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Clathrate hydrates are not only a huge source of energy, but also potentially interesting
from a technological point of view due to their ability to bind water. According to gen-
erally accepted modern concepts, hydrates formed by individual hydrate-formers or their
mixtures are non-stoichiometric inclusion compounds of a cellular type with the crystal
lattice built of water molecules held by hydrogen bonds. The molecules of the hydrate-
former are located in the internal cavities of the crystal lattice and are held in them by
van der Waals forces. The article presents a formalized description of the hydrate for-
mation process. A model of hydrate formation in gas-water systems is proposed. The
model describes the processes occurring during hydrate formation in structures. It con-
tains equations for calculating the main energy and molecular parameters of the hydrate-
former, as well as the kinetics of the process.
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1. INTRODUCTION

Clathrate hydrates are crystalline compounds formed un-
der certain thermobaric conditions from hydrate-forming
molecules (with characteristic sizes in the range of 0.38—
0.92 nm) and water [1,2]. Hydrates are solid solutions,
non-stoichiometric inclusion compounds of the cellular
type. Many gases (nitrogen, noble gases, hydrogen, oxy-
gen, acidic, hydrocarbon, alkaline), organic liquids
(mainly volatile), individual solids (for example, adaman-
tane), as well as their and multicomponent mixtures have
the ability to form hydrates.

The structural features of the water molecule and the
weak bonds caused by electrostatic forces and donor-ac-
ceptor interactions between neighboring hydrogen and
oxygen atoms in water molecules create favorable oppor-
tunities for the formation of directed intermolecular hy-
drogen bonds with neighboring molecules, linking them
into spatial intermolecular associations [3]. The for-
mation of hydrogen bonds is caused by weak electro-
static forces and donor-acceptor interactions with charge
transfer.

Molecules of hydrate-formers are held in the cavities
by hydrogen bonds from water molecules through rela-
tively weak Van der Waals forces (which are several or-
ders of magnitude weaker than covalent bonds). These
forces are a type of interatomic attraction that is additive,
and they are responsible for the cohesion of gas atoms in
solid and liquid states, as well as for the physical adsorp-
tion of molecules on the surfaces of solid bodies when nor-
mal chemical bonds are absent. Unlike conventional
chemical, ionic, and covalent bonds, van der Waals forces
also act when the atoms are still some distance apart. De-
spite the fact that the atoms inside a hydrogen or methane
molecule are bound to each other by covalent forces that
are saturated inside the molecule and cannot hold them to-
gether, in a liquid state the same methane exists precisely
due to van der Waals forces [3].

Since the hydrate-forming agent molecule rotates
freely surrounded by water molecules, and the electrical
forces of interaction of the charges included in both di-
poles tend to cause rotation of the dipole axes, attractive
forces arise between the water molecules and the hydrate-
forming agent.

* Corresponding author: N.A. Shostak, e-mail: nikeith@mail.ru

© 2024 ITMO University. This is an open access article under the terms of the CC BY-NC 4.0 license.


https://doi.org/10.17586/2687-0568-2024-6-3-113-119
mailto:nikeith@mail.ru
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0001-6220-9633

N.A. Shostak: Features of understanding and describing the hydrate formation process 114

In cases where the molecules of hydrate-formers are
not dipoles, the positive and negative charges within the
nonpolar hydrate-former molecule are displaced in oppo-
site directions under the influence of the electric forces of
water molecules, resulting in polarization. In this case, the
charge displacement always leads to the situation where
charges of the opposite sign from the hydrate-former mol-
ecules approach the closer end of the water molecule di-
pole, and vice versa. As a result, attractive forces arise be-
tween the two molecules, which contributes to the
formation of hydrates. The water dipoles located outside
the hydrate complex polarize the hydrate-forming agent
molecule located in the hydrate complex.

Crystallographic studies [4] revealed that molecular-
sized cavities (Fig. 1) in hydrate structures can be 12-, 14-,
15-, 16- and 20-tihedrons (the vertices are oxygen atoms,
and the edges are hydrogen bonds).

