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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.

Kasakcmar Pecniybrniukacbl Y¥nmmbiK fbifibiM akademusicel "KP ¥FA Xabapnapbi. Xumusi xoHe
mexHorsoeusi cepusicbl” fbinbiMU XypHarnbiHbiH Web of Science-miH xaHanaHraH Hyckacsi Emerging
Sources Citation Index-me uHOekcmenyzae KabbindaHFaHbIH xabaprnaldbl. byn uHdekcmeny 6apbicbiHOa
Clarivate Analytics komnaHusicel XypHandbl odaH api the Science Citation Index Expanded, the Social
Sciences Citation Index xoHe the Arts & Humanities Citation Index-ke kKabblnday wmacesneciH
kapacmeipyOa. Webof Science 3epmmeywinep, asmopsap, bacnawbiiap MeH MeKeMmesiepee KOHMeHm
mepeHdiei MeH canacbiH ycbiHaobl. KP ¥FA Xabapnapbl. XuMusi XXoHe mexHoroausi cepusicel Emerging
Sources Citation Index-ke eHyi 6i30iH KoramOacmbIK YWiH eH 63eKmi xoHe 6edesidi XUMUSIIIbIK FblribiMOap
bolibiIHWa KoHmeHmke adarsnobifbiMbi30bl 6indipedi.

HAH PK coobwaem, ymo Hay4HbIl xypHan «h3eecmus HAH PK. Cepusi xumuu u mexHosnoaul» 6bir
npuHam Ans uHdekcuposaHusi 8 Emerging Sources Citation Index, obHosneHHol eepcuu Web of Science.
ColepxxaHue 8 amom uHOeKcuposaHuUu Haxodumcs 8 cmaduu paccMmompeHusi komnaHueli Clarivate
Analytics 0nsi danbHeliweeo npuHImMusi xypHana e the Science Citation Index Expanded, the Social
Sciences Citation Index u the Arts & Humanities Citation Index. Web of Science npednazaem kadyecmeo u
enybuHy koHmeHma 0ns uccriedosameried, asmopos, usdamerel u yupexdeHul. BknoyeHue Msgecmus
HAH PK e Emerging Sources Citation Index GemMoHcmpupyem Hawy MnpueepXxeHHocmb K Hauboree
akmyasibHOMY U 8/1USIMmesIbHOMY KOHMEeHMY o XUMUYEeCKUM Haykam Ors Hauleeo coobujecmea.
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INTERACTION OF THE Fe/y-Al,O; CATALYTIC SYSTEM
WITH PROBE MOLECULES
IV. STUDY OF THE INTERACTION OF HYDROGEN WITH 7-AL O3
OXIDE AND THE Fe/y-Al, O3 SYSTEM

Abstract. The work is devoted to the study of the interaction of heterogeneous catalytic systems with adsorbed
molecules. The results of the interaction with a hydrogen of y-Al,O; oxide and the Fe/y-Al,O3; system using IR
spectroscopy, methods of temperature programmed desorption and temperature programmed reduction by hydrogen
are presented. An ability of the system to adsorb and activate the initial H, probe molecule was defined and an
assessment of the active (adsorption) centers was made.

Various adsorption centers were detected during their interaction with hydrogen in the temperature range
293-773K on the surface of both y-Al,O3; oxide and the Fe/y-Al,O; system using IR spectroscopy. The relative
intensity of the absorption bands corresponding to these centers depends on the temperature of interaction with
hydrogen.

The adsorbed hydrogen is desorbed in the form of two peaks on the temperature scale from the y-Al,O; surface
and in the form of three peaks from the surface of the Fe/y-Al,Os system. The appearance of additional desorption
peaks for the Fe/y-Al,Os system is associated with iron deposited on alumina. It was concluded that on the surface of
7-Al,O3 oxide and the Fe/y-Al,O3 system, there are adsorption centers that differ in energy characteristics (binding
energy). Moreover, these characteristics may also depend on the percentage of the iron-containing component on the
surface of aluminum oxide.

Two adsorption peaks are observed on the temperature scale for y-Al,O; oxide and in the case of the Fe/y-Al,O3
system, in addition to two adsorption peaks, a desorption peak is also observed using the TPR method of hydrogen.
v-ALLO; oxide and the Fe/y-Al,O3 system contain different states of metal oxide forms, since several maxima are
clearly distinguishable on the TPR curves of hydrogen which indicates the reduction of particles of various
compositions.

Key words: heterogeneous catalysis, physicochemical research methods, adsorbed molecules.

Introduction. One of the most common and highly effective methods for studying adsorption centers
on the surface of supports and heterogeneous catalysts are infrared spectroscopy [1-5], temperature
programmed desorption (TPD) and temperature programmed reduction (TPR) [6-10]. The use of IR
spectroscopy to study the donor-acceptor surface properties is based on the spectral probe method. The
properties of adsorption centers are judged by the absorption spectra of the adsorbed molecules, as well as
by the change in the position of the absorption bands observed during adsorption.

The strength of active sites is judged by the position of the peaks on the temperature scale in the TPR
and TPD methods and the activation energy of the probe molecule, and its area can serve as a measure of
the quantity of centers of various types.

This work is a continuation of studies on the interaction of a heterogeneous catalytic system with
adsorbed molecules [11-13].

