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The kinetics of H> accumulation during the radiation-thermocatalytic decomposition of CH4+ 2H>O and
2CH4+H20 mixtures at T=300+773 K (Pw=1-12 atm) on the surface of aluminosilicate was studied. Doubling the
relative concentration of methane in the reaction medium at T=773 K causes an increase in the yield of G(H>) from
1.2 to 2.3 molecule/100 eV. Based on the results obtained on the heterogeneous radiolysis of methane and the
CH4+H20 mixture, the following conclusions can be drawn that the efficiency of energy transfer in the
Al-Si + CHj system is less than in the Al-Si + H2O system, and the radiation-chemical yield of molecular hydrogen
at heterogeneous radiolysis of methane in the presence of amorphous aluminosilicate at Pcu4=1 atm, T=300+773 K

does not depend on temperature.
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Introduction

In order to identify effective ways to convert the
energy of ionizing radiation into chemical energy using
the universal energy carrier Ho, this work investigated
radiation-catalytic and radiation-thermocatalytic
processes for the production of H, from methane and a
mixture of CHs+H,O in the presence of amorphous
aluminosilicate AI-Si.

As is known, the processes of catalytic conversion of
methane are one of the main industrial ways of producing
hydrogen and are characterized by energy intensity and
multi-stage nature. In this case, part of the natural gas is
used to supply energy to these processes, and part of the
resulting hydrogen is used to restore nickel in the
composition of the nickel-containing catalysts used.
Therefore, research in the field of creating technological
complexes for industrial processes for producing
hydrogen with nuclear reactors is carried out in two
directions:
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- identifying the possibilities of using heat from high-
temperature nuclear reactors to supply energy to the
processes of producing hydrogen from methane;

- use of ionizing radiation energy obtained from
nuclear fission to stimulate thermocatalytic processes for
the production of H, [1-9].

In order to identify new effective catalysts for the
conversion process of hydrogen production, various
nanooxide catalysts, including aluminosilicate, are widely
used [1-2, 10-13]. Therefore, studies of the laws of
radiation-catalytic processes for producing hydrogen from
methane and methane-steam mixtures are of great interest
both in the field of atomic-hydrogen energy and in the
field of selecting catalysts for thermocatalytic and
radiation-thermocatalytic hydrogen production.

I. Experimental technique

Amorphous aluminosilicate was taken as model and
practically important objects of study. The catalyst
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samples were preliminarily heat-treated in a flow of
oxygen at T=923 K for 24 hours. During heat treatment,
the composition of the gases escaping in the oxygen flow
was analyzed. The criterion for surface cleanliness was the
absence of traces of CO and CO; in the composition of the
exiting gas. Then the catalyst samples were transferred to
a vacuum adsorption unit and subjected to heat treatment
at T=873 K for 8 hours. In the vacuum adsorption unit, in
order to prevent oils and lubricants from getting on the
catalyst samples, three special traps cooled with liquid
nitrogen are built into the system. Thermal vacuum
treatment of the samples continued at T=923 K and P=10"
3 Pa for 2 hours using only a zeolite pump, then the
samples were cooled to room temperature while pumping
with a zeolite pump. Adsorption of substances undergoing
radiolysis was carried out from a graduated volume.

Chromatographic pure methane was used. Methane
was preliminarily purified from moisture, CO and CO,, as
well as impurities of other hydrocarbons by passing
through adsorption columns, each 1 m long, with CaCl,
sorbents, NaX molecular sieve and silica gel. Further
purification was carried out in a vacuum adsorption unit
by repeated freezing and pumping.

