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1. Introduction

Rising prices for traditional energy sources make it
necessary to search for new approaches to solving energy
problems. It is necessary, under modern conditions, to de-
velop alternative energy projects [1]. The need to modernize
a structure of coal and oil and gas complexes of the state
[2-4] and to improve a mechanism for the development of
the energy segment of Ukraine is also obvious [5, 6]. A pos-
sible solution is the introduction and application of the latest
gas hydrate nanotechnologies, which can provide additional
energy resources [7, 8].

We know that gas and water form crystalline com-
pounds — gas hydrates (GH) under certain thermobaric
conditions. They contain gas in the compressed concentrated
state (up to 180 m® of gas/m® GH) [9, 10]. Gas hydrates are
interesting from the fundamental and applied points of view
because they are the objects of supramolecular (permolecular)
chemistry. This is a relatively new field of science that investi-
gates more subtle principle of organization of chemical matter.
Its base is not specific chemical bonds only, but also favorable
spatial complementarity of reacting components (RC). And a
steric factor is the fundamental factor even in the presence of
weak Van der Waals interactions between RC.

The main structural elements of GH are crystalline cells
that have nanosize structures and consist of water molecules
with gas molecules located inside [11].

Despite huge resources of natural gas, its role in the pro-
duction of chemical products and secondary energy carriers

is much lower: for example, a share of natural gas subjected
to chemical processing is 5-7 % only. The main factor, which
limits a widespread use of natural gas as raw material for
chemical processing, is a relatively high stability of lower
alkanes [12, 13].

However, a need to solve a set of problems associated
with a low production rate and obtaining of a solid phase
with a high content of gaseous hydrocarbons constrains a
wide practical application of GH. The most common method
for obtaining GH at laboratory and semi-industrial plants is
based on the principle of movement of flows of a particular
phase [14].

According to scientists, transportation of natural gas in
the form of GH can be cheaper by 30 % than through trunk
pipelines or transportation of hydrocarbon raw materials in
a liquefied state [15].

In Japan, Germany and Norway, industrial plants of
flow-through type equipped with a mechanical mixing de-
vice with a use of the principle of movement of flows of one
or both phases produce synthetic GH [16]. In Japan, Mitsui
Engineering & Shipbuilding Corporation built an experi-
mental production of gas hydrate granules with a capacity of
5 tons/day based on a given technology [17].

Various technological solutions make it possible to in-
tensify the process of hydrate formation by increasing a
contact surface of phases. They accelerate the process of
hydrate formation [18, 19]. Fine-dispersed water or solutions
containing additives-promoters into the volume of gas, such
as SAS (Surface Active Substance), high-speed mixing of




systems, including mixing by barbotage, etc. contribute
to this [20-22]. Application of forced convection requires
considerable energy consumption and complicates a design
of installations for production of gas hydrates technically.

Thus, the study of GH formation under conditions close
to natural is an urgent scientific task of great importance for
solving global problems.

2. Literature review and problem statement

The issue of determination of prospects for the energy
security of the state is especially important in an unstable
situation in the Ukrainian gas market. This is possible by
increasing volumes of own gas production, involving the use
of methane of coal seams, gas fuel during processing of bio-
logical raw materials, obtaining bio and generator gases, and
gas contained in gas hydrate deposits [23-25].

There is no methane production of gas hydrates on
an industrial scale in the world. Japan plans to start it in
2018-2019. Nevertheless, a number of leading countries are
implementing research programs. Scientists from the USA,
Canada, Japan, Australia, Norway, India are working in
this direction. The proposed technological solutions for ex-
traction of methane gas from gas hydrate deposits described
in [26-28] are of a theoretical nature. Industrial develop-
ment of gas hydrates needs further experimental research.
Therefore, issues related to justification of parameters of the
effective process of dissociation of gas hydrate deposits are
relevant and require a solution.

The study of properties of clathrate hydrates is necessary
for improvement of modern technologies for gas production
and gas transportation from gas hydrate deposits, creation
of energy-saving technologies, development of hydrocar-
bon energy and technologies for separation of gas mixtures
[29, 30]. A subsequent study of gas hydrate technologies and
their application in practice is impossible without a detailed
study of the kinetics of hydrate formation. This depends on
a use of accelerators of the process directly. Accelerators are
surface-active substances.

Japanese scientists and specialists of oil and gas compa-
nies obtained the most significant research results in study-
ing the development potential of gas hydrate deposits [31].

