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Abstract: Hydrogen can be generated in situ within reservoirs containing hydrocarbons through
chemical reactions. This technology could be a possible solution for low-emission hydrogen pro-
duction due to of simultaneous CO2 storage. In gas fields, it is possible to carry out the catalytic
methane conversion (CMC) if sufficient amounts of steam, catalyst, and heat are ensured in the
reservoir. There is no confirmation of the CMC’s feasibility at relatively low temperatures in the
presence of core (reservoir rock) material. This study introduces the experimental results of the first
part of the research on in situ hydrogen generation in the Promyslovskoye gas field. A set of static
experiments in the autoclave reactor were performed to study the possibility of hydrogen generation
under reservoir conditions. It was shown that CMC can be realized in the presence of core and ex situ
prepared Ni-based catalyst, under high pressure up to 207 atm, but at temperatures not lower than
450 ◦C. It can be concluded that the crushed core model improves the catalytic effect but releases
carbon dioxide and light hydrocarbons, which interfere with the hydrogen generation. The maximum
methane conversion rate to hydrogen achieved at 450 ◦C is 5.8%.

Keywords: hydrogen production; steam methane reforming; in situ hydrogen generation

1. Introduction

The growing demand for clean energy resources stimulates the development of un-
conventional and alternative energy. Renewable energy is a promising and developing
field, but hydrogen has a number of benefits as an energy source. According to the world’s
long-term programs for developing hydrogen technologies, hydrogen can ensure 12% of
the world’s total primary energy demand in 2050 [1]. Besides that, hydrogen is a valuable
chemical product required for the refining industry and the production cycle of ammonia,
methanol, and others. However, there is no cheap way for sustainable hydrogen production
without greenhouse gas emissions.

Hydrogen can be obtained from natural gas through catalytic steam methane reform-
ing (SMR), partial oxidation, autothermal reforming, and methane cracking. It also can be
produced from water through electrolysis of water or from coal through coal gasification [2].
However, all these hydrogen production methods are very energy consuming. In addition,
energy for hydrogen production is usually produced by burning hydrocarbons with carbon
dioxide emissions. Most hydrogen is produced mainly via the SMR process, which also
produces up to 10 kg of CO2 per kg of generated hydrogen [3]. Greenhouse gases are
produced during energy generation, as direct products of the chemical reactions, as well as
during stages of compression and transportation of reagents and products. It is essential to
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realize carbon capture and storage (CCS) technology to make synthesized hydrogen “blue”.
These actions increase the cost of hydrogen significantly [4,5].

A promising, energy-efficient, and cost-effective technology for producing low-emission
(almost “green,” or without any greenhouse gas emissions) hydrogen is an in situ hydrogen
generation in hydrocarbon reservoirs. Hydrogen can be generated in situ in oil/bitumen
fields (for example through bitumen gasification) [6–10], coal deposits (underground coal
gasification) [11–13] or gas fields [14–16]. These feedstock types imply different hydrogen
generation mechanisms: oil aquathermolysis and thermolysis, coke gasification, methane
cracking, steam methane reforming, and water-gas shift reaction.

The chemical transformations occurring in the gas reservoir include mainly steam
methane reforming, water-gas shift reaction, and methane cracking (at temperatures higher
than 500 ◦C) in the presence of a metal-based catalyst [17,18], according to the following
forward reactions:

CH4 + H2O↔ CO + 3H2 − 206 kJ/mol, (1)

CO + H2O↔ CO2 + H2 + 41 kJ/mol, (2)

CH4 ↔ C + 2H2 − 75 kJ/mol. (3)

At the same time, side reactions take place that consume generated hydrogen. These
reactions mostly include methanation reactions: reverse reactions (1) and (3) and forward
reaction [7]:

2CO + 2H2 ↔ CH4 + CO2 + 59.0 kcal/mol. (4)

The generated hydrogen can be stored underground and produced at any time. More-
over, it is expected that hydrogen will rise to the geological uplifts of the reservoir under
the influence of gravitational forces. Simultaneously, the environmentally undesirable
greenhouse gases, such as carbon and nitrogen oxides, having a higher density than hydro-
gen, will sink to the bottom of the field under the influence of gravity. These gases are also
more soluble in water, compared with hydrogen. In addition, carbon oxides also can react
with rocks, forming insoluble compounds such as carbonates. So, greenhouse gases may
not be produced at all during hydrogen production from the gas reservoir [16].

Technology considered in this study, implies pure hydrogen production from gas
fields with simultaneous CO2 storage [14,15]. It can be implemented even in depleted or
abandoned fields or fields in a late stage of exploration because the main process proceeds
with an increase in the amount of gaseous components (up to four volumes of hydrogen
can be generated from one volume of methane). The existing infrastructure (wells, pipeline
network) can be used in hydrogen production, leading to a significant decrease in the
produced hydrogen cost. For example, the produced hydrogen can be transported using a
modern gas pipeline through mixing with natural gas in concentrations up to 20 and even
70% (for the Nord Stream) [19].

In this research, the idea of in situ hydrogen generation within gas fields supposes
the implementation of the CMC (catalytic methane conversion) in the porous medium
of the reservoir. The technology implies the injection of a catalyst precursor (aqueous
solution of Ni-containing salt) or an active catalyst (particles of Ni-based catalyst) into
a hydrocarbon-containing zone on the first stage. Since the reducing conditions are in
the reservoir, active phase of catalyst can be formed from the precursor in situ. Then the
temperature in the reaction zone should be raised to a temperature, at which catalyzed
SMR and methane cracking occur.

The study introduces the results of laboratory experiments performed in an autoclave
reactor at initial conditions the same as in the Promyslovskoye gas field, using core material
taken from this target field. The Promyslovskoye gas field is located 96 km southwest
of Astrakhan city, Russia. It contains about 1700 mln m3 of natural gas, the reservoir
temperature is 48 ◦C, the initial pressure is 8.9 MPa, and the current reservoir pressure is
2.3 MPa. The porosity of the target layer is about 29%, residual gas saturation is 77%, and
residual water saturation is 23%. The depth of gas-bearing layers is about 730 m.
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The temperature range from 300 to 450 ◦C was discovered during the experiments to
estimate the possibility of hydrogen generation from methane in situ within the target field.
These temperatures can be achieved in a porous medium of rock due to steam/overheated
water injection into the reservoir (up to 350 ◦C) or due to in situ combustion of saturating
hydrocarbons (up to 700 ◦C for oil combustion) [20,21]. The effects of different forms of
catalyst and steam/methane ratios on CMC were also investigated during the experiments.
The obtained data can help conclude the expediency of the new stage of field exploration
and manage the process of CMC to intensify and speed up of in situ hydrogen generation
processes.