The samples were irradiated in sealed ampoules with
yrays from a ®Co isotope source. A theoretical
calculation of the absorbed dose in heterogeneous systems
was carried out [6] and methodological calculations of the
absorbed dose of y-radiation in heterogeneous systems
were proposed. Our works [6-7] provide comparisons of
the values of absorbed doses of y-quanta in individual
components of heterogeneous systems, determined by
theoretical and experimental methods. It was established
that the values of absorbed doses of y-quanta in individual
components of heterogeneous systems were determined
by comparing the electron densities of the studied and
dosimetric systems, and all theoretical calculated values
coincide with each other within the accuracy of the
determination [14-16]. Therefore, the absorbed dose rate
of y-quanta in the systems under study is determined based
on the readings of chemical dosimeters - ferrosulfate,
cyclohexane and methane according to the method [1, 6]:

D; = a - Dggse

where, D; is the absorbed dose rate in the systems under
study, o is the ratio of the electron densities of the studied
and dosimetric systems, the values of which in our
systems vary within the range 0=0.8+0.9; Dgos is the
absorbed dose rate, determined by the chemical dosimetric
method. The value of the absorbed radiation dose rate was
determined as above.

I1I. The discussion of the results

In early works [1], it was established that the
maximum initial radiation-chemical yield of radiation-
catalytic centers during heterogeneous radiolysis of water
in optimal forms of catalysts is 7-8 particle/100 eV. For
practical purposes, it is usually of interest to achieve
relatively high yields of the energy carrier — hydrogen [1].
From the results obtained it is clear that heterogeneous
radiolytic processes in the presence of catalysts - oxide
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dielectrics, with an increased yield of products G(P)>8, are
exceeded only in the presence of chain channels for the
transformation of intermediate products into final
products.

Radiolysis and thermoradiolysis of pure methane
were carried out under static conditions. The kinetics of
hydrogen accumulation during heterogeneous radiolysis
of methane in the presence of Al — Si was studied. In Fig.
1, the kinetic curves of H» accumulation during the
heterogeneous radiolysis of methane in the presence of Al
— Si are given, and on the basis of the kinetic curves the
values of radiation-chemical yields
Giot(H2)=0.75 molecule/100 eV were determined. The
change in CH4 pressure in the reaction medium continues
from 0.5 to 2 atm. The value of the radiation-chemical
yield, Gii(H2)~0.60+-0.75 molecule/100 eV, does not
cause any noticeable change. The values of the radiation-
chemical yields of hydrogen, calculated for the energy
absorbed by methane in these experiments, range from
Gads(H2)~20+22 molecule/100 eV, which exceeds the
yield values for Gi(H) radiolysis of CHs in the
homogeneous state  Gp(H2)=5.7 molecule/100 eV,
Gads(H2)zGT(H2) [1, 6-7]

17
Z\‘H: - 10, molecule/g

120 180 240 300
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360
1, min
Fig. 1. Kinetics of accumulation of molecular hydrogen
during radiolysis of CHs4 in the presence of Al-Si at
T=300 K, Dy=1.1 Gy/s

L] * - Pcps = 5 atm.

- Pcus=1 atm.,

The observed high value of Gags(Hz) indicates the
presence of energy transfer from aluminosilicate to CHy
molecules adsorbed on the Al-Si surface.

In order to influence the temperature on the yield of
hydrogen during heterogeneous radiolysis of methane on
the AI-Si surface, the kinetics of the accumulation of
molecular hydrogen on the AI-Si surface at different
temperatures was studied.

The effect of temperature on the yield of molecular
hydrogen during heterogeneous radiolysis of CHy in the
presence of Al-Si was studied. It has been established that
the radiation-chemical yield of H; in the temperature range
T=300+773 K, within the accuracy of determination, does
not depend on temperature and
G(H2)~0.75+0.7 molecule/100 eV.

As can be seen, the patterns of the influence of
temperature on the values of radiation-chemical yields of
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hydrogen during heterogeneous radiolysis of water and
methane are the same (Table 1). Lewis and Brentsted acid
sites can serve as active centers for the adsorption and
radiation catalysis of CH4 on the Al-Si surface. In the case
of Lewis acid sites (L), adsorbed states are created on the
surface:

L+ CH, - [(CH)*’L™7] )
In the presence of Brentsted acid sites (AH"):
AH* + CH, » ACH? 2)

The lifetime of surface-adsorbed complexes depends
on the strength of acid sites and AH processes (1) and (2).
The energy of methane adsorption on the surface of
aluminosilicate systems is less than the energy of water
adsorption.

