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Physical and chemical characteristics and activity of nickel-modified
cobalt-iron-containing catalysts in the reaction of dry reforming of methane
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ABSTRACT

In the process of dry reforming of methane (DRM), the activity of low-percentage catalysts based on cobalt and
iron oxides and their modification with nickel oxide was studied. It has been established that the addition of
nickel oxide into the Fe,05/y-Al,O; catalyst increases the degree of methane conversion from 14 to 89%, and also
increases the yield of target reaction products H, to 43.0 vol.%, CO to 46.1 vol.% at 850 °C. On a Co;0,4-NiO/y-
ALO; catalyst at 850 °C, methane conversion reaches to 88.1%, the yield of H, and CO is 44.8%. TPR-H, analyzes
showed that the introduction of nickel oxide into Fe,O;/y-Al,O; composition, in contrast to the Co;0,/y-Al,O4
catalyst, the temperature peaks of Fe,0;-NiO/y-Al,O;, reduction shift towards lower temperatures and weaken
the interaction of metals with the support - y-Al,O; and thereby the amount of active reduced particles of iron
and nickel oxides increases, which ensures good catalytic activity of Fe,0;-NiO/y-Al,O;. According to the XRD
results, spinel-like form - NiFe,0,, NiAl,0, and CoAlLO,, also phase as Fe,O; were obtained on the Fe,0;-NiO/y-
ALO; catalyst. This indicates that the developed catalysts form new phases that are active at high temperatures to

produce synthesis gas in reduction-oxidation processes during the DRM reaction.
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1. Introduction

The global demand for energy in the world is
gradually growing and at the moment exerting such
strong pressure on the attrition of traditional types of
fossil combustibles, from here the desire to explore/
exploit new sources of energy aimed at ensuring a
low-carbon economics [1]. CO, - major greenhouse
gas (GHG) and and a widespread waste gas in the
chemicals and powersectors, its immediate application
is a surefire way to reduce emission of carbon [2].
In addition, many studies are being conducted on
the new use of CO, because of the increased threat
posed by climate change [3]. One of these innovative
approach is the dry reforming of methane (reaction of
CH, and CO,) to obtain synthesis gas. Dry reforming
of methane (DRM) suggests appropriate solution to
these main problems faced by modern society [4]. As
a result of the efficient utilization of methane, along
with low-carbon recirculation in the framework of
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carbon trapping, utilization and warehousing, as well
as the process of dry reforming of methane to obtain
syngas has grown more lovable [5].

For the DRM reaction the best famous active
catalysts are transition and noble metals such as Rh,
Ru, Ni, Co, Ir, Pt, Pd and Fe are often considered [6-
10]. Noble metals such as Pt, Ru or Rh are expensive
and not economically profitable [11]. Thus, transition
metals, Co, Ni and Fe are the most advisable catalysts
for process of DRM from an economic point of view,
since they combine high activity in the dry reforming
of methane reaction with a comparatively low cost
[12-14]. However, the iron-containing catalyst is less
active [15] compared to cobalt. The cobalt-based
catalyst is not resistant to coking in the reaction of
DRM into synthesis gas. To increase the activity of
catalysts, in particular, modified nickel-containing
catalysts are used [16, 17]. Nickel catalysts are the
most extensively investigated for this process, their
primary benefit is their lower price [18, 19]. The
addition of Ni to iron-cobalt containing catalysts led
to a significant decrease in carbon precipitation in the
DRM process and an increase in the activity of the
catalysts [20-23].

© 2024 NuctutyT npobieM ropeHus



188 L.K. Myltykbayeva et al. / TOPEHWE U IIJTABMOXHWMUS 22 (2024) 187-196

The authors of [24] studied the activity of 15Ni-
5Fe-30Al catalyst during the process of DRM into
syngas; at 600 °C, the methane conversion was 39%.
The authors reported that according to XRD data,
phases of spinel NiAl,O, and metallic Ni are observed.
During the reaction, the spinel phase decomposed and
a Nis;Fe alloy was obtained. Catalysts with a higher
Fe/Ni ratio showed less conversion of initial gas and
contained inactive spinel form FeAl,O,.

Therefore, the goal of this work is to develop
low-percentage, nickel-modified iron- and cobalt-
containing catalysts for the reaction of DRM.