This is the first publication from the planned series of publications devoted to the
in situ hydrogen generation from methane under gas reservoir conditions. The concept,
feasibility, and regularities of the considered process are investigated in the current study.
The results of experiments performed at more favorable conditions (higher temperature
and dynamic mode) will be presented in further publications.

2. Materials and Methods

Experiments were designed to study the possibility of methane conversion into hy-
drogen at relatively low temperatures in the presence of different types of catalysts: in situ
synthesized (precursor is nickel nitrate hexahydrate) and ex situ synthesized Ni-based. The
influences of the type of porous medium and steam/methane ratio on the process were
also investigated.

2.1. Porous Medium

Several different porous media were investigated, varying from crushed alumina to
crushed ceramics, to river sand and crushed core. These types of porous medium simulated
different types of reservoir rock, including the target gas field. Industrial alumina (Al2O3)
pellets, Alumac 5D® (Salindres, France), were used as an inert porous medium. Alumac
5D® has a high specific surface area of about 335 m2/g, is very hydrophilic, inert to most
liquids and gases and, is stable at temperatures up to roughly 2000 ◦C. Granules of Al2O3
were crushed to 0.8–1.2 mm before use. River sand with granules size 0.8–1.2 mm was
used as filler in some experiments to model sandstone rock samples. Its composition can
be roughly approximated as SiO2. One more option for the porous medium was crushed
ceramics. The mineralogical composition of this filler is presented in Table 1.

Table 1. Mineralogical composition of crushed ceramic filler.

Mineral Value, wt.%

Mullite 68.1
Quartz 31.9

In other experiments, non-extracted core (rock) samples from the Promyslovskoye
gas field were used to recreate reservoir conditions and investigate the influence of the
real core on the process of hydrogen generation. The average content of total organic
carbon determined with the rock-eval method [22,23] is 1.35 wt.% Data for the averaged
composition of the mineral matrix is demonstrated in Table 2.
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Table 2. Averaged mineralogical composition of the core for laboratory experiments.

Mineral Value, wt.%

Albite 12.4
Anhydrite 0.8

Calcite 10.3
Halite 4.1
Illite 1.2

Pyrite 0.1
Quartz 71.1

Experimental studies observe slightly overestimated results of the methane conversion
since the packed model may not exactly repeat the properties of the consolidated core. For
example, the porosity and permeability of the consolidated core cannot be reproduced with
high accuracy.

2.2. Catalyst Preparation Procedure

There were two types of monometallic Ni-based catalysts used in the experiments.
The first one was an in situ prepared catalyst, which can be delivered into the reservoir
in the form of a water solution of the catalyst precursor, then obtained through chemical
transformations directly at the reservoir [24]. So, this catalyst was prepared in the reactor
during experiments from catalyst precursor solution. The second one was the ex situ
prepared catalyst which was nickel oxide particles supported on alumina. This catalyst can
be delivered into the reservoir in the form of suspension together with steam or overheated
water. In this case, the catalyst was prepared in advance and loaded into the reactor before
the experiments.

The catalyst precursor, used for in situ prepared catalyst, was water-soluble nickel
nitrate hexahydrate (Ni(NO3)2·6H2O, chemically pure), which had to be decomposed
under high temperature according to the summary equation [25,26]:

2Ni(NO3)2·6H2O = 2NiO + O2 + 4NO2 + 12H2O. (5)

This salt solution in deionized water was put into the reactor before the experiment
with other reactants (water and methane). The catalyst here is the particles of nickel oxide,
which have a catalytic effect themselves or can be reduced to a more active metallic phase by
interaction with hydrogen or a mixture of steam and methane at a high temperature [27–30]
according to the equation:

NiO + H2 = Ni + H2O. (6)

The second type of catalyst was the ex situ prepared catalyst by wet impregnation of
α-Al2O3 (granular size of 0.5–1.0 mm, the specific surface area of 174 m2/g) with a water
solution of nickel salt. This catalyst was obtained through heat treatment of the carrier,
and soaked in 31.42% nickel nitrate solution in a muffle furnace. Catalyst’s preparing
procedure included treating 100 g of α-Al2O3 particles with 150 g of the catalyst precursor
solution (soak period-2 h), drying the carrier with the precursor solution in the air at 110 ◦C,
while water was not evaporated. Next, the heat treatment of the carrier particles coated
with precursor salt particles was necessary. Heat treatment was carried out in a muffle
furnace, in the air atmosphere, for 3 h at 150 ◦C and then 3 h at 450 ◦C. The decomposition
of Ni(NO3)2·6H2O occurred and nickel oxide particles formed on the substrate’s surface
because of the last operation. The catalyst can be used in the experiments after this
procedure. Such supported catalyst contains 16.16% of the active component, calculated in
terms of nickel oxide.

2.3. Experimental Setup

An autoclave reactor used for static experiments is a reactor by Parr (USA), fabricated
of Inconel 600 alloy, designed for experiments at max temperature 600 ◦C and max pressure
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~408 atm. The reactor volume is 1 L. It has a control block, external heaters, magnetic
stirrer, thermocouple, check valve, manometer, and bursting disc (as a safety measure).
High-pressure, high-temperature tubes with the dimensions 1/8” and 1/16”, and vessels by
Swagelok were used for connection lines. The appearance of the reactor and hydrodynamic
scheme of installation used in the experiments are shown in Figures 1 and 2, respectively.
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Figure 2. The scheme of autoclave installation used in experiments: 1—computer; 2—pump
(Quizix); 3—piston column (V = 1 L, with gas); 4—autoclave (reactor); 5—digital pressure gauge; 6—
thermocouple; 7—bursting disc; 8—check valve; 9—manometer; 10—vacuum pump; 11—condenser
(cooler); 12—back pressure regulator; 13—separator (V = 0.25 L); 14—gas meter (0.5 L); 15—gas
chromatograph; 16—ventilation system with gas afterburning.

