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C nomouipio KOMNIEKCA CUHXPOHHOZ0 MEPMUUECKO20 AHAIU3A U MACC-CHEKMPOMEMPUU
UCCNLe008AHBL COCHOAHUA 6000P00a, cé:3ann020 akmusHvimu yenmpamu CuO/ZnO/Al,O3 kama-
auzamopa cunmesa memanona. Illoxazano nanuyuue na nogepxXHOCMU KAMAlu3amopa 4emolpex
dopm 6000poda: MoneKynIAPHOIL C1AOOCEAZAHNHON U MPEX AMOMAPHBIX RPOUHOCCAIAHHBIX C MEM-
nepamypamu oecopouuu om 200 oo 900 °C. Onpedeneno nHanuuue cmpyKmypHozo 6000pooa
CIpYKmype aKmueHoz0 Kamaauzamopad 3a c4em pasnuybl 6 6eIUUUHAX PEAKUUOHHO-CHOCOOHO20
U CMPYKmMYpHO20 6000poda. I1o 0auHbiM CUHXPOHHO20 MEPMUUECKO20 AHANUZA U MACC-CREKMPO-
Mempuu onpeoeneHbl memMnepamypvl U mMeniomovl 0ecopoyuu MoeKyIAPHBIX U AMOMAPHBIX
dopm 6000opooa ¢ uccnedyemovix kamanumuueckux cucmemax. Ilokazano enuanue cmpykmypol
CuO/ZnO/AlLO; kamanuzamopa, noayuenH020 PA3IUYHBIMU CROCOOAMU, HA COCHIOAHUE AOCOD-
Oupoeannozo 6000poda, u AKMUGHOCMU 6 peaKkyuu cunmesza memanona. Taksce nposedenvl uc-
cnedosanus kamanumuueckux cucmem cocmaea CuO/ZnO/Al,03 memodamu penmezenodazosoii
U IHEPZ0OUCNEPCUOHHON CREKMPOCKONUN, MEMNEPAMYPHO-RPOZPAMMUPOBAHHO20 60CCHIAHOGI1e-
HUA 6 cpede 8000pOOcodepI Hcawiezo 2a3a, INEKMPOHHON MUKPOCKORUU, HU3KOMEMNEPAmMYpPHOU
aocopbyuu azoma, onpeoenena ceaeKmueHOCHy KAMaaiu3amopa no Memanoy, Memamny u oume-
munosomy 3hupy é unmepeane memnepamyp 200-300 °C u oasnenuu 6 cucmeme 3 MIla. Akmue-
HOCMb U CeIEKMUGHOCIMb KAMAAUMUYECKUX CUCHIEM CPAGHUBAEMCA C NPOMBIULICHHBIMU AHATIO0-
2amu. Ilpoananusuposana mopghonozus nosepxnocmu Kamaiu3amopa nPu Pa3iudHsIX YCKOPAIo-
W{UX HANPAIHCEHUAX KAM00a INEKMPOHHO20 MUKPOCKONnA. IKCHEPUMEHMANbHO OOKA3AHO OMCym-
cmeue npAMOoIl 3a6UCUMOCIU ETUYUH AKMUGHOCHU U CEIEKMUGHOCHU UCCIE0YeMbIX Kamaau-
MUYECKUX CUCIEM C 6eTUYUHAMU YOeTbHOU NOBEPXHOCHU. IKCNIIYAmMayLOHHbLE CE6OICHEA NPO-
MBLULTICHHBIX U KAMATUMUYECKUX CUCIEM, CHHME3UPOSAHHBIX 6 padome, OIU3KU, PAZHUUY 6 ce-
JIEKIMUGHOCHU RO MEMAHOLY 0OHOZHAYUHO MOICHO 00BACHUMb AOCOPOYUOHHBIMU CEOICIMEAMU RO
OMHOWLEHUIO K 6000DP00Y.
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The condition of hydrogen bound by the active centers of CuO/ZnO/Al;Os has been inves-
tigated by the complex of thermal analysis and mass spectrometry. There are four forms of surface
hydrogen: molecular weakly bound and three atomic strongly bound with desorption temperatures
200-900 °C. The presence of structural hydrogen in the active catalyst have been determined due
to the difference in the values of reactive and structural hydrogen. Desorption temperatures and
heats have been determined for molecular and atomic forms of hydrogen in the studied catalytic
systems. The effect of the catalyst structure obtained by various methods on the adsorbed hydrogen
condition and reaction activity in methanol synthesis is shown. Also, studies of catalytic systems of
the composition CuO/ZnO/Al,O3 were carried out using the methods of X-ray phase and energy
dispersive spectroscopy, temperature-programmed reduction in a hydrogen-containing gas, elec-
tron microscopy, low-temperature nitrogen adsorption, and the selectivity of the catalyst for meth-
anol, methane and dimethyl ether was determined in the temperature range of 200-300 °C and
pressure in the system 3 MPa. The activity and selectivity of catalytic systems are compared with
industrial analogues. The morphology of the catalyst surface have been analyzed at various accel-
erating voltages of the electron microscope cathode. The absence of a direct relationship between
the activity and selectivity values of the studied catalytic systems and the specific surface area has
been experimentally proven. The operational properties of industrial and catalytic systems synthe-
sized in the work are close. The difference in selectivity for methanol can be unambiguously ex-