2. Experimental procedures
2.1. Preparation

Low percentage mono 2 wt.% Co0;0,/v-ALO;,
2 wt.% Fe,05/y-Al,O; and bimetallic 5 wt.% Co;0,-
NiO/y-Al,O;, 5 wt.% Fe,0;-NiO/y-Al,O; catalysts
were prepared by capillary impregnation of a granule
(d=2mm) of a support (y-Al,O;, S-180 m?%g, d~3
mm; Changhai Jiuzhou Chemicals Co) according
to moisture capacity with aqueous solutions,
Fe(NO;);"6H,0 Co(NO;),"6H,0 and Ni(NO,), 6H,0,
followed by drying them at 300 °C for 2 h and
calcining at 500 °C (3 h).

2.2. Catalytic test

The activity of synthesized catalysts in the
process of dry reforming of methane was tested in
an automated flow-through catalytic device (Fig. 1).
Mixed gas (CH,+CO, = 1:1) was fed at a rate of 33.3
cm®/min into the catalytic reactor from above, and
after passing through the catalyst layer in the reactor,
the mixture with reaction products was sent to the

chromatograph for analysis. The reactor temperature
was set by a thermostat and controlled using a CA
thermocouple, sheathed in quartz and located inside
the catalyst layer. The initial gases and reaction
products were analyzed on-line on CHROMOS GC-
1000 chromatograph with a flame ionization detector
and a thermal conductivity detector. On packed
columns with an internal diameter of 3 mm, 2 m
long, filled with CaA sorbents, the gases H,, N,, O,
were determined, as well as for the determination of
CO and CO,, the AG-3 composition phase was used,
the gas of CH, was determined on an XSEP column.
Air, hydrogen, and Ar were used as carrier gases.
To process the chromatograms, absolute calibration
with pure gases was used: methane, hydrogen,
carbon dioxide and carbon monoxide, followed by
plotting. Monitoring of the process of dry reforming
of methane (supplied gas flow rate of the starting
mixture and chromatographic analysis data) was
monitored software.

Process conditions: pressure 0.1 MPa, T, = 500-
850 °C, ratio CH, + CO, = 1:1, catalyst volume in the
reactor 1.04 g.

2.3. Catalyst characterization
Temperature-programmed catalyst reduction of H,

Temperature-programmed reduction (TPR-H,)
was carried out on the laboratory installation
Universal Sorption Gas Analyzer (USGA-101),
which includes a gas treatment system, a reactor
(inner diameter 4 mm) with a tubular oven and a
thermal conductivity detector. The sample (106 mg,
fraction 0.125 mm) was pre-blown with Ar at 480 °C
for 40 min, following cooling to 50 °C, then heated at
a rate of 100 °C/min from 50 to 950 °C in a mixture

Fig.1. Automated flow catalytic device.
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flow of 15 vol.% H, in Ar at feed rate 30 cm?*/min.
The variation of the hydrogen concentration in the
flow was controlled using a thermal conductivity
detector. Quantitative determination of absorbed
hydrogen was carried out using a calibration based
on the recovery of precise amounts of metal oxide.

XRD analysis

XRD patterns of the catalyst were carried out on
MiniFlex 600 with CuKa radiation diffractometers,
K-beta(x2) filter. Filming conditions of sample:
U=40 kV; I=15 mA; shooting 0-20; detector 10 °C/
min. XRD patterns on a semi-quantitative basis was
performed using diffractograms of powder samples
using the technique of equal portions and synthetic
mixtures. The numerical ratios of the crystal phases
are established. The interpretations of the phase were
carried out using data from the PDXL 2 card file:
PDF 2 powder phase database (Powder Phase File).

3. Result and discussion

The catalytic activity of oxide catalysts in redox
reactions depended on the energy of the oxygen-
metal bond, the qualitative characteristics of that
energy being the temperature at the beginning of the
hydrogen reduction process, as well as the temperature
of the maximum on the curves of TPR-H, [25].

Figure 2 illustrated TPR-H, profiles of mono-
Co;0,/y-Al,O; and bimetallic- Co0;0,-NiO/y-Al,05
catalysts. According to literature data [26], on mono
and bimetallic catalysts at 250-301 °C, cobalt oxide
(C0,05) begins to be reduced to Co;0, (Co,O; —
Co050,). From 424 to 808 °C, both catalysts have 4
identical peaks of different intensities. At 424 °C,
Co;0;, is reduced to cobalt (II) oxide (Co;0,— CoO)
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Fig. 2. TPR profiles of mono- Co0;0,y-Al,0; and
bimetallic- Co;04-NiO/y-Al,O5 catalysts.
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Fig. 3. TPR profiles of mono- Fe,05/y-Al,0; and bimetallic
- Fe,05-NiO/y-Al,O; catalysts.