Molecules with small characteristic dimensions of the
order of 4-5.5 A are placed in all types of cavities, larger
molecules with characteristic dimensions of 5.5-7 A are
placed only in T, T', P, H, E cavities [1]. The most charac-
teristic crystal lattices for hydrates are cubic structures
CS-I and CS-II, less common is the hexagonal GS-III
(structure H). The CS-I structure is a body-centered cubic
lattice of 46 water molecules, containing 2 small and 6
large cavities (see Fig. 2). The CS-II structure is a face-
centered cubic lattice of the cubic syngony of 136 water
molecules, containing 16 small and 8§ large cavities. The
structure of GS-III is built from 34 water molecules, has 3
small cavities, 2 medium ones and 1 large cavity (for ex-
ample, 3 small cavities of the D-type, 2 medium T'-type
and one largest—E-cavity).

The hydrate crystal lattice itself (4 cubic, 5 hexagonal,
4 tetragonal and 3 rhombic) differs from the 17 modifica-
tions of ice (hexagonal, trigonal, cubic, tetragonal, rhom-
bic) in that it is thermodynamically metastable unless
filled with a minimum number of hydrate-forming mole-
cules. For example, the lattice of ice XVI, obtained by re-
moving neon molecules from the lattice in vacuum at tem-
peratures below 147K, turned out to be
thermodynamically unstable under experimental condi-
tions [6].

2. FORMALIZATION OF THE PROCESS

Due to the electrical interaction of the permanent dipole
moments in the water molecule and the induced moments
in the hydrate-forming agent molecule, a hydrate mole-
cule is formed. Consequently, the higher the polarizabil-
ity of the hydrate-forming agent molecules, the higher
the stability of the hydrates, the smaller the size of the
hydrate-forming agent molecules and the greater the heat
of hydrate formation. Van der Waals forces increase with
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Fig. 1. Polyhedrons of hydrated frameworks — cavities (my — vy
faces with the number of edges m).

Fig. 2. Elementary cells of hydrate crystal lattices (modified after
Ref. [5]).

the number of electrons in the molecules. The number of
electrons in the hydrate-forming agent molecules is a
measure of the magnitude of the van der Waals forces,
which can be used to qualitatively determine their effect
on the stability of hydrates. Among the many hydrate-
forming substances, inert gases are the simplest hydrate-
forming substances, since their molecules consist of one
atom and are the most symmetrical both geometrically
and electrostatically and do not have a permanent dipole
moment. The more electrons a molecule has, and the
lower the ionization potential, the greater its atomic
weights, melting and boiling points, molecular sizes, and
polarizability. With an increase in the number of elec-
trons in a molecule, the heat of hydrate formation and
dissociation temperature increase, but the decomposition
pressure decreases.

The cavities of hydrates are conventionally divided into
small and large and can be filled with hydrate-former mol-
ecules either partially or completely. Cavities free of hy-
drate-forming agents can be filled with water molecules,
which was mathematically substantiated and verified by au-
thor of Refs. [2,7] and is confirmed by observations [8].
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Fig. 3. Scheme of the process of absorption of gas molecules by associates of water molecules.

The process of forming hydrate structures with the
sorption of hydrate-forming molecules by the crystal lat-
tice is similar to the process of adsorption of molecules
on a solid surface, which is represented by ice-like asso-
ciates of water molecules (Fig. 3). During the formation
of the crystal lattice in the cavities at the hydrate for-
mation temperature, the pressure increases to the value
of saturated vapors of the adsorbed components (£). In
this case, the hydrate-former in the structure is in a lig-
uefied state. If the thermobaric conditions of hydrate for-
mation correspond to supercritical temperatures and sub-
critical pressures of the absorbed component, its
saturated vapors in the hydrate cavity condense with the
release of thermal energy. If the thermobaric conditions
of hydrate formation correspond to supercritical temper-
atures and pressures of the absorbed component, then
during its absorption, thermal energy is released equal to
the change in enthalpy or internal energy. The process of
absorption of molecules is in energy (dynamic) equilib-
rium with the reverse process (desorption).