2.4. Experimental Procedure

The experiments focused on studying the activity of CMC at considered conditions,
the concept of in situ nanoscale active catalyst synthesis, the feasibility of CMC in the
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presence of real core, and the influence of steam amount and type of porous medium on
methane conversion. The set of experiments was performed by subsequently changing
the type of catalyst (in situ and ex situ prepared in the form of nickel oxide), values of
steam/methane ratio (from 2 to 21), temperatures (from 300 to 450 ◦C), and types of porous
media (without filler, sandpack model, crushed ceramics, crushed alumina, and crushed
core). So, the temperature of the CMC initialization, product gas composition, methane
conversion rates, as well as optimal parameters for the CMC can be revealed.

In the first stage, the experimental procedure included the preparation of the catalyst
(or catalyst precursor), filler for simulation of porous medium, assembly, and pressurization
of autoclave installation. Then, the exact quantities of water, catalyst, and filler were placed
into the reactor. After that, the whole hydrodynamic system was vacuumed, and the exact
quantity of methane was injected (the quantities of loaded reagents in different tests are
presented in Table 3). In the next stage, heat treatment of the reagents was performed
(operational temperatures for the different tests are also presented in Table 3) with periodic
gas sampling (for gas chromatography analysis by Agilent 7890 B). The experimental
procedure is similar to the literature described [16].

Table 3. Reagent loads and experimental parameters.

Exp. No. Water, mL Methane, L Catalyst, g Porous Medium T, ◦C

1 30.0 18.5 34.5 1 - 350

2 29.3 7.3 1.0 1 - 350–450

3 20.1 2.5 5.9 Ceramics 450

4 20.0 2.5 4.5 1 River sand 450

5 33.3 2.5 37.5 Alumina 450

6 42.4 2.5 5.4 Core 300–450

7 88.7 7.4 7.2 Core 450
1 Precursor (catalyst was prepared in situ in the experiment).

If the hydrogen content in product gases is low, additional water can be injected into
the reactor. This action is aimed to shift the thermodynamic equilibrium of the system to
the products, as water is one of the reagents and can possibly create additional mixing of
gas components. It should be noticed that water and methane are injected from the bottom
of the reactor by a high-pressure pump (Quizix), and gas samples for gas chromatography
analysis are taken from the top. It is also assumed that the injected water is vaporized
right in front of the reactor because the inlet tube has a high temperature. At the end
of the heat treatment period, the heaters of the experimental setup are turned off, the
pressure decreases, and nitrogen injection begins until the reactor cools down. In the
final stage, the methane conversion rate was calculated, and conclusions were made. The
methane conversion rate can be calculated using the following equation, considering only
the SMR process:

Methane conversion rate (%) =
nCH4,inj(mol)− nCH4,rem(mol)

nCH4,inj(mol)
×100 %, (7)

where nCH4,inj is the amount of methane injected during the whole experimental time, and
nCH4,rem is the amount of methane remaining after the heat treatment period and collected
simultaneously with the pressure decreasing and reactor cooling down. Then the calculated
value should be compared with the methane conversion rate, calculated with respect to the
amount of synthesized hydrogen, directly detected on the chromatograph.

Experiment No. 1 implied heat treatment of methane and water in an autoclave at the
relatively low temperature of 350 ◦C (Table 3). This limitation in the temperature range is
determined by the maximum value that can be achieved in the reservoir by injecting steam
or superheated water into the reservoir. In this experiment, in situ synthesized catalyst
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was obtained in the reactor because of the decomposition of the catalyst precursor nickel
nitrate hexahydrate. The experiment was carried out in the absence of a porous medium
with a steam/methane ratio of 2.

Within experiment No. 2, heat treatment was performed in two stages. The first stage
of heat treatment was carried out at a temperature of 350 ◦C, but then the temperature
was increased to 450 ◦C. The amount of initially loaded methane was reduced. It led to
an increase in the steam/methane ratio to an optimal value of five [31,32]. The amount
of initially loaded catalyst precursor was also reduced. The experiment was carried out
without a porous medium.

In experiment No. 3, ex situ prepared catalyst with a large specific surface area was
used. At the same time, the main volume of the reactor was filled using a crushed ceramics
model. In this experiment, water was not loaded into the reactor before heat treatment
but was injected in several stages after the temperature had risen to 450 ◦C. It is believed
that the injection of new portions of steam and rapid diffusion of components at this
temperature ensured an even distribution of components in the pore volume of the crushed
ceramics model.

In experiment No. 4, a sandpack model was used as a filler. A new attempt to
synthesize an active catalyst in situ from a catalyst precursor-nickel nitrate hexahydrate, in
the presence of a sandpack model at a temperature of 450 ◦C, was made.

Experiment No. 5 was carried out in the presence of inert alumina granules in the
reactor (as a porous medium) and under conditions of an increased amount of ex situ
prepared catalyst. The increased steam/methane ratio in the experiment makes it possible
to create more favorable conditions for the SMR process due to the displacement of the
equilibrium of the main reactions (Equations (1) and (2)) to the right, towards the products.
The heat treatment of the reactor was carried out at a temperature of 450 ◦C. The gas sample
was taken only once, at the end of the heat treatment period.

In experiments No. 6 and 7 crushed core samples from the target gas field were used
to study the process of CMC in conditions close to reservoir conditions and investigate
the effect of the core. Taking into account the results of previous experiments, experiment
No. 6 was designed with heat treatment at two temperatures: at 300 ◦C and then at 450 ◦C,
with an ex situ prepared catalyst and corepack model. In turn, experiment No. 7 repeated
conditions of experiment No. 6 (with the ex situ prepared catalyst and corepack model),
but was performed at lower steam/methane ratio and a heat treatment of only 450 ◦C.