[27], Timax = 506 °C possibly refers to the reduction of
cobalt (II) oxide to metallic Co° [28]. The peaks at
Thax = 642 and 671 °C can be related to the reduction
of cobalt oxide, which is strongly bound to the carrier
[29].

An additional small peak in the TPR-H, profile
of C0;0,-NiO/y-AL,O; at 749 °C can be referred to
the reduction of NiO particles strongly bound to the
support [30]. At the temperatures T, = 796 and
T = 808 °C, spinel-like forms of cobalt and nickel
(CoAl,O, and NiAlL,O,) are formed, respectively on
all catalysts [31]. The addition of nickel to cobalt
offsets the reduction peak to higher temperatures
such as 671 and 808 °C compared to Co;0,/y-Al,Os.

Figure 3 shows TPR profiles of mono-Fe,O,/y-
AL O; and bimetallic - Fe,0;-NiO/y-Al,O; catalysts.

As can be seen from Fig. 3, with the addition of
NiO to the Fe,0:/y-Al,O; catalyst, the iron oxide
phases are reduced at lower temperatures (from 307
to 808 °C) compared to the monometallic catalyst -
Fe,05/v-Al,O5 (from 403 to 825 °C). The advent of
a low-temperature peak with a peak at T,,, = 307
°C may be related to the recovery of iron oxide
Fe,0;—Fe;0,, which weakly interacts with the
carrier [32]. The introduction of nickel oxide to
Fe,05/v-Al,O5 also resulted to the appearance of peak
at relatively low temperature - T,,, = 366 °C, which
indicates further reduction of Fe;O, to iron oxide FeO
(I). Whereas on the Fe,0,/y-Al,O; catalyst (Fig. 3),
the appearance of iron (II) oxide as a result, of the
reduction of Fe;O,is observed at T,,, = 403 °C [33].
An additional peak on the Fe,0;-NiO/y-Al,O; catalyst
at 508 °C possibly belongs to the recovery of nickel
oxide to Ni, which corresponds to a weak interaction
with the support [34]. Peaks at T,,,, = 656 °C (A =60
pmol/gKt) and T,,, = 652 °C (A = 154 umol/gKt) on
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Fig. 4. XRD patterns of the Fe,O;-NiO/y-AL,O; catalyst.

mono- and bimetallic catalysts, respectively, relate
to the reduction of FeO—Fe [35]. In addition, two
additional peaks are observed on the monometallic
profile at T,,, = 696 and T,,,, = 732 °C, which relate
to the obtain of the Fe,Ni,/Al,O; phase [36].

High temperature peaks in the range T,,, = 753 °C
(A =22 pmol/gKt) and T, = 738 °C (A = 87 umol/
gKt) possibly correspond to reduce of Fe;O, to Fe and
NiFe,O, to Fe and Ni [37, 38]. The peak at Tmax =
825 °C can be related to the recovery of aluminates,
possibly FeAl,O,, since the reduction of NiALO, is
observed at a lower temperature (T,,, = 808 °C) [39,
40].

After the addition of nickel, the reduction
peaks of Fe,0;-NiO/y-AlLO; shifted towards lower
temperatures, and the amount of hydrogen adsorption
increases. It is considered, that the introduction of
nickel weakens the interaction of Fe and Ni with the

3
MW\

d=2,26¢

support- y-Al,O; and thereby increases the number of
reduced particles [41].

Nickel-modified iron- and cobalt-containing
(Fe,05-NiO/y-Al,0;, Co;0,-NiO/y-Al,O;) catalysts
were investigated by XRD analysis. XRD analysis
data for modified catalysts are shown in Figs. 4 and 5.

From Fig. 4 shown, that in the formulation of the
Fe,0;-NiO/y-ALO; catalyst, iron located as phase
Fe,0,, reflections of nickel aluminate NiALLO, and
the NiFe,O, phase are observed.