When a hydrate is formed in the hydrate-former—liquid
water system, a simultaneous exothermic process of crys-
tallization with the construction of a hydrate lattice occurs.
When a hydrate is formed in the gas—ice system, the for-
mation of hydrate structures occurs through the transfor-
mation of the ice crystal lattice into a hydrate lattice. Ac-
cording to the Gibbs phase rule, hydrates can consist of
CS-I structures or CS-II structures or structure H, or their
combinations.

In addition, the water component in the systems is al-
ways present in the form of vapor and, if necessary, either
by successive condensation and crystallization or by de-
sublimation, participates in the construction of the lattice.

For systems of liquid hydrate-formers, in contrast to
gaseous ones, the process is accompanied by an increase in
the volume of the system and, vice versa: as is known, for
completely condensed systems, an increase in pressure is a
consequence of the tendency of one of the phases to pass
into another and thereby increase the volume of the system.

P, MPa

273,15 T °K

Fig. 4. Basic diagram of equilibrium conditions of a hydrate-
forming system: 1 — vapor pressure of a hydrate-former; 2 —
equilibrium conditions for hydrate formation in a gas—liquid wa-
ter system; 3 — equilibrium conditions for hydrate formation in a
gas—ice or supercooled water system; 4 — change in the crystal-
lization temperature of water freezing; 5 — dependence of the
critical temperature of hydrate-former. The following regions of
the system state are limited by the indicated lines: I — gas—water;
1T — supercritical gas—water; Il — hydrate-liquefied gas; IV — hy-
drate—gas; V— gas—ice.

The region of thermodynamic stability of hydrates co-
vers both negative and positive (on the Celsius scale) tem-
peratures (Fig. 4).

3. MATHEMATICAL MODELING

Hydrates are formed from multi-component hydrate-
forming compositions

k

Y =1, 1)

i=1
where Y is the mole fraction of the i-th component, £ is the
number of hydrate-former components in the mixture with
the individual components most often forming two types
of crystal lattices of structures, which contain small, me-
dium and large cavities.
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This process can be formalized in the form of equa-
tions that describe the energy exchange (measured in
kJ/mol) in hydrate-former—water systems:

H=E+E, 2)
H,=E_,+E, 3)

where H, is the energy released during the formation of a
hydrate in a hydrate-former—liquid water system; H, is
the energy released during the formation of a hydrate in a
hydrate-former—ice system; E, is the energy released dur-
ing the formation of the hydrate crystal lattice from liquid
water; E, , is the energy of the formation of the hydrate
crystal lattice from ice; E, is the energy released during
the adsorption of hydrate-former and water vapor by the
hydrate crystal lattices.

The specified energies are determined from the equa-

tions:

-l +3y, n, (4)

ch ) hji
m, v, tmg, . ¥
E = M’ (5)
l th.c./

E_,=L_,n, (6)
H,=H,—0.16554- P+0.00045- P, )

where H, is the energy of a crystalline lattice formation
from ice-like associates of water molecules varies depend-
ing on the pressure P of system; L, , is the energy of trans-
formation of ice into the hydrate crystal lattice; n are the
hydrate numbers of the structures; r,, ,, are the adsorp-
tion energies of water and the i-th hydrate-former (in the
first approximation, they can be taken as equal to the con-
densation energies); b, are the numbers of cavities in the
unit cells of the structures Mg ; and "y is the possible
number of molecules of the i-th hydrate former and ad-
sorbed water that can be absorbed by the cavities of the
structures. The latter is given as

=2 be, O (®)
w=2%ik%ﬂ, ©)

where 0, ; are the degrees of filling of cavities with the i-
th hydrate-former

C.."P

lLl i

etci
1+ C

te.;i [

(10)

where C, > are the Langmuir constants of cavities; P,
(see Fig. 1) is the partial pressure (in Pa) of the i-th hy-

drate-former according to Dalton’s law

P=Y-P. (11)

The hydrate number can be determined by the formula:

m, +m
e T (12)

th.c.] .et.c.j[ ’

where m, , are the number of water molecules in the unit
cell of the hydrate crystal lattice.