The strong adsorption bond of methane molecules on
electron acceptor centers can cause significant
deformations in the electronic structure of these
molecules. As a result of this, one can expect a decrease in
the ionization potential of methane molecules in
adsorption complexes. In this state, methane molecules
can interact with hot holes formed during the interaction
of y-quanta in the aluminosilicate system:

LCH, +&®—- LCH} 3)

The resulting intermediate charged complexes can
undergo both neutralization by electrons and ion-
molecular transformation:

LCH} +e - CH; > CH; + H 4)
CH; + CH, - CHZ + CH, (5)
CHY +e—>CH,+H (6)
H+H - H, (7)

During the decay of methane molecules as a result of
(5-7), the ratio between the yields of H, and
nonequilibrium charge carriers G(H,)=" G(n.c.c.) must
be observed. At room temperature, due to the fact that
methane is less adsorbed compared to water molecules,
effective energy transfer in the Al-Si + CH4 system does
not occur and G(Hz)< 1/2 G(n.c.c.).

During heterogeneous radiolysis of water at 300 K, in
the presence of Al-Si, the majority of nonequilibrium
charge carriers formed under the direct action of y-quanta
on Al-Si take part in the energy transfer process. In order
to identify the possibility of additional channels for the

transformation of intermediate radical products of the
decomposition of water molecules into molecular
products as a result of interaction processes in the
CH4tH>O system, heterogencous radiolysis of the
CH4+H>O mixture was studied. The conversion process of
methane and water can be schematically represented by
the equation:
CH, + 2H,0 — CO, + 4H, (®)

The principles of heterogeneous radiolysis of a
CH4+H>O mixture were studied at a stoichiometric ratio
of components. The kinetics of radiation-catalytic,
radiation-thermocatalytic and thermocatalytic
accumulation of CO and H» was studied (Table 2).

It has been established that in the composition of
products, in addition to CO, CO; is formed in small
quantities at high temperatures (T >773 K). At
temperatures T>673K, Al-Si - exhibits thermocatalytic
activity during the transformation process in the CH4+H,0
system. Therefore, in order to determine the kinetic
parameters of the radiation component of radiation-
thermocatalytic processes under identical conditions, the
kinetics of accumulation of products during radiation-
thermocatalytic and thermocatalytic decomposition of the
CH4+H>O mixture was studied and from the difference
Wrr — Wr, the rate of the radiation process was
determined. In the temperature range 300+373 K, the
radiation-chemical yield of hydrogen does not depend on
temperature and is equal to Gei(H2)~0.40 molecule/100 ¢V.
During heterogeneous radiolysis of the CH4+H,O system,
energy transfer to the individual components of the system
occurs only in the adsorption state. At low temperatures
(T<373 K) in the heterogeneous system Al—
Si+(CH4+2H»0) there is competition in the adsorption of
individual components of the medium. Considering that
water molecules are characterized by a relatively high heat
of adsorption, at these temperatures the adsorption of
water molecules will predominate on the Al-Si surface,
which undergo radiation-chemical decomposition.
Therefore, the radiation-chemical yield of molecular
hydrogen corresponds to the limiting value of its yield
during heterogeneous radiolysis of water in the presence
of Al-Si at T=300 K. In the temperature dependence of
the radiation-chemical yield in the coordinates
1gGrot(Hz) = f(1/1), more two regions T ~473+773 K and
T=>773K with activation energies of 2.1 and
46.70 kl/mol. In these temperature ranges, both
components of the CH4+2H>O system are in the gas base
and the lifetime on the surface adsorption centers of these
molecules is determined by the heat of adsorption
(1= 1e?RT). On the surface, the process of capture of
nonequilibrium charge carriers from water molecules will

Table 1.