The XDR pattern of the Co;0,-NiO/ y-AlLO;
catalyst (Fig. 5) shows reflections of the CoAlQ,
compound, which have a spinel structure. Nickel
compounds are not separately identified. Reflections
corresponding to nickel phases did not observed,
probably because of its dispersion (less than 4 nm)
[42]. In addition, it is possible, that nickel is contained
in the solid solution based on CoAl,O,, since in the
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Fig. 5. XRD patterns of the Co;0,-NiO/y-Al,O; catalyst.
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Fig. 6. The influence of the DRM reaction temperature on the catalyst activity: a- Co;0,-NiO/y-Al,O;; b-Fe,05;-NiO/y-AL,O5-

spinel form of the NiAl,O, compound its lattice
parameters are slightly lower than those of CoAlO,.

The activity of the investigated catalysts in the
process of DRM in the T, = 500-850 °C was studied.
The table shows the results of catalyst activity at the
reaction temperature of 800 °C, reaction volume rate
of 1000 h! and CH,:CO, ratio of 1:1.

It can be seen, that on both catalysts the conversion
of the initial gases and the yield of H, and CO are not
high.

To increase activity, the catalysts were modified
with nickel oxide; the results of studying the catalysts
in the DRM reaction are presented in Fig. 6.

On the Co;0,-NiO/y-Al,Oj catalyst, the yield of H,
and CO at 500 °C is 5.6 and 10.5 vol.%, respectively.
During the reaction temperature increases from 500
to 850 °C, the yields of hydrogen and monoxide
increase. At 850 °C, the yield of hydrogen and carbon
monoxide reaches to 44.8%, the ratio H,/CO = 1. On
Fe,05-NiO/y-Al,O; catalyst atthe reaction temperature
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Fig. 7. The influence of the DRM reaction temperature on
the Co0;0,4-NiO/y-Al,O; catalyst activity.
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Fig. 8. The influence of the DRM reaction temperature on
the Fe,0;-NiO/y-Al,O; catalyst activity.

of 500 °C, formation of 6.4 vol.% hydrogen and 10.3
vol.% carbon monoxide is observed in the reaction
products, with a further increase to 43 vol.% H, and
CO to 46.1 vol.% at 850 °C.

The following Figs. 7 and 8 show the degree of
conversion of CH, and CO, and the H,/CO ratio
depending on the temperature of the DRM process.

As can be seen from Figs. 7 and 8, with the addition
of NiO into the Fe,Os/y-Al,O; and Co0;0,/vy-Al,O;
compositions, the degree of methane conversion at
850 °C increases to 89% and 88.1%, respectively,
compared to monometallic catalysts. This change
is related to the obtaining of easily recoverable new
phases between nickel and iron oxides [43].

During the increase DRM reaction temperature,
the ratio of reaction products (H,/CO) changes from
0.7 to 1. These data are great significance, since it
is known, that different syntheses require different
compositions of synthesis gas with different amounts
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of hydrogen: with a ratio of H,/CO = 2:1 can be
obtained methanol, ethanol and ethylene; for the
synthesis of ethylene glycol required ratio synthesis
gas = 1.5:1, synthesis gas at 1:1 ratio is converted
into acetic acid.

4. Conclusion

Thus, (Co0;0,/y-Al,O;, Fe,04/v-AlLO;, Fe,0;5-
NiO/y-Al,O; and Co;0,-NiO/y-Al,O;) catalysts were
prepared, and their activity was studied in the process
of DRM. It has been established that the addition of
nickel oxide into the Fe,O5/y-Al,O; catalyst increases
the degree of methane conversion to 89%, and
also increases the yield of target reaction products
achieved: H, to 43.0 vol.%, CO to 46.1 vol.%. On
C0;0,-NiO/y-Al,O; catalyst at 850 °C reaction, the
yield of H, and CO is achieved to 44.8%. It has been
determined that by varying the reaction temperature,
it is possible to producing syngas with a different
ratio of hydrogen to carbon monoxide, for further use
as an initial gas for the production of alcohols and
carboxylic acids.

The results of XRD analysis of the catalysts
showed that with the addition of Ni into the Fe,O,/
v-Al,O; composition of the catalyst phases as Fe,0;
and NiFe,O, are observed. This may indicate the
formation of active phase of the modified catalyst
in reduction-oxidation processes during the DRM
reaction. It was determined that the XRD pattern of
the Co;0,-NiO/y-Al,O; catalyst contains reflections
of the CoAl,O, compound, which have a spinel
structure, reflections corresponding to nickel phases
did not observed, probably because of its dispersion
(less than 4 nm). Therefore, methane conversion
(88.1%) on the Co;0,-NiO/y-Al,O; catalyst is lower
than Fe,0;-NiO/y-AlO;.