A wide application of gas hydrate technologies is associ-
ated with an ongoing search for both optimal technologies
for development of gas hydrate deposits [32—34] and pro-
duction of gas hydrates for their use in transportation of
hydrocarbon raw material [30, 35].

According to the Japan National Petroleum, Gas and
Metals Corporation (JOGMEC) and the US Geological
Survey, the “epoch of gas hydrates” will come no sooner
than in 10-20 years. In particular, the International Energy
Agency (IEA) does not take into account the “gas hydrate
factor” in its long-term forecasts for the development of
world energy. IEA experts believe that gas hydrates will not
play a significant role until 2035, but they think it is neces-
sary to monitor development of the direction closely.

Studies carried out on extraction and transportation
of natural gas from gas hydrate deposits are theoretically
possible, but they did not find practical application in the
industry so far due to the lack of reliable and efficient tech-
nologies. The search goes in several directions, such as mech-
anoactivation (when uncovering reservoirs) and obtaining

GH under conditions close to natural (using water solutions
that simulate strata water [36]).

A work [37] shows that the mechanical activation (MA)
of natural gas influences chemical transformations of hydro-
carbons. Studies went in energy-intensive apparatuses such
as ball mills.

Studies showed that MA of hydrocarbons leads to the
processes of their destruction to lower molecular homologs
and hydrogen. Initiation of chemical reactions involving
hydrocarbons occurs due to formation of active radicals on
surfaces of solids, which take part in mechanical loading [38].
A local temperature arises at point of “grinding body-sub-
stance” contact at the moment of impact in high-voltage ap-
paratus. The phenomenon initiates chemical transformations
of hydrocarbons during mechanical activation [39].

Authors of paper [40] carried out experimental studies
on increasing of a contact area of a liquid and a gas phases
to accelerate the reaction of obtaining gas hydrates, as well
as to increase their gas content. They accelerated the pro-
cess of hydrate formation by using a metal chamber with an
additional area of ;=215 cm? and a polymeric structure of
polytetrafluoroethylene, which were installed inside cham-
bers-reactors. They found out that a larger increase in time
of a synthesis of hydrates of natural gas leads to an increase
in a volume of gas in the solid phase. Thus, there is an in-
crease of a gas content in a hydrate in 2.6 times at an increase
in duration of the synthesis of hydrates of natural gas in
4 times. There is an increase in a content of hydrocarbons in
the hydrate phase. Natural gas in the hydrated state under
intensive mechanical action undergoes chemical transfor-
mations, which promote processes of elongation of a carbon
skeleton of gaseous hydrocarbons. They found out that mech-
anochemical transformations of hydrocarbons — components
of natural gas directed towards elongation of a chain, proceed
only when natural gas transforms to the hydrate state.

The second direction is the production of gas hydrates
in the presence of artificial strata water. As we know, about
98 % of gas hydrate deposits are aquamarine and concen-
trated on the shelf and continental slope of the World Ocean
[41]. This is due to the fact that the bottom of the world
ocean has the most favorable combination of temperature
and pressure for hydrate formation and creates conditions for
the formation of hydrate formation zones on 90 % of its area
[42, 43]. Aquamarine hydrates are in equilibrium with sea
water, the main component of which is sodium chloride. In
papers [44, 45], objects of the study are hydrates of natural
gas synthesized in solutions of sodium and calcium chlorides.
Concentrations of sodium chloride solutions are 5, 10 and
15 %, which corresponds to a total mineralization of brines
of 51.8; 107.1, and 166.3 g/I.

A chemical nature of salts affects processes of formation
and decomposition, as well as a texture of hydrates of natural
gas [46, 47]. Formation of hydrates in solutions of sodium
chloride proceeds more slowly than in solutions of calcium
chloride. Studies established that granular GH appear in
sodium chloride solutions, and layered GH — in solutions of
calcium chloride. A larger volume of natural gas with a larger
average molecular mass concentrates in granular hydrates.
A study of the kinetics of decomposition of GH obtained
from different liquid phases showed that granular hydrates
decompose more slowly than layered hydrates. A rate of
decomposition of both types of gas hydrates increases at an
increase in mineralization of solutions.



Ways and methods of GH obtaining differ from each
other in their complexity only. Authors of work [48] applied
static conditions without external mechanical influences on
a system to obtain artificial gas hydrates. The driving force
of the process was a temperature factor. They determined a
cooling regime, which made possible to extract gas hydrates
of methane, ethane and natural gas with high gas saturation
from water, as a result of investigations in high pressure
chambers-reactors of the closed-type. They found that the
maximum value of the specific gas content is characteristic
of GH, which is a snow-like dense structure, obtained of ice
workpieces with dimensions not exceeding 4 cm in diameter
in the temperature range from 268 to 278 K.