Experimental. Fe/y-Al,Os3 system with an iron content of 3; 13 wt.% was prepared by impregnating
[10-13] the initial y-Al,Os oxide with an aqueous solution of iron acetate, followed by drying and
calcination in air.
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IR spectroscopy

Sample preparation and obtaining IR spectra took place in several stages. At the first stage, the
sample (a tablet with KBr filler) was placed in a sealed quartz cell and heated to 523K with simultaneous
evacuation for 2 hours. Then, the temperature dropped to 293K. Then, the temperature decreased to 293K.
Next, hydrogen purging began at the required temperature (from a given temperature range of 293-773K)
for 150 minutes. After that, a temperature of 293K was established then the cell was purged with an inert
gas for 30 minutes and after that the IR spectrum was taken.

Equipment - Nicolet iS5 IR spectrometer, Thermo Scientific, USA. Operation mode: resolution 1 cm’
!, number of scans - 200.

Temperature programmed desorption (TPD-H>)

A chromatographic version of temperature programmed desorption was used. The sample with the
molecules of the probe substance preliminarily adsorbed on it was subjected to heating at a certain
constant speed in the flow of the carrier gas. During desorption, the substance in the gas phase passed
through the cell of the thermal conductivity detector (TCD), and the resulting signal was recorded.

Conditions for preparing samples for hydrogen adsorption:

- vacuum treatment 30 minutes;

- sample dehydration in a stream of dry argon (3-5 ml/min) at a temperature of 623K for 120 minutes.

Hydrogen adsorption:

- hydrogen feed rate 5 ml/min;

- adsorption duration one hour; temperature range 293-773K.

Programmed desorption of hydrogen:

- temperature variation range from 293 to 773K;

- speed - 12K/min;

- carrier gas velocity (argon) - 75 ml/min;

- detector sensitivity 1:8.

Desorbed ammonia was detected by chromatograph's TCD and was recorded as a TPD spectrum. At
certain temperatures, the TPD spectrum had maxima that characterized the adsorption sites of the sample.
The amount of hydrogen desorbed in the corresponding temperature range was determined by peak areas,
having previously established how much hydrogen corresponds to the area unit.

Equipment - "CETARAM" thermo analyzer, France.

Hydrogen temperature programmed reduction (H>-TPR)

Conditions for preparing samples for hydrogen reduction:

- vacuum treatment 30 minutes;

- sample dehydration in a stream of dry argon (5 ml/min) at a temperature of 623K for 120 minutes.

Hydrogen reduction:

- temperature variation range from 293 to 773K;

- speed - 12K/min;

- carrier gas velocity (argon) - 75 ml/min;

- hydrogen concentration 5%;

- detector sensitivity 1:8.

Equipment - "CETARAM" thermo analyzer, France.

Results and discussion. /nvestigation of the Fe/y-Al:O3 system using FTIR spectroscopy during
hydrogen adsorption.

The interaction of y-Al,O3 oxide and the Fe/y-Al>Os system with H, was studied in the "In Situ” mode
in the temperature range 293-773K. The data obtained for y-Al,O; are necessary as reference points for
comparison when studying the Fe/y-Al,O3 system.

Figures 1-14 show the IR spectra of y-Al,Os oxide and the Fe/y-Al,O3 system when interacting with
hydrogen at different temperatures and table 3 shows the results of their interpretation.

In the initial y-Al,O3 oxide (Figs. 1-7, Table 1), as well as in its interaction with hydrogen, the IR
spectra contain absorption bands corresponding to -OH groups bound on the surface by hydrogen bonds,
absorption bands from Al-O bonds, and also vibrations of CH bonds in the -CH, -CH», -CH3 groups (in
trace amounts). A small amount of hydrocarbons, apparently, remained in the y-Al,Os oxide after
synthesis.
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There is also an absorption band related to -OH bridging groups bound to aluminum ions in
octahedral and (or) tetrahedral coordination. However, upon interaction with hydrogen, this absorption

band disappears.

Absorption bands appear associated with the Lewis acid sites upon interaction with hydrogen. As
temperature increases the relative intensity of the absorption bands corresponding to the Lewis centers
decreases noticeably and the band shifts to the long-wavelength region (figures 2-7, table 1).
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Table 1 - Interpretation of the data of the IR spectra of y-Al2O3 and y-Al2O3 upon interaction with Hz in the range 293-773K

Absorption bands, cm’!

T,K Sample Assignment of absorption bands
y-ALO3 Fe/y-AlLO3
1 2 3 4
Initial states
3699 3702 Stretching vibrations of bridging -OH groups bound to aluminum ions in
octahedral and (or) tetrahedral coordination
3453, 3250 3452, 3212 Stretching vibrations of -OH groups bound on the surface by hydrogen bonds
293 Stretching vibrations of -OH groups bound on the surface of alumina by
3404, 3301,
hydrogen bonds
1633, 1571, | 1632, 1584, | Bending vibrations of -OH groups bonded on the surface by hydrogen bonds
1524, 645 1526, 623
1457, 1391 1468, 1400, 1358 | Bending vibrations of C-H bonds in -CH, -CHa, -CH3; groups (traces)
1088, 1048 1068 Stretching vibrations in -Al-O- groups in tetrahedral and (or) octahedral
coordination
318,753 804. 728 Bendipg 'Vibrations in -Al-Q- groups in tetrahed.ral and (or) octahedral
i i coordination, as well as, possibly, in Al-O-Fe groups in the Fe/y-Al2O3 system
565 550 Stretching vibrations of M-O bonds (M = Al; Fe)