3. Results
3.1. Determining of Thermodynamic Constraints

First of all, the thermodynamic calculations for the primary catalytic SMR process
were performed. It is assumed that the SMR is the main mechanism of generating hydrogen
at considered experimental conditions. Thus, this thermodynamic model is a simplification
of the CMC process, which does not describe the system correctly at high temperatures (at
which, for example, catalytic methane cracking occurs). At the same time, the approach
overestimates methane conversion under conditions, at which other processes of hydro-
gen generation besides the SMR, do not yet play a significant role. It is because kinetic
limitations are not taken into consideration.

The model considers only reversible reactions (Equations (1) and (2)) in a plug flow
reactor for simplicity. Then, numerical methods can be used to calculate the equilibrium
composition of product gases and the methane conversion rate at the reactor outlet for
any values of temperature (T), pressure (p), and steam/methane ratio (ß). It is assumed
that temperature and pressure are constant along the reactor’s entire length. Let χ be
the methane fraction converted to carbon dioxide after the whole reaction time, ξ is the
methane conversion rate and Kp1, Kp2 is the reaction equilibrium constants for reactions
(Equations (1) and (2)), respectively. It is possible to write an expression for Kp2 through
mole fractions of hydrogen, carbon dioxide, carbon monoxide, and water (taking into
account quasi-equilibrium for the reaction—Equation (2)). At the same time, these mole
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fractions can be written through χ and ξ, according to the material balance equations for
each chemical element and mathematical expression for χ and ξ (by definitions). Then the
expression for Kp2 could be written as:

Kp2(T) × (ξ − χ) × (ß − ξ − χ) = (3ξ + χ) × χ. (8)

The expression for Kp1 also could be written through component’s mole fractions
(hydrogen, carbon monoxide, methane, and water) and overall pressure:

Kp1(T) × (1 − ξ) × (ß − ξ − χ) × (1 + ß + 2ξ)2 = (3ξ + χ)3×(ξ − χ) × p2. (9)

If we analytically solve Equation (8) for χ, then put the answer into the Equation (9),
we have the cubic equation for ξ, where Kp1(T), Kp2(T), ß and p are parameters. This cubic
equation could be solved numerically for each value of T, p, and ß, if put here expressions
for Kp1(T) and Kp2(T). These expressions can be written through thermodynamic functions
(∆rG

o
T, ∆rH

o
T, ∆rS

o
T, ∆rCp) and approximation formulas for the reduced Gibbs energies for

both of the reactions separately [33]. The result of calculating expressions for Kp1(T) and
Kp2(T) is provided in the study [34].

In this study, the methane conversion rates and the product gas mixture’s equilibrium
composition were calculated using the processing of code written in the Python program-
ming language. The calculation results for the steam/methane ratio equal to 5 are shown
in Figure 3. The interval of conditions considered in experiments within this study is
highlighted with a frame.
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Figure 3. The dependence of methane conversion rate on temperature and pressure at constant
steam/methane ratio equals 5 as a result of thermodynamic calculations for the primary catalytic
SMR (steam methane reforming) process.

Also, the dependencies of methane conversion rates on temperature were plotted at
various pressures (in the range from 1 to 100 atm), but at a constant steam/methane ratio
of 5 (Figure 4a). They demonstrate the effect of external pressure on the catalytic SMR
process. The dependencies of methane conversion rates on the temperature at various
steam/methane ratios (in the range from 1 to 20) but at constant pressure 100 atm were
also plotted (Figure 4b) and show the effect of additional portions of steam on the catalytic
SMR process. The intervals of conditions considered in experiments within this study are
highlighted with frames.
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Thermodynamic calculations for the SMR process allow for optimizing the experi-
mental design and adjusting the operating parameters (initial loading of reagents, heating
conditions, and others). The thermodynamic approach allows researchers an understand-
ing of the maximum achievable methane conversion rates under specific conditions. It
also provides information about the equilibrium product gas composition and about the
completeness of the processes in a specific experiment. It also allows a conclusion to be
made about catalyst activity, the influence of external factors, and the possible mechanism
of the hydrogen generation process.

It can be seen from the obtained dependencies that the highest methane conversions
are attainable at high temperatures, low pressures, and at high values of the steam/methane
ratio. However, high values of steam/methane ratio and low pressures are practically un-
achievable in gas field conditions. One possible way of increasing the methane conversion
rate is to increase the temperature inside the reservoir up to 800 ◦C and higher. This study
describes the results of experiments, performed at relatively low temperatures, achievable
in the gas reservoir due to steam or overheated water injection. In subsequent publications,
the results of high-temperature experiments will be presented.

3.2. Experimental

The experimental parameters: maximum pressures in the reactor achieved during the
experiments and the product gas mixture’s composition for each of the experiments are
shown in Table 4.

As a result of experiment No. 1, only trace amounts of hydrogen were detected in
the gas samples. This may mean that the CMC is not active at the considered temperature
of 350 ◦C, or some factors interfere with the process (for example, the active phase of the
catalyst may not yet form at this temperature). However, in addition to the methane and
water, significant amounts of carbon dioxide, up to 13 mol.%., and nitrogen dioxide, up to
5 mol.%., were detected in the product gases. At the same time, the methane fraction in the
reactor decreased to 78 mol.%. Nitrogen monoxide and nitrogen were also detected in the
product gas mixture as minor gas components.
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Table 4. Summary of experimental parameters and product gas composition.

Exp. No. Max P, atm
Max Concentration of Main Product Gas Components,

mol.%.
Other Gas

Components

Hydrogen Methane Carbon Dioxide

1 115 0.002 78.00 13.00 NO, NO2, N2

2 64 0.011 98.24 0.97 CO, NO2, N2

3 138 35.300 56.90 8.00 CO, C2H6

4 103 0.100 98.50 0.26 CO, N2

5 120 3.100 93.00 0.40 N2

6 207 53.500 21.42 15.67 CO, H2S, C2H4,
C2H6, C3H8

7 140 6.970 39.74 47.70
CO, C2H4, C2H6,

C3H6, C3H8, C4H10,
C5H12

The next experiment, No. 2, was optimized compared with the previous one. However,
this did not lead to a significant increase in the hydrogen concentration in the reactor. The
maximum achieved hydrogen fraction in the product gas mixture was only 0.011 mol.%.
Simultaneously, the methane fraction in the reactor was about 98.2 mol.%, and the carbon
dioxide fraction was about 1% vol. Carbon monoxide, nitrogen dioxide, and nitrogen were
also detected in product gases in trace amounts. The higher temperature of heat treatment,
up to 450 ◦C did not lead to the activation of hydrogen generation processes, since the
methane concentration in the product gas mixture was almost 100%. It is more likely that
the active phase of the catalyst cannot be obtained in situ with the considered conditions.

