (2), Oz (3), N2 (4).

K; K;
140 | 17
i
120 16
100 [ 2 15
80 [ 14
60 13
40 + 12
3
w7
0 4 L 0
260 270 T/K

Figure 2. Temperature dependences of the relative distribution
coefficients of impurities.8!

Gas mixture composition: 99.5% SF¢ + 0.5% (H2O +impurity);
P =1000 kPa; (/—4) see Fig. 1.

0 200 400 600

P /kPa

Figure 3. Dependences of the relative distribution coefficients of
impurities on the pressure in the system.8!

Gas mixture composition: 99.5% SF¢ + 0.5% (H»,O +impurity);
T =273 K; (I-4) see Fig. 1.

coefficients hold for the temperature range in question and
for all studied components of the gas mixture:

Ch < 1; Ch << Cy 5 Ch < Ci2; Cpn<x Cya. (15)

Here, the first subscript ‘1’ denotes the major compo-
nent, the subscript i denotes the impurity and the second
subscripts ‘1’ and ‘2’ refer to the small and large cavity,
respectively. Taking into account this condition and having
transformed Eqns (11), (12) and (14), the equation for the
determination of the relative distribution coefficient of the
impurities takes the form

2 C
Ky = Pa2P1C12 . (16)
1+ Capaps
where ¢» is the fugacity coefficient of the impurity.
From Eqn (16) it follows that the relative distribution
coefficient is determined by the Langmuir coefficients of the
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impurity for small cavities, by the partial pressures of the
major component and impurity and by the fugacity coef-
ficient of the impurity. This is due to the fact that the sulfur
hexafluoride molecules occupy almost all large cavities in
the gas hydrate, as follows from relations (15), and the
distribution coefficient is only affected by the fraction of
small cavities filled with the impurity molecules.

Impurities in SF¢ can be divided into three groups. The
first group includes O, and N, characterized by K»; << 1.
Small relative distribution coefficients of these impurities
are due to a very low fraction of hydrate cavities filled with
the impurity molecules owing to the small Langmuir coef-
ficients for small cavities (C1» ~ 104 kPa—! for nitrogen
and oxygen). In this case, Ci2¢2p> << 1 and Eqn (16) takes
the form

Ky =2¢p1Cra. 17)

From Eqn (17) it follows that for these impurities the
changes in the relative distribution coefficients with the
changes in the impurity concentration and the total pressure
of the gas mixture are solely determined by the fugacity
coefficient of the impurity and by the partial pressure of the
major component. As the impurity concentration increases,
p1 decreases; this leads to a decrease in the relative distri-
bution coefficient (see Fig. 1). An increase in the total
pressure of the gas mixture causes the partial pressure of
sulfur hexafluoride to increase and the relative distribution
coefficient monotonically increases (see Fig. 3). In both
cases, the fugacity coefficients of the impurities in question
remain almost unchanged.

From Eqn (17) it follows that the temperature depend-
ence of the relative distribution coefficient is mainly deter-
mined by the temperature dependence of the Langmuir
coefficient of the impurity for the small cavity. As temper-
ature increases, the Langmuir coefficient decreases and one
deals with redistribution of the gases in the hydrate cavities.
The fraction of the cavities filled with impurities decreases;
therefore, the relative distribution coefficient also decreases
(see Fig. 2).

The second group of impurities includes CO> whose
relative distribution coefficient is close to unity due to the
much higher value of the Langmuir coefficient for small
cavity (Ci» ~ 1073 kPa—"). If the concentration of carbon
dioxide in a gas mixture is low, one has Ciapap> << 1 and
the dependence of the relative distribution coefficient on the
parameters of the process is again analyzed using Eqn (17).
As for the first group of impurities, in this case the depend-
ence of the relative distribution coefficient on the impurity
concentration and on the pressure of the gas mixture is
determined by the fugacity coefficient of carbon dioxide and
by the partial pressure of sulfur hexafluoride (see Figs 1
and 3). At low pressures, the distribution coefficient of
carbon dioxide is less than unity. As the pressure of the gas
mixture increases, the distribution coefficient of carbon
dioxide increases and becomes larger than unity. Such a
behaviour of this parameter is due to the fact that the
fraction of the large cavities filled with the sulfur hexa-
fluoride molecules remains almost unchanged with an
increase in the pressure of the gas mixture, whereas the
fraction of the small cavities occupied by the carbon dioxide
molecules increases in proportion to an increase in its
partial pressure. From Eqn (17) it follows that K»; = 1 at
P11 = 1/2 ([)2C124

As for the first group of impurities, the temperature
dependence of the relative distribution coefficient of carbon
dioxide (see Fig. 2) is determined by the temperature
dependence of the Langmuir coefficient in Eqn (17).

The third group of impurities includes sulfur dioxide
characterized by the relative distribution coefficient greater
than unity. The concentration dependence of the relative
distribution coefficient of this impurity was analyzed ®!
using Eqn (16). As the sulfur dioxide concentration in the
gas mixture at constant pressure increases, the partial
pressure of sulfur dioxide increases. The partial pressure of
sulfur hexafluoride decreases, which leads to a decrease in
the relative distribution coefficient (see Fig. 1). As the
pressure of the gas mixture increases, the partial pressure
of sulfur hexafluoride increases and, therefore, the distribu-
tion coefficient also increases (see Fig. 3).

As in the preceding cases, a decrease in the relative
distribution coefficient with an increase in temperature (see
Fig. 2) is mainly due to a decrease in the Langmuir
coefficient in Eqn (16).

Consider a four-component mixture SF¢—H>O —impur-
ity 1 —impurity 2.8! The impurity concentrations were
chosen based on their actual concentrations in raw gas.

For the four-component system, Eqn (16) can be trans-
formed to

2¢,p1C,

Ky =——2ee
2 1+ Cpfa+Ciafs

(18)

where the subscripts ‘1°, 2°, 3’ refer to the major compo-
nent, first impurity and second impurity, respectively.

From Eqn (18) it is seen that, if the gas mixture contains
only components with small Langmuir coefficients (impur-
ities from the first and second groups), for the products one
has Ci2f> << 1 and Ci3f3 << 1 and they can be neglected;
then Eqn (18) is transformed to Eqn (17). In this case, other
impurities present in the mixture do not influence the
distribution coefficient. If sulfur dioxide acts as impurity,
Eqn (18) takes the form:

(19)

Here, the subscript ‘3’ refers to sulfur dioxide. There-
fore, if the mixture contains sulfur dioxide, its effect should
be taken into account in the determination of the distribu-
tion coefficients of other impurities. For instance, the
change in the distribution coefficient of CO; is only affected
by the sulfur dioxide molecules, viz., the addition of sulfur
dioxide to the gas mixture causes the relative distribution
coefficient of CO> to decrease, as follows from Eqn (19). As
the temperature increases and the pressure decreases, this
effect becomes less pronounced. The distribution coeffi-
cients of other impurities change analogously.