Densities (in kg/m?®) and molar masses (in kg/mol) of
hydrates of structures:

p= [ML 'Z(mLf +mV/A):h3Z(mGJ:‘ Mg )]103 | )
[ML 'Z(’"L, +my, )+Z(m0ﬂ_ M, )]103

M =

m+D b 09

where N is Avogadro’s number; M, and M, are the mo-
lar masses (in g/mol) of water and i-th hydrate-former, re-
spectively; / is the lattice parameter of hydrates (in A):

h=A-T*+B-T+C, (15)

where T is the temperature (in K); 4, B, C are coefficients
for components determined experimentally. The values of
the coefficients obtained by processing experimental data
for some hydrate-formers are listed in the Table 1.
Rates of formation (in mol/s) of hydrate structures:
K-f(T-T)

==t 2L (16)
H1,2

where f'is the area (in m?) of contact of gas with water or
ice; 7. is the temperature (in K) of the system when the
heat is removed; K is the heat transfer coefficient meas-
ured in kJ/(s-m?-K).

4. RESULTS AND DISCUSSION

The calculated values of the hydrate number, density and
heat of hydrate formation from water and ice were com-
pared with the experimental ones. The comparison was per-
formed for various binary gas systems that form hydrates in

Table 1. Values of the coefficients for some components in
equation (15).

Hydrate- Temperature range of

former hydrate formation, K B ¢

CH4 10-280 106 2:10* 11818
C:He 80220 5107 5:10* 11.855
CO2 10-280 2:106  2:10%  11.812
Xe 10-280 2:10¢  10* 11.834
CsHs  40-250 2:10°% 8105  17.085
N2 10-280 2:10° 8105  17.074
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Table 2. Values of hydrate parameters obtained by calculations and experimental methods.
Gas mixture Thermobaric conditions Parameter Calculated values Experimental values Source Discrepancy
98.8% CH4 + P=17.03 MPa; n 6.07 6.09 [9] 0.3 %
1.2% C2Hs T=28299K H,, kJ/mol 66.81 66.47 +0.50 0.5 %
98.8% CH4 + P=0.1013 MPa; p, kg/m? 952.4 942.0 [9] 1.1%
1.2% C2Hs T=224.66 K H,, kJ/mol 22.12 22.14 0.0 %
65% CH4 + P=0.1013 MPa; p, kg/m? 978.1 968.4 [9] 1.0 %
35% C2He T=201.61K H,, kJ/mol 23.97 24.45 2.0%
95% CHa + P=0.1013 MPa; H,, kJ/mol 18.30 17.30 [10] 5.5%
5% CO2 T=20520K H,, kJ/mol 55.55 53.40 39%
90% CHa + P=0.1013 MPa; H,, kJ/mol 17.24 16.90 [10] 2.0 %
10% CO2 T=208.01 K H,, kJ/mol 54.37 53.00 2.5%
95.6% CO2 + P =1.64 MPa; n 6.33 6.40 [11] 1.1 %
4.4% CsHs T=27495K
81% CaHe + P =0.49 MPa; n 8.13 8.20 [12] 0.9 %
19% C3Hs T=2742K
h, A
hr, A 173
12.02
12 )( 17.25 /
11.98 / —
11.96 /}/L —— methane 172 »
11.94 —— cthane —— propane
11.92 / / carbon dioxide — nitrogen
119 .}/ //"/ — Xenon 17.15
P /
11.88 / o /

11.86
11.84 V),////
11.82 /

118 ‘ TK
0 50 100 150 200 250 300

Fig. 5. Values of the characteristic size of the cells of the crystal
lattices of methane, ethane, carbon dioxide and xenon hydrates
of structure CS-I.

the range of thermobaric conditions at which all their com-
ponents pass into the hydrate state. The comparison of the
calculated values of the hydrate formation parameters with
the experimental data is presented in Table 2.

As can be seen from Table 2, the discrepancies be-
tween the parameter values calculated using the developed
method and the known experimental ones are in the range
from 0 to 5.5% and on average is about 1.7%. Such accu-
racy allows us to state that the developed model and the
calculation method created on its basis have a sufficient
degree of reliability.

Figures 5 and 6 show a comparison of the results of
experimental data (marked with dots) published in works
[13-20] and obtained by the authors using the algebraic
type dependence (14) for the crystal lattice parameter of
some hydrate-formers.