During experiment No. 3, water (steam) was injected into the reactor in several
stages, with simultaneous gas composition monitoring. The maximum value of the
steam/methane ratio ~10 was achieved due to additional water injections (4 injection
cycles in total). As a result of the experiment, the hydrogen fraction in the product gases
was about 18.5 mol.%. after one hour of heat treatment (Figure 5a).
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Figure 5. (a) The dependencies of major gas component concentrations and (b) minor gas component concentrations in
product gas mixture in experiment No. 3 on time.
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Additional portions of injected steam led to an increase of hydrogen fraction reaching
the maximum value of 33.9 mol.%. The fraction of carbon dioxide in the reactor also
increased consistently, up to 8.0 mol.%., and the concentration of methane decreased to
~57 mol.%. Probably, the main effects that led to a significant increase in the hydrogen
concentration are the presence of a porous model in the experiment and increased values
of the steam/methane ratio. Interestingly, the ethane component appeared in the reactor,
with a concentration of 0.93 mol.%. The dependencies of major and minor gas component
fractions in the product gas mixture on experimental time are presented in Figure 5.

The replacement of a crushed ceramics model with a sandpack model in experiment
No. 4 and the loading of a catalyst precursor into the reactor instead of the ex situ prepared
catalyst led to a significant decrease in hydrogen amounts. In this experiment, the Ni-based
catalyst particles (nickel oxide) should have been formed from the particles of the precursor
during the thermal decomposition of nickel nitrate hexahydrate, according to the reaction
Equation (4). As a result of the experiment, hydrogen was detected in the product gas
mixture only in trace amounts (~0.1 mol.%). At the same time, initial methane and carbon
dioxide fractions almost did not change, reaching 98.5 and 0.26 mol.%., respectively.

As a result of experiment No. 5, performed in the presence of the ex situ prepared
catalyst and crushed alumina, a hydrogen concentration in the product gases of 3.1 mol.%.
was achieved. In this case, the steam/methane ratio in the experiment was high and equal
to 17. The methane fraction in the reactor decreased to 93.0 mol.%. At the same time, the
carbon dioxide fraction in the product gas mixture reached 0.4 mol.%.

Experiment No. 6 on implementing the CMC in the presence of core material from a
real gas field and an ex situ prepared catalyst was carried out for almost 9 h with periodic
gas sampling. In this case, the first 2 h reactor was heated to a temperature of 300 ◦C,
and then to a temperature of 450 ◦C. Additional portions of water were injected into the
reactor during the experiment (4 injection cycles, 42.4 mL in total), and excess pressure was
released from the system if the value was higher than ~100 atm. However, these actions
did not lead to activation of the CMC process. As a result of heat treatment at 300 ◦C, only
trace amounts of hydrogen were detected in the gas samples (Figure 6a).
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Figure 6. (a) The dependencies of major gas component concentrations and (b) minor gas component concentrations in
product gas mixture in experiment No. 6 on time.

The maximum hydrogen fraction in the product gas mixture, achieved during the
heat treatment at 450 ◦C, was 53.5 mol.%. In this case, the methane fraction in the product
gas mixture was only 21.42 mol.%, and carbon dioxide was 15.67 mol.%. Hydrogen sulfide,
carbon monoxide, ethane, and ethene constituted a large total fraction in the product
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gas mixture. Thus, it can be concluded that some transformations occur with the core
material during the experiment, which leads to the appearance of fat gas components
and an increase in the concentration of carbon dioxide in the product gas mixture. The
dependencies of the major and minor gas component concentrations in the product gas
mixture on time are presented in Figure 6. It can be expressed from the graphs that the
dependencies for the major gas components have a monotonic nature. It indicates that the
system has not reached an equilibrium state at the time of the experiment completion. The
methane conversion rate for the whole experiment, calculated through material balance
equations, is equal to 5.80. The methane conversion rate calculated for the shorter period
corresponding to the active methane conversion process is possibly much higher.

Experiment No. 7 had a similar design to experiment No. 6. However, initially,
28.6 mL of water was loaded into the reactor, then another 60.1 mL of water was injected
during the heat treatment (3 injection cycles). As a result of the additional injected water,
the pressure in the system rose to 153 atm. Therefore, excess pressure was released from
the reactor to about 100 atm. Three pressure relief cycles were made during the whole
experimental time. Even with the achievement of high values of the steam/methane ratio
(up to 15), the product gas mixture contained only up to 6.97 mol.%. of hydrogen. At
the same time, the methane fraction decreased to 39.74 mol.%, and the carbon dioxide
fraction increased to 47.7 mol.%. The major and minor gas components’ dependencies
in the product gas mixture on time are presented in Figure 7. It can be expressed from
the graphs that the dependencies for the major gas components reach a plateau at the
end of the heat treatment period, which indicates the approach to the equilibrium state of
the system. The methane conversion rate for the whole experiment, calculated through
material balance equations, is equal to 3.71.
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Figure 7. (a) The dependencies of major gas component concentrations and (b) minor gas component concentrations in
product gas mixture in experiment No. 7 on time.

Besides the main gas components, the product gas mixture contains hydrocarbons with
a carbon chain length up to C5. Ethane was detected as a minor gas component in a concen-
tration of up to 3.89 mol.%; ethene, up to 0.24 mol.%; propane, up to 2.46 mol.%; propene,
up to 0.3 mol.%; butane and isobutane with a total concentration of up to 1.42 mol.%; and
pentane, up to 0.59 mol.% (Figure 7). These components are present in the product gas
mixture, most likely as a result of the organic matter of core decomposition (during the
processes of thermolysis, aquathermolysis, and others).
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4. Discussion

As a result of the experiments, the highest hydrogen concentration of 53.5 mol.%. was
achieved in some gas samples. Although the methane conversion rate at individual stages
can be quite high, the value for the whole experiment was only 5.8%. The achieved value
of methane conversion is somewhat lower than those described in the literature for the
SMR process carried out under similar conditions. Table 5 shows a comparative analysis of
experimental data obtained by other researchers in similar methane conversion processes.