Therefore, practical calculations of the separation of gas
mixture components at negative temperatures and high
pressures should take into account the presence of impur-
ities with large Langmuir coefficients.

Thus, it was shown 8! that, during purification of sulfur
hexafluoride, gas hydrates will be enriched in sulfur dioxide
(K21 > 1) and depleted in nitrogen and oxygen (Kz; < 1).
Depending on the pressure, the distribution coefficient of
carbon dioxide can be smaller (at low pressures) or greater
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than unity. The distribution coefficients of other impurities
under study significantly differ from unity.

The results of calculations of the relative distribution
coefficients for an air mixture containing the following
impurities: sulfur and carbon dioxides, nitrogen(I) oxide,
Freon-12 and chloroform were reported.? 89 They included
the concentrations of these impurities in the gas hydrate
calculated 8© as follows. Having known the fraction of the
cavities filled with the gas mixture molecules and taking into
account the fact that the structure I (structure II) hydrate is
characterized by 5.75 (5.67) water molecules per cavity,? the
mole fraction of gas relative to water can be determined
from the equations

9

575 for structure I,

0i
5.65

Ci =

(20)

for structure I1.

C; =

For instance, at 263 K, hydrates will mainly contain
sulfur dioxide and chloroform as impurities.

2. Experimental determination of the distribution coefficients
in the systems gas — gas hydrate

If no initial data for calculations are available, the distribu-
tion coefficient can be determined from the experimental
data on the equilibrium in the systems gas—gas hydrate. To
this end, the gas phase is separated in the equilibrium state
from the solid phase and the concentrations of the hydrate-
forming components are determined for each phase.” This
experiment is difficult from the standpoint of phase separa-
tion. The phase compositions were also calculated” from
the equilibrium balance taking into account the changes in
the pressure and volume of the gas phase in the formation of
gas hydrates. However, this technique can be used if the
Langmuir coefficients of the substances under study are
known.

A method for experimental determination of the distri-
bution coefficients of the gas mixture components under the
gas hydrate crystallization conditions was proposed.33-84
The technique uses simple laboratory equipment and does
not require knowledge of the physicochemical properties of
the gas hydrates under study, labour-consuming isolation of
the solid phase or determination of the composition of the
gas phase in the gas hydrates.

The separation coefficient (x) for a binary gas mixture
containing a major component and an impurity is given by
the known expression

o= % 71,
1—¢ 1 —c

where ¢y, is the impurity concentration in the gas hydrate; cg
is the impurity concentration in the gas phase that is in
equilibrium with the gas in the hydrate. In the case of the
gas hydrate crystallization one has

@

Y
Ch_a,
_Di

Cg—F

and Eqn (21) is transformed to the equation for the relative
distribution coefficient (14).

Expression (21) allows one to determine the separation
coefficient from the experimental data on the equilibrium
between the gas and gas hydrate phases. The equilibrium
parameters of gas hydrates were studied by the static
method under isothermal conditions. In this case, the
impurity concentration in the gas phase can be determined
analytically. To prevent changes in the composition of the
equilibrium phases, small amounts of the gas phase were
analyzed. The equilibrium impurity concentration in the gas
hydrate was determined®? as described below using the
mass balance equation for the gas hydrate crystallization
under static conditions. A mixture of gases A + B (a total of
Ny moles) fills some volume at the initial pressure Py and
constant temperature 7. The pressure Py is higher than the
dissociation pressure of the gas hydrates formed by the
individual components A or B at the specified temperature
T. In the course of gas hydrate crystallization, a fraction of
the gas mixture (N, moles) goes to the gas hydrate and the
gas phase now contains Ny moles of the gas. Therefore, the
mass balance for gas hydrate crystallization with respect to
the gas phase can be written as follows:

Ny =Ny + N,; (22)
for the impurity component of the gas mixture one has
ny = ny, +ny, (23)

where ng, ng are the initial and final amounts of the
impurity in the gas mixture; and s, is the amount of
impurity in the gas hydrate.

If the initial impurity concentration in the gas mixture is
co, the amount of impurity in the gas phase at the initial
instant is:

ny = Nycy - (24)

The amount of gas consumed for the gas hydrate
formation can be determined if we know the fraction of
the gas (6) that crystallized as gas hydrate,

Ny = Ny0. (25)
Then, the amount of impurity in the gas hydrate is
np = thh = N()ChG. (26)

The total amount of components remaining in the gas
phase is

Ny = Ny — Ny = No(1 = 0). 27

Taking into account expressions (25) and (27), the
amount of impurity in the gas phase is

ny = Nycg = cgNo(1 = 0). (28)

Thus, taking into account expressions (24), (26) and
(28), the mass balance equation (23) for the impurity takes
the form

Nocog = Nocy + Nocg(1 = 0). (29)
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The impurity concentration in the gas hydrate is given
by

0 — co(1—0
= ‘gg( ) (30)
Substituting expression (30) into Eqn (21), one gets
I —c 0 !
= -1 . 31
* ( Cg ) (CO*(lfe)Cg ) G

Therefore, knowledge of the impurity concentration in
the initial mixture and in the gas phase that is in equilibrium
with the gas hydrate, as well as the fraction of the gas that
crystallized in the form of gas hydrate allows one to
determine the separation coefficient in the system gas—gas
hydrate.

This method of determination of the distribution coef-
ficient was tested on the system SF¢— CF>Cl,. The concen-
tration of CF,Cl; in the gas mixture was 13.6 vol.%. This
system was chosen because gas hydrates formed by its
components are well studied and characterized by low
dissociation pressures, viz., 86.5 and 34.7 kPa for the SF¢
and CF,Cl, hydrates, respectively, at 0 °C.7 To study the
effect of experimental conditions on the accuracy of deter-
mination of the separation coefficient, hydrate formation
was performed 83 at 272, 273 and 275 K in excess amount of
water (35, 100 and 150 ml). In addition, some experiments
were carried out using a stirrer during the formation and
growth of gas hydrates.

The design of the experimental apparatus is shown in
Fig. 4. The key unit is a 330 ml gas hydrate cell. A
horizontal cylindrical cell is made of stainless steel and has
a viewing window and external cooling jacket. The design
includes the system of fine control of the gas inflow rate and
the sample outflow rate, a thermostat, a vacuum system and
a mechanism for reneval of the interface (a shaker or a
stirrer). The feeding and sampling lines were combined to
provide a minimum sample volume. The thermostat main-
tains the temperature using a ‘Proterm-100" controller with
an accuracy of 0.1 °C. The apparatus allows one to study
the hydrate formation at pressures up to 1000 kPa with an
accuracy of 2 kPa.

1(7) 5 (&

Figure 4. Design of experimental apparatus.®?