The process of formation of gas hydrates in nature is of a
deep type, i.e. retention and passage of gas particles occurs in
a volume of the bottom soil. At the same time, filtration-ca-
pacitive properties of rocks, which contain gas, change
significantly [49]. The formation of GH under conditions is
possible by two mechanisms:

1. GH form on contacts of grains, which are the weakest
elements of a structure.

2. GH cement the matrix of a sediment, they form in
pores outside contacts between grains, and therefore they
have little or no effect on the cohesion of rock particles,
which leads to a decrease in the porosity of a sediment.

Results show that a crystalline hydrate is a separate
phase included in a pore, which reduces the porosity of a
rock. However, the results are for synthetic surfaces with
properties close to quartz only [50].

Thus, the results of fundamental studies of the mech-
anism of GH formation, as well as data on the effect of
mechanically activated additives on the hydrate formation
process, can significantly affect the technology of obtain-
ing of gas hydrates. Researchers did not study the hydrate
formation mechanism sufficiently due to difficulties of the
experimental nature. However, studies on the mechanism of
GH formation under conditions close to natural conditions
are prerequisite for improvement of the technology of ob-
taining of artificial methane hydrates.

3. The aim and objectives of the study

The aim of present study is to produce GH of methane with
a high gas-hydrate-formation content in the solid phase in an
isolated system at a change in pressure and presence of mechan-
ically activated rocks close to the bottom rocks in a chamber.

We set and solved the following tasks to achieve the
objective:

— to determine effect of mechanically activated additives
on the gas hydrate formation process;

— to define the composition of gas in GH during the pro-
cess in the presence of activated additives;

— to determine the rate constant of GH formation in the
presence of activated additives.

4. Materials and methods to study the mechanism of
gas hydrate formation of methane in the presence of
mechanically activated additives

4. 1. Essence of the study
We carried out synthesis of GH of methane in an instal-
lation for gas hydrates production. The installation makes

possible to model thermobaric conditions similar to natural
ones. The NPO-5 installation designed at the National
Mining University (NMU) (Dnipro, Ukraine) makes it
possible to study high-speed production of GH of methane
under “soft” conditions, varying a temperature (from +0.5
to +10 °C) and pressure (from 1 to 10 MPa) [51, 52]. Next,
in accordance with the previously developed technique [53],
we filled the chamber with a mechanically activated mineral,
and the process of production of GH of methane began.

We used aluminosilicates of a natural composition as
mechanically activated additives. We carried out mecha-
nochemical activation of materials in a vertical vibrating
mill (VVM). Its main advantage is a shortening of a time
for grinding of powders — on the one hand, and on the oth-
er hand, not only a surface activation of material occurs,
but also a violation of the internal structure of particles at
vibro-impact activation. Thus, we can observe penetration
of an active zone into a greater depth [54], which leads to
volumetric ionization of the activated material.

We applied a method for estimation of a granulometric
composition of powders by a specific surface, which is a con-
venient dispersion characteristic, to establish a dispersion
constant [55]. We determined a specific surface by the rar-
efied gas filter resistance. A base of the method is the theory
of rarefied gas flow through a system of solid spheres, devel-
oped by B. N. Deryagin, when a length of a path of gas mole-
cules is much greater than a distance between balls (Knudsen
flow mode) [56]. The error of the method is 1 %.

We determined an average size of ground particles using
data obtained with SK LAZER MICRON SIZER PRO-700
laser analyzer (Japan). Formation of the activated state is
closely connected with energy characteristics of material
[57]. According to the above, we used a universal method
for studying energy characteristics of materials by poten-
tiometric measurements in suspensions with an indifferent
electrode. The method of potentiometric measurements [58]
makes it possible to calculate a potential curve and a total
adsorption potential.

We obtained diffractograms in situ using the DRON-2
X-ray diffractometer (“Burevestnik”, Russia). We deter-
mined phase analysis of materials applying the DRON-3
X-ray diffractometer (“Burevestnik”, Russia): radiation Fe
Ko, high voltage 35 eV, anode current 20 mA. We studied
physical and chemical processes, which occur in the pro-
duction of GH of methane, employing differential thermal
analysis (DTA) and X-ray fluorescence analysis (XFA)
methods. We investigated a composition of gaseous prod-
ucts by gas-adsorption chromatography using the “LXM-
2000-TM” chromatograph (“Electra”, Russia).