plained by the adsorption properties with respect to hydrogen.

Key words: mass spectrometry, hydrogen adsorption, methanol synthesis catalyst

INTRODUCTION

There are three main stages of methanol syn-
thesis: hydrogenation reactions of carbon monoxide
and carbon dioxide, as well as reverse vapor-gas reac-
tions [1]:

CO + 2H; «» CH30H, AH 95 = -90.8 (kJ-mol™?)
CO,+ 3H, <> CH30H + HzO, AH®203 = -49.4 (kJ'mol'l)
CO + 2H,0 < CO, + 2H2, AHC95 =-41.0 (kJ-mol'l)

According to numerous studies [2-6] adsorp-
tion of CO,, CO, H: is required for methanol synthesis
on supported CuO/ZnO/Al,O3 catalysts. It is experi-
mentally proved that surface hydrogen exists in indi-
vidual adsorption conditions and has different reactiv-
ity regarding various compounds [2, 7].

Since the conversion process is exothermic
and proceeds with a decrease in volume (see reactions
above), traditionally [8] the reaction is carried out at
relatively low temperatures and high pressures.
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In industry, the presented reactions are carried
out from a non-stoichiometric mixture of hydrogen and
carbon oxides at 5-10 MPa and 220-280 °C. The au-
thors of [9-11] note the optimal temperatures relative
to the selectivity of methanol yield are in the range of
180-270 °C.

The authors of [12-13] found that the main
source of carbon in methanol synthesis on
CuO/ZnO/Al;03 is CO,. The rates of methanol for-
mation from CO- become higher than from CO at tem-
peratures above 215 °C [14].

Methanol synthesis catalyst is a homogeneous
mixture of copper, zinc, and aluminum oxides. The cat-
alyst with reduced copper is considered activated. If
copper is not reduced, CO- is adsorbed on the surface
irreversibly [15].

It is known that the activity and selectivity of
a heterogeneous catalyst are largely determined by the
adsorption states of reactants on its surface [16].
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There are conflicting data on the adsorption
values and condition of hydrogen adsorbed on the
methanol synthesis catalysts, as well as catalytic sys-
tems based on supported copper for other reactions in-
volving hydrogen [2-6].

One of the first kinetic models of methanol
synthesis by A.A. Karavaev [17] suggested that the
rate-limiting step is precisely hydrogen adsorption on
the catalyst surface. According to [4], the limiting step
is the surface CHsO complex reduction by adsorbed
hydrogen.

On the one hand, there is a hypothesis [18] that
molecular hydrogen does not exist on the surface of
copper and nickel catalysts. On the other hand, there is
another hypothesis [3] that hydrogen dissociates dur-
ing adsorption. However, several studies [7, 16, 19-20]
have shown the presence of several individual adsorp-
tion forms of hydrogen, both molecular and atomic,
with heats of adsorption from 10 to 150 kJ/mol.

The direct experimental determination of
amounts of various "metal-hydrogen" surface com-
plexes in gaseous and liquid media is accompanied by
several problems [21-23]. Therefore, the authors often
use various mathematical models that allow calculat-
ing the values of hydrogen adsorption and the binding
energy of "metal-hydrogen™ with certain approxima-
tions from indirect data.