Helium container (/), gas mixture bottle (2), vacuum pump (3),
standard pressure gauge (4), vacuum gauge (5), pressure vacuum
gauge (6), sampling cylinder (7), crystallizer (8) and thermostat (9).

Experimental determination of the distribution coeffi-
cients was done as follows.®3 The cell was filled with a
specified amount of water and gas mixture and the desired
temperature was set. Preliminary experiments involved the
formation of a particular amount of gas hydrate. To this
end, the gas mixture in the cell at the initial instant of time
was kept at a high excess pressure Po. As mixed gas
hydrates formed from the gas mixture, the pressure in the
system slowly decreased to P.. As a constant pressure was
reached, the equilibrium was attained by long-term storage
of the gas hydrates under static conditions.>”’

Different authors report different storage times, from
two hours” to a few days.?* Therefore, preliminary experi-
ments with this system were carried out to determine the
minimum time interval necessary to attain the equilibrium
state.®3 As a result, the dependence of the distribution
coefficient of CF,Cl, between the gas and solid phases on
the storage time of gas hydrates was obtained (see Fig. 5).
The distribution coefficient was calculated using Eqn (31).
As can be seen, gas hydrates should be kept for at least
120 min under static conditions to attain equilibrium. This
is indicated by independence of the distribution coefficient
value on time (the curve reaches a plateau at ¢t > 120 min).

2 I I I
50 100 150

t /min

Figure 5. Separation coefficient plotted vs. time of storage of gas
hydrates under static conditions: 7 =273 K, Py= 2.5 atm,
Ki1 = 2.63 (SF¢ as major component, CF,Cl, as impurity).®3

After completion of the experiments, a small amount of
gas mixture was sampled. The concentration of CF,Cl, in
the sample was determined following a known procedure.®’
The error in GC analysis was at most 5%.

The separation coefficients for different experimental
conditions were calculated using expression (31). The frac-
tion of gas that crystallized as gas hydrate was determined
as follows:

(32)

where Py and P. are the initial and final pressure in the
system, respectively. The error in the determination of the
separation coefficient using relation (31) was 16%.

The results obtained in these experiments are in good
agreement with those reported in a theoretical study.8!

To verify the experimental data, the relative distribution
coefficient was calculated from expression (14) based on the
theory of ideal solid clathrate using a known procedure.? 30
The Langmuir coefficients were calculated using the Kihara
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potential. The parameters of the intermolecular interaction
potential for the substances under study were as follows:
for SFg¢

£=312K,a=3.77A,a=0.4A;

for CF2C12

2 = 419.1K, 0 =370 A, a = 0.36 A.
They were obtained from the dissociation pressure
values for the corresponding gas hydrates using a procedure
described elsewhere.8¢ The results of calculations of the
relative distribution coefficients are listed in Tables 1
and 2. The coefficients « and K;; differ by 13%, which lies
within the limits of the error of the technique employed. The
accuracy in determination of the separation coefficient from
experimental data is independent of the amount of water in
the system and of the temperature at which crystallization
of the gas hydrate is carried out. The use of a stirrer also has
no effect on the accuracy of the results obtained; it only
favours the attainment of equilibrium in the system.

Table 1. Results of determination of the coefficients o and K;; at
different amounts of water in the system (Py = 250 kPa, T'= 273 K,
co=13.6 VOl.O/o).83

Water cg (vol.%)  ¢n (vol.%)  Pe/atm 0 o
volume /ml (see?)
35 7.1 15.8 0.79 0.69 2.48
100° 6.5 16.3 0.83 0.67 2.81
100 6.5 16.4 0.84 0.66 2.86
150 6.6 16.3 0.83 0.67 2.78

Note. In all cases, calculations using expression (14) showed that
K;1 = 2.63. 2Calculated using expression (31). ® Experiments were
carried out under mixing.

Table 2. Results of determination of the coefficients o and K;; at
different temperatures (Po = 250 kPa, co = 13.6 vol.%).%3

T/IK  cg(vol.%) cn(vol.%)  Pej/atm 0 o K;
(see®)  (see?)
272 6.0 16.0 0.73 0.71  2.96 2.62
273 7.1 15.8 0.79 0.69 248 2.63
275 8.2 17.3 1.16 0.54 234 2.66

2 Calculated using expression (31). P Calculated using expression (14).

Thus, the method 8¢ allows one to determine the distri-
bution coefficient in the system gas—gas hydrate with a
reasonable accuracy.

3. Determination of parameters of intermolecular interaction
in gas hydrate

Theoretical calculations of hydrate formation conditions
require knowledge of the parameters of the potential of
intermolecular interaction between gas molecules in the
cavity of a gas hydrate (guest molecules) and water mole-
cules that form the crystal framework (host molecules).3
Parameters of the potential of the host—guest interaction
can be determined using the Lorentz— Berthelot mixing rule

and the corresponding parameters of individual substances
(guest—guest interaction). However, for many hydrate-
forming gases these data are unknown or contradictory. In
addition, if the parameters of the potential of intermolecu-
lar interaction were determined from the viscosity data or
from the second virial coefficient in the equilibrium state
represented by a polynomial in powers of the reciprocal
volume, they should be corrected taking into account the
properties of the corresponding gas hydrates.3¢ The numer-
ical values are refined by comparing the results of calcu-
lations of the dissociation pressure and the compositions of
the hydrate and gas phases with experimental data.

A scheme for calculations of the Kihara potential
parameters for methane and ethane from experimental
data on hydrate formation was proposed.®” The scheme
uses the values of the parameters as fitting ones. Calcula-
tions of the phase equilibrium using the Kihara potential
parameters thus obtained predict a transition from structure
I to structure II in mixed hydrates, which agrees with
experimental data.

A mathematical method > involving analytical determi-
nation of the potential of the host—guest’ interaction in
clathrate hydrates allows one to calculate parameters of the
interaction potential for hydrates with the known Langmuir
coefficients.

It was also proposed®® to determine parameters of
guest—guest intermolecular interaction by regression anal-
ysis using experimental data on the distribution coefficient
of the gas under study mixed with a well-studied component
during gas hydrate crystallization. The theory of ideal
clathrate and experimental data are used to calculate the
parameters of the host—guest intermolecular interaction.
They are suitable for calculating the guest—guest interac-
tion parameters. Subsequently, the distribution coefficients
are determined for different conditions of gas hydrate
crystallization. These coefficients were shown to be in
reasonable agreement with experimental data.

The relative distribution coefficient is calculated from
Eqns (5), (11) and (14). To obtain the radial function in
Eqn (5), one can use the interaction potentials similar to the
Lennard-Jones or Kihara potentials.

The potential function (W;(r)) can be expressed through
the parameters of the Lennard-Jones 12—6 potential:

0654
R )

where Z is the coordination number, R is the radius cavity;

PORNR FUA R A
-w|(-7) (%)
and N can be equal to 10 or 4.