4. 2. The procedure for obtaining mechanically acti-
vated additives, as well as the study of the rate of hydrate
formation in their presence

We carried out mechanoactivation of minerals in the
installation, which is a VVM laboratory [59, 60], designed
and manufactured at NMU. Experiments on mechanoactiva-
tion of minerals went in continuous and periodic modes. We
used grinding chambers of different design for experiments.
In continuous mode, material from a bunker-feeder enters a
grinding chamber, passes through it L path, m and then goes
to a bunker-receiver. The height of a grinding chamber and a
number of passes of the material through it determine L val-
ue. In periodic mode, we pour a weighed portion of material
into a chamber, close it hermetically and grind material for



a specified time. In this case, we fix the mass of a portion of
grinded material.

In the periodic mode, material gets into a chamber in
advance. A cover of a chamber closes hermetically to pre-
vent contamination of the environment. When an electric
motor is turned on, a grinding chamber performs rectilinear
vibrational movements in a vertical plane with a specified
amplitude (7 mm) and a frequency (16 Hz). Grinding bodies
interact with each other, as well as with the bottom and a
cover of a grinding chamber at the moments of passage of the
top and bottom dead points.

An important factor, which affects the efficiency of the
grinding process in VVM mill is a gap between the top layer
of balls and a cover of a grinding chamber, which
depends on the degree of filling a chamber with
balls. As a result of preliminary tests, we found

that for balls of diameters of 6 and 9 mm, the Cylinder

— the first one, by measurement of a volume of gas en-
tering the reactor at high pressure; but this method is very
difficult, since there are no measurement devices, which
measure a small amount of a passing gas at high pressure;

—the second one, by measurement of a volume of gas,
which leaves the reactor during decomposition of the hydrate;
in this case, pressure is small, which makes possible to use
household gas meters operating at a pressure less than 1 MPa.

Fig. 1 represents the experimental installation (NMU,
Dnipro, Ukraine) intended for obtaining of artificial gas
hydrates of various composition under various conditions of
their formation. This makes it possible not only to synthe-
size, but also to investigate GH samples.

maximum energy intensity of the technological
loading takes place at a value A=9-20 mm and
depends little on a total height of a layer of balls
in a chamber.

We conducted laboratory studies in two stag-
es. At the first stage, we determined the most
rational technological parameters of grinding,
which made it possible to obtain the best result in
terms of the specific surface area. The diameter of
grinding bodies and the ratio of masses of materi-
al to be grinded and the technological load varied
in the course of the experiment.

The grinding bodies were spheres of diameter dj, of 6
and 9 mm. A gap between balls and the chamber cover in all
experiments was 10 mm. The mass of portions of the grind-
ed material m,, was 1/20 and 1/40 of the mass of balls m;,.
We took powder samples at certain intervals. We observed
them with a microscope to study a shape of particles and
to estimate a granulometric composition of the material
obtained. We opened the chambers after cooling of a room
temperature only in each case. We returned powder samples
to the chambers for further grinding after the examination
with a microscope. Thus, we established a diameter of balls
dp, at which the most effective grinding of the materials
took place. We could not asses an influence of the parameter
my/mp on a granulometric composition of the grinded
product visually. We carried out experiments with a use of
technical methods of laboratory analysis to refine the data
obtained.

We used the accepted diameter of grinding bodies in the
following experiment. Only the ratio of masses of the grind-
ed material and the technological load changed in it. Here,
in addition to visual observation, we measured a specific
surface area also. We determined the best ratio of the powder
mass to the mass of balls m,,/m; by the maximum value of the
specific surface area Si),.

We used the determined optimal grinding mode in the
second stage of the study. We performed a physical and
chemical analysis for mechanically activated samples: DTA
and XFA [61].

We determined a rate of hydrate formation of methane by
the kinetic method at the initial rate of formation of an ice
crust, and then we calculated an amount of methane per unit
volume (C,,) for different mechanoactivation of additives.

We determined measurement of the volume of methane in
GH, as well as the composition of gases formed, in two ways:
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Fig. 1. Schematic of experimental installation

We determined C,, according to the following procedure:

1. We decreased the temperature in climate chambers,
and, respectively, in the hydrate formation reactor, from
+1 to —10...15 °C after the completion of the process of GH
obtaining (when all water reacted). We observed the process
of hydrate formation in the reactor through a window in the
chamber and the reactor.