Table 5. Comparison of achieved methane conversion rate with literature data.

Catalyst Methane Conv., % T, ◦C P, atm Steam to Methane
Ratio Reference

10 wt.% Ni/Al2O3
1 0.0 500 1 2

[35]
10 wt.% Ni/Al2O3 15.0 500 1 2

10 wt.% Ni/Al2O3 9.0 400 1 1
[36]

10 wt.% Ni/Al2O3 31.0 500 1 1

7 wt.% Ni/Al2O3 + 1 wt.% Ag 75.0 500 1 4 [37]

Ni/Al2O3
2 25.0 450 1 2 [38]

10 wt.% Ni/Al2O3 32.0 500 1 3 [39]

16.2 wt.% Ni/Al2O3 5.8 450 207 21 Current study
1 Catalyst reduction at 500 ◦C; 2 nanoparticle clusters.

The SMR process in the works mentioned above was carried out in a dynamic mode in
continuous flow reactors, at a much lower pressure, in the presence of a catalyst previously
reduced at high temperature. This study describes experiments carried out in a static
mode, which imposes restrictions, for example, on the mixing of reagents. At the same
time, this study describes experiments carried out simultaneously in the low-temperature
and high-pressure ranges, in the presence of a core from a real gas field. Besides that,
the nickel-based catalyst used in this study was activated directly in the reactor during
the experiment. There was no preliminary reduction treatment stage, and the catalyst
reduction took place in a steam-methane atmosphere at a temperature not higher than
the experimental temperature. As a result, the hydrogen concentrations and the methane
conversion rates obtained are lower than those described in the literature. The effects of
temperature, the type of porous medium, and the steam to methane ratio on the catalyst
activity and methane conversion are discussed below.

4.1. Applicability of Different Forms of Catalyst

In the above series of experiments, the use of two types of catalysts was considered: in
situ synthesized from a water-soluble precursor-nickel nitrate hexahydrate (during the heat
treatment process) and ex situ synthesized. The last type is nickel oxide particles deposited
on a porous substrate from α-Al2O3, obtained separately from the main process.

The reason for the low hydrogen yield in experiment No. 1 may lie in the absence
of an active phase of catalyst in the system. The experimental temperature of 350 ◦C,
might be insufficient for the complete decomposition of the precursor, according to the
reaction Equation (5), or for the conversion of the oxide form of the catalyst into a more
active–metallic form. At the same time, the gas components NO, NO2, and N2 are present
in the product gas mixture, indicating changes in the catalyst precursor. An excess amount
of catalyst precursor was taken in the experiment in order to avoid the influence of the
amount of catalyst on the activity of the process (Table 3).

Besides, a significant decrease in methane fraction from the initial 100% and an increase
in the carbon dioxide fraction in the reactor should be noted. This indicates the hydrogen
generation process’s occurrence according to Equations (1)–(3). However, synthesized
hydrogen can enter into secondary processes of catalyst or nitrogen oxides reduction.
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Which is probably the main reason hydrogen was detected in experiment No. 1 only in
trace amounts.

In the next experiment, No. 2, the CMC conditions were changed to determine the
efficiency of the in situ prepared catalyst. An increase in temperature at the second stage of
heat treatment up to 450 ◦C, an increase in the steam/methane ratio to 5, and a decrease
in the loaded precursor amount did not allow significant methane conversion. Accord-
ing to the thermodynamics of the primary SMR process, an increase in temperature and
steam/methane ratio leads to an increase in hydrogen concentration. Besides, a decreased
amount of catalyst precursor could possibly reduce secondary reactions consuming hydro-
gen. Nevertheless, as in the previous experiment, only trace amounts of hydrogen were
detected in the product gas mixture. In this case, the product gas consisted almost entirely
of unreacted methane. The experimental results indicate the impossibility of obtaining an
active catalyst in situ in the reactor during the CMC at temperatures up to 450 ◦C.

Experiment No. 4 was performed to look at in situ catalyst generation again by
repeating successful experiment No. 3, but replacing the ex situ catalyst with the in situ one.
As a result of the experiment, only trace amounts of hydrogen were obtained. However,
the sandpack model could also contribute to the hydrogen yield (this influence has yet to
be studied), besides the type of the catalyst.

Replacing the in situ synthesized catalyst with an ex situ prepared catalyst in experi-
ments No. 3, 6, and 7 made it possible to obtain significant hydrogen concentrations in the
product gas mixture after heat treatment of a steam-methane mixture at the temperature of
450 ◦C. The ex situ prepared, Ni-based catalyst supported on a porous substrate has a large
specific surface area coated with nano and microparticles of nickel oxide (Figure 8). The
use of an ex situ prepared catalyst ensures the oxide form of the catalyst in the reactor in
the absence of nitrogen oxides.
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Thus, experiments indicate that the active phase of the nickel-based catalyst does
not form from a water-soluble nickel nitrate hexahydrate, at temperatures up to 450 ◦C.
Other conditions or catalyst precursors should be used for active catalyst in situ generation.
Nevertheless, for the implementation of the SMR process at considerable temperatures, ex
situ prepared nickel-based catalyst can be used. The delivery of such a catalyst into the
formation is possible in the form of a suspension, together with the injected steam or water.

4.2. Effect of Temperature on the CMC

The temperature at which the process of CMC is carried out primarily determines the
process’s thermodynamic constraints. A higher methane conversion rate can be achieved
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with higher process temperatures (Figure 3), keeping other parameters the same. The
temperature also determines in what form the catalyst could be used. For example, the
insufficiently high heat treatment temperature was probably why the active phase of
the catalyst was not formed during in situ in experiments No. 1 and 2. Additionally, the
insufficiently high heat treatment temperature is also the reason for the hydrogen formation
process’s low activity.