Interaction with hydrogen

Stretching vibrations of -OH groups bound on the surface by hydrogen bonds,

3493, 3220 3582, 3253 including those on the surface of hydroxides (3582 cm-1)
Stretching vibrations of -OH groups formed upon dissociative adsorption of
3389 3394,
hydrogen on the surface
1631, 1588, 623 | 1637, 1576, 606 | Bending vibrations of -OH groups bonded on the surface by hydrogen bonds
1462, 1406, | 1463, 1420, | Bending vibrations related to -OH groups (against the background of bending
1353 1382, 1352 vibrations of CH bonds in -CH, -CHa, -CH3 groups)
203 1264, 1154, 912 Bending vibrations related to -OH groups of different coordination
1738, 1699 Stretching vibrations related to -AIH™ groups (Lewis acid sites)
1106, 1024, 878 | 1086, 1019 Stretching vibrations in -Al-O- groups in tetrahedral and (or) octahedral
coordination
The wide unresolved absorption band (820-700 cm™) probably refers to
bending vibrations in the -Al-O- groups in tetrahedral and (or) octahedral
820-700 region | 842 coordination. In this region, bending vibrations belonging to the -AlH" groups
(Lewis acid sites) can also be located. The band at 842 cm™! (for the Fe/y-
AlOs system), possibly, refers to bonds in the Al-O-Fe groups.
Stretching vibrations of -OH groups bound on the surface by hydrogen bonds
3492, 3220 3483, 3252
Stretching vibrations of -OH groups formed upon dissociative adsorption of
3385 hydrogen on the surface
Bending vibrations of -OH groups bonded on the surface by hydrogen bonds
1631, 1586, 597 | 1629, 1584, 616
1466, 1428, 1462. 1403. 1341 Bending vibrations related to -OH groups (against the background of bending
1402, 1348 ’ ’ vibrations of CH bonds in -CH, -CHa, -CH3 groups)
1265, 1156 1167 Bending vibrations related to -OH groups of different coordination
373 1743, 1697 1742 Stretching vibrations related to -AlH groups (Lewis acid sites)
Stretching vibrations in -Al-O- groups in tetrahedral and (or) octahedral
1020 1019 .S
coordination
The wide unresolved absorption band (820-700 cm™) probably refers to
bending vibrations in the -Al-O- groups in tetrahedral and (or) octahedral
coordination. In this region, bending vibrations belonging to the -AlH" groups
820-700 region | 874 (Lewis acid sites) can also be located. The band at 874 cm! (for the Fe/y-
AlLO3 system), possibly, refers to bonds in the Al-O-Fe groups.
3489, 3218 3472, 3241 Stretching vibrations of -OH groups bound on the surface by hydrogen bonds
473

1631, 1586, 602

1628, 1588, 621

Bending vibrations of -OH groups bonded on the surface by hydrogen bonds
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Continuation of table 1

1 2 3 4
1462, 1403, 1387, | 1462, 1403, B.endi.ng vibrations relat;d to -OH groups (against the background of bending
1350 1327 vibrations of CH bonds in -CH, -CHz, -CH3s groups)

1264. 1153 1153 Bending vibrations related to -OH groups of different coordination
1740 1741 Stretching vibrations related to -AlH- groups (Lewis acid sites)
Stretching vibrations in -Al-O- groups in tetrahedral and (or) octahedral
1110, 1021, 875 1125 coordination.
Stretching vibrations of -OH groups bound on the surface by hydrogen bonds
3489, 3226 3471, 3240
Bending vibrations of -OH groups bonded on the surface by hydrogen bonds
1630, 1574, 627 1626, 1574, 614
Bending vibrations related to -OH groups (against the background of bending
1465,1430,1405, 1462, 1432, vibrations of CH bonds in -CH, -CHz, -CH3 groups)
1339 1409
s 1269, 1152 1228 Bending vibrations related to -OH groups of different coordination
Stretching vibrations related to the groups -AlH™ and -FeH™ (Lewis acid sites)
1735 1673
1107, 1020, 847 1085, 1023 Stretchlng vibrations in -Al-O- groups in tetrahedral and (or) octahedral
coordination.
The wide unresolved absorption band (820-700 cm’') probably refers to
bending vibrations in the -Al-O- groups in tetrahedral and (or) octahedral
820-700 region 811 coordination. In this region, bending vibrations belonging to the -AIH™ groups
(Lewis acid sites) can also be located. The band at 811 cm™ (for the Fe/y-
AlLOj system), possibly, refers to bonds in the AI-O-Fe groups.
3684 Stretching vibrations of terminal -OH groups bonded with aluminum ions
3493, 3230 3453, 3240 Stretching vibrations of -OH groups bound on the surface by hydrogen bonds
1635, 1576, 603 1630, 1573, 591 | Bending vibrations of -OH groups bonded on the surface by hydrogen bonds
Bending vibrations related to -OH groups (against the background of bending
1499, 1465, 1410 | 1467 vibrations of CH bonds in -CH, -CHz, -CH3 groups)
1283, 1182, 1152 1248 Bending vibrations related to -OH groups of different coordination
673 1696 Stretching vibrations related to -AlH" groups (Lewis acid sites)
1080, 1021, 882 1087, 1022 Stretchlng vibrations in -Al-O- groups in tetrahedral and (or) octahedral
coordination.
The wide unresolved absorption band (820-700 cm') probably refers to
bending vibrations in the -Al-O- groups in tetrahedral and (or) octahedral
820-700 region 832 coordination. In this region, bending vibrations belonging to the -AlH™ groups
(Lewis acid sites) can also be located. The band at 832 cm™ (for the Fe/y-
AlLOj system), possibly, refers to bonds in the Al-O-Fe groups.
3685 Stretching vibrations of terminal -OH groups bonded with aluminum ions
3480. 3248 3453 Stretching vibrations of -OH groups bound on the surface by hydrogen bonds

