ISSN 2518-1491 (Online),
ISSN 2224-5286 (Print)

KA3AKCTAH PECITYBJIMKACBHI
YJTTBIK FBUJIBIM AKAJJEMUACBIHBIH

J1.B.COKOJIbCKHI ATBIHJAFBI «XKAHAPMA,
KATAJINU3 )XOHE DJIEKTPOXUMUS MTHCTUTY Thl» AK

XABAPJJAPLI

NU3BECTUA NEWS

HAIIMOHAJIbHOM AKAJIEMUU HAYK OF THE ACADEMY OF SCIENCES
PECITYBJIMKU KA3AXCTAH OF THE REPUBLIC OF KAZAKHSTAN
AO «MHCTUTYT TOIIUIMBA, KATAJIM3A 1 JSC «D.V. SOKOLSKY INSTITUTE OF FUEL,
SJIEKTPOXUMHU UM. I.B. COKOJIbCKOI'O» CATALYSIS AND ELECTROCHEMISTRY»

XUMUA KIOHE TEXHOJIOI'UA CEPUSACHI
¢
CEPUA XUMHUHU U TEXHOJIOT'MHN
¢
SERIES CHEMISTRY AND TECHNOLOGY

5 (431)

KBIPKYMEK — KA3AH 2018 .
CEHTSIBPh — OKTSIBPb 2018 r.
SEPTEMBER - OCTOBER 2018

1947 XKbUIJIBIH KAHTAP AVIBIHAH IIBIFA BACTAFAH
U3JJAETCSA C SIHBAPA 1947 TOA
PUBLISHED SINCE JANUARY 1947

KBbUIbIHA 6 PET IIBIFAZIBI

BBIXOAUT 6 PA3 B I'O/1
PUBLISHED 6 TIMES A YEAR

AJIMATBIL KP ¥TA AJIMATBI, HAH PK ALMATY, NAS RK



2 Clarivate

Analytics

NAS RKis pleased to announce that News of NAS RK. Series of chemistry and
technologies scientific journal has been accepted for indexing in the Emerging Sources Citation
Index, a new edition of Web of Science. Content in this index is under consideration by Clarivate
Analytics to be accepted in the Science Citation Index Expanded, the Social Sciences Citation
Index, and the Arts & Humanities Citation Index. The quality and depth of content Web of
Science offers to researchers, authors, publishers, and institutions sets it apart from other
research databases. The inclusion of News of NAS RK. Series of chemistry and technologies in
the Emerging Sources Citation Index demonstrates our dedication to providing the most relevant
and influential content of chemical sciences to our community.

Kaszakcma+ Pecnybnukacbl Ynmmbik fbinibiM akademusicbl "KP ¥FA Xabapnapbl. Xumusi xeHe
mexHorsioeusi cepusichl” fbinibIMU XypHarnbiHbiH Web of Science-miH xaHanaHraH Hyckacsi Emerging
Sources Citation Index-me uHdekcmernyze KabblnOaHraHbiH xabapnalobl. byn uHOekcmeny 6apbicbiHOa
Clarivate Analytics komnaHusicbl XypHandbl odaH api the Science Citation Index Expanded, the Social
Sciences Citation Index xoHe the Arts & Humanities Citation Index-ke kabbinday macesneciH
Kapacmbipyda. Webof Science sepmmeywinep, asmopnap, bacnawhbinap MEH MeKeMesiep2e KOHmMeHm
mepeHOiei MeH canacbiH ycbiHadbl. KP ¥FA Xabapnapbl. XuMmusi XoHe mexHosoausi cepusicel Emerging
Sources Citation Index-ke eHyi 6i30iH KoramdacmbIK YWiH eH 63eKmi xoHe 6edendi XUMUSIIIbIK FblribiMOap
bolibIHWa KoHmMeHmke adandbifbiMbi30bi 6indipedi.

HAH PK coobwaem, 4ymo Hay4Hbil XypHan «3eecmusi HAH PK. Cepus xumuu u mexHosnoaul» 6bi
npuHam 0ns uHdekcuposaHusi 8 Emerging Sources Citation Index, o6HoeneHHol eepcuu Web of Science.
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akmyasibHOMY U 8/IUSIMesIbHOMY KOHMEHMY Mo XUMUYEeCKUM Haykam O Hauleeo coobuecmea.



ISSN 2224-5286 Cepus xumuu u mexnonoeuu. Ne 5. 2018

bac peagakTopsl
X.F.I., ipod., KP ¥FA akagemuri M.JK. Kypbinos

Pemakxunusg ankachsl:

ArabexoB B.E. npod., akagemuk (benopyc)
Bosaxkos C.B. mpod., akanemuk (YkpanHa)
Bopoteinues M.A. mipod., akamemuk (Peceit)
I'azanuneB A.M. npo¢., akanemuk (Kazakcran)
Epro:xun E.E. npod., akanemuk (Kazakcran)
KapmaramberoBa A.K. npod. (Kazakcran), 6ac pea. opsiaOacapbl
Kopoobexona LK. npod., akagemuk (KpIiprpicTan)
Hrkynosa HI.C. npod. (Kazakcran)

ManTtamsia A.A. ipod., akageMuk (ApMeHus)
Ipanues K./. npod., akagemuk (Kazakcran)
Baemor A.B. nipod., akagemuk (Kazakcran)
Bypkit6aeB M.M. mpod., akanemuk (Kazakcran)
Jxkycunoexon Y. K. mpod. kopp.-mymreci (Kazakcran)
MoapaaxmeroB M.3. mpod., akanemuk (Kazakcran)
Mamncypos 3.A. npod. (Kazakcran)

HayproizoaeB M.K. pod. (Kazakcran)

Pyaux B. mpod.,akagemuk (Momnnosa)

Paxumos K./I. mpood. akagemuk (Kazakcran)
Crpeasnos E. mpod. (benopyc)

Tomimon JI.T. npod., akagemuk (Kazakcran)
Tonepam U. npod., akanemuk (Mosgopa)
Xamukos JI.X. npod., akagemuk (ToxikcTaH)
®ap3aaueB B. nmpod., akagemuk (O3ipOaibkaH)

«KP ¥T'A Xaoapuaapbl. XUMHS 5K9HE TeXHOJOTHS CEPUSCHD».