Using TPR-H, methods, it was determined that
spinel-like forms are formed on Co;0,/y-AlLO;
catalyst at high temperatures. The addition of NiO
to Co;0,/y-Al,O; catalysts has almost the same
character, but shifts the high-temperature reduction
peaks towards higher temperatures.

TPR-H, analyzes showed that when nickel is
added to the Fe,0;/y-Al,O; composition, in contrast
to the Co;0,/y-Al,O5 catalyst, the temperature peaks
of the reduction of Fe,0;-NiO/y-Al,O; shift towards
lower temperatures and weaken the interaction
of metals with the carrier - y-Al,O;. Also thereby
increases amount of reduced particles, which
provides good catalytic activity of Fe,O;-NiO/y-
Al O; at high temperatures, and may also be resistant
to coke formation.

The work was carried out at the Institute of
Combustion Problems.
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DU3NKO-XMMUYECKHE XAPAKTEPHUCTUKH U AKTHUB-
HOCTH MOAM(UINPOBAHHBIX HUKeJEM K00AIbT-Ke-
JIe30CoAepsKAIINX KATAJIN3aTOPOB B PeaKkIMH yrJie-
KHCJIOTHOI KOHBEPCHU MeTaHa

JLK. Meurrsik6aesa’, K. JI. ocymos, I'.E. Epra3uesa

Kazaxckuii HanmoHaNbHEIA yHHBEpcUTeT HM. anb-Papabu, \p.
anp-Dapadu, 71, Anmarel, Kazaxcran

AHHOTANMUA

B mporiecce yriieKMCIOTHOW KOHBEPCHHM METaHa
HCCIIeIOBaHa aKTHBHOCTh HHU3KOMPOICHTHBIX KaTa-
JTU3aTOPOB HA OCHOBE OKCHIOB KOOAJIbTa M XKeje3a
U UX MOAW(UKANNKU OKCHUIOM HHUKEINs. YCTaHOBJIE-
HO, YTO BBEJICHUE OKCHJIa HUKENs B cocTaB Fe,0;/y-
Al,O; xaranu3aTopa MOBBIIAET CTEIICHh KOHBEPCUH
MetaHa oT 14 1o 89%, a Taxke yBEeIMYNBAET BHIXO]
[EJEeBBIX MPOAYKTOB peakiuu H, — 1o 43,0 06.%, CO
- o 46,1 00.% mnpu 850 °C. Ha Co0;0,-NiO/y-Al,O;
katanmmu3atope npu 850 °C KOHBEpCHS METaHa TOCTH-
raet 88,1%, BBIX0JT BOJIOPOA U MOHOOKCH/IA YTIIEPO-
na cocraBisieT 44,8%. TIIB anamu3bel 1I0Ka3aiu, 4To
npu jo0aBieHnH HUKeNs B coctaB Fe,0;/v-AlO;, B
otimyre ot Co;0,/y-Al,O; kaTanusaTopa, TeMIepa-
TypHbIe THKH BoccTraHoBieHUs Fe,0;-NiO/y-Al,O;
CMEIIAIOTCS B CTOPOHY 00Jiee HU3KUX TEMIIEpaTyp H
0CIa0JIAIOT B3aUMOJICHCTBHE METAIIIOB C HOCHUTEIEM
- v-Al,O; u, TeM caMbIM, YBEIUYHBas KOJUYCCTBO
AKTHBHBIX BOCCTAHOBJICHHBIX YaCTHI] OKCHJIOB Ke-
Jie3a U HUKeNS W 00ecreunBasi XOPOIIyI KaTaluTH-
4yecKylo akTHBHOCTH Fe,0;-NiO/y-Al,O;. Cornacho
pesynbTatam PDA, Ha uccnenyeMbiX KaTajln3aTtopax
obOpasytorcs ¢asbl B Bujae Fe,O; u mmuHenemnomnoo-
weie opmer -NiFe,0,, NiAl,O, u CoALO,. 3to
CBHJICTEIBCTBYET O TOM, YTO Ha pa3paOOTaHHBIX Ka-
Tamu3aTopax 00pa3yroTcst HOBBIC Ga3bl, KOTOPHIC SB-
JISTFOTCST aKTUBHBIMHY IIPH BBICOKHX TEMIIEpaTypax s
MOJIyYCHHSI CHHTE3-Ta3a B OKHCIUTEIhHO-BOCCTAHO-
BUTEJIBHBIX MpoIleccax BO BpeMs peakuuu Y KM.