The results of dissociation pressure calculations for gas
hydrates using the 12— 6 Lennard-Jones potential agree well
with the experimental data for molecules of polyatomic
gases and small spherical molecules (e.g., CH4). For rod-
like molecules (e.g., N2, Oz, N2O, COa,, etc.), the best
results were obtained with the quasi-spherical Kihara
potential (6) which takes into account the effect of the
molecular extension, shape and symmetry on the interaction
energy.

The radial function (W;(r)) expressed through the
Kihara potential parameters is specified by Eqns (7) and (8).

12510
0wi0)) =223 (e

R (33)

. (34)
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The parameters ¢ and o of the interaction between the
molecules of the type-i component of the gas mixture and
water molecules appeared in expressions (6) and (33) are
determined using the Lorentz— Berthelot rule:

€= \/Ewéyi>

Oy +(7g,'
:—2 R

(3%)

where oy = 3.564 A and &./k = 102.1 K are the parameters
of the intermolecular interaction for water molecules ¢ and
0gi, € are the parameters of the intermolecular interaction
for pure type-i component of the gas mixture (guest—guest
interaction).

Having specified combinations of the parameters gg; and
gg; of the interaction potential of the substance under study
in Eqns (35) and having solved the chain of equations (7),
(8) or (33), (34), (5), (11), (14), one can choose such
parameter values that provide the relative distribution
coefficient equal to the known values for different condi-
tions. Thus, having experimentally determined the distribu-
tion coefficient of a substance under study mixed with a
well-studied component, one can find the parameters of the
potential of intermolecular interaction for the pure sub-
stance.

The parameters oy and & of the interaction potential
for the system SF¢— CClyF> were calculated.®® Both mole-
cules have a spherical shape, dichlorodifluoromethane has a
small dipole moment (0.55 D) while the sulfur hexafluoride
molecule is nonpolar; therefore, the system in question can
with reasonable accuracy be described by the Lennard-
Jones potential. This system was chosen taking into account
the fact that gas hydrates formed by SF¢ and CF»Cl, are
well studied and vast information on their dissociation
pressures and distribution coefficients is available.

First, we will consider the case where the role of the
substance under study is played by the major component of
the mixture, viz., sulfur hexafluoride. The necessary values
of the parameters, og; and &g, of the Lennard-Jones
potential were preliminarily obtained by regression analysis
from the hydrate composition and dissociation pressure
data following the known procedure:3°

for CF2C12

% = 3355 K, 0g1 = 4.06 A;

for SFg¢

gl B "
T 261.0 K, 051 = 4.28 A.

The published 8 experimental values of the equilibrium
distribution coefficient for this system differ by 10% from
the calculated value. The temperature was measured with an
accuracy of 0.1 K. The distribution coefficients of the
components of the gas mixture with an equilibrium CF,Cl,
concentration of 6 vol.% were calculated using expres-
sion (14) and the Lennard-Jones potential parameters listed
above. The pressure of the gas mixture was assumed to be
equal to the dissociation pressure of the gas hydrate
SFs—CF>Cl, (72.2, 117.5 and 198.5 kPa at 273.1, 275.1
and 277.1 K, respectively). The experimental and calculated

Table 3. Equilibrium (K), experimental (K) and calculated (K”) values
of the distribution coefficient at different temperatures.®

T/K K K' K" Deviation K"
from K’ (%)

273.1 2.24 2.41 2.42 0.4

275.1 2.32 2.53 2.50 1.2

277.1 2.45 2.60 2.62 0.8

values of the equilibrium distribution coefficient are listed
in Table 3.

Solution of the system of equations (5), (11), (14), (34)
with respect to g1 and &g for SF¢ allowed one to determine
the parameters corresponding to the minimum deviations of
the calculated values of the distribution coefficient from
experimental ones for the entire temperature range studied
(see Table 3). The parameters are &g /k = 258.34 K and
g1 = 4.28 A; the corresponding calculated distribution
coefficients are listed in Table 3. As can be seen, the
distribution coefficients calculated using these data agree
with experimental values.

The applicability of the 6,1 and &g thus obtained to
calculations of the conditions for gas hydrate formation was
assessed by comparing the calculated and experimental
values of the dissociation pressures of the gas hydrates.
The dissociation pressures were determined within the
framework of the theory of ideal solid clathrate using the
Lennard-Jones potential parameters determined from the
distribution coefficient data. The results obtained are listed
in Table 4. As can be seen, the calculated dissociation
pressure values are in reasonable agreement with the pub-
lished data.

Table 4. Dissociation pressure of SF¢ gas hydrate.®3

T/K P’ /kPa P" kPa Deviation P”
from P’ (%)

273.15 86.5 84.5 2.3

275.15 136 138.5 1.8

277.15 200 236.5 18.3

Note. Notations are as follows: P’ denotes published data, P” denotes
the results of calculations.

Similar results were also obtained for the second case
where the role of the substance under study is played by the
minor component of the mixture, viz., CF,Cl, .88 Therefore,
both the major component and impurity can be studied
experimentally.

The Lennard-Jones potential parameters for individual
SF¢ and CF>Cl, forming gas hydrates with the cubic
structure II are in good agreement with the results of other
studies °°~°2 in which the dependence of the structure of
clathrate hydrates on the parameters of the host—guest (¢/k,
o) and guest—guest (&g/k, 0g) interaction potential was
established.

Thus, experimental data on the distribution coefficients
of the components of the gas mixture in the case of gas
hydrate crystallization can be used for the determination of
the intermolecular interaction parameters by regression
analysis.
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4. Gas hydrate crystallization at constant pressure and
directed crystallization
Studies 8% 93-98 concern the applicability of the gas hydrate
crystallization method to high purification of substances in
the dynamic regime (formation of gas hydrates provided
slow crystallization of the major component). In this case,
one deals with precipitation of large crystals in which the
concentration of impurity (substance to be distributed)
changes from the centre to periphery. Each layer of the
growing crystal is in equilibrium with the gas phase.

The efficiency of this technique is characterized by the
separation coefficient *°

-1
__J i
a_l—y<1—x) ’

where y is the impurity concentration in the gas mixture
containing in the hydrate; and x is the impurity concen-
tration in the gas mixture that is in equilibrium with the gas
mixture in the hydrate.

The concentration of molecules of the type-i gas in the
gas mixture containing in the gas hydrate is given by

(36)

L2
1 Q k)

where Q; = ) n;Qji is the fraction of the gas hydrate cavities
filled with the type-i gas molecules; 7, is the fraction of the
type-j gas hydrate cavities; Qj; is the fraction of the type-j
cavities filled with the type-i gas molecules; and Q = > Q;is
the total fraction of the filled gas hydrate cavities.