ISSN 2518-1491 (Online),

ISSN 2224-5286 (Print)

Menmrikrenymi: «Kazakcran PecnyOmukacslHBIH #YATTBIK FBUIBIM aKaJeMUSCHD PeciyOnmKaimblK KOFaMIIBIK
Gipuectiri (AMaThl K.)

Kazakcran pecrnyOiukacelHbIH MojeHHET NeH aknapaT MUHHCTPIJIriHIH AKHapar j>KoHE MyparaT KOMHTETiHe
30.04.2010 . 6epinren Ne1089-K mep3imaik 0acbLIbIM TipKeyiHEe KOMBUTY TYpalibl KyaJliK

Mep3iMIiTiri: )KeUIbIHA 6 pET.
Tupaxsr: 300 naHa.

Penakuusueig Mmekermxaiibl: 050010, AnMmartsl K., IlleBuenko keur., 28, 219 Gei., 220, ten.: 272-13-19, 272-13-18,
www:nauka-nanrk.kz / chemistry-technology .kz

© Kazakcran PecryOsrkachiHbIH ¥YITTBIK FRUIBIM akaaeMusichbl, 2018

Tunorpadususly Mexerxkaiibl: «ApyHna» XK, Anmarsr k., Myparbaesa kemr., 75.




Uszeecmus Hayuonanvuot akademuu nayk Pecnyonuxu Kaszaxcman

I'maBHBIU penakTop
I.X.H., ipod.,akanemuk HAH PK M. K. )Kypunos

Pe,Z[aKLII/IOHHaH KOJIICTH A:

AradekoB B.E. mpod., akanemuk (benapycn)
Boaxkos C.B. mpod., akanemuk (YkpanHa)
Bopoteinues M.A. pod., akamemuk (Poccus)
I'azanueB A.M. po¢., akanemuk (Kazaxcran)
Epro:xun E.E. npod., akanemuk (Kazaxcran)
KapmaramberoBa A.K. npod. (Kazaxcran), 3am. 1. pex.
Kopoobexona LI.2K. npod., akanemuk (Keipreizcran)
Hrkynosa HI.C. npod. (Kazaxcran)

ManTtamsia A.A. ipod., akageMuk (ApMeHuns)
Mpaaues K./. npod., akagemuk (Kazaxcran)
BaemoB A.B. npog., akagemuk (Kazaxcran)
Bypkut6aes M.M. nipod., akagemuk (Kazaxcran)
Jxkycunoexon Y. K. mpod. wr.-kopp. (Kazaxcran)
MyanaxmeroB M.3. pod., akanemuk (Kazaxcran)
Mancypos 3.A. npod. (Kazaxcran)

HayproizoaeB M.K. mpod. (Kazaxcran)

Pyaux B. mpocd.,akagemuk (Momnmosa)

Paxumos K.J/I. npod. akanemuk (Kazaxcran)
Crpeasnos E. npod. (benapycs)

Tamumon JL.T. mpod., akagemuk (Kazaxcran)
Tonepam U. npod., akanemuk (Mosgosa)
Xamukos JI.X. pod., akagemuk (TamKuKucTan)
®ap3aaueB B. npod., akagemuk (A3epoOaiimKan)

«H3BecTust HAH PK. Cepusi XuMHH M TeXHOJIOTHH.

ISSN 2518-1491 (Online),

ISSN 2224-5286 (Print)

CoOctBenHuk: PecnyOnukanckoe oOiecTBeHHOe oObenuHeHne «HarmonanbHas akajgemusi Hayk PecryOnuku
Kazaxcran» (r. Anmatsr)

CBuUIETENHCTBO O TIOCTAHOBKE Ha YYET MEPHUOAMYECKOro IedaTHoro nigaanus B Komurere undopmanum 1 apxmuBoB
MunucrepcTBa KyabTypsl ¥ HHGopmanun Pecrry6uuku Kazaxcran Ne10893-7K, soinannoe 30.04.2010 .

IepronuuHocTh: 6 pa3 B rox
Tupax: 300 sx3eMIIApOB

Anpec pepakiun: 050010, r. Anmatsl, yi. [lleBuenko, 28, kom. 219, 220, ten. 272-13-19, 272-13-18,
http://nauka-nanrk.kz / chemistry-technology.kz

© HaumonanpHas akageMus Hayk PecrryOmmku Kaszaxcran, 2018

AJlpec peaxkiuu: 050100, r. Anmartsl, ya. Kynaesa, 142,
WHcTuTyT oprannyueckoro karanusa u anekrpoxumuu uM. J. B. Cokoibckoro,
ka0. 310, Ten. 291-62-80, paxc 291-57-22, e-mail:orgcat@nursat.kz

Anpec tunorpadun: UI1 «ApyHay, r. Anmartsl, yia. Mypatbaesa, 75




ISSN 2224-5286 Cepus xumuu u mexnonoeuu. Ne 5. 2018

Editorin chief
doctor of chemistry, professor, academician of NAS RK M.Zh. Zhurinov

Editorial board:

Agabekov V.Ye. prof., academician (Belarus)

Volkov S.V. prof., academician (Ukraine)
Vorotyntsev ML.A. prof., academician (Russia)
Gazaliyev A.M. prof., academician (Kazakhstan)
Yergozhin Ye.Ye. prof., academician (Kazakhstan)
Zharmagambetova A.K. prof. (Kazakhstan), deputy editor in chief
Zhorobekova Sh.Zh. prof., academician ( Kyrgyzstan)
Itkulova Sh.S. prof. (Kazakhstan)