Kinetic parameters of the process of hydrogen production during the radiation-catalytic decomposition of methane
in the presence of amorphous aluminosilicate at P=1 atm., D=1,1 Gy/s

T.K Wr(Hz) Wer(Ha) Grot(Hz) Guads(Hz)
molecule/g's molecule /g-s molecule/100 eV molecule/100 eV

300 - - 0.75 22.00

673 2.67 - 10 6.67 - 10 0.75 25.01

773 3.33 - 10 8.01 - 10" 0.84 29.12
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prevail. This is also evidenced by the equality of hydrogen
yields during thermoradiolysis of a mixture of CH4+2H,0
and pure water in the presence of Al-Si at appropriate
concentrations of water molecules in the reaction medium.
In the temperature range 673-773 K, reactions of H and
OH radicals with the original molecules can occur [17-
18]:

H + H,0 - H, + OH )
H+ CH, - CH; + H, (10)
CH; + OH - CH,0H (11)
CH, + OH - CH; + H,0 (12)
Table 2.

The influence of temperature on the value of the
radiation-chemical yield of hydrogen during radiation-
catalytic transformations of a mixture of CH4+2H,0, in

the presence of an amorphous aluminosilicate at

Pwi. = 1 atm., D= 1,1 Gy/s

T,K G(Hy), G(CO),
molecule/100eV molecule/100
eV

300 0,40 -

373 0,40 -

473 0,90 -

673 1,05 -

773 1,20 0,45

873 2,70 0,90

As a result of these processes, G(H,) doubles
compared to the yield at T=373 K and reaches a value of
~ 1 molecule/100 eV. As can be seen from the fig. 2, with
a  further increase in temperature in  the
Al-Si+(CH4+2H,0) system, an energy-intensive stage of
the process occurs, which leads to an increase in G(H») to
2.7 molecule/100 eV.

lgeG
05

0.3

0,2

4

0,1

UT-10 K

Fig. 2. Dependence 1gG = f(1/T) during thermoradiolysis
of a CH4+2H,O mixture in the presence of Al-Si at
Pw.=1 atm. (Dy=1,1 Gy/s).

The dependence of the radiation-chemical yield of
molecular hydrogen, determined on the basis of kinetic
curves, on the methane pressure in the reaction medium is
presented in Fig. 3.
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G(H,), molecule/100eV

3

10

P, atm.
Fig. 3. Dependence of G(Hz) on CHy pressure during
heterogeneous radiolysis of methane in the presence of
HLaY at T=300K, Dy=1,1 Gy/s.

It is interesting to note that during heterogeneous
thermoradiolysis of pure water in the presence of Al-Si,
this region is not observed. At the same time, in the
composition of the products of the process of
heterogeneous radiolysis of the CH4+2H>O mixture, CO is
observed, which was absent before this region (Fig.4). The
activation energy for CO accumulation in this temperature
range, within the accuracy of determination, coincides
with the activation energy for H, accumulation
(47.1 kJ/mol). The radiation-chemical yield of CO at
T=873 K is equal to G(CO)=0.90 molecule/100 eV and at
the same time the ratio Giow(H2)/G(CO)~3. No CO; is
observed in the composition of the process products,
which indicates that radiation-thermal catalytic
decomposition in the Al-Si+(CH4+2H>0) system occurs
not according to (8), but according to the equation:

Al-Si
CH, +H,0 — CO + 3H, (13)
G(CO), molecule/100eV
1,4
1,2 A
1
0,8 -
06 *
04 -
*
0,2
o T T T T
o 200 400 600 800 'I‘, K

Fig.4. Dependence of radiation-chemical yield G(CO) on
temperature.

The formation of CO apparently occurs as a result of
the thermocatalytic decomposition of CH30OH, formed
according to (11) in the region T > 773 K:

t
CHy0H =5 CO + 2H, (14)
The yield of OH radicals that escaped recombination
with H atoms is equal to the yield of H atoms that interact
with the original molecules according to (9-10). A more
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probable process of consumption of these OH radicals on
the Al-Si surface is reaction (11). The decomposition of
the formed CH3;OH according to (13) should give an
increase in G(Hz) ~ 2 molecule/100 eV, which is observed
experimentally at T~873 K. The rates of reactions (10-11)
under identical experimental conditions depend on the
concentration of methane in the reaction medium. The
kinetics of H, and CO accumulation during the radiation-
thermocatalytic decomposition of CH4+2H,O and
2CH4+H,0 mixtures at T=773 K (Piw=1 -5 atm) was
studied. An increase in the relative concentration of
methane in the reaction medium by a factor of two at
T=773 K causes an increase in the yield of G(CO) from
~0.9 to 1.81, and G(H) from 1.2 to 2.3 molecule/100 eV.