The concentration of the type-i molecules in the gas
mixture existing in equilibrium with the gas mixture in the
hydrate is given by

Xi = b >
Py
where p; is the partial pressure of the type-i gas and Py is the
total pressure of the gas mixture.
Taking into account this expression, the relation for the
separation coefficient has the form

QZL<L)"
0—0;\Py—p; '

After rearrangements, expression (36) takes the form of
the equation for the relative distribution coefficient (14).

Thus, in practical calculations of the separation of
mixtures by the gas hydrate crystallization method the
separation coefficient « can be determined by Eqn (14).

Two experimental regimes of gas hydrate crystallization,
namely, an isobaric process and an analogue of directed
crystallization have been considered.8% 93.97

The former case is schematically shown in Fig. 6. A
mixture of gases M; and M, (No moles) fills a certain
volume and is characterized by the pressure Ps which is
higher than the dissociation pressure at the given temper-
ature. At the water vapour pressure py, (assuming
pw = const) equal to the saturated vapour pressure, stable
formation of gas hydrates occurs. During the time interval
dz, mdN' moles of water (m is the number water molecules
per gas molecule in the structure of gas hydrate) are crystal-
lized as gas hydrates. The pressure of the gas mixture and

(37

M, +M-,,
Ps, pw,
No, Xo

ydN' mdN’

Figure 6. Separation of gas mixtures by the gas hydrate crystal-
lization method under isobaric conditions: a schematic.

Gas and water vapour inlet systems (/, 2); for the parameters of the
process, see text.

the water vapour pressure are maintained constant due to
the feeding of a mixture with the initial concentrations of
the components and the necessary amount of water into the
volume. A fraction of the gas mixture crystallizes as a
hydrate and the remaining gas mixture is sampled in the
form of purified product upon completion of the process.®>
The impurity concentration in the gas was taken to be
the same in the entire volume.
The mass balance equation for the impurity has the form
d(Ngx) = ydN' + xgdN’, (38)
where Ny (in moles) is the initial amount of the gas mixture
in the volume considered; x¢ (in mole fractions) is the initial
impurity concentration in the gas mixture; N’ (in moles) is
the amount of the gas mixture crystallized as gas hydrate.
Taking into account expression (36), the mass balance
equation (38) takes the form

Nodx = al —dN’ + xgdN', (39)

1+ (x—1)

A solution of this equation by the method of separation
of variables with the initial condition x = xo at N’ = 0 gave
the dependence of the impurity concentration in the gas
phase on the fraction of gas sampled from the gas hydrates,
i.e., on the fraction of the crystallized substance,

N’ o Ax — xg a—1

A Ty PleinA Tl N T Ay VA 40

L e | R @0
where

A=o—(0—1)xg.

If the fraction of the crystallized substance is

N’ N'/N
0 _ NN, (1)

“N'+N, 1+N'/N,’

by simultaneous solution of Eqns (40) and (41) one can
determine the impurity concentration in the volume and the
separation factor F = xo/x for a given fraction of the
crystallized substance (Fig. 7). This requires that M = mN’
moles of water be fed into the volume [m = 5.75/Q for
structure I and m = 5.67/Q for structure II (Ref. 3); m is the
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Figure 7. Plots of the separation factor of the mixture SFs— SO
vs. sample ratio for the first (/) and second (2) regimes of gas
hydrate crystallization.®?

Impurity concentration is 1 mol.%, Py = 300 kPa, 7' = 273 K.

number water molecules per gas molecule in the structure of
gas hydrate]. In addition, from Eqn (40) it follows that the
limiting attainable impurity concentration in the volume
corresponding to the maximum separation factor F = A, is
)C()/A.

In the second case (directed gas hydrate crystallization),
the pressure of the gas mixture in the volume continuously
decreases due to the formation of gas hydrates, no gas
mixture is additionally supplied and the purified product is
sampled as the process is completed.®s93-97 The impurity
concentration in the gas is the same in the entire volume; at
each instant, it is related to the impurity concentration in
the gas mixture containing in the hydrate and described by
Eqn (36). This regime of the process is analogous to the
method of directed crystallization from melt.

The mass balance equation for this case has the form

d(N"x) =ydN", 42)
where N” (in moles) is the amount of the gas mixture in the
volume for the second regime of gas hydrate crystallization.

Taking into account expression (36), the mass balance
equation takes the form

oax

————dN".
14 (= 1)x

N"dx = (43)

A solution of this equation by the method of separation
of variables with the initial condition x = xo at N = 0 gave
the dependence of the impurity concentration in the gas
phase on the fraction of the crystallized substance

N// o—1 1— o
)
NQ X0 1—x
The fraction of crystallized substance is given by
N 7NN N//
S LR ey (45)
Ny Ny

Simultaneous solution of Eqns (44) and (45) makes it
possible to determine the impurity concentration in the

volume for a given fraction of the crystallized substance
(see Fig. 7).

Experimental verification of the proposed mathematical
models for calculations of the separation factor was carried
out for the two designs of gas hydrate crystallization taking
the system sulfur hexafluoride — Freon-12 impurity (separa-
tion coefficient oo = 3.0 at 7'= 273 K and Py = 250 kPa) as
an example.®’ The impurity concentration in the initial gas
mixture was 3.5 mol.%.

Freon-12 is insoluble in water while SF¢ is water soluble,
although poorly (solubility is 14.7 ml litre—'). Therefore,
separation of the components due to dissolution in water
was ignored.

The experimental apparatus (Fig. 8) comprised three
main units, viz., a crystallizer, a thermostat and a gas inlet
system. The thermostatted glass crystallizer (350 ml) was
filled with distilled water by three-quarter volume. The
external cooling jacket of the crystallizer was filled with
cooling agent. The pressure in the crystallizer was con-
trolled by a pressure vacuum gauge. The gas mixture
under study was fed and removed using the gas inlet system
which allowed one to evacuate the reactor, to feed the gas
mixture and to perform sampling at any step of the experi-
ment. A mixture of ethylene glycol (30%) with water (70%)
was used as cooling agent. The thermostat maintained the
temperature in the crystallizer in the range of 0—20 °C with
an accuracy of +0.5°C. The experimental apparatus
allowed one to study hydrate formation at pressures up to
300 kPa to an accuracy of £ 5 kPa.

)

N/

7 X X
3

4

Figure 8. Design of experimental apparatus.®?

Crystallizer (/), gas mixture bottle (2), sampling cylinder (3),
helium container (4), thermostat (5), pressure vacuum gauges
(6-38), and vacuum pump (9).

In carrying out gas hydrate crystallization under iso-
baric conditions, the constant pressure (Pg) in the crystal-
lizer was maintained at 245250 kPa. As the gas pressure in
the crystallizer decreased by AP = 5 kPa upon the forma-
tion of gas hydrate, an additional portion of the gas mixture
was fed into the system and the pressure returned to its
initial value. The procedure was repeated several times; the
sample ratio was determined from the equation

o > AP

Py AP’ (46)
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The purified substance was sampled after the necessary
value 0 was reached.