Mantashyan A.A. prof., academician (Armenia)
Praliyev K.D. prof., academician (Kazakhstan)
Bayeshov A.B. prof., academician (Kazakhstan)
Burkitbayev M.M. prof., academician (Kazakhstan)
Dzhusipbekov U.Zh. prof., corr. member (Kazakhstan)
Muldakhmetov M.Z. prof., academician (Kazakhstan)
Mansurov Z.A. prof. (Kazakhstan)

Nauryzbayev M.K. prof. (Kazakhstan)

Rudik V. prof., academician (Moldova)

Rakhimov K.D. prof., academician (Kazakhstan)
Streltsov Ye. prof. (Belarus)

Tashimov L.T. prof., academician (Kazakhstan)
Toderash 1. prof., academician (Moldova)

Khalikov D.Kh. prof., academician (Tadjikistan)
Farzaliyev V. prof., academician (Azerbaijan)

News of the National Academy of Sciences of the Republic of Kazakhstan. Series of chemistry and technology.
ISSN 2518-1491 (Online),

ISSN 2224-5286 (Print)

Owner: RPA "National Academy of Sciences of the Republic of Kazakhstan" (Almaty)

The certificate of registration of a periodic printed publication in the Committee of Information and Archives of
the Ministry of Culture and Information of the Republic of Kazakhstan N 10893-)K, issued 30.04.2010

Periodicity: 6 times a year
Circulation: 300 copies

Editorial address: 28, Shevchenko str., of. 219, 220, Almaty, 050010, tel. 272-13-19, 272-13-18,
http://nauka-nanrk.kz / chemistry-technology.kz

© National Academy of Sciences of the Republic of Kazakhstan, 2018

Editorial address: Institute of Organic Catalysis and Electrochemistry named after D. V. Sokolsky
142, Kunayev str., of. 310, Almaty, 050100, tel. 291-62-80, fax 291-57-22,
e-mail: orgcat@nursat.kz

Address of printing house: ST "Aruna", 75, Muratbayev str, Almaty

— 5 —



ISSN 2224-5286 Cepus xumuu u mexnonoeuu. Ne 5. 2018

NEWS
OF THE NATIONAL ACADEMY OF SCIENCES OF THE REPUBLIC OF KAZAKHSTAN

SERIES CHEMISTRY AND TECHNOLOGY
ISSN 2224-5286 https://doi.org/10.32014/2018. 2518-1491.14
Volume 5, Number 431 (2018), 107 - 116

A.K. Bayeshova', S.Molaiganz, A.B. Bayeshov3

' Al-Faraby Kazakh National University, c. Almaty, Kazakhstan;
?Al-Faraby Kazakh National University, ¢. Almaty, Kazakhstan;
D.V. Sokolsky Institute of Fuel, Catalysis,and Electrochemistry, Almaty, Kazakhstan

HYDROGEN ENERGETICS CURRENT STATE
AND HYDROGEN PRODUCTION METHODS

Abstract. Review about hydrogen energetics current state and obtaining hydrogen methods are given with using
literature sources from near and far abroad. It is shown that hydrogen energy is an alternative to traditional energy
based on natural resources and describes the technical aspects of hydrogen production methods. We described
industrial methods three categories for producing hydrogen - an environmentally friendly energy carrier. It is shown
that the first category includes hydrogen production thermochemical methods, one of which is natural gas steam
reforming. Along with this, methods for methane partial oxidation, autothermal reforming, and steam and gas coal
conversion are considered.

The second group of methods for the hydrogen production is represented by electrolytic methods. Among them,
a noteworthy method is the electrolysis of water. At present, the promising hydrogen production technology is
standard electrolysis, decomposing water into its components - hydrogen and oxygen with the passage of electric
current.

In recent years, other methods of producing hydrogen have been developed and are being developed. Biomass
gasification and biomass pyrolysis methods are described, it is shown how these methods differ.It is shown that all
the methods considered have their own advantages and disadvantages.

Keywords: hydrogen, energy, energy carrier, reforming, electrolysis, biomass.

One of the modern scientific and technical research topical issues is the development of affordable,
environmentally friendly, cheap types of energy. The search for clean fuels is crucial and vital for survival
since in subsequent years (the next 40-50 years) there will be big environmental problems associated with
climate change, depletion of the ozone layer and other adverse consequences for the planet. The results of
mandatory monitoring indicate an annual increase in emissions of carbon dioxide and carbon monoxide
into the atmosphere. The amount of carbon dioxide emissions in the biosphere is about 30 billion tons per
year. This gas is a major component of greenhouse gases and has a significant adverse impact on the
environment [1].

There is a hypothesis that if the change in the concentration of carbon dioxide when using natural
resources increases the temperature by 0.60°C for 100 years, then until 2075 this change will be equal to
5.40°C [2-3].

In addressing these issues, it is clear that alternative energy sources should be used in place of
traditional energy sources. And it is unlikely that hydrogen energy will be equivalent to alternative sources
of energy. Ecologically pure hydrogen fuel, its inexhaustibility (water), but also a lot of opportunities for
using hydrogen - all this shows the advantages of using hydrogen as a fuel. Compared with organic fuel,
hydrogen has a very large amount of energy, and the amount of heat released when burning 1 ton of
hydrogen is equal to the amount of heat burned for 3.5 tons of organic fuel.

The ability of hydrogen to catalytically oxidize at low temperatures, in this case, the direct oxidation
of chemical energy to electrical energy opens the way for the use of hydrogen in power engineering.
Devices that make it possible to realize such functions are fuel cells or electrochemical energy generators
characterized by a very high efficiency factor (70 to 80%), which is 2.0-2.5 times higher than the thermal
coefficient of efficiency of the engine.
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Nevertheless, the current state of hydrogen technology does not completely replace traditional
energetic. The reason for this is that there is no free hydrogen in the earth, and its production requires
chemical raw materials and energy sources. In short, hydrogen is an energy carrier, not fuel.

Hydrogen is the most common chemical element in the universe (93% atomic percent and one of the
most common elements on Earth is 15.52% atomic percent).The main sources of hydrogen on Earth are
water and organic compounds: oil, natural gas, and biomass.Hydrogen has unique properties, and its
properties can be used in many different areas [4-7].