Conclusion

Thus, based on the results obtained on the
heterogeneous radiolysis of methane and the CH4+H,O
mixture, the following conclusions can be drawn:

- the efficiency of energy transfer in the Al-Si+CHj4
system is less than in the Al-Si+H»O system; the radiation-
chemical yield of molecular hydrogen during
heterogeneous radiolysis of methane in the presence of
amorphous aluminosilicate at Rcusa~1 atm, T=300+773 K

does not depend on temperature;

- during heterogeneous radiolysis of a CH4+H,O
mixture, there is competition between the processes of
interaction of the components of the mixture with the
active centers of the Al-Si surface; in this competition,
one of the determining factors is the energy of adsorption
interaction with surface active centers; the AIl-Si
+(CH4+tH>0) system is dominated by the radiation-
catalytic decomposition of water and the release of Hy,
which corresponds to the yield of heterogeneous radiolysis
of water.

- during heterogeneous radiolysis of a mixture of
CH4+H,O, at T>673 K, the transformation of
intermediate products of the decomposition of water H
and OH into molecular products H, and CO occurs as a
result of their interaction with CH4 molecules. Radiation-
thermocatalytic steam conversion of methane in the
presence of amorphous aluminosilicate occurs in the
temperature range T > 773 K.

Agayev T.N. — Dr.Sc., Professor;
Melikova S.Z. — PhD in Physics, Assoc.Professor;
Faradjzade I1.A. — Laborant.
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JocaigxenHs pagianiiiHO-KATAJTITHYHOI AKTUBHOCTI AJJIOMOCHJIIKATHUX
CHCTEM Yy Mpolecax oJep:KaHHA BOJHIO 3 METAHY TA METAHO-BOJASIHOI CyMillIi

I Incmumym padiayitinux npobrem Minicmepcmea nayku ma océimu Pecnybnixu Asepbatioocan,m. Baxy, Azepbaiiocar,
2 Axademis Minicmepcmesa 3 nadseuyatinux cumyayiii Pecnyénixu Asepbatioocan, m. Baxy, Azepbaiidcan,
sevincmelikova9513@gmail.com; Sevinj.Malikova@fhn.gov.az

BuBueno kiHeTnky HakonmmuyeHHs Ho mig wac pamiamiiHO-TepMOKaTaTiTHYHOTO po3kinaay cymimeit CHa +
2H-0 Ta 2CH4 + H20 mpu T = 300-773 K (Piot = 1-12 aTm) Ha nmoBepxHi amomocuiikaty. [1o1BO€HHS BiJHOCHOT
KOHLEHTpallii MeTaHy B peakiiitnomy cepenoBuii npu T = 773 K cnpuuunse 3pocranns Buxoxy G(Hz) Big 1,2 no
2,3 monexymu/100 eB. Ha ocHOBI OTprMaHHX pe3yIbTaTiB 3 BUBYCHHS T€TEPOTCHHOTO Paliofizy METaHy Ta CyMillli
CH4 + H20 mo>xHa 3p0oOnTH BUCHOBOK, 10 e()eKTHBHICTh epenadi eneprii B cucteMi Al-Si + CHa € MeHIIOr0, HiXK
y cuctemi Al-Si + H>0. PaniamiiiHo-XiMi9HMI BUX11 MOJIEKYJISIPHOTO BOIHIO IIPH T€TEPOreHHOMY PaJioi3i MeTaHy
B IIPUCYTHOCTI aMmopdHoTro amoMocmitikary 3a yMmoB PCHa = 1 atm, T =300-773 K He 3a1exuTh BiJf TeMOepaTypH.

Ki1ro4oBi ci10Ba: y-KBaHTH, aTFOMOCHIIIKAT, MOJICKYJISIPHUN BOJCHB, METaH, palialliiHO-XIMIYHUN BHXIi]I.
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