As mentioned, the maximum values of hydro-
gen adsorption on transition metals were obtained by a
combination of various physicochemical research
methods: thermal and flash desorption, secondary ion
desorption, diffraction of slow electrons, mass spec-
troscopy, potentiometry, spectroscopy, adsorption cal-
orimetry, kinetics. There are literature data mainly for
gaseous media [4].

In addition, various mathematical models are
most often used to distinguish adsorbed hydrogen by
individual forms (including quantitative determination
of forms ratio) [23] using hydrogen adsorption values.
Direct experimental methods making it possible to
classify reactive hydrogen according to individual ad-
sorption forms are not mentioned in the literature.
There are also no experimental methods for separating
the total amount of adsorbed and reactive hydrogen.

Hydrogen chemical removal from the catalyst
surface gives the most objective and reliable data of re-
active hydrogen adsorption values [16, 21]. Neverthe-
less, this method is also fraught with difficulties caused
by reagent adsorption [22].

The most effective experimental method for
separating desorbed hydrogen into atomic and molec-
ular forms can be considered the mass spectrometric
analysis [24-25].
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The goals of this work were the determination
of the total value of the hydrogen content in the re-
duced CuO/ZnO/Al,O3 catalyst and its effect on the ac-
tivity and physicochemical properties of the catalyst.

EXPERIMENTAL

Materials

The following reagents were used during the
experimental part:

— copper nitrate (Cu(NOs)2-3H20), basic sub-
stance content 99.7%;

— zinc nitrate (Zn(NOs3)2:6H20), basic sub-
stance content 99.5%;

— aluminum nitrate (Al(NOs),-9H,0), basic
substance content 99.7%;

— ammonium carbonate ((NH4)2COs3), mass
fraction of ammonia (NHs) 36.5 %;

— double-distilled water.

The following compressed gases were used
during the reduction, the catalytic experiment, and the
reaction products analysis on a gas chromatograph:

Hydrogen H, basic substance content 99.99%;

Carbon monoxide CO, basic substance content
99.80%;

Carbon dioxide CO,, basic substance content
99.80%;

Nitrogen N2, basic substance content 99.99%;

Helium He, basic substance content 99.99%;

Argon Ar, basic substance content 99.7%.

An industrial catalyst for the methanol synthe-
sis (grade K, sample #1) was used as a reference sample.

Catalyst preparation

Catalyst sample 2 was obtained by mixing 2M
aqueous solutions of copper, zinc, and aluminum ni-
trates in the ratio corresponding to the industrial cata-
lyst and heated to 70 °C. 2M aqueous solution of am-
monium carbonate was used as a precipitator. The tem-
perature of the precipitator did not exceed 30 °C to
avoid its thermal decomposition. Next, the resulting
mixture was dosed into a container with 100 ml of a
buffer solution and vigorously stirred at 70 °C with
Mindray SK-500 Il syringe pumps so the pH of the so-
lution was 7. The resulting suspension was kept for 1 h
and filtered off. The resulting precipitate was repeat-
edly washed with bidistilled water at 70 °C. The pre-
cipitate was dried for 4 h at 120 °C and then calcined
at 350 °C in a muffle furnace for 4 h at a heating rate
of 5 °C/min.

Activity test

Before starting work, the catalysts were re-
duced with a gas mixture of 20 vol.% H, and 80 vol.%
N2 with a stepwise temperature increase in from 25 °C
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to 300 °C at a rate of 2 °C per minute at a reactor pres-
sure of 2 MPa and a gas space velocity of 8700 h™.

The catalytic activity of the sample was deter-
mined in the methanol synthesis reaction by a PKU-2VVD
flow-through reactor (Russia) at a pressure of 2.0 MPa.
0.5 g of a catalyst with a particle size of 0.3-0.6 mm
was loaded into a steel reactor with a fixed catalyst bed,
which was installed in a furnace. The required gas mix-
ture was supplied to the reactor using gas flow control-
lers. The reaction gas medium included, vol.%: H,—68.90,
N2 —1.36, CO - 21.00, CO, — 8.70. The volumetric gas
velocity was 8700 h™. The reactor temperature varied
from 200 to 300 °C. The gas mixture after the reactor
was fed through a heated line to a Kristallux 4000M
chromatograph (Russia) for analyzing the reaction
products. For this purpose, we used thermal conductiv-
ity detectors, and a flame ionization detector. Columns
with NaX and HayeSep Q adsorbents were used to sep-
arate the gas mixture at 65 °C.