Let's take a closer look at the basic methods of obtaining hydrogen. At present, 368 - 10" m® of
hydrogen is produced worldwide [8].

Depending on the technological characteristics of the recovery and extraction of hydrogen from its
compounds, we decided to divide it into three categories [9-11].

Let us first consider the thermochemical methods of producing hydrogen.One of them is steam
reforming of natural gas. This method involves the conversion of natural gas under the action of various
oxidants (CO,, H,O, O,, air and their mixtures). As a result, the product contains a large amount of H, and
CO [12-18]. This method is highly productive and cheap, so the amount of hydrogen produced by this
method is 85% of the hydrogen produced in the world, and in the United States - even 95%.

The production of hydrogen in the steam reforming of natural gas is carried out in three stages. First
of all, methane is reformed at 500-950°C and 3 MPa pressure in the presence of a catalyst (usually Ni), in
this case, a synthesis gas (CO + 3H, mixture) is formed:

CH, + H,0 <> CO + 3H, + 206 kJ / mol (for 1 mole of CH,) )

The reforming reaction is usually endothermic and requires the supply of heat from outside, which in
turn is generated by the combustion of a portion of natural gas (about 25%) or separated from exhaust
gases (for example, gas from a hydrogen purification system). Then the resulting synthesis gas reacts with
an excess of water vapor, and at this time an additional amount of hydrogen is formed by the following
reaction:

CO + H,0 <> CO, + H, — 42 kJ / mol CO )

This reaction takes place at temperatures below the reforming reaction (usually below 600°C). The
reaction proceeds in several stages, each of which occurs at a temperature below its previous stage. At
high temperatures (350-475°C), the degree of conversion of CO to hydrogen is also high; at this stage, an
iron-based catalyst can be used. In the following steps, a copper-based catalyst is used at a lower
temperature (200-250°C); and the CO concentration in the synthesis gas is significantly reduced. The gas
produced during steam reforming mainly comprises (H,) is hydrogen (70-80%) and a small amount of
CH,4 (2-6%), CO (7-10%) and CO; (6-14%) [16,18].

The final stage of the process is devoted to the purification of hydrogen, purification degree depends
on the volume of application of hydrogen. For the purification of hydrogen, pressure-reducing adsorption
systems or Pd-membranes are used to remove water vapor, CH4, CO,, Nyand CO. The purity of hydrogen
obtained by such purification reaches 99.999% [16]. In this case, an oxidation system is mainly used,
introducing air into the produced gas through the catalyst bed. The oxidation of hydrogen also requires the
following reaction at a certain temperature:

CO + % 0, — CO, 3)

Then the amount of CO decreases to the required level [16]. In some cases, the use of calcium oxide
as a sorbent will reduce the amount of CO, and CO and increase the hydrogen content. The gas content is
90% H,, 10% CH,4 and 0.5% CO..

Main drawbacks of hydrogen obtaining method from natural gas are:

- a large amount of air emissions, higher costs of hydrogen and required CO,-gas formation. All this
increases the valueof hydrogen;

- low installations productivity, the complexity of obtaining hydrogen peroxide by this method;

- The presence of CO in hydrogen composition, which means the need for additional purification

for use in fuel cells production.
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Another type of thermochemical methods of hydrogen extraction is methane incomplete oxidation.
Methane or other hydrocarbons (for example, oil) are oxidized in this process, as a consequence of the
following reaction, CO and H, are formed:

CH,4 + 1/20, — CO + H, + 36 MJ/kmol CH,4 @)

The reaction does not require exothermic or external heat, so there is no need to use heat exchangers.
Since the temperature is very high, the catalyst is also not needed.But you can use a catalyst to increase
the flow of hydrogen (based on 1 mole of methane) or improve useful factor of the system. Unlike the
steam reformer, the reactor designed for oxidation is more compact and its useful coefficient is higher (70-
80%).Although the reactor itself is cheaper than a reformer, a working reactor and hydrogen purification
systems are expensive. Taking into account these factors, it is necessary to invent cheaper hydrogen
purification technologies [16,17,19].

Another type of reforming is autothermal. The outlet temperature of the reactor is 950-100 °C, and the
gas pressure reaches 100 MPa [19]. Unlike steam reforming, there is no need to import external heat for
autothermal reforming, since the reaction is exothermic and, accordingly, autoreformers are more
affordable and cheaper. However, due to the need to purify exhaust gases, hydrogen production will be
more expensive, and the beneficial effect will be reduced (65-75%) [18]. From these questions follows,
from the ecological point of view, hydrogen production from natural hydrocarbon raw materials seems to
be the same as from fossil fuels. This is due to the fact that in the latter case, harmful emissions into the
atmosphere are formed when fuel is used, and in the first case these emissions are formed, but they are
formed during the evaporation of hydrogen. Summarizing these reasons, basic scientific and technical
research in the field of hydrogen extraction from natural resources should be aimed at improving the
processes of capturing or disinfecting gases, especially carbon dioxide, in the production of new
technologies.

Based on these views, it can be concluded that the method of obtaining hydrogen from coal by
conversion of water and gas is significantly more promising.

Now let's move on to this method. Hydrogen can be obtained by various methods of coal gasification
(for example, gasification in a fixed, liquid layer or a stream). In practice, high-temperature gasification is
more effective because at that time the level of carbon dioxide is high, and the formation of high-
flammable waste and phenol in large quantities is prevented [19].Typically, the gasification of carbon
occurs when the temperature is 1200-1350°C and is carried out in accordance with the following equation
[9, 10, 16, 17, 19, 20]:

C (solid) + H,O + heat — CO + H,. &)

The reaction requires endothermic and external heating; this situation was also observed during
natural gas reforming. The formed CO can then be used as an additional element for the production of
hydrogen by interaction with water vapor:

CO + H,0 — H, + CO,. (6)

At present, much attention is paid to improving methods of extracting hydrogen from solid fuels,
since coal reserves still remain in sufficient quantities(According to British Petroleum Corp., coal reserves
in 2008 amounted to 826 billion tons) [21].