2. We closed the valve of the gas cylinder and the valve
of the reducer.

3. We disconnected the high-pressure hose from the re-
ducer and connected it to a gas meter.

4. We opened the reactor valve and the temperature
raised to a room temperature in the chamber and in the
reactor.

5. Methane hydrate began to decompose. The extracted
methane passed through the gas meter and we determined
its quantity.

We calculated C,, knowing the value of the extracted gas
and the volume of water poured into the reactor. Then, we
reduced gas pressure in the reactor by 1 MPa and repeated
the process. We determined the composition of the obtained
gas chromatographically.

5. Results of studies of the effect of mechanically
activated additives of aluminosilicates on the rate of gas
hydrate formation

We obtained heterogeneous activated additives, which
are analogues of natural formation media of gas hydrates
in nature to accelerate the formation of the gas hydrate.
Natural gas hydrates are metastable minerals, formation and
decomposition of which depend on pressure and tempera-
ture, composition of gas and water and properties of a porous
medium where they are formed [62, 63]. Fig. 2 shows main
types of formation of natural GH.
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Fig. 2. Types of formation of natural gas hydrates: a — a

massive layer of hydrate; b — filling of large and small cracks;
¢ — filling a porous space of the permeable rock

The following important conditions are necessary for the
formation of accumulations of hydrates: heterogeneity of a geo-
logical space, temperature field, permeability field, salinity of
water [63]. It is also necessary to consider the following factors:

— mineralogical, granulometric and microaggregate com-
positions of soils;

— their humidity and density;

— mineralization of a pore solution;

— presence of clay particles and organic impurities.

The first task of the study was to obtain analogues of
natural media by mechanoactivation. Studies showed that
sediments, which consist of products of land destruction, such
as pebbles, boulders, gravel, silt, and sand, cover almost all the
shelf space. In some places the shelf is covered with remains of
marine animals, mostly seashells. And there are outcrops of na-
ked solid rocks — granite, basalt in places where strong sea cur-
rents prevail. We chose tectosilicates for experimental studies.

We carried out mechanoactivation in 4 modes. We
changed the diameter of balls (d,=6 and 9 mm), the ratio
of the mass of milling bodies and the activated material
(n=1/20 and 1/40). From the experimental data we found
out that parameters of grinding of the rational mode of vi-
broactivation are: dy,=9 mm and n=1/40.

Fig. 3 shows microstructures of tectosilicates formed
during vibro-impact activation.

From the point of view of the change in a crystalline
structure of tectosilicates during vibro-impact activation,
the process of transition from the crystalline state to the
amorphous state occurs. Moreover, formation of an amor-
phous structure occurs not only on the surface of a sub-
stance, but also in the volume of a layer of the activated prod-
uct. We performed X-ray analysis and microscopy of samples
to control the structural state during the mechanoactivation
process. Table 1 presents X-ray diffraction data.

Fig. 3. Microstructures of activated additives (2000%) formed
during vibro-impact loading over the period: a — 5 minutes;
b — 20 minutes; ¢ — 40 minutes

Table 1 shows that mechanoactivation is connected with
formation of a defect structure on the surface of the basic
structure (aluminum oxide). Basically, microcrystals and
crystallites of aluminosilicates appear. A nature of changes
in the substructure of microdistortions in the crystal lattice
(Ad/d) and an increase in concentrations of surface disloca-
tions (1/D?) proves this.

Particles consist of relatively small crystallites with aniso-
tropic effective dimensions of the mosaic blocks after a 5-min-
ute vibro-impact loading, according to the data. Anisotropy
of blocks is due to the presence of packing defects (PD) in
a-Al,O3 with hexagonal close packing (HCP). A crystalline
structure is characteristic for particles after a 10-minute vi-
bro-impact loading. Crystallites appear in a-Al,Os3, apparent-
ly because of the development of the process of destruction in
the region of large-angle grain boundaries. For the powder ob-
tained after a 20-minute loading, the dispersion of structure
fragments is higher, and particles almost do not contain PD.
This is due to the fact that the effective size of mosaic blocks in
different crystallographic directions is almost the same. The
powder obtained 90 minutes after mechanochemical activa-
tion consists of molecular-dense aggregates.