In the second experimental regime, the initial pressure in
the crystallizer was set to Py = 250 kPa. The formation of
gas hydrate was accompanied by a decrease in the pressure
in the crystallizer to P . In this case, the sample ratio was
determined from the equation

Py — P,
g Po— P
)

47)

As the necessary 0 value was reached, the sample was
transferred to a preliminarily mounted cylinder. The sample
was diluted with helium and analyzed.

The experimental data are shown in Figs 9 and 10. As
the sample ratio increases, the separation factor of the
mixture increases; the experimental and theoretical values
obtained using Eqns (40), (41) and (44), (45) are in good
agreement.

F
25 %
20
15 | &
@
1.0 1 1 1 1
0 0.1 0.2 03 0.4

Sample ratio

Figure 9. Separation factor of the mixture SF¢— CF>Cl plotted
vs. sample ratio at constant pressure.3

Impurity concentration is 3.5 mol.%, Py = 250 kPa, T =273 K.
Here and in Fig. 10 open circles denote experimental data; the solid
line represents the result of calculations using Eqns (40), (41) and
(44), (45).

22 ¢

1.4

1
0 0.1 0.2 0.3 0.4

Sample ratio

Figure 10. Separation factor of the mixture SF¢— CF>Cl, plotted
vs. sample ratio for directed crystallization.3%
Impurity concentration is 3.5 mol.%, 7= 273 K, Py = 250 kPa.

Based on the results of analysis (see above), one can
suggest that the proposed mathematical model correctly
describes experimental data and can be used for practical
calculations of the separation factors of gas mixtures by the
gas hydrate crystallization method.

5. Continuous gas hydrate crystallization
In the text above, we have considered gas hydrate crystal-
lization at constant pressure with single separation of gas
mixtures. But often, continuous separation and high purifi-
cation of gas mixtures is needed. This requires practical
implementation of continuous gas hydrate crystalliza-
tion.%4 96

Consider the process of gas hydrate crystallization in a
crystallizer at the interface at continuous flow rate of a gas
mixture (Fig. 11).%* The original gas mixture (flow rate /) is

y
Gas/solid interface
10, o 1”, C”
| ’
ll/, oco
x

Figure 11. Separation of mixtures by continuous gas hydrate crys-
tallization: a schematic.

fed along the interface. It is divided into two flows, namely,
the crystallizable flow [’ directed perpendicular to the
interface and the flow /” leaving the crystallizer along the
x axis. The flow /' is determined by the crystallization rate
and depends on the temperature and pressure in the system,
on the concentration of the hydrate-forming gas and on the
surface area of the gas—water contact. The fraction of the
gas consumed in hydrate crystallization is given by

(48)

Assuming that the impurity concentration in the gas
mixture varies only along the x axis and that the flow /’ does
not vary with time, the mass balance equation for the
impurity under steady flow conditions is as follows 4

dc,-

= 4 =0,

(49)

where ¢; is the impurity concentration in the gas flow and J;

is the mass flux of the impurity through the crystallizer.
After transformations, expression (49) takes the form

o de dr’

‘I i a (50)
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where o is the separation coefficient of the impurity; ¢ is the
impurity concentration in the gas mixture that is in equili-
brium with the gas mixture in the hydrate; / is the gas flow
rate at the point x.

The mass balance equation for the major component has
the form

de .
ditl = *leJl = 0,

(51
where ¢; is the concentration of the major component in the
gas flow and J; is the mass flux of the major component
through the crystallizer.

After rearrangements, expression (51) takes the form

d' 1 de dl

& T cdx dx (52)
Simultaneous use of Eqns (49) and (52) gives:
d/ de [ de dl

Solution of Eqn (53) by the method of separation of
variables with the initial conditions ¢ = ¢o and / =/, at
x = 0 gives ** the dependence of the impurity concentration
in gas phase at the crystallizer outlet on the fraction of
crystallized gas for a continuous process,

CN l—C() * 1
(5) (=) =a-n

where ¢y and ¢” are the initial and final impurity concen-
trations, respectively.

This mathematical model was used to calculate the
dependence of the separation factor F = co/c” on the
sample ratio n for the mixture SF¢+ SO, (the separation
coefficient oo &~ 21.4 at T = 273 K and Py = 250 kPa and the
impurity concentration is 3.5%). The results of calculations
are shown in Fig. 12. As can be seen, a large separation
factor (F > 100) can be obtained even at low sample ratios
(>0.2).

As in the precedng case,® the proposed mathematical
model for calculations of the efficiency of separation was

(54)

1000 -

100

10 [

1 I I I
0.1 0.2 0.3

Sample ratio

Figure 12. Separation factor of the mixture SFs— SO, plotted vs.
sample ratio.”*
SO, concentration is 3.5%, T = 273 K, Py = 250 kPa.

verified taking the system sulfur hexafluoride— Freon-12
impurity (separation coefficient o ~3 at 7 =273 K,
Py = 205 kPa) as an example.?* The impurity concentration
in the initial gas mixture was 3.5 mol.%.

As mentioned above, continuous gas hydrate crystalli-
zation should be carried out under steady flow conditions /’,
i.e., at constant crystallization rate. It was experimentally
established that under the experimental conditions the
maximum steady-state flow of 1.5 cm? min—! was attained
at least 150 min after the onset of crystallization.

To carry out continuous gas hydrate crystallization
experiments on an apparatus described earlier,®> the design
of the crystallizer (/) (Fig. 13) was changed ®* to exclude
mixing of the gas mixture in the reactor and to include
rheometers at the crystallizer inlet and outlet (2, 3) to
determine the flow rate of the gas mixture. The flow was
adjusted with a fine adjustment valve (4). The pressure in
the crystallizer was set by the valve (5) and controlled by the
pressure vacuum meter (6) with an accuracy to +5 kPa.

Figure 13. Design of experimental apparatus.®*
Crystallizer (/); rheometers (2, 3); valves (4, 6); and pressure
vacuum gauge (6).

The experimental apparatus allowed one to study crys-
tallization at pressures up to 3 atm in the temperature range
from 0 to 20 °C at gas flow rates up to 40 ml min—".

Gas hydrates were produced at constant pressure for
2-3 h to attain a constant crystallization rate. Then, the
necessary sample ratio [see Eqn (48)] was set using the
valves (4, 5).

Sampling was carried out at a constant pressure of
250 kPa and different gas flow rates.

The concentration of the Freon-12 impurity in sulfur
hexafluoride was determined by gas chromatography fol-
lowing a known procedure.®> The results obtained are
shown in Fig. 14. As can be seen, the separation factor of
the mixture increases with an increase in the sample ratio
and the results of calculations using Eqn (54) are in good
agreement with experimental data.