Adsorption experiment

The adsorption properties of the catalyst con-
cerning hydrogen were studied using an apparatus
complex, which included STA 449 F3 Jupiter® NE-
TZSCH synchronous thermal analyzer and QMS 403 C
Aéolos® mass spectrometer, PulseTA® reaction gas
dosing systems, evacuation systems, high-temperature
oven, and a sensor for STA 449 F3 Jupiter®. The ion-
ization voltage was 70 V. The analysis of catalyst sam-
ples was carried out at temperatures from 30 °C to 950 °C
in an argon atmosphere. Molecular masses of the frag-
ments and the probabilities of their occurrence were
obtained from the international base NIST (https://
WWW.nist.gov).

A freshly prepared catalyst was reduced in a
stream of hydrogen at 400 °C, and transferred under a
layer of water into a cuvette of the apparatus complex
in the amount of at least 15 mg. Thermally desorbed
gases were analysed by the mass spectrometer. The exper-
imental procedure is described in detail in the work [25].

Catalyst characterization

XRD was performed on a Bruker D8 Advance
diffractometer using CuKa-radiation (A = 0.15406 nm,
voltage 40 kV, 20 mA, angles 20 = 10°+100°, scan-
ning speed 4°/min, resolution 0.01°). To identify
XRD data, the MINCRYST crystallographic database
was used.

Specific surface area and porosity were deter-
mined using the apparatus complex "Sorbi MS", apply-
ing nitrogen low-temperature adsorption according to
the BET method.

Micrographs were obtained using a scanning
electron microscope VEGA 3 TESCAN. The micro-
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graphs were employed to determine the morphology of
catalyst particles using the SE mode, and the agglom-
erate size dispersion was determined using the BSE
mode. 200 measurements of the particle diameter were
made to identify the average size of the agglomerate.

The elemental composition was determined
with an energy dispersive spectrometer (EDS) (Ox-
ford Instruments Nano Analysis, UK) with an X-ACT
detector.

TPR was carried out in a quartz reactor with a
U-shaped tube on a chemisorption analyzer "Chemo-
sorb" (Russia). Samples (50 mg) were purged with Ar
for 30 min to remove physically absorbed water and
then reduced with a gas mixture of vol.%: H; — 10%,
Ar —90% at a heating rate of 10 °C/min to 500 °C.

Characterization via powder X-ray diffraction (XRD)

The interplanar distances (d), the dimensions
of the coherent scattering region (CSR) were calcu-
lated from XRD data.

The identification of crystalline phases on the
XRD patterns was carried out by comparing the calcu-
lated interplanar distances with those given in the
ASTM database. The interplanar distances were calcu-
lated according to the Bragg equation [26]:

d = M2sin®, @
where A is the wavelength (m), ® = X¢/2 is the diffrac-
tion angle, calculated as the gravity center position of
reflex [27]:

+00 N—1
Xe = o 1 (®)ad or Xc = Y (ZIIL-+IL-+1)A19, )
where 1 is thewicntensity at the diffraction angle 9 and
Imax IS the maximum intensity.

The dimension of coherent scattering region
(CSR) was estimated using the modified Scherrer
equation [28], after linearization:

Bph cos® = A/DSCR + 4¢ sin0®, (3)
where Dscr is the dimension of the coherent scattering
region, e is the value of the relative mean square micro
deformation (MD), Bpn is the integral physical broad-
ening of the X-ray sample profile, calculated using the
Gaussian function [29]:

Bsz = ﬁz%h +ﬂi2nst 4)
where B2 is the integral broadening of the X-ray pro-
file of the sample, B2 is the instrumental broaden-
ing. Broadening of the X-ray profile of the etalon was
used as instrumental broadening.