We chose three samples corresponding to 5, 20, and
40 minutes of activation to carry out GH formation reaction.
A base of the choice is a cost of thermal energy (Q) needed
to produce 1,000 m® of methane gas. Work [64] proves that
the value of Q increases in parabolic dependence with an in-
crease in the proportion of rock inclusions () in gas hydrate
deposits. There is a new classification of gas hydrate deposits
based on the content of rock inclusions in the deposits taking
into account peculiarities of gas saturation in the bottom
sediments of the Black Sea. The classification is based on
energy costs when developing gas hydrate fields to produce
1000 m® of methane gas. Thus, we propose to divide deposits
of gas hydrates into 4 classes dependet on the number of rock
inclusions in the gas hydrate massif (Fig. 4).

Table 1
Characteristics of activated samples
Substructure parameters Average size structural fragments
Time of mate- - .. - ; ; -
rial process- | Size of crystal ConcenF ratlog of Defectiveness, Crystalhr(l)lty Particle, | Crystallite, Mosaic bloclf n t he direction
ing, min | lattice, D, nm surface dlsl?catlf?ns, AdJd, 10° degree, % um um of planes, nm
o 1/D% 10 m™ ’ 012-024 113-226
initial 92.0 118 1.2 100.0 - — — —
5 93.0 1.15 1.25 100.0 - 3.2 100.0 45.0
10 94.0 1.07 1.4 97.0 - 3.3 100.0 52.0
20 80.0 1.56 1.9 95.0 2.4 3.0 63.0 61.0
40 71.0 2.03 2.2 70.9 - 2.6 53.0 60.0
90 59.0 2.87 2.7 20.0 - 2.0 50.0 50.0
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<4764.42 <3549.14
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Fig. 4. Classification of gas hydrate deposits by energy costs

Another justification for the use of activated media in the
activation process is their increased catalytic activity due to
the formation of active centers on a surface [65].

Fig. 5 shows the kinetic curve of the formation of GH of
methane without addition of aluminosilicate (activation —
5 minutes).

2.5
3 m| -
<20
()
?ég 1.5
< E Hj
5 8 L0
g "
OQ'
52 os
L/
[
0
0 100 200 300 400

¢, min

Fig. 5. Typical kinetic curve of the formation of GH in
presence of mechanically activated additives (5 minutes)

The curve in Fig. 5 has an autocatalytic character, which
is related to a different structure and, correspondingly, to
gas saturation of the methane gas hydrate formed by addi-
tion of a mechanochemically activated additive. The kinetic
curve has a complex form, which indicates the ambiguity of
a mechanism of GH formation:

— Stage I — a period of induction, i.e., accumulation of
methane in the activated rock, where a process of water
structuring and beginning of a process of saturation of the
structure with methane prevails;

— Stage II — progressive GH methane formation and,
correspondingly, maximum gas saturation rate; there is a
need to spend additional energy on formation of clathrates;

— Stage III — beginning of a process of saturation of
clathrates and establishment of equilibrium, in which the
structure of a clathrate does not change.

The process of GH formation on mechanically activat-
ed surfaces leads to a change in kinetic curves. Induction
period decreases in dependence on the degree of activation,
and disappears on the sample corresponding to 20-minute
activation.

Fig. 6 shows semilogarithmic anamorphosis. However, it
has three knees that correspond to a change in the hydrate
formation mechanism at 7=274 K and pressure of 5 MPa

in the presence of mechanically activated additives. We
determined the rate constants for methane GH formation
graphically.

We calculated the rate constants of hydrate formation
based on semilogarithmic anamorphosis. Table 2 gives the
calculated data.
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Fig. 6. Semilogarithmic anamorphosis of the process of
methane GH formation in the presence of activated additives

Table 2

Constants of hydrate formation at 7=274 K and pressure of
5 MPa in the presence of mechanically activated additives

Material Rate constants of GH formation, hour™!
1-st stage, by | 2-nd stage, ky | 3-rd stage, k3
Activated
aluminosilicates 1.20x1072 8.20x1072 1.25x1072
20 minutes

Thus, during formation of gas hydrates, a rate of chemical
reaction, as well as a rate of coal gasification, is self-catalyzed
due to natural minerals [66].

We made electron microscopic images of particles formed
during the process, and measured energy characteristics of
the activated surface by potentiometric titration method. The
method of potentiometric measurements makes possible to
calculate a potential curve and a total adsorption potential.

15.0 /r

i

10.0
/

50 /
—

0 1,0
In6

Fig. 7. Potentiometric curve of mechanically activated
aluminosilicate
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Fig. 7 shows a general view of the potential curve of a
mechanically activated aluminosilicate additive.