773 ’

1638, 1506, 603 1620 Bending vibrations of -OH groups bonded on the surface by hydrogen bonds

1461. 1308 1460 Bending vibrations of -OH groups (against the background of bending

i vibrations of CH bonds in -CH, -CHa, -CH3s groups)

1162, 1154, 925 1182 Bending vibrations related to -OH groups of different coordination

1688 Stretching vibrations related to -AlH- groups (Lewis acid sites)

1083, 1021, 878 1082, 1029, 940 Stretchlng vibrations in -Al-O- groups in tetrahedral and (or) octahedral
coordination.

306 The wide unresolved absorption band (820-700 cm') probably refers to

. bending vibrations in the -Al-O- groups in tetrahedral and (or) octahedral

(in 820-700 Lo hi . . S longi he -AIH-

region) coord.lnatl.on. .In this region, bending vibrations belonging to the -AIH" groups
(Lewis acid sites) can also be located.

In the initial Fe/y-Al,O3 system (figure 8, table 1), as well as in the initial y-Al,O; oxide there are
absorption bands related to -OH bridging groups associated with aluminum ions in the octahedral and (or)
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tetrahedral coordination, absorption bands related to -OH groups bound on the surface by hydrogen bonds,
absorption bands related to Al-O bonds. In addition, an absorption band related to Fe-O bonds is observed
in the initial Fe/y-Al,O3 system. This absorption band disappears while interacting with hydrogen. The
absorption band associated with the -OH bridging groups also disappears while interacting with hydrogen,
similar to what happened in the case of y-Al,O3 oxide.

It should be noted that in the Fe/y-Al,O; system (initial state) there are absorption bands belonging to
the -OH groups on the surface of aluminum hydroxides. This is in good agreement with the data presented
in our works [11, 12]. There were noted that during the synthesis of the Fe/y-Al,Os; system by
impregnation partial hydrolysis of aluminum oxide can occur resulting in the formation of a certain
amount of aluminum hydroxide.

Upon interaction with the hydrogen of the Fe/y-Al,O3; system, as in the case of alumina, absorption
bands appear associated with the Lewis acid sites. The relative intensity of the absorption bands
corresponding to Lewis centers also decreases as temperature increases similarly to what was observed for
'Y-A1203 oxide.

At the same time there are noticeable differences (figures 8-14, table 1), in particular, the absorption
bands in the 1283-912 cm™ region corresponding to the bending vibrations of the -OH groups appear only
starting from 373K and this is only one band. The decrease in the number of absorption bands is possibly
associated with a partial coating of the hydroxyl surface of the support with an iron-containing component.
In addition, in the long-wavelength region of the IR spectra there are absorption bands that can be
attributed to bonds in the Al-O-Fe groups.

Absorption bands related to stretching vibrations associated with Lewis centers are present only in a
limited 373-573K temperature range. In addition, at 573 K, a significant (more substantial than in the case
of y-ALl,O3) band shift to the long-wavelength region occurs. Perhaps this is due to the fact that at 573K
Lewis centers can be associated with iron. It should be noted that the absorption bands corresponding to
the Lewis centers are not recorded at temperatures above 573K, which is in good agreement with the onset
of iron reduction in the Fe/y-Al,Os3 system [29]. It follows that the -Fe-H™ fragments are unstable at higher
temperatures. Therefore, we can conclude that the reduction of Fe*" to the Fe’" state occurs upon
dissociative adsorption of hydrogen (by a peculiar hydride mechanism) with the formation of hydride
states of iron and their subsequent decomposition with the release of hydroxyl groups (water vapor).

3 Study of the Fe/y-Al,Os system using temperature programmed desorption during hydrogen
adsorption in 293-773K temperature range

The surface properties of y-Al,O; oxide (as a reference point) and the Fe/y-Al,O; system with
different iron contents (3% Fe/y-Al,O3; 13%Fe/y-Al,0O3) were studied. The results of TPD-H; for y-Al,Os3
oxide are shown in Figure 15 (1) and Table 2.

Adsorbed hydrogen is desorbed from the y-Al,Os3 surface on a temperature scale in the form of two
peaks (table 2). Over the entire temperature range of adsorption the low-temperature desorption peak A is
in 463-443K range. The amount of desorbed gas for peak A is extreme with a maximum position at an
adsorption temperature of 373K.

The high-temperature peak B in quantitative terms is much inferior to the lower-temperature peak A.
As the adsorption temperature goes up its intensity increases slightly, and the position shifts to the high-
temperature region, moreover, peak B appears only at adsorption temperatures above 373K.

It should be noted that the dependence of the total amount of desorbed gas on the adsorption
temperature passes through a maximum at 373K.