Thus, the mathematical model described above correctly
describes experimental data and can be used for practical
calculations of the separation factor of gas mixtures by the
continuous gas hydrate crystallization method. The techni-
que enables highly efficient separation of gas mixtures and
is suitable for purification of gases from impurities using
simple equipment.
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0.06 0.12 0.18 0.24 0.30 0.36

Sample ratio

Figure 14. Separation factor of the mixture SFs— CF,Cl, plotted
vs. sample ratio.”*

CF>Cl, concentration is 3.5%, T =273 K, Py = 250 kPa. Open
circles denote experimental data, the solid line represents the result
of calculations using Eqn (54).

IV. High purification of fluorides by the gas
hydrate crystallization method

Sulfur hexafluoride and carbon tetrafluoride are widely
used in microelectronics for etching of boards. Continuous
increase in the degree of integration of semiconductor
microstructures leads to toughening of the requirements
for the purity of substances. In some cases, traditional
methods are inappropriate for the synthesis of substances
with the desired purity. This gives an impetus to search for
new approaches to the synthesis of high-purity substances.
One of them can be the method based on the ability of CF4
and SF¢ to form gas hydrates.

The possibility of using the gas hydrate crystallization
method for purification of sulfur hexafluoride and carbon
tetrafluoride was studied.!%9-102 The relative distribution
coefficients of the main impurities in binary gaseous systems
‘major component—impurity’ were calculated, different
regimes of gas hydrate crystallization were considered and
their efficiency in purification of gas mixtures was eval-
uated.

The following chemical compositions of impurities were
reported in a monograph:'%3

for carbon tetrafluoride

N2, Oz, CO,, CF,Cl,, CHy4, SFs, CHF3, C,Fg;
for sulfur hexafluoride
Nz, O,, CO,, SO,.

All these impurities can form hydrates.

The gas hydrate crystallization of the systems based on
CF4 (SF¢) results in gas hydrates with the cubic structure I
(IT). The SF¢ molecules mainly occupy large cavities in the
crystal framework because the Langmuir coefficient for the
small cavity (C; = 3.32x 105 kPa—!) is smaller than for
the large cavity (C, = 7.51 kPa—"), but the CF4 molecules
occupy only large cavities (C, = 2.79 x 10— kPa—1).

To calculate the Langmuir coefficients using Eqns (5),
(7) and (8), the published values of the intermolecular
interaction parameters for individual substances should be
corrected. Therefore, the necessary values of the parameters

for SFG, Oz, Nz, COz, SOz, CH4 and CFzC]z were
determined using the dissociation pressures and composi-
tions of the corresponding individual gas hydrates using the
procedure described by Avlonitis.®¢ The error in determi-
nation was at most 3%. The Kihara potential parameters of
pure individual substances thus obtained are listed in
Table 5. Reliable data on the dissociation pressure of CFy4
hydrate are unavailable; therefore, the necessary values of
the Kihara potential parameters were taken from Ref. 104.
The dissociation pressure of individual CF4 hydrate was
determined using the theory of ideal solid clathrate pro-
vided that at the dissociation pressure, the water vapour
pressure above the gas hydrate equals the saturated vapour
pressure above water surface.” The dissociation pressure
obtained was 325 kPa at 273.1 K.

Table 5. Kihara potential parameters for individual substances. !0

Compo- ¢/k/K G/A a/A Compo- elk, K O'/A a/A
nent nent

SFe 312 377 04 CO, 213 3.58 0.27
CF4 291 322 0.72 SO 360 342 0.35
(0]} 164 33 0.18 CHy4(see?®) 148.6 3.7 —
N» 112.5 345 022 CF.(Ch 419.1 3.7 0.36

4 Listed are the Lennard-Jones potential parameters.

The results of calculations of the relative distribution
coefficient using Eqn (14) for impurities in the fluorides
CF4 and SF¢ subject to purification are listed in Table 6. As
earlier,®! the impurities for SF¢ can be divided into three
groups. The first group of impurities includes CH4, O> and
N> characterized by K»; < 1. Small values of the relative
distribution coefficients of these impurities are due to weak
interaction between included gas molecules and water
molecules from the crystal framework of gas hydrate. As a
consequence, the Langmuir coefficients of these substances
are small (about 10—% kPa—! for nitrogen and oxygen and
about 10~ 3 kPa—! for methane). Hence, the corresponding
fractions of gas-filled cavities will be low. Consequently, in
the formation of such gas hydrates, their cavities are mainly
filled with the molecules of the major component, whereas
the impurity remains in the gas phase. As the temperature
increases, the relative distribution coefficients of these
impurities in the CF4 (SF¢) hydrate increase (decrease).

The second group of impurities includes CO, and SF¢
whose relative distribution coefficients are close to unity

Table 6. Theoretical values of the distribution coefficients for systems
based on CF4 (I) and SFe (I1).100

Impurity # I (see®) 1I (see©)
CH4 9.37x 102 —

(03 2.48 x 102 3.42x10~!
No 1.59x 10—2 1.90 x 10!
CO 2.22x 10! 1.47

SO» — 41.84
CF>Cl, 6.36 —

SF¢ 1.28 —

aco = 1vol.%; b P = 1000 kPa, T=273K; ¢ P =400 kPa,

T =273 K.
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due to larger values of the Langmuir coefficients. Carbon
dioxide molecules (Cy ~10-3kPa—!, Co ~ 10~ ! kPa—1!)
displace the SFg molecules (C; = 3.32x 10~ kPa—") from
small cavities during the formation of gas hydrates in the
system SFg—CO, . However, since the SF¢ molecules mainly
occupy large cavities in structure II and to a lesser extent
small cavities, the relative distribution coefficient differs
slightly from unity. It can become smaller than unity with a
decrease in the pressure in the system. On the contrary, in
the system CF4—SFq, sulfur hexafluoride molecules
(Cr =4.59x 101 kPa—!) displace the molecules of the
major component from the large cavities in structure I, but
since the Langmuir coefficients of the major component and
impurity insignificantly differ from each other, the relative
distribution coefficient also differs only slightly from unity.

The third group of impurities include SO, and CF»Cl»
whose relative distribution coefficients are larger than
unity. Dichlorodifluromethane molecules occupy large
cavities (Cy = 2.57 kPa—!) and displace carbon tetra-
fluoride molecules, whereas SO, molecules
(C1 =7.83x10~2kPa—") occupy small cavities in SFs
hydrate. An increase in the temperature, pressure or
impurity concentration in the system CF4— CF,Cl, causes
a noticeable decrease in the relative distribution coefficient.