Krniouesvie cnosa: MapHUKOBHIN Ta3, METaH, THOK-
CHJl yIJIepOJa, OKCHIHBIC KaTalHu3aTOPHI, YIIICKUC-
JIOTHAsi KOHBEPCHS METaHa

MeTaHHBIH  KOMIPKBIIIKBIIABI  KOHBEPCHSCHI
peaknuschiHA HHKeJIbMEH MoAu(pUuIMpPIIeHT eH
KO0QJIbT-TEMIpP KaTaJIM3aTOPJapbIHbIH (u3nKa-
JBIK-XHMHSJIBIK CHIIATTAMACHI JKoHe OeJIceHalTiri

JLK. Msutreik6aesa®, K. JI. ocymos, I'.E. Eprasuesa

on-Oapadu areiHnarel Kazak YITTEIK YHUBEpCUTETI, an-Dapadu
naHrbUIbl, 71, Anmatsel, Kazakcran

AHIATITA

MeTaHHBIH ~ KOMIPKBIIIKBUIIEI ~ KOHBEPCHUSICHI
MPOLIECIHIE TOMEH MaNBI3NIBIK KOOAIBT KOHE TEMip
OKCHITEpi HETI3IHIEerl >KOHE OJIapAblH HHUKEIh OK-
cuaiMeH MOAM(HUKALUICH KaTaln3aTopiiapabiy Oei-
cenpaimiri 3eprrenmi. Fe,0,/y-Al,O; katanuzatopsiHa
HUKEIIb OKCHUJIIH CHTI3TEHJIC METaHHBIH KOHBEPCHS-
col 14-tern 89%-ra nmeiiH apTTHIPATHIHBI, COHBIMEH
Katap, 850 °C temmepaTypama MaKCcaTThl PEaKIIHs
eHiMAepiHiH TbIFbIMBI H, — 43,0 xem.%-fa neii-
i, CO — 46,1 xenem.% -ra aeiliH >KOFapbUIAHTHIHBI
anpikTanmpl. Co;0,-NiO/y-Al,O; KaTanu3aTOpbIH-
ma 850 °C Temmeparypaga METaHHBIH KOHBEPCH-
sicel 88,1% XKeTTi, cyTeri MEH KOMIpTeri TOTHIFbI-
HbIH WBIFBEIMBL 44,8% Kypanel. TTh Tanmaynapsl
KepceTkeHaeH, Hukenpal Fe,0,/y-Al,O; KypambiHa
kockanna, Co;0,/v-Al,O; kaTaau3aTOpblHAH aWbIp-
MambUIbIFel, Fe,0;-NiO/y-AlL,O; TOTBHIKCHI3IaHYBI-
HBIH TEMIIEpaTypaIbIK MIBIHIAPEl TOMEHI1 TEeMIIe-
patypara ayeicagnl xoHE Y-Al,O; TackIManIarbIIIbI
MEH METAJIAapAbIH ©3apa OpPEKEeTTeCyiH oJcipeTemdi
COJI apKBUIBI TEMIpP KOHE HHUKEJIb OKCUITEPiHIH Oel-
CEHJI TOTBIKCBHI3IAHFAH OOJIIEKTEePiHIH Meepi
apranel, 6y1 Fe ,0;-NiO/y-ALO; %aKchl KaTajuTH-
KaJIbIK OeJICeHITITiH KaMmTaMachi3 erefi. POT wotH-
JKenepi OOWBIHINIA 3epTTEITCH Karalu3aropliiapaa
Fe,O; Typinzeri ¢asa xone mmuHens Topi3ai popma-
nap - NiFe,0,, NiALO, xone CoAl,O, Ty3inmi. by
azipienren katamusaropiaap MKK peakiusacer ke3iH-
JIe TOTBHIFY-TOTHIKCHI3ZIaHy MPOLECTEPiHAEC CHUHTE3
ra3plH ally VIIiH JKOFaphl TeMIlepaTypaia OelceHIi
’kaHa (azamap Ty3eTiHIH KepceTei.

Tyuindi  ce3dep: TApPHUKTIK Ta3, MeETaH,
KOMIPKBIIIKBLI Ta3bl, OKCUATI KaTalu3aTropiap, Me-
TaHHBIH KOMiPKBIIIKBUIIEI KOHBEPCHSICHI