Experiment No. 6, carried out in the presence of a real core from a gas field and an ex
situ prepared catalyst, demonstrates the effect of temperature on the hydrogen generation
process’s activity. As a result of reagents heat treatment at 300 ◦C, only trace amounts of
hydrogen were detected in the gas samples (Figure 6). The temperature of 300 ◦C is not
enough for the active CMC. However, heat treatment at 450 ◦C led to significant hydrogen
concentrations in the product gas mixture (5.47 mol.% in the first gas sample taken at a
given temperature). It should be noted that the obtained high concentrations of hydrogen
as a result of heat treatment at 450 ◦C could also be achieved with an increase of the
steam/methane ratio to 21 (since temperature and steam/methane ratio were increased
simultaneously) and a pressure drop. Such actions led to the shift of the thermodynamic
equilibrium of the main reactions (Equations (1) and (2)), and could affect the experiment’s
result.

4.3. Effect of a Packed Model on the CMC

The above series of experiments also examined the effect of a porous medium composi-
tion on the CMC. Experiments were carried out in the reactor’s bulk in the absence of filler,
as well as in the presence of a sandpack model, crushed ceramic, crushed alumina, and a
corepack model, simulating porous medium. As a result, it can be noted that significant
hydrogen fractions in product gas mixtures can be obtained in the case of crushed ceramics,
alumina, and core as a porous media.

For example, in experiment No. 3, the hydrogen concentration in a specific gas sample
was 35.3 mol.%, and some of the ceramic granules were covered with coke (Figure 9b).
This fact indicates that hydrogen generation is proceeded not only by the mechanism of the
catalytic SMR but also by the mechanism of the catalytic cracking of methane (according to
the reaction Equation (3)).
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The crushed ceramics model probably contributed to the activity of hydrogen gen-
eration processes since it could contain catalyst promoters that increase catalyst activity.
Probably, the crushed ceramics model also contains additional acidic catalytic sites, on



Energies 2021, 14, 5121 16 of 21

which the methane cracking reaction took place, leading to the deposition of coke on some
of the granules.

Experiment No. 5 was carried out in the presence of a crushed alumina model.
In this case, alumina is an inert material and pure substance of constant composition,
Al2O3. Probably, in the absence of catalyst promoters in the packed model, the catalytic
effect was significantly reduced compared with that observed in experiments No. 3, 6, 7.
Therefore, the achieved hydrogen concentration in the product gases of experiment No. 5
was significantly lower than that obtained in experiments with crushed ceramics and core
models. These models, which are mixtures of substances, may contain catalyst promoters
(transition metal atoms), which increased catalytic effect and led to significant hydrogen
concentrations.

It can also be seen from the results of gas chromatography for experiment No. 6 that
the product gas mixture contains small amounts of ethane, methene, and propane. These
components are cracking products (thermal cracking, hydrocracking, and aquathermolysis)
of the organic matter of the core and can be detected because the core used in the experiment
was not previously cleaned of the original organic matter.

Besides that, hydrogen sulfide has a significant fraction (up to 8.91 mol.%.) in the
product gases in experiment No. 6. Hydrogen sulfide is most likely formed due to the
decomposition of sulfur-containing components of the core (organic and inorganic) and the
interaction of decomposition products with hydrogen synthesized during the experiment.

Hydrogen sulfide is also known as a catalyst poison [40] and, even in small amounts,
can significantly reduce the activity of the catalyst. In turn, wet natural gas, as well as
the decomposition products of the organic matter of the core, can lead to rapid coking
of the catalyst, and therefore, significantly reduce the catalyst’s activity. However, the
experimental results indicate that the activity of the catalyst did not decrease during the
experiment. This behavior can be explained by the significant concentrations of hydrogen
and steam in the reactor and general reducing conditions.

Based on the results of gas chromatography for experiment No. 6, it can also be
assumed that a significant contribution to the total amount of synthesized carbon dioxide
was made by carbon dioxide from the core. Carbon dioxide was also formed due to
the decomposition of the carbonate minerals from the core. So, the mass of the crushed
core model significantly decreased. The calculation of the material balance confirms this
assumption.

Similar to experiment No. 6, the carbon dioxide fraction in the product gas mixture
of experiment No. 7 reaches a high value, up to 47.7 mol.%. This value is significantly
higher than the equilibrium value calculated based on the SMR process’s thermodynamic
modeling at the considered parameters and calculated methane conversion rate. Such
high carbon dioxide fraction can be explained by the decomposition of carbonate minerals
of the core [41], which leads to the release of significant amounts of carbon dioxide. So,
the decomposition temperature of calcium carbonate can be significantly reduced in the
presence of water and carbon dioxide [42,43].

Pyrolysis results of two core samples, taken before and after experiment No. 7, confirm
the previous conclusion. There is a peak on the pyrolytic spectrum corresponding to the
active release of carbon dioxide from the unprocessed core sample (Figure 10, red curve). It
starts at a temperature of about 450 ◦C at the 15th minute of heating and has a maximum
at temperature of 558 ◦C. This peak is almost absent on the pyrolytic spectrum of the core
sample taken after heat treatment during the experiment (Figure 10, green curve). The
decomposition of carbonate minerals here occurs in the absence of steam and the excess
pressure of carbon dioxide, which means the defined decomposition temperatures can be
higher than in the real experiments.
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Figure 10. Pyrolytic spectra of core samples before (black and red curves) and after (grey and green curves) experiment. No. 7.

It is also seen from the pyrolysis data that the main part of the organic matter of
the core decomposes in the temperature range of 135–295 ◦C. The curve obtained for
hydrocarbons released from the core sample taken before the experiment has a peak with
a maximum at a temperature of 264 ◦C (Figure 10, black curve). At the same time, the
curve obtained for hydrocarbons from the core sample after heat treatment doesn’t have
this peak (Figure 10, grey curve). This fact confirms that the organic matter of the core is
completely decomposed during the experiments at 450 ◦C.

The presence in the reactor of carbon dioxide released from the core leads to the un-
derestimated hydrogen and other gas component fractions, compared with the equilibrium
values calculated based on thermodynamic modeling and the methane conversion rate.
Besides that, additional amounts of carbon dioxide in the reactor lead to a shift in the
equilibrium of the main reactions of the SMR process (Equations (1) and (2)) towards the
reactants, interfering with the hydrogen generation.