As follows from Figure 15 (2, 3) and Table 3, in the case of the 3% Fe/y-Al,Os system at adsorption
temperatures above 473K, the third desorption peak C’ appears, and the amount of desorbed gas
corresponding to this peak slightly increases with increasing temperature. For the 13%Fe/y-Al,O3 system,
the third desorption peak C” exists only at an adsorption temperature of 293K. At the same time, the
temperature ranges for the existence of peaks A, A’, and A" for y-Al,O3 oxide and Fe/y-Al,O; systems are
almost identical.

As for the amount of desorbed gas corresponding to these peaks, here the picture is not so clear. As
noted above, for y-Al,O3 oxide, the amount of desorbed gas for peak A passes through a maximum at an
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adsorption temperature of 373K. The amount of desorbed gas for the A" peak (3%Fe/y-Al,O3 system)
passes through a minimum at an adsorption temperature in the range 473-573K. A similar picture is

observed for the A” peak (13%Fe/y-AlO3 system).
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Figure 15 - TPD-H: profiles of y-Al203 oxide, 3%Fe/y-Al2Os and 13%Fe/y-Al2Os systems
Table 2 - TPD-Ha study results for y-Al2O3 oxide
Adsorption The maxima temperature The amount_ :)f desorbed The total amount of
Adsorbent of adsorption peaks, K gas, 10 mol/g W)
temperature Ha, K desorbed gas, 10 mol/g
A B A B
293 458 - 1.96 - 1.96
373 463 - 3.66 - 3.66
423 458 648 2.63 0.27 2.90
y-AlO3 473 453 658 243 0.43 2.86
573 458 663 2.35 0.55 2.90
673 453 663 2.13 0.55 2.68
773 443 673 1.94 0.55 2.50

The results of TPD-H, for the Fe/y-Al,O3 system are shown in figure 15 (2, 3) and are shown in
table 3.
The amount of desorbed gas corresponding to the B” peak (13%Fe/y-Al,O3 system) increases slightly
with adsorption temperature, as was observed for y-Al,O3 oxide (B peak). In the case of the 3%Fe/y-Al,O3
system (B’ peak), the amount of desorbed gas passes through a maximum at 373K with an increase in the
adsorption temperature.
The dependence of the total amount of desorbed gas for 3%Fe/y-Al,O; and 13%Fe/y-ALLO3 systems
on the adsorption temperature, unlike y-Al,O3 oxide, passes through a minimum (table 3).

— 130 ——



ISSN 2224-5286 Series chemistry and technology. 4. 2020

Table 3 - Results of TPD-Hz studies for Fe/y-Al2O3 system

The maxima temperature | The amount of desorbed
Adsorption of adsorption peaks, K gas, 10 mol/g The total amount
Adsorbent temperature Ho, of desorbed gas,
K A B’ c A | B c 10 mol/g
293 463 653 - 298 | 0.90 - 3.88
373 463 663 - 3.03 1.03 - 4.06
423 458 663 - 3.14 | 097 - 4.11
3%Fe/y-ALO3 473 463 663 - 1.84 | 0.68 - 2.52
573 468 - 698 1.87 - 0.66 2.53
673 463 - 693 2.62 - 0.73 3.35
773 453 - 703 2.61 - 0.76 3.37
A" B” (64 A" B” (04

293 463 - 753 3.07 0.81 3.88
373 453 673 - 2.46 0.66 - 3.12
423 448 673 - 238 | 0.70 - 3.08
13%Fely-ALOs 473 448 | 673 - |217] 082 - 2.99
573 453 673 - 224 | 084 - 3.08
673 448 673 - 2.52 0.83 - 3.35
773 448 673 - 250 | 0.86 - 3.36

The appearance of the third additional desorption peak of C', C" for the 3%Fe/y-Al,Os, 13%Fe/y-
AlOs systems, respectively, in comparison with y-Al,Os3 oxide is associated with the presence of an iron-
containing component on the surface of aluminum oxide. The differences between the 3%Fe/y-Al,O; and
13%Fe/y-Al,O; systems (temperature ranges for the existence of the B’, B” and C', C"” peaks) can be
explained by the fact that for the 13%Fe/y-Al,O; system coating the surface of alumina with an iron-
containing component is multilayer [11, 12].

Summarizing this section, we can conclude that on the surface of y-Al,O; oxide and the Fe/y-AlLO;
system there are adsorption centers that differ in energy characteristics (binding energies). Moreover,
these characteristics may also depend on the percentage of the iron-containing component on the surface
of aluminum oxide.

4 Study of the Fe/y-Al,O; system using temperature programmed hydrogen reduction in 293 - 773K
temperature range

The surface properties of y-Al,O; oxide (as a reference point) and the Fe/y-Al,O; system with
different iron contents (3%Fe/y-Al,Os; 13%Fe/y-Al,O3) were studied.

Figure 16 shows the TPR-H, curves for y-Al,O3 oxide and the Fe/y-Al,O3 system. The results are
shown in table 4.

The TPR-H; profiles for y-Al,O; oxide (figure 16 (1), table 4) in the adsorption region (a) contain two
peaks at temperatures of 458 and 673K, and the second peak is noticeably lower in intensity. In a given
temperature range no desorption peaks are observed, which probably indicates the strength of hydrogen
bonding with the surface of y-Al>O; oxide.