In the United States, there is a national program called "Hydrogen production from coal," which reads
as follows:introduction of hydrogen energy technologies into the industry will reduce the amount of
greenhouse gases released into the environment and improve the ecological purity and productionenergy
efficiency [22].

Carbon gas processing plants are currently environmentally friendly, and the coefficient of useful use
(39-44%) is higher than solid waste for processing solid fuel. A significant disadvantage of this method is
the low hydrogen content in the synthesis gas (usually 40% (volume) percent) [21].

The second group of methods for obtaining hydrogen are electrolytic methods. Requiring attention -
electrolysis of water.

A promising technology of hydrogen production in the modern world is the standard electrolysis,
which breaks down the water into components - hydrogen and oxygen under the influence of electric
current:
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2H,0 + electric current — O, + 2H,. 7

The doubtless advantages of this method are:

- an inexhaustible resource of raw materials (water);

- clean from an environmental point of view;

- possibility of having a wide range of productivity structures;

- ease of use and work;

- very high degree of hydrogen produced purity, as well as pure distribution and valuable gaseous
products - gas oxygen.

At present, there are three technologies of hydrogen electrolytic reduction [13, 23-25] and their
differences in the following: types of electrolyte (alkaline-aqueous solutions, protonionic membranes, with
solid polymer electrolytes); solid oxide electrolyte - ceramics Zr-Y (with the conductivity of oxygen ions).
Electrolytes filled with various electrolytes dissolve in different ways.

Electrolysis with an alkaline electrolyte is accompanied by the following chemical reactions [23]:

Cathode reaction: 2H,O + 2e — H, + 20H"

Anode reaction: 20H — 1/20, + 2e
Total reaction: H,O + electric current — H, + 1/20,. (10)

And if a polymer proton membrane is present in the cell, the water decay occurs as a result of the
following reactions [23, 26]:

Anode reaction: H,O — 1/20, + 2H" + 2¢ (11)
Cathode reaction: 2H" + 2e — H, (12)
Total reaction: H,O + electric current — H, + % O,. (13)

Solid oxide ceramic materials are used in solid oxide electrolysers as electrolytes (usually stabilized
with yttrium oxide).In such cells, cathodic water absorbs electrons from the outer layer and forms
hydrogen, as well as negative oxygen ions, which in turn transfer electrons to the outer chains in the anode
and become oxygen in the gas [26]. The problem is that cells with a solid oxide ceramic electrolyte
function operate at high temperatures (about 800-1000°C), and electrolysers equipped with protonionic
membranes function at 80-200°C, an electrolyser filled with an alkaline electrolyte at 50-200°C. These
differences are associated with the use of heat obtained at high temperatures from other sources in the
activity of these cells (including nuclear energy), thereby reducing energy costs for electrolysis.

In some works [27] new types of electrolyzer are proposed. In this type, the anode and cathode
chambers are placed separately; they have a cathode and an anode, whereas the second pair of electrodes
is usually made of a ruthenium oxide material that does not interact with short-circuited oxygen.

The cost of hydrogen hydrolysis will affect the cost of electricity [13,23].Therefore, modern research
of wastewater technology should be focused on the search for new electrode materials and electrolytes,
which save energy and increase the efficiency of the process.

To reduce energy costs and associated financial costs, it is necessary to use methods that generate
electricity without reducing costs. The value of hydrogen obtained at that time is also small. Such
technologies are primarily associated with the production of energy from alternative sources - the Sun,
Wind, Hydrothermal. The use of solar energy is a promising method. In this case, both hydrogen and
electrical energy must be taken from renewable sources - water and the Sun. For example, consider the
production of hydrogen by photolitical methods.In the case of electrochemical water splitting, the anode
generally is a compound having a semiconductor effect, and electrolyte and electron-hole pairs are formed
at the anode boundary under the influence of light, these pairs contribute to the oxidation and reduction
reactions of water, and as a result, hydrogen and oxygen form from the water. Fusikima and Honda in
1972 for the first time described the device built into the H,SO,4 solution, first combining the TiO,-
photoanode and the Pt-cathode. This information is then presented in this paper [28].As a result of the use
of semiconductor photovoltaics, various studies have been carried out to increase the efficiency of
hydrogen evolution from water.

— 110 ——



ISSN 2224-5286 Cepus xumuu u mexnonoeuu. Ne 5. 2018

It is not necessary to completely decompose water during photoelectrolysis to produce hydrogen.It is
sufficient to conduct a cathodic reaction in which only hydrogen is formed:

2H,0 + 2¢” — 20H- + H,1 (14)

The free electrons that are necessary for this reaction can be obtained from other reactions, and not
only from anodic oxidation, for example, from the oxidation of sulfide ions or other compounds [29]. In
this regard, as a photoanode, as a rule, a compound that absorbs light well but with a smaller forbidden
band (for example, AIIBVI, AIIIBV, SnS, etc.) is used, rather than semiconductor metal oxides with a
band gap in the range 2.7 to 3.2 eV. From a theoretical point of view, this method contributes to the
efficiency of the process of converting solar energy into hydrogen energy [28].

The creation of photovoltaic systems, which can be used for semiconductor anodes sensitive to the
visible spectrum of solar radiation and effective absorption of hydrogen cathodes, is a new direction in the
creation of a solar irradiation and accumulation system [28].

One of the most important ways of obtaining hydrogen is the decomposition of water at high
temperatures. Thermolysis of water by the direct method:

H20—>H2+ 1/202 (15)

To conduct this reaction, the temperature must be above 2500°C, and hydrogen and oxygen must be
separated by efficient methods [30, 16]. The problem of separation of hydrogen and oxygen from each
other is realized by using thermochemical cycles at extremely low temperatures [19, 16, 18] or
thermochemical hybrid processes of thermal decomposition of water [16,30], in this case we use nuclear
reactors heat and other solar collectors heat sources [31].