Integral broadening of X-ray profile was cal-
culated by the equation [27]:

2 @)vas _yN-tge;
P e e P =T ©)

RESULTS AND DISCUSSION

Composition, morphology, and structure of
catalysts

The structure of the studied catalyst samples is
noticeably different despite the similar nature of the ac-
tivities of the catalytic systems at 260-300 °C.
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According to the obtained diffraction patterns,
the catalysts contain CuO and ZnO phases. Typical re-
flections for the Al,Os phase are practically absent,
which is explained by its small amount and being in an
X-ray amorphous state. In addition, the close arrangement
of the CuO peaks at 20 = 35.4° and ZnO at 26 = 36.3° in-
dicates the formation of a CuO-ZnO solid solution. For
sample #2, a much weaker diffraction peak of CuO was
observed at 20 = 38.8°, which indicates a lower crys-
tallinity of CuO following the Scherrer equation. The
average crystallite size of the CuO phase of sample #2
1s 530 A, sample #1 470 A (Table 1). Energy dispersive
analysis data indicate a close chemical composition of
both the obtained catalyst and a commercial one (Table 1).

Table 1
Properties of the studied CuO/ZnO/Al:O3 catalysts
Tabnuya 1. CeoiicrBa CuO/ZnO/Al203 kaTaau3aTopos,
uccljieayemMbie B pabore

Sample #1 #2
Sy, M?lg 101 106
Total pore volume, cm®/g 0.173 0.196
Cu49.29; | Cu42.93;
.. Zn 21.83; Zn 23.67;
Elemental composition, % Al 5.24: Al 6.03:
0 23.64 0 27.38
Dscr (cuo), A 470 530
Active surface Cu, m?/g 38.3 31.3
Average particle size Cu, A 175.6 215.1

The nitrogen adsorption-desorption isotherms
in Fig. 1 obtained for the studied catalysts refer to type
IV according to IUPAC classification [16]. Isotherms
of this kind are characteristic of objects with transition
pores (mesopores), i.e., pores with diameters ranging
from tens to hundreds of angstroms. The data obtained
indicate that the samples do not have any significant
differences. The specific surface area of samples #1
and #2 is close in their values and is 106 and 101 m?/g
(Table 1).

Temperature-programmed reduction and cat-
alytic properties

Sample #1 TPR profile (Fig. 2) consists of a
broadened peak in the temperature range 150-275 °C.
The TPR curve of sample #1 exhibits a peak at 219 and
228 °C with two maxima of hydrogen absorption. This
type of reduction can be due to the presence of copper
particles in a different dispersed state. The maxima of
hydrogen absorption for all catalysts correspond to the
reduction of copper (I1) oxide according to the scheme:
Cu®* —Cu®.

Since the active component of the catalyst is a
reduced finely dispersed copper, the catalytic proper-
ties will depend not only on the specific surface area
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but also on the active surface of the copper and its dis-
persion. According to TPR data, the active surface of
copper and its dispersion were calculated (Table 1).
The active surface is 38.3 and 31.3 m?/g for samples #1
and #2, respectively.
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Fig. 1. Nitrogen adsorption-desorption isotherms (a) and pore dis-
tribution (b) of sample N 1
Puc. 1. M3otepmsbl ancopOimu-necopOmy a3oTa (a) u pacupese-
nenue nop (b) oopaszma Ne 1
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T,°C
Fig. 2. TPR profiles for sample N 1 and N 2
Puc. 2. TIpodwau TPR mis o6pasiios Ne 1 u Ne 2
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The studies carried out at 2 MPa showed the
process temperature has a significant effect on the ac-
tivity of the catalyst. The samples had high catalytic
activity. The activity was expressed in terms of specific
productivity for methanol. The activity of both samples
increases with temperature and passes through a maxi-
mum at 260 °C (Fig. 3). Methanol productivity of the
industrial catalyst (sample #1) was 0.066 umol-s™-ge™.
The sample synthesized by the coprecipitation method
had an activity of 0.051 umol-s-ge. A further in-
crease in temperature leads to a decrease in the specific
productivity concerning methanol, and a more intense
decrease is observed for the industrial catalyst. The
drop in activity may be due to thermal deactivation of
the sample, which occurs due to a decrease in the active
copper surface as a result of the sintering of its particles.