The TPR-H; profiles for the 3%Fe/y-Al,O3 and 13%Fe/y-Al,O; systems in the adsorption region (a)
also contain two peaks, but at 478 and 583 K (figure 16 (2), (3), table 4). A higher temperature peak is
also noticeably lower in intensity.
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Figure 16 - TPR-H2 profiles for y-Al203 oxide
and the Fe/y-Al203 system in the temperature range 293-773K
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Table 4 - The results of the study using TPR-H: for y-Al>Os oxide
and the 3%Fe/y-Al2O3 system in 293-773K temperature range

The maxima The maxima
Adsorbent temperature of temperature of Was, ZWabs, Woes,
P P 10* mol/ 10* mol/ 10 mol/
adsorption peaks, K adsorption peaks, K & g &
A B C A B A+B C
y-Al03 458 673 - 0.94 0.22 1.16 -
3%Fely-Al20Os3 478 583 703 0.92 0.33 1.25 0.84
13% Fe/y-Al2Os 478 583 703 0.35 0.90 1.25 0.70
Waps - amount of adsorbed substance; YW aps - total amount of adsorbed substance; Wpes - amount of desorbed substance.

Noteworthy is the temperature shift of the adsorption peaks for the Fe/y-Al,O3 system, regardless of
the iron content, in comparison with y-Al,O3; oxide. This may be due to the fact that in the case of the
Fe/y-Al,O3 system with 3 and 13% of iron content and is almost completely coated with an iron-
containing component, as was shown using scanning electron microscopy in [11, 12 ] and therefore,
adsorption should take place on it.

In addition, (figure 16, table 4), on the TPR-H, profile for the Fe/y-Al,O3 system, regardless of the
iron content, there is a desorption region (b) with a peak maximum at 703K. It should be noted that the
desorption (from 56 to 67%) of the reagent adsorbed at lower temperatures occurs in the range of ~630-
773K. This interval is well superimposed [29] on the temperature interval of the reduction of Fe’* states to
Fe®" states.

Since several adsorption peaks are clearly distinguishable on the TPR-H, profiles, it can be assumed
that y-ALOs oxide and 3%Fe/y-AlLOs, 13%Fe/y-Al,O3 systems contain different states of metal oxide
forms. The presence of a desorption region in the range of 630-773K for 3%Fe/y-Al,Os, 13%Fe/y-AlO3
systems is apparently associated with the reduction of the Fe’* state to Fe*" upon dissociative hydrogen
adsorption, for example, by the mechanism:

Fe,Os + H+ H" — FeO + OH +H — FeO + H,OT

Conclusion. Studies of the Fe/y-Al,O; system in the temperature range 273-773K showed that its
surface is heterogeneous and represents a set of adsorption centers with different energy characteristics.

Lewis acid centers were detected using IR spectroscopy on the surface of both y-AlO; oxide
(support) and the Fe/y-Al>Os system, during their interaction with hydrogen in the temperature range 293-
773K. The relative intensity of the absorption bands corresponding to these centers depends on the
temperature of interaction with hydrogen and decreases with its growth both for y-Al,O; and for the Fe/y-
Al O3 system.

For the Fe/y-ALO; system the —OH groups’ absorption bands in the region of 1283-912 cm™ appear
only starting from 373 K and this is only one band. The decrease in the number of absorption bands is
apparently associated with a partial coating of the hydroxyl surface of the support with an iron-containing
component. In addition, in the long-wavelength region of the IR spectra there are absorption bands that
can be attributed to bonds in the Al-O-Fe groups.

It was shown that on the surface of y-Al,O3 oxide and the Fe/y-Al,O; system, there are adsorption
centers that differ in their energy characteristics (binding energies) by TPD-H, method. Moreover, these
characteristics may also depend on the percentage of the iron-containing component on the surface of
aluminum oxide.

Using the TPR-H, method, it was found that y-AlL,O; oxide and 3%Fe/y-AlLOs, 13%Fe/y-Al,O3
systems contain different states of metal oxide forms, since several extrema are clearly distinguishable on
the TPR-H; profiles.

This work was financially supported by the State Institution “Science Committee of the Ministry of
Education and Science of the Republic of Kazakhstan” under the grant AP05130654.
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Fe/y-AL2 O3 KATAJIMTUKAJIBIK )KYHEHIH 30HITHI MOJEKYJIATAPMEH ©3APA OPEKETI
IV. y-ALO3 OKCHJII )KOHE Fe/y-AL O3 ’KYUECIHIH, CYTEI'IMEH ©3APA OPEKETIH 3EPTTEY

Annotanusi. JKyMmbIC reTeporeHzi KaTaJUTHKAIBIK O>KYHelnepaiH aacopOTaiFraH MoOJeKylalapMeH e3apa
opekeTiH 3eprreyre apHaimraH. MyHna Oacranmkel V-Al,Os oxcun cyrericimer koHe WK-cmekrpockomnus,
TepMoOariapIaMallaHFal JlecopOuus, CyTeriMeH TepMoOariapiaMallanFaH TYPAETrl TOTHIKCBI3AAHABIPY oficTepi
apKBUTBI aJIBIHFAaH TeMipaiH Typii KypaMmasl Fe/y-Al,O3 xylienepiia e3apa opeKeTTecy HOTHKENEepi KeATipiireH.

Amromuanit okenni y-AlbOs xone Fe/y-Al,Osz xyifeciHe KaTBICTHI XXYPTi3UIT€H 3epTTeyiep TeMip KypambIHa
Kapamacrat 273 - 773K temnepaTypaiblK HHTEpBaJIbIHIa OeTi OIpKeJIKi eMec JKoHE 63 aJJIbIHA TYPJIl SHEPTeTHKAIBIK
cumarTamachl 0ap aJacopOUUSIIBIK OPTAIBIKTAD KUBIHTHIFBI EKEHIITH KOPCETTI.