4.4. Effect of Steam to Methane Ratio on the CMC

Within the experiments, the amount of initially loaded water and the amount of
water (steam) injected during the experiment were also changed to study the effect of
the steam/methane ratio on the CMC. Based on the results of thermodynamic modeling
(Figure 4b), it can be concluded that a higher methane conversion rate can be achieved with
a higher amount of steam in the initial gas mixture (with an increase in the steam/methane
ratio), keeping other parameters the same.

For example, the steam/methane ratio of ~10 achieved in experiment No. 3 as a
result of additional water (steam) injections had a positive effect on the thermodynamic
equilibrium. Additional water (steam) injections shifted the equilibrium of the main
reactions (Equations (1) and (2)) towards the products and contributed to the achievement
of a higher methane conversion rate, compared with experiments No. 1 and 2, in which
the steam/methane ratios were 2 and 5, respectively. Additional water (steam) injections
could also possibly lead to more active mixing of reagents.

A decrease in the steam/methane ratio from 21 (in experiment No. 6) to 15 (in
experiment No. 7) led only to a slight decrease in the activity of the hydrogen generation
processes. This conclusion can be made by comparing both experiments in terms of the
calculated methane conversion rate obtained from the material balance equations for each
of the components.
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Considering the experimental results and thermodynamic calculations, we can con-
clude that the high value of the steam/methane ratio has a positive effect on the amount
of synthesized hydrogen. However, providing a steam/methane ratio higher than 10 is
not realistic (especially under the reservoir conditions). Nevertheless, these results confirm
that the technology has great opportunities for applying in gas reservoirs with high water
saturation.

4.5. Difference between Hydrogen Concentration and Methane Conversion Rate

It should be noted that the values of the gas component‘s fractions obtained in exper-
iments are fair only for specific gas samples. It is better also to compare different static
experiments in terms of the methane conversion rate calculated from the material balance
equations for each of the components. In this case, the methane conversion rate calculations
according to the detectable amounts of hydrogen should be performed. For example, the
calculated value of the methane conversion rate for experiment No. 6 is 5.80%. This value
corresponds to a constant equilibrium concentration of hydrogen in the reactor, about
18.8 mol.%. (based on the thermodynamic modeling of the SMR process). This value is
lower than the actual observed value in some gas samples.

In experiment No. 7, product gases contained up to 6.97 mol.%. of hydrogen, and this
value is much less than the value achieved in experiment No. 6 with a similar design. In
turn, the methane conversion rate in experiment No. 7 is 3.71%, and this value is close to
the methane conversion rate achieved in experiment No. 6. This value corresponds to the
equilibrium hydrogen concentration in the product gas mixture of about 12.9 mol.%. It
indicates an underestimated hydrogen concentration in gas samples (probably due to the
large amounts of carbon dioxide released from the core) compared with the equilibrium
value.

Thus, the results of further experiments devoted to studying the CMC process under
the reservoir conditions should be compared in terms of the gas component concentrations
and the calculated parameters of the methane conversion rate.

5. Conclusions

Within this study, the CMC in application to the gas reservoir for in situ hydrogen
generation was investigated. A series of static experiments were then carried out in an
autoclave reactor at temperatures of 300–450 ◦C and pressures of ~65–200 atm, representing
gas field reservoir conditions under steam or overheated water injection. The effects of
the heat treatment temperature, the form of catalyst used, the type of porous medium,
and the steam/methane ratio on the CMC were studied. In particular, the CMC was
implemented in the presence of core material, taken from the target gas field, with the
initial fluid saturations representing reservoir conditions.

It was found that the CMC can be implemented under reservoir conditions in the
presence of a crushed core of the target gas field at temperatures above 450 ◦C. At this
temperature the ex situ prepared Ni-based catalyst should be used. The highest hydrogen
concentration achieved during the current research was 53.5 mol.%. (in a separate gas
sample), that corresponds to the methane conversion rate to hydrogen for the whole
experiment of 5.8%.

Based on the obtained data and results, the following conclusions can be made:

1. The experimental results prove the activity of used Ni-based catalyst supported on
Al2O3 substrate in the CMC. At the same time, the possibility of reducing the oxide
phase of the catalyst with the formation of an active metal phase directly in the reactor
during the experiment is confirmed;

2. The temperature of 350 ◦C is insufficient for realizing the CMC in the presence of the
considered catalyst and porous media. The process becomes possible at a temperature
of 450 ◦C, with the achievement of methane conversion rates of the order of 4–6%;

3. The packed model, which is a simulated reservoir rock, plays a key role in the process.
It increases the catalytic surface area. It also includes transition metal atoms, which
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can promote the main catalytic effect. Thus, the highest hydrogen concentrations
were detected in experiments with crushed ceramics and crushed core models. In
turn, the absence of a porous media negatively affected the hydrogen yield;

4. Based on the results of experiment No. 3, at a temperature of 450 ◦C, hydrogen
generation from methane can occur both by the mechanism of the catalytic SMR and
by the mechanism of catalytic methane cracking;

5. An ex situ prepared catalyst in an amount of 0.3 wt.% successfully catalyzed the CMC.
The catalyst remained active during the whole experiment, even in the presence of
relatively high amounts of hydrogen sulfide in the reactor (8.91 mol.%. in experiment
No. 6);

6. The heat treatment of core material of the target gas field at the temperature of 450 ◦C
leads to the decomposition of the mineral (carbonate) and organic matter with the
release of additional amounts of carbon dioxide and light hydrocarbons, respectively;

7. An increase in the steam/methane ratio leads to a shift in the thermodynamic equilib-
rium of the component system towards the products and, consequently, to an increase
in the amount and concentration of synthesized hydrogen. In this case, an increase in
the steam/methane ratio above 10 is impractical.

The obtained results indicate the potential prospects of in situ hydrogen generation
from the methane of depleted gas fields. This technology requires heating of the reservoir
to 450 ◦C and above. It is possible due to the implementation of in situ combustion of
hydrocarbons that saturate the reservoir (bitumen/oil or even natural gas). The outcomes
of the dynamic high-temperature experiments showing the achievement of a methane
conversion rate to hydrogen of about 40% (in the presence of crushed core material of
target gas field) will be presented in following publications.
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