In the production of hydrogen, the cycles of reactions of chemically active compounds arising at high
temperatures in a thermochemical process, such as iodine and sulfur, are used. More than 100 chemical
cycles are recommended for this process. The most effective and promising method for these cycles is the
use of iodine and sulfur reactions. This method was proposed by General Atomics in mid-1970. In this
system, water reacts with SO, and iodine (I,), which leads to the formation of sulfuric acid and iodide
(HI):

12 + SOZ + 2H20 — 2HI + HZSO4 (16)

At a temperature of 800-1000°C in a thermal nuclear reactor, sulfuric acid decomposes in water into
sulfur dioxide (SO,) and oxygen, and HI decomposes into hydrogen and iodine:

H,SO, + heat — H,O + SO, + 1/20, (17)
2HI + heat — H, + I,. (18)
Total reaction: H,O + heat — H, + 1/20, (19)

Iodine and SO, react with water again, and oxygen is removed from the system or collected for use in
production. In the modern world in reactor designs, the maximum operating temperature is about ~ 827°C
[12].

The thermochemical hybrid process is a combined cycle process that combines the thermochemical
and electrolytic reactions of water decomposition and allows the electrons to react at low temperatures
[12]. Modern nuclear reactors or solar energy concentrators can serve as a source of energy necessary for
the reaction. It was suggested that the main contribution to the development of hydrogen energy will take
place if an industrial hybrid thermochemical process is established [32].

Technology based on thermal ionization of water vapor also requires attention.This method is the
basis for the thermal decomposition of the leading and conventional water, as well as the basis of
technology aimed at burning highly heated water vapor [33]. The main stages of this technology include
special preparation and activation of water, heat treatment of high heated steam, its thermonuclear
activation, subsequent dissociation (using this catalyst this pair of H, and O,) and burning on a special
catalyst surface.
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The most important sources of energy production when extracting hydrogen from biomass are wood
and wood waste, agricultural crops,and waste generated during processing, solid waste in the city, food
industry waste, algae, etc. Biomass is of great interest for hydrogen production. First, biomass is
considered one of the many uses of renewable resources. According to The International Institute for
Applied Systems Analysis, the biomass potential in the world is about 250 billion GJ. It is expected that
this potential by 2050will grow to 350 billion GJ [23].

Secondly, biomass is a substance consisting of organic components formed by the absorption of
carbon dioxide from the atmosphere after photosynthesis. Since the first types of biomass are renewed,
carbon dioxide and other types of carbon can be used in the atmosphere as energy or material. Since the
CO, concentration in this cycle is theoretically stable, it can be expected that the future biomass will
become the main source of renewable energy [34].

Thirdly, comparing some other methods of obtaining hydrogen and taking into account the
geographical location, biomass is relatively common in the world.

Fourth, in addition to the heat released during the production of hydrogen, biomass can be valuable as
auxiliary products: glues, black powder, activated carbon, polymers, fertilizers, ethanol, various acids,
Fisher-Tropys diesel fuel, paraffin, and methanol. Energy and biomass products are likely to satisfy the
demand for them in the future. Removal of hydrogen from biomass is divided into two groups, one of
which is pyrolysis of biomass.

Pyrolysis is the heating of biomass at a pressure of 0.1-0.5 MPa at a temperature equal to 650-800 K.
As a result, solid and liquid products are formed [35,36]. Depending on the nature of the pyrolysis
biomass, H,, CH4, CO, CO, and other gases are present in the gas products.Liquid products contain resins
and oils that store the liquid form at room temperature. Solid products consist mainly of flammable
substances in the form of residues that are formedfrom the rectification of coal, as well as from some pure
carbon and some other inert substances. Pyrolysis of biomass is mainly concentrated on biofuel, but also
during high-temperature pyrolysis and when the volatile phase is stabilized, hydrogen is formed by the
following reaction:

biomass + heat—H, + CH, + CO + other products (20)

Methane and a couple of other hydrocarbons can then be modified to produce hydrogen by steam:
CH, + H,0 — CO + 3H, (21)
and then the amount of hydrogen increases as a result of the interaction of CO, with water:
CO +H,0 — CO, + H, (22)

Liquid pyrolysis products can also be used to extract hydrogen. Depending on their solubility in
water, they are divided into two fractions. The water-soluble fraction is used to extract hydrogen and the
insoluble fraction is used to absorb the adhesives [37].

Hydrogen is also produced by gasification of biomass.Gasification is the thermal treatment of
biomass by a large number of gaseous substances, and a small amount of resin and ash. This process is
essentially similar to gasification of coal and is carried out at 950-1500 K [38, 39]. Unlike gas cleaning of
biomass it is carried out in the presence of oxygen or air. This biomass conversion process is based on the
following reaction:

biomass + heat + vapor — H, + CH4 + CO + CO, + light and heavy hydrocarbons + carbon
flammable waste generated during rectification (23)

The gasification process can be considered as one of the types of pyrolysis, but at very high
temperatures, since it is necessary to optimize the formation of the gas phase, and pyrolysis is aimed at
obtaining biomass. Gas products obtained during gasification are then converted to hydrogen under the
influence of water vapor. Hydrogen can be produced biochemically. Biochemical production of hydrogen
(biohydrogen) as a substance of the metabolism of microorganisms is a relatively new technology. This
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method allows extracting hydrogen from renewable sources. This, in turn, contributes to the development
of hydrogen energy in the future [36]. The production of biohydrogen can be divided into several
groups:1) direct biophotolysis; 2) indirect biophotolysis; 3) biological shift of the gas-water reaction 4)
fermentation [40].

The hydrogen production by direct bio-photolysis is a biological process using photosynthetic
microalgae, which is aimed at converting solar energy into hydrogen in the form of chemical energy [41].