We built the potential curve in the coordinates Au?>~In®,
where Al is a conditional adsorption potential calculated on
the experimental data; 0 is a degree of filling of a surface for
iron ions calculated on the experimental data also.



The curve consists of several rectilinear sections, each of
which corresponds to adsorption on a certain type of adsorp-
tion-active centers. The curve makes possible to calculate
the following parameters:

— areal area per one sorbed ion Fe(IIl), nm?;

— 09 is a value of 0 at the point of intersection of the
first section of the potential curve with the abscissa axis
(Fig. 7), and 6y; is a degree of filling of a surface by this type
of adsorption-active centers corresponding to the point of
intersection of the section with the abscissa axis;

— Al is a value of the adsorption potential at the maxi-
mum of distribution of a given kind of centers, kJ/mol;

— Auy; is a total adsorption potential of each kind of cen-
ters, kJ/mol;

— Al is a total surface adsorption potential, kJ/mol.

Table 3 gives the results of calculation of parameters.

Table 3
Data on the calculation of parameters of active surface
centers
o _ _ Type of
Grinens | a0, kﬁigél k?iiél kﬁﬂibl adsorption
active centers
o-ALOs, 0.05 | 0.02 0.07 o3 Acctlve(?.X}’zgen
initial | 0.02 | 060 | 0.06 ' oordinat-
: : : ed-bound water
0.26 | 0.60 0.37 Active oxygen
5 minutes | 013 | 130 | 030 | ogg | Coordina-
tion-bound wa-
0.09 | 2.09 0.29 ter OH-group
0.52 | 1.20 0.79 Active oxygen
20 minutes | 9-26 | 2.50 0.60 1.97 . Coordina-
tion-bound wa-
0.18 | 4.18 0.58 ter OH-group
0.40 | 1.02 0.57 Active oxygen
40 minutes | 019 | 190 | 0,46 141 | Coordina:
tion-bound wa-
0.14 | 2.08 0.38 ter OH-group

From the data of Table 3, we see that 3 types of adsorp-
tion-active centers appear on the surface of mechanically
activated samples:

— OH™ group (Au,=4.18);

— coordinated-bound water (Ay,=2.5);

— active oxygen (Au,=1.2).

Potentiometric studies show that a sample activated for
20 minutes is more active. Water associates are reforms with
the subsequent formation of water frameworks of pentagonal
dodecahedrons as a result of the reaction of methane GH
formation on activated surfaces. Such structures appear in
liquid water before formation of hydrate-forming molecules.

Moreover, we found peaks corresponding to formation of
a methane-ethane homologue during the chromatographic
analysis of gaseous substances. Thus, a cryochemical syn-
thesis of hydrocarbons occurs, catalysts of which are acti-
vated additives, in the formation of methane gas hydrates
in presence of mechanically activated additives. Naturally,
further mechanochemical transformations take place when
GH itself is activated.

Table 4 gives results of chromatographic studies of meth-
ane GH obtained with the addition of aluminosilicates of
varying degrees of activation.

We did not obtain such results by chance. A region with
a local temperature of about 650 °C appears at vibro-impact

activation (at the moment of impact), which leads to dehy-
droxylation of a surface and is accompanied by formation of
coordinatively unsaturated cations. Infrared spectroscopy
and nuclear magnetic resonance (NMR) methods confirm
this effect. There is a diagram of formation of coordina-
tion-unsaturated cations on a surface of aluminosilicates
below (Fig. 8).

Table 4

Results of mechanochemical synthesis of ethane in the
production of methane GH

Inclu- | Activation time | Maximum amount Amount of
sion of aluminosili- of methane in | ethane formed in
class cates, min methane GH, % | methane GH, %

1 40 96 4
1| 20 94 6
11 5 95 5

OH H'

—0—Al—0——>—0—AI"—0—+H,0

I
o
I

|
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|

Fig. 8. Diagram of coordination-unsaturated cations

Formation of such coordinatively unsaturated cations
(Fig. 8) leads to an increase in the activity of compounds,
since the coordination-unsaturated ions with half-filled
electron shells can be regarded as free valences on a surface.

Thus, the formation of methane GH in the presence of
mechanochemically activated additives leads to the synthe-
sis of higher homologues of hydrocarbons.

6. Discussion of results of study of the effect of
mechanically activated additives on the process of
hydrate formation of methane

Thus, we found out that GH formation in presence of
mechanically activated aluminosilicates has an autocatalyt-
ic mechanism, during operation of which a process of nucle-
ation of a new phase occurs on activated aluminosilicates.