UK-cnextpockonusi apkbuibl v-Al,O3 okcuai (TaceiMangaymibl) cexingi Fe/y-Al,Os kyiiecinne ne onapiabiH
cyTeriMeH e3apa opekerrecyi ke3inae 293-773K temneparypanslk nHTepBaga JIBIOUCTIH KBIIIKBUIIB OPTAIBIKTAPEI
aHbIKTaAel. OCBl OpTaNbIKTapFa skayaln OepeTiH KYThUTYy >KOJIAKTAPbIHBIH CalbICTBIPMANIbl KAapKbIHBI CYTETIMEH
e3apa opeKeTTecy TeMIlepaTypachiHa OalaHbICThI XKoHE 011 skorapbularanna y-AlOs cusiktel Fe/y-AlLOs xyienepi
YIIIiH 1€ TOMEHACHII.

Fe/y-Al,O3 xyiieci ymrin xyTeuTy skomakTapsl 1283 — 912 cm! atimareimma, OH-tonrap ymin tex kama 373K
Oacran maima Oosazpl jxkoHE Oyl Tek Oip FaHa jxonak. JKYThUTy JKOJAaKTapbl CAHBIHBIH a3ai0bl TEMipKypamac
KOMITOHEHTTEp TaChIMaJIJayIlIbICBIHBIH I'MPOKCUIIB1 OETiHIH jKapThulail xKaObuTybIHa OaiiIaHbICTBI 0Oyl MYMKIH.
bynan Oacka MK-cnektpiiepaiH y3bIH TOJKbIHIBI aiimarbigaa Al-O-Fe tonrapeinmarbl OailaHbICKAa KaTKbI3yFa
00JIaTBIH KYTBUTY JKOJIAKTaphl 0ap.

Fe/y-AlLO; xytiecinne Oacrankel kyine Fe-O OaiimaHpIChIHA KaTaThIH JKYTHUTY JKOJIAFBI OaifKalaibl, anaina
CYTEeTIMEH e3apa 9pEeKeTTeCKEH Ke3/le Oy KyTbuly >Koiarbl skoranansl. Fe/y-Al,Os xyiieciHiH cyTeriMeH e3apa
opekerrecyi kesinme OH-kemipiik TomTapeiMeH OalIaHBICTHI JKYTBUTY JKONAFbl na »oramanmbl, y-AlOs; okcumi
JKarqanbeIHIa 1a coai 0oragsl.

TIIJ-H> amici kepcerkenzei, y-Al,O3; okcuariy Oeringe xoHe Fe/y-Al,O3 xylienepinae o3iHiH SHEPreTHKAIBIK
cumnatTamManapbl OolbiHINIA (OaiylaHbIC DHEPTrHACHI) EpEKIIENIeHETIH aICoOpOIMsUIBIK OpTalbIKTap Oap. by
cumaTTamManap aJIIOMHHHA OKCHIIHIH OeTiHAe Temip Kypamabl KOMIIOHEHTTEPAIH MaWbI3IbIK MeJIIEpiHe
GaiaHBICTHI OOTYBI MYMKIH.

TIIB-H, omici apkbuibl y-Al,Os okcuai xoHe 3% Fe/y-ALOs, 13% Fe/y-Al,Os sxyiienepi MeTayur OKCHII
KaJIbINTapbIHbIH, TYpal KyHi mnaiina Oonaxabl, eiitkeHi TIIB-H, kuceirbiHoa OipHelie SKCTpeMyMIap aHbIK
AXKbIpaTblIaJbl.

Kypambiana temip OosranabiFbiHa KapamactaH 3% Fe/y-AlOs, 13% Fe/y-AlLOs; xyiteci ymin 630-773K
Temrepatypaiblk nHTepBanga 703K kesinme mMakcuMyM jkarnaiiel O6ap mecopOums avimarel Oabikanmansl. 3% Fe/y-
Al O3, 13% Fe/y-Al,Os xyiieci yuriH aecopOunust aiMarbIHBIH O0ITybl TeMipKYpaMaac KOMIIOHEHTTEPAiH, HaKThIpaK
alTKaHAa, CyTeri MWCCONMATHBTI ancopOUMaACH Kesimme kai-kKyiimin Fe’'-tem Fe?' nmeiiin kanmeHa Kelyine
0alJIaHBICTHI, MBICAJIBI, MEXAHU3M OOMBIHIIIA:

Fe;03 + H'+ H' — FeO + OH +H" — FeO + H,0T

Tyiiin ce3mep: rereporen i Kataius, GU3NKa-XUMUSUIBIK 3€pPTTeY dJicTepi, aAcopOLHsIaHFaH MOJIeKyJIanap.