2H,0 + solar energy— 2H, + O,. (24)

Two photosynthetic systems are necessary for photosynthesis:1) I photosystem (PSI), which actually
produces a CO, gas reducer and II photosystem (PSII) - system of water decomposition and oxygen
separation. In a biophytolytic process, two water protons with PSI recovers CO, gas or releases hydrogen
in the presence of hydrogenase.Since green plants do not contain hydrogenase, only the CO, reduction
reaction takes place. In contrast, green and cyanobacterial (blue-green) microbes contain hydrogenases
that are capable of producing hydrogen.In this process, the electrons formed as a result of the absorption
of the light energy of the PSII system are converted to ferredoxin (Fd). This replacement occurs for the
production of hydrogen as a result of the use of solar energy absorbed by the PSI system.

Since the hydrogenase is sensitive to oxygen, it is necessary to maintain the oxygen content at low
levels (<0.1%) in order to prolong hydrogen production [42].

Indirect biophytolysis consists of the following four stages:1) biomass production by photosynthesis;
2) biomass concentration; 3) deep fermentation of anaerobic, resulting in the formation of algae cells 4
moles of H2, which is calculated for 1 mole of glucose and 2 moles of acetate; 4) conversion of two moles
of acetate to hydrogen.

Usually in indirect biophotosynthesis cyanobacteria are used, in this case, hydrogen is obtained by the
following reactions [40]:

12H,0 + 6CO,; — C¢H 1,06 + 60, (25)
C6H1206 + 12H20 — 12H2 + 6C02 (26)

The production rate of hydrogen produced by indirect bio-photolysis can be compared with the
production of hydrogen on the basis of hydrogenase with the help of green algae [42].

Hydrogen-rich carbohydrate compounds (eg, glucose, starch, etc.) can be obtained at temperatures of
30 to 80 °C and at atmospheric pressure, especially in the dark, by fermentation [36, 43].

In contrast to the usual process of bio-photolysis, in which only hydrogen is released, the difference in
this method lies mainly in the fact that the fermentation products are hydrogen and CO,.

However, the formation of other gases (CHy4, H,S) takes place depending on the materials used and
the reactions occurring in the process. The amount of hydrogen released affects the direction of
fermentation and the resulting liquid products. For example, when glucose is used, and acetic acid is the
final product of fermentation:

CeH ;06 + 2H,0 — 4H, + 2CH;COOH + 2CO, (27)
(In this reaction, from 1 mole of glucose, 4 moles of H2).
And if fatty acids are formed as the final product:
Ce¢H 1206 + 2H,0 — CH,CH,CH,OO0H + 2H, + CO»(28)
(from 1 mole of glucose, 2 moles of H,).

But usually, in fact, 1 mole of glucose does not form 4 moles of hydrogen, because the fermentation
product contains acetic acid and fatty acid ester [44].
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In the dark, the amount of hydrogen produced by the fermentation method depends on the average
pH, the time of hydraulic confinement and the partial gas pressure. For optimum hydrogen production
conditions, it is necessary to keep the pH at 5-6 [36].

Alanaerobiumhydrogeniformanshaloalkaliphilic bacteria can produce 5- and 6-carbon sugars from
hydrogen-containing hemicellulose and cellulose [45].

In addition to pure sugars and industrial raw materials, raw materials for the production of fermented
hydrogen are considered (for example, agricultural and food waste and solid organic waste, including
urban and agricultural waste and sewage sludge).However, the production of hydrogen from these raw
materials has a number of disadvantages, one of which is the low yield of hydrogen. This method is
currently realized by simple fermentation of sugar [46].

By combining photo fermentation in the dark, you can double the yield of hydrogen in a two-stage
hybrid system. In the first stage anaerobic bacteria decompose glucose or starch acetate with enzymatic
metabolism, and the resulting acetate is subjected to hydrogen direct photosynthetic bacterial changes in
the second stage [47].

Conclusion

In industry today, only natural gas conversion, coal gasification and water electrolysis are used. Steam
conversion of natural gas is one of the cheapest ways to use natural fuels, and CO, emissions in this
method are extremely low. Water electrolysis is more expensive and is used only to produce hydrogen
peroxide. If natural gas cost increasingis predicted, coal gasification method can be an alternative method
of producing hydrogen starting around 2030. Biomass gasification and its pyrolysis for hydrogen
production are at the research stage, but in the coming decades these methods are likely to become
alternative methods of hydrogen production.

Biomass gasification and its pyrolysis for hydrogen production are at the research stage, but in the
coming decades these methods are likely to become alternative methods of hydrogen production.
According to the long-term International Energy Agency forecast, hydrogen, obtained by biomass
gasification, will compete at a price with fully restored hydrogen, and its price will be the lowest among
the extracted raw materials.

Biomass gasification is the simplest and most economical way of producing renewable hydrogen.
This technology is likely to be the most advanced technology in the future. Hydrogen production from
renewable sources (wind energy, solar energy, hydrothermal energy, etc.) will be economically
advantageous for countries with a large number of renewable energy sources, for remote areas without
natural resources and for less populated areas (for example, peninsula and islands) or for the accumulation
of a huge amount energy from renewable energy sources.

In the long term, it will be necessary to produce hydrogen by a method without separating CO, or by
separating a very small amount of.Electrolysis using renewable hydrogen electricity, using the sun, wind,
hydrothermal energy, is maximum possible option, but these methods are not suitable for using hydrogen
as an energy carrier. Before achieving this goal, the extraction of hydrogen from natural resources is very
important, but the conservation and fixing of CO, gases are mandatory, especially in terms of
environmental safety.
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CYTEKTIK DHEPTETUKAHBIH KA3IPTT 3AMAHJIAFBI KAFJAMBI
JKOHE CYTEKTI AJTY DICTEPI