0,08
7'00,07
370,06
é 0,05
£ 0,04
~0,03

0,02

0,01

0
200 220 240 260 280 300
T, °C
Fig. 3. Productivity for methanol on sample N 1 (1) and on sam-
ple N 2 (2)
Puc. 3. I[Ipon3BoauTeabHOCTE 1O MeTaHOIy Ha obpasme Ne 1 (1) u
Ha obpasie Ne 2 (2)

100
90 .
80 !
X 70
50
40 P
2**
30 ,/ 2%
20 e
10 _- e 3%
0 b rapom R T e A
200 220 240 260 280 300

T,°C
Fig. 4. Selectivity on methanol (1), methane (2), dimethyl ether
(3) *is for sample N 1, ** is for sample N 2
Puc. 4. CenektuBHOCTb 10 MeTaHouy (1), MeTaHy (2), TUMETHUIIO-
BoMY 2¢upy (3) * — obpazery Ne 1 ** — o6pazer; Ne 2

The methanol selectivity of the obtained sam-
ple is higher than that of the industrial one over the en-
tire temperature range (Fig. 4). In the range of 200-240 °C,
this indicator slightly increases for both catalysts,
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reaching a maximum at 240 °C. The maximum values
are 98.6% for an industrial sample and 98.97% for a
synthesized sample. A further increase in temperature
up to 300 °C leads to a more intense decrease in the
selectivity of the industrial catalyst and an increase in
the difference between the samples. The synthesized
sample has a more stable selectivity to methanol.

The selectivity to dimethyl ether in the indus-
trial sample was kept at approximately the same level
of ~1% over the entire temperature range. An insignif-
icant amount of ethanol ~0.3%, propanol, and Cs. al-
cohols are fixed at temperatures above 280 °C.

The data obtained on the activity and selectiv-
ity of CuO/ZnO/Al.O; are in good agreement with the
literature data [30, 31].

Adsorption properties of catalysts

Experimental data on the structural properties
of the methanol synthesis catalyst suggest that the cat-
alysts have the same chemical and phase composition.
They have some differences in texture characteristics
(Fig. 2). Otherwise, they do not have any significant
differences in the intensities of reflections in XRD pat-
terns (Fig. 1), CSR sizes, specific surface area and po-
rosity (Table 1 and Fig. 4). However, the activity and
selectivity of catalysts in the studied temperature
ranges differ significantly. This fact can be explained
by the different adsorption capacity of catalysts with
concerning reactants, primarily hydrogen.

We calculated the material balance of the cat-
alytic systems using the data of the complex of syn-
chronous thermal analysis and mass spectrometry. The
method took into account the probability of the appear-
ance of reactants fragments, as well as impurities in an
inert gas, determined by the chromatographic method
(Table 2).

As follows from the material balance, the main
amount of hydrogen bound to the surface of the
CuO/Zn0O/Al,0s3 catalyst is desorbed at 30 °C and be-
low. However, most of it is molecular adsorption form,
which can be explained by the experimental conditions
and the actual saturation of the catalyst with hydrogen
in the solvent. The remaining 15% of hydrogen is com-
pletely removed from the catalyst surface in the tem-
perature range from 100 to 900 °C. The obtained val-
ues of the total hydrogen content on the catalyst are
a combination of the values of adsorbed, occluded,
and dissolved hydrogen, as well as hydrogen dis-
solved in water.

Table 3 shows the temperatures and heats of
desorption of hydrogen individual adsorption forms,
which allows us to draw conclusions about the en-
ergy of the "hydrogen-metal” bond with certain ap-
proximations.
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Table 2

Material balances of the investigated samples of

CuO/ZnO/Al203 catalyst

Taonuya 2. MatepuanbHble 0aJ1aHChI HCCJIeyeMbIX
BOCCTaHOBJIEHHBIX 00pa3noB CuO/ZnO/Al203
KaTajau3aropa

Molecular masses*, Da |The amount of a component, mg
Sample #1 Sample #2
1 4.78-10° 3.57-10°
2 0.77-10° 0.81-10°
8 0.0002 0.0002
16 0.0789 0.0452
17 3.8699 4.2578
18 38.445 34.235
19 0.0555 0.0235
20 0.0411 0.0632
32 0.6532 0.4569
33 0.0022 0.0030
34 0.0022 0.0030
Solid phase 22.155 18.118
Total 65.3032 57.2058

Notes: * Molecular masses of fragments of the catalytic system
components according to the international database NIST

** Fragments of the studied system with molecular weights of
32, 33, and 34 correspond to oxygen, which is inevitably part
of argon

IMpumeuanus: * MonekysipHbIE MacChl OCKOJIKOB KOMITOHEH-
TOB KaTaJIUTUUECKOW CHUCTEMBI IO JaHHBIM MEXIyHAapOJIHOU
6a3er NIST