Three regimes of gas hydrate crystallization in the
systems based on CF4 and SFs have been considered,!%®
viz., directed crystallization, gas hydrate crystallization at
constant pressure and continuous gas hydrate crystalliza-
tion. To evaluate the efficiency of each regime, the depend-
ences of the separation factor on the sample ratio were
determined using Eqns (40), (41), (44), (45), (48) and (54).
The impurities considered were CF,Cl, and SFe¢ in CF4 as
well as SO, and CO; in SFg¢, i.e., all of them were
crystallizable. The results of calculations are shown in
Figs 15—18. In the case of gas hydrate crystallization at
constant pressure, the separation factors of the impurities
CF>Cl,, SF4 and SO» tend to constant values as the sample
ratio increases. The limiting attainable impurity concentra-
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Figure 15. Plot of separation factor vs. sample ratio for the system
CF4—CFCl; at 273 K and 1000 kPa.!%0

Crystallization at constant pressure (/) and continuous and
directed gas hydrate crystallization (2).
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Figure 16. Separation factor plotted vs. sample ratio for the system
SF¢—SO5 at 273 K and 400 kPa.!00

Continuous and directed gas hydrate crystallization (/) and crys-
tallization at constant pressure (2).

1 1
0 0.2 0.4 0.6
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Figure 17. Separation factor plotted vs. sample ratio for the system
CF4—SFg at 273 K and 1000 kPa.!%0

Continuous and directed gas hydrate crystallization (/) and crys-
tallization at constant pressure (2).

tion in the gas phase is determined by the co/A4 ratio [see
Eqn. (40)].

As to continuous and directed gas hydrate crystalliza-
tion, the separation factors of the impurities CF,Cl, and
SFe abruptly increase with an increase in the sample ratio
(see Figs 15 and 17). Therefore, it is possible to obtain high
separation factors for the components with large distribu-
tion coefficients at low sample ratios (< 0.1). In addition,
the separation factors of all impurities considered are
independent of the regime of gas hydrate crystallization at
low sample ratios (see Fig. 16) and even at high sample
ratios if the corresponding distribution coefficients are close
to unity. Thus, in choosing the regime of purification of a
gas mixture one should take into account only the compo-
nents with high distribution coefficients (see Table 6).

For continuous and directed gas hydrate crystallization,
the plot of the separation factor of CO» vs. sample ratio (see
Fig. 18) passes through the point (1; 0) and reaches a
maximum at a sample ratio of about 0.35. The appearance
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F Table 7. Results of SF purification by the gas hydrate crystallization
J method.!%°
1.5
Impu- «co ¢ (vol.%) c” b
rity (vol.%) (vol.%)  (vol.%)
13 b step I step II  step III
N> 0.02 0.025 — Ix10=3 1x10-3 6x103
0, 0.01 0.011 — Ix10=3 1x10-3 6x10~3
LT r CO, 0.01 0.004 — - 4x1073 4x10-3
SO, 0.01 2x 1074 — - 2x10=% 3x10-3
2 H>O  0.0015 0.053 4x10~% — 4x10=% 5x10~4
09 | ! ! Note. ¢y, cand ¢’ are respectively the initial, running and final impurity
0 0.2 0.4 0.6 concentrations; y are the target values for the quality of SF¢ taken from

Sample ratio

Figure 18. Separation factor plotted vs. sample ratio for system
SF¢—CO> at 273 K and 400 kPa.100

Crystallization at constant pressure (/) and continuous and
directed gas hydrate crystallization (2).

of maximum is due to the fact that as the sample ratio
increases, the pressure in the system decreases, an additional
portion of the substance is not supplied as in the case of
crystallization at constant pressure and thus the relative
distribution coefficient becomes less than unity.

Based on the results of analysis of the gas hydrate
crystallization method, a procedure for high purification
of sulfur hexafluoride was proposed.'? It involves the gas
hydrate crystallization method and two additional purifica-
tion steps (Fig. 19). Gas hydrate crystallization is used as
the first step. The impurities, CO» and SO-, go from the gas
phase to the solid phase. Since the gas subject to purifica-
tion is saturated with water vapours during gas hydrate
crystallization, they should be removed in some way. To
this end, it was proposed to use cryofiltration through
fibrous filters in the second step of purification. In the
third step, it was proposed to use low-temperature distil-
lation to remove the remaining impurities whose relative
distribution coefficients are less than unity (e.g., N> and O»).

The concentrations of the main impurities in the initial
sulfur hexafluoride and impurities in each step of purifica-
tion and the compositions of the final products are listed in

Ref. 103.

Table 7. It follows that the gas hydrate method of purifica-
tion of sulfur hexafluoride allows one to obtain a product
that meets modern requirements and is suitable for the use
in electronic industry.

Summing up, consideration of gas hydrate crystalliza-
tion of SF¢ and CF4 shows that such impurities as CO,, SO»
in the former and CF,Cl,, SF¢ in the latter case will
crystallize as the corresponding gas hydrates. Other impur-
ities studied will concentrate in the gas phase. Therefore,
purification of SF¢ by the gas hydrate method combined
with other highly efficient methods of high purification can
extend the range of impurities that can be removed.

V. Conclusion

From the aforesaid it follows that the gas hydrate crystal-
lization method can be successfully used for separation and
high purification of substances.

The relative distribution coefficient for identical hydrate
formation conditions strongly depends on the component
ratio in the gas mixture and can in some cases be appreci-
ably different from unity. Hence, during hydrate formation
the major component can be considerably depleted or
enriched in impurities. Separation of gas hydrates from the
gas mixture allows one to purify the major component or to
separate gas mixtures.

@8 @8

G)s 8

(o%)

—

Figure 19. Apparatus for fine purification of sulfur hexafluoride: a schematic.'%?
Initial sulfur hexafluoride bottle (7), crystallizer (2), cryofilter and cryostat (3), distillation apparatus with a Dewar vessel (4), product
container (5), thermostat (6), rotameters (7), pressure vacuum gauges (8) and vacuum pump (9).
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Modern theoretical models for the formation of gas
hydrates allow the distribution coefficients of molecules in
the gas mixture in gas hydrate cavities to be calculated with
a good accuracy.

The results of calculations show that modern mathemat-
ical models provide a reasonable description of high purifi-
cation of substances by the gas hydrate crystallization
method.

The formation of a nanosized phase during gas hydrate
crystallization leads to significant redistribution of impur-
ities between the gas and solid phases and can be used for
separation and high purification of gases.

In addition, nanosized phases in the form of gas
hydrates can be used for storage and transportation of
gases. Data on redistribution of gaseous components in
the formation of natural gas hydrates seem to be important
taking into account the fact that such hydrates represent an
inexhaustive source of hydrocarbon raw materials.105-109

Studies on separation of gases by the gas hydrate
crystallization method revealed an important role of kinetic
features of gas hydrate formation. The development of
procedures to shorten the time necessary to form gas
hydrates in the systems under study is also important.

It seems appropriate to extend the range of systems to be
studied, i.e., the number of substances capable of forming
gas hydrates. At present, there are only a few such sub-
stances. However, some compounds form gas hydrates
either at low temperatures or at elevated pressures and
there is a need for the development of additional equipment
for separation of gases by the gas hydrate crystallization
method.
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