AHHoTauus. BipkaTtap ajipic jkoHE JKaKbIH IIETENNIK 91e0HeT Ko3/1epiHe cyiieHe OTBIPHII, CYTEKTIK dHEPreTHKa-HbIH
Ka3ipri 3aMaHOarbl XKarJalbl Typallbl JKOHE CYTeKTi ally oiicTepi »kaiblHaa miony xacaiaraH. CyTEKTiK SHEpreTHKaHbIH
Tabury Ka30a OalsIbIKTapFa HETI3eNITeH JOCTYPJIi SHEPTETHKAHBIH OaamMaibl TYpi OOJIBIN TaObIIATHIHBI KOPCETUITCH XKOHE
CYTEKTi ajly o/IiCTepiHIH TEXHHUKAJIBIK aCIEeKTepl CHIaTTalIFaH. DKOJOTHSJIBIK TYPFBIZAH Ta3a OOJIbIN TaObUIATHIH SHEPTHUs
TachIMAIAAYIIbl — CYTEKTIH OHJIPICTIK aJIbIHy 9JIICTEPiHIH YII KATErOPHsCHl CHNATTAIFaH. BipiHII KaTeropusra CyTeKTi
OHJIIPYIIH TEPMOXUMHUSIIBIK JKOJIIAPbl KAPAUTHIHBI, OHBIH 0ipi — TaOMFU ra3/biy OyJibl pu)OPMHHT] eKeHi kepceTiireH. by
9/1ic TaOWFU ra3/ibl OPTYPIIi TOTHIKTHIPFBIIITAPMEH 3CEp €TY apKbUIbl KOHBEpCHsUIay Il Ko3aeiai. COHbIMEH KaTap METaH/IbI
TOJIBIK EMEC TYPJIE TOTHIKTHIPY, ABTOTEPMAIIAbI pUPOPMHUHT, KOMIP/Ii CYJIBI-Ta3/[bl KOHBEPCHSIAY dICTEPi KAPACTHIPBLUIFAH.

CyTeKTi eHAIpYy 9JiCTEPiHIH EKiHIII TOOBIH MIEKTPONUTTIK ojicTep Kypaiiapl. OHBI illliHe KOH1I 06yl Tanam eTeTiHi
— cy anekrpoiusi. Kasipri 3amanma CyTeKTi aylblH Kelemieri 0ap TeXHOJOTHSCHI — CYIbl 3JEKTP TOTBIHBIH 9CEpiMEH
Kypamyac GeikTepiHe - CyTeKKe )KOHE OTTEKKE BIIBIPATATHIH CTAHAAPTTHI AICKTPOIIH3.

Keiiinri sxbuiaapbl CyTeKTi anyAblH Oacka Ja omicTepi »kacanblm, nambin keieni. OnmapablH imiHae OnoMaccaHbl
ra3JaHjibIpy *OHE OHbIH IMUPOJIM3IH XKYPri3y, odapabl Oip-OipiHeH albIpMalIbUIbIFbl KAPACTHIPbUIFAH. BapiblK oxicTepain
©31H/IIK apTHIKIIBUIBIKTAPBI MCH KEMILUTIKTEPiHiH 0ap eKeHi KOpPCeTUIreH.
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COBPEMEHHOE COCTOSIHUE BOJOPOJHOI SHEPTETUKHA
H CIIOCOBBI ITIOJYYEHUS BOAOPOJA

AnHotauus. I[IpoBeneH 0030p O COBPEMEHHOM COCTOSHHU BOJOPOIHOW JHEPTeTHKH M CIIOCO0ax IONyIeHHS
BOJIOPOJIA C UCIOJIb30BAaHMEM JINTEPATYPHBIX UCTOUHHKOB OJIMDKHEro M JalibHero 3apyOexbs. [TokazaHo, 4To BOJOPOIHAS
JHEpreThKa SIBISIETCS albTEePHATHBOW TPAJAUIIMOHHON YHEPTreTHKE, OCHOBAHHOW Ha NMPHPOJHBIX MCKOIAEMbIX M OIHCAHBI
TEXHUYECKHE ACIEKThI CIIOCOO0B MOJYyYEeHUs Bojopoa. [IpuBeieHO onucaHue TpexX KaTeropHuH MPOMBIIUICHHBIX METOO0B
MOJIyYEeHUs! BOJOPOJA — HKOJOTMYECKM YHMCTOro 3HeproHocutens. [loka3aHo, 4YTO K INEpBOH KaTeropuu OTHOCSTCS
TEPMOXUMHYECKHE CIIOCOOBI MOTYyYSHUSI BOJOPOA, OAHUM M3 KOTOPBIX SIBISETCS MAapOBOW pH(OPMHUHT MPUPOTHOTO Tasza.
Hapsiny ¢ »TuM paccMOTpeHBbI CHOCOOBI YAaCTHUYHOTO OKHCIICHHS METaHa, aBTOTEpPMalbHbIH pHU(OPMUHI, Hapora3oBas
KOHBEPCHS yTJISl.

Bropyro rpymnmy crnocoboB NOJIy4eHHS BOJOpOJAa NPEACTaBISIOT 3JIEKTpoiuTHueckue Mmeronsl. Cpean HuxX
3aCIIyKMBAIOIIUI BHUMAHUs CIIOCOO — 3JIEKTPOJHM3 BOIBL. B Hacrosiee BpeMs MEPCHEKTUBHAS TEXHOJOTHS IONYYEHHS
BOJIOpOJIa — CTaHAAPTHBIA 3JIEKTPOJIM3, pas3liaralolluidi BOJAY Ha €€ COCTaBISIOIIME — BOJOPOA M KHCIOpPOJ MpHU
MPOITyCKAHHUU JIEKTPHUECKOTO TOKA.

B nocniennue roapl pazpabaThIBalOTCS U pa3BUBAIOTCS JPYTUE CIOCOOBI MOJy4deHus Bojxopoaa. OmucaHbl criocoObl
razuuKanuy OMOMAacChl ¥ MUPOJIN3 OHOMACCHl, PACCMOTPEHBI UX pa3nuuuss. [loka3aHo, 9TO BCe pacCMOTPEHHBIE METOIBI
HUMEIOT CBOY KaK IMPEHMYILECTBA, TAK U HEOCTATKU.
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