** @parMeHThl HCCIEeIyeMOW CHCTEMBI C MOJEKYJISIPHBIMU
Maccamu 32, 33 u 34 COOTBETCTBYIOT KHUCIOPOAY, KOTOPBIH
HEen30€KHO COIEPIKUTCS B aproHe

Table 3 shows the data of all recorded thermal
effects at 200-950 °C. Thermal effects at 200 °C and
below are difficult to interpret unambiguously due to
the presence of side processes associated with the
evaporation of water and its adsorbed molecules. At
temperatures above 800 °C, an increase in the catalyst
mass and an exothermic thermal effect were observed
in all experiments, which is explained by the oxida-
tion of metallic copper and zinc with oxygen con-
tained in argon.

The results of a comprehensive study of hydro-
gen adsorption on methanol synthesis catalysts with
the composition CuO/Zn0O/Al,O; make it possible to
discuss several processes occurring during hydrogen
desorption, e.g. oxidation of active sites of the catalyst
surface with oxygen and water. The method also makes
it possible to establish the values of the total amount of
adsorbed hydrogen, as well as the amount of reactive
hydrogen in the reduction of carbon monoxide and car-
bon dioxide subsequently.

According to the data obtained, it can be ar-
gued that the catalyst surface is energetically inhomo-
geneous for hydrogen. Based on the experimental data,
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the presence of six individual forms of adsorbed hydro-
gen is shown: one molecular and five atomic. Only two
forms match for both catalysts, which are designated
by numbers 4 and 5 in Table 3. At the same time, for
sample #2, Form 1 is unlikely to be active, since its
desorption temperature is lower than the main temper-
ature of the experiment (see Fig. 1). It can be assumed
that the high activity of sample #1 at low temperatures
is explained by the presence of forms 2 and 3. With an
increase in the temperature of the experiment, the con-
tribution of forms 2 and 3 decreases, thus the activity
of both catalysts becomes close.

Table 3
Thermodynamic effects of desorption of hydrogen
atomic forms from the surface of the catalytic system
""CuO/ZnO/Al20s3 - water™ at 200-950 °C (reduction
conditions: medium — hydrogen;
pressure — atmospheric; temperature rise rate — 4°C;
maximum temperature 950 °C)
Ta6auuna 3. TepmoauHamudeckue 3pPexThl 1ecopouumn
aToMapHbIX ()OPM BOA0PO/A C TOBEPXHOCTH
KaTtaJuTu4eckoii cucrembl «CuO/ZnO/Al203
KaTaJu3aTop — Bo/ia» B HHTepBaJie TeMneparyp ot 200
10 950 °C (yc/ioBMsI BOCCTAHOBJIEHHSI: CPeia — BOAOPO/;
JaBJieHNe — aTMOC(hepHOoe; CKOPOCTh MoIbeMa
Temnepatypsl 4 °C; MmakcuMaabHasi Temnepartypa 950 °C)

Peak Heat effects Peak Ag HO(T)
No. T1,°C | T °C area, °C? kJ/geat
Industrial catalyst sample (22.155 mg)

1* 352.6 362.5 0.219 0.13
2* 422.1 432.1 0.203 0.12
3* 695.3 705.2 0.268 0.05
4> 814.5 824.4 0.075 -0.15

Coprecipitation catalyst sample (18.118 mg)

1* 196.7 199.2 0.139 0.0207

2* 713.5 722.7 0.7 0.386

3* 802.4 831.4 0.6327 10.988

4** 905.8 913.2 0.00151 -0.067
Notes: T1 — initial heat effect temperature; T2 — final heat effect
temperature

* — hydrogen desorption, ** — oxidation of copper
IIpumeuanus: T1 — HavanbHas TeMIepaTypa TEIIOBOIO BO3-
neiictBus; T2 — KOHeyHas TeMIiepaTtypa TEIUIOBOTO BO3JCH-
CTBHSA

* — mecopOuus BOAOPOJa, ** — OKUCIICHHE MEIH

CONCLUSION

This work shows the fundamental possibility
of studying the properties of the catalyst surface to-
wards hydrogen and the thermodynamics of reactive
gases desorption using a complex of synchronous ther-
mal analysis and mass spectrometry. The data obtained
can form the basis for the development of a scientifi-
cally based selection of catalytic systems for reactions
involving hydrogen-containing gases subsequently.
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