The complexity of the process lies in the fact that be-
havior of water molecules immediately surrounding a gas
molecule differs from water molecules in the volume. There
are many impurities in sea water: dissolved substances, col-
loids, suspensions, living organisms and products of their
vital activity. The impurities in the ocean, as in a large-scale
reservoir, settle gradually to the bottom and form bottom
sediments. The uppermost layer of the sediments forms the
bottom soil, a surface layer of the lithosphere beneath the
ocean.

In accordance with the nature of the source material out
of which bottom sediments form, they are divided into two
main types: terrigenous and organogenic, or biogenic. Such
division is conditional to a large extent, as sediments of both
types are not strictly localized in nature, and the assignment
of soil to one or another type is determined by a degree of
predominance of organogenic or terrigenous sediments.

Thus, silty compounds are practically aluminosilicates of
different composition with admixtures of metal oxides - iron,
magnesium, titanium, calcium, etc. Although clay minerals
have low adsorption and catalytic activity in the natural



state, they can be activated due to ion exchange, therefore,
this makes possible to regulate their porous structure. The
activation leads to a sharp increase in a surface and a volume
of mesopores, which is associated with formation of amor-
phous silica, which has pores available not only for water
molecules, but also for hydrocarbons.

A passage of gases through the medium includes the
following cases:

— penetration through pores;

— penetration through cracks;

— complete obstruction of a canal mouth.

Fig. 9 shows the course of gas through mechanically
activated samples (analogous to natural soils) schematically.

Obstruction of a mouth of one of canals (Fig. 9, a, 1)
leads to the cessation of movement of a liquid in it for an ideal
system. A labyrinth system of interconnected canals pro-
vides for opening of a side canal (Fig. 9, b, 1”) with a mouth
of smaller or larger diameter if a main canal is obstructed.
Due to the opening of side canals, a partial compensation
of the drop in permeability occurs at obstruction of mouths
of main canals. It is obvious that the inclusion of channels
with mouths of smaller diameter in operation occurs when
pressure in the system increases.
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Fig. 9. Diagram of gas movement and capillary obstruction in
ideal (1) and real (2) systems

The mechanism of passage of gas particles through the
soil with the formation of gas hydrates is a physical and
chemical mechanism of retention, which is called sorption
mechanism sometimes. It includes various intermolecular in-
teractions with different binding energies, as well as physical
bonds, van der Waals bonds, dispersive bonds, and others.

We can observe the phenomenon of obliteration during
operation of the physical and chemical mechanism of particle
retention, that is, fouling of walls of capillaries of the soil,

which leads to a decrease in the live section of capillaries.
The increase in pressure promotes an increase in the rate
of a liquid or gas in capillaries, which can cause particles to
break off from walls of capillaries under certain conditions
and carry them to the gas hydrate. We studied the effect of
microcatalysts on the hydrate formation process during the
research.

The mechanism of passage of gas particles through the
soil with the formation of gas hydrates is a physical and
chemical mechanism of retention, which is called sorption
mechanism (SM) sometimes. SM includes various intermo-
lecular interactions with different binding energies, as well
as physical bonds, van der Waals bonds, dispersion bonds
and others.

We did not consider a diffusion component of the gas
hydrate production process in the study, although there
were such attempts earlier [67]. The studies show possibility
of carrying out heterogeneous catalysis at low temperatures
and are a continuation of the development of cryochemical
synthesis methods.

7. Conclusions

1. We established that the formation of methane gas
hydrates in presence of mechanically activated aluminosili-
cates is not autocatalytic, but an increase in the reaction rate
is connected with formation of three types of adsorption-ac-
tive centers on a surface of mechanically activated samples
with the following potentials: OH™ group (Au,=4.18); coor-
dination-bound water (Ap,=2.5); active oxygen (Ap,=1.2).

2. We found out that up to 6 % of ethane appears during
the chromatographic analysis of gaseous substances in the
gas hydrate of methane, in dependence on the degree of
activation.

3. We determined that the semilogarithmic anamorpho-
sis has three knees, and this shows a change in rate con-
stants of the formation of GH of methane and, accordingly,
a change in the hydrate formation mechanism at 7=274 K
and pressure of 5 MPa in presence of mechanically acti-
vated additives. We calculated three rate constants for the
formation of GH methane, which vary from 1.20x10? to
1.25%1072 hour!, based on semi-logarithmic anamorphosis.
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