0 50 100 150 200 250 300

17.05 I,K

Fig. 6. Values of the characteristic size of the cells of the crystal
lattices of propane and nitrogen hydrates of the CS-II structure.

The most important thing in the calculations according
to the model is the determination of the Langmuir con-
stants, which can be determined experimentally, by calcu-
lation using the equations of statistical thermodynamics or
by simplified methods. The physical meaning of this phys-
icochemical parameter takes into account the distribution
functions of the hydrate-forming molecules, the interac-
tion potentials between the hydrate-forming molecules
and the walls of the cavity.

5. CONCLUSION

The article presents a formalized description of the hy-
drate formation process. The developed model consist-
ently describes the hydrate formation process as an ener-
getic one. The equations included in the model allow
calculating the main energetic and molecular parameters
of'this process: the energy of hydrate formation in hydrate-
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former — water systems, the energy of the hydrate crystal
lattice formation from liquid water, the density and molar
mass. The crystal lattice parameter for some hydrate-for-
mers in a wide range of conditions is also reflected. The
verification of the obtained mathematical description is
performed. The model allows estimating the kinetics of
the process based on the calculated rate of the hydrate for-
mation process.
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Oco0eHHOCTH MIOHUMAHMS ¥ ONMCAHUSA MPoLecca THAPATOOOPA30BAHUSA

H.A. locrak

Beicmast nmxeHepHas mkoina "Hedrerasosstit n sneprerudeckuii mmxuanpunr', ®I'BOY BO «Kybanckuii rocynapcTBeHHBIH
TeXHOJOoruyeckuil yausepcurer», Kpacnonap, Poccus

AHHOTAI[HA. KIIanaTHbIe TUAPATHL ABJISIOTCS HE TOJIBKO OTPOMHBIM UCTOYHUKOM SHEPTUH, HO U NOTCHIHUAJIBHO HHTCPECHBI C TCXHO-
JIOTHYECKON TOYKH 3peHUA 6J1ar0;[ap${ CITOCOOHOCTH CBSI3bIBAThH BOAOY. CornacHo O6H.[el'[pI/IH${TI)IM COBpPEMEHHBIM IIPCJACTABJICHUAM,
ruaparsel, 06pa30BaHHI)Ie UHAUBUYaJIbHBIMU I‘I/I,HpaT006p330BaTeH$IMI/I WJIK UX CMECAMMU, IPEACTABIIAIOT coboit HECTCXUOMETPUICCKUE
COCAMHCHUS BKIIIOUCHUS, KPUCTAJUIMYECKAs pEHICTKAa KOTOPBIX IIOCTPOCHA U3 MOJIEKYJI BOABIL, YACPKUBACMbBIX BOJOPOJHBIMU CBA3SIMU.
MOIICKyJIbI FPI,I[paTOO6paSOBaTeJI${ pacnojiararorcs BO BHYTPEHHUX I1OJIOCTAX KpPICTaJ'IHPI‘IeCKOﬁ PCHICTKU U YACPIKNUBAIOTCS B HUX CU-
JJaMu BaH-Z[ep-BanILCﬁ. B cratne HCIIPOTUBOPEYUBO MPEJACTABICHO q)OpMaIII/I?,OBaHHOC OImMCaHue Ipouecca I‘I/I,HpaT006pa30BaHI/I${.
Hpez[nomeHa MOJCIIb I‘I/IZ[paT006p330BaHI/I${ B CHCTEMaXx Tra3—Bojia. Moiens onrchiBaeT IPpOHECChl, NPOUCXOAAIUE TPU anpaT006pa-
30BaHUU B CTPYKTYypax. Ona COACPIKUT YpaBHCHUA IS pacd€Ta OCHOBHBIX OHEPIE€THYCCKUX U MOJICKYJIAPHBIX MapaMETPOB IruApaTo-
O6pa30BaTeII$I, a TaKiK€ KMHETUKY IIpo1ecca.

Kirouessre cioBa: ruapar; FPI,I[paTOO6pa3OBaTCJIL; KPUCTAJUTUMYECKUE PCUICTKU,; CTPYKTYPhI; SHCPTUL
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