A.P. Bpoackuii, B.IL. I'puropsesa, JI.B. Komamko, E.E. HypmakaHos,
N.C. Yanbimena, A.A. lllanoBanos, U.A. lllnbiruna, B.U. SfIckeBuu

AO «MHCTUTYT TOINIMBA, KaTanu3a u snekTpoxumun um. J1.B.Cokonbckoro», Anmatsl, Kazaxcran

B3ANUMO/JENCTBUE KATAJIMTHYECKOM CUCTEMBI Fe/y-ALOs
C MOJIEKYJIAMHU-30HJAMM. IV. UCCJIEJOBAHUE B3AUMOJIENCTBUS BOJIOPOJA
C OKCHJIOM y-AL,O; U CUCTEMOM Fe/y-AlOs

AnHoTanus. PaGoTta mocBsleHa UCCIICNOBAaHUIO B3aUMOACHCTBHS IETEPOr¢HHBIX KATAMTHYECKUX CHCTEM C
aicopOMpPOBaHHBIMH MOJIEKYJIaMH. B Heil peicTaBiIeHbl pe3yIbTaThl 10 B3aUMOACHCTBUIO C BOJOPOJOM HCXOIAHOTO
okcuga v-AbO; um cucrem Fe/y-Al,O3, ¢ pa3nuuHbBIM - COZEp)KAHHEM JKele3a, IOJNYYEeHHBIE C IOMOIIBIO
NK-CeKTpOCKOIIMHY, METOAOB TEPMONPOrPaMMHPOBAHHOW AECOPOLMH M TEPMOIIPOIPAMMHPOBAHHOTO BOCCTaHOB-
JIEHUS BOZOPOIOM.
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[TpoBenénuble uccnenoBanus okcuaa amomunus y-Al,O; u cucrem Fe/y-Al,Os, He3aBUCHMO OT copepKaHUs
xKernesa, B TemreparypHoM uHTepBaie 273 - 773K mokazanu, 9To MX IMOBEPXHOCTH HEOTHOPOIHA W IMPEICTABISAET
c000i1 Habop aJCOPOLIMOHHBIX LIEHTPOB C PA3IMYHBIMU SHEPTETHIECKUMH XapaKTePHUCTHKAMHU.

C nomornpto MK-criekrpockonuu Ha moBepxHOCTH Kak okcuaa y-Al,Os (Hocutens), Tak u cucreM Fe/y-Al,O3
IPU MX B3aUMOJIEHCTBHM C BOJOPOJOM B TemIiiepaTypHoM HHTepBasie 293 — 773K Obuth 0OHapy’>KeHbI KHCIOTHBIE
HCHTPBI JIpronca. OtHOCHTENbHAS MHTEHCHUBHOCTE II0JIOC MOTJIONICHHNA, OTBCUAOIIUX 3THM ILEHTpaM, 3aBUCUT OT
TEMIIEpaTypbl B3aUMO/ICHCTBUSI C BOAOPOJIOM M C e€ pocToM nanaer kak juis y-AlOs, tak u aist cucrem Fe/y-AlOs.

Jnst cucrem Fe/y-AlO3 nonock! moromtenus B obnactu 1283 — 912 e, rpynn — OH nosBIsAFOTCS TOJIBKO
HaumHas ¢ 373K, ¥ 3TO TONBKO OxHA 1MOJIOca. YMEHBIIEHHE KOJIMYECTBA MOJIOC IOTIOMICHHUS, BUIMMO, CBA3aHO C
YaCTHYHBIM MOKPBITHEM THIPOKCHIBHONW MOBEPXHOCTH HOCUTEINS XKeJle30coaepkanieid komrnoneHntold. Kpome toro, B
JUTHHHOBOHOBOH 00nactu K-CeKTpoB MPHUCYTCTBYIOT MOJIOCH MTOTIIOMIEHHS, KOTOPBIE MOKHO OTHECTH K CBSI35M B
rpynmax Al-O-Fe.

B cucreme Fe/y-Al,O3 B MCXOIHOM COCTOSIHUM HaOJIOMACTCS IMOJOCA MOTJIOMICHHMS, OTHOCSIIASACSA K CBA3SIM
Fe-O, ognako mpu B3aMOAEWCTBUM C BOJOPOJOM 3Ta IOJIOCA IMOTJIOMIEHUS TponaaaeT. [Ipu B3amMoaecTBum ¢
BosopoaoM cuctembl Fe/y-Al,O3 ncuesaer M mojioca MOTIIOLICHUS, CBsI3aHHAsI ¢ MOCTHKOBBbIMH Trpymamu -OH, To
e caMoe MPOUCXONT U B cirydae okcuaa y-AlLOs.

Metonom TIIJ-H, mokaszano, uro Ha moBepxHocTH okcuaa Y-AlLOs; m cucrem Fe/y-Al,O; mpucyTcTBYROT
a/ICOPOIIIOHHBIE LICHTPBI, Pa3JINYaIOIINECs [0 CBOUM SHEPreTHYECKUM XapaKTePUCTHKaM (IHEPruH cBsi3u). [Ipuuém,
3TH XapaKTePUCTHKH MOTYT 3aBUCETh M OT IPOLEHTHOTO COJEP)KaHMs JKEIe30ColepiKalleii KOMIIOHEHThl Ha
TMOBEPXHOCTU OKCHU A AJIIOMUHUS.

Metogom TIIB-H, ycranoBneno, uro okcupn y-Al,Os u cuctemsr 3%Fe/y-AlL,Os, 13%Fe/y-Al,Os conepxar
pas3iIMuHble COCTOSHMS OKCHIHBIX (OpPM MeTayula, MOCKOJbKY Ha KpuBbIX TIIB-H, yeTko pa3nuuuMbl HECKOJIBKO
9KCTPEMYMOB.

B Ttemneparypuom wunTepBane 630 —773K mns cucrem 3%Fe/y-AlOs, 13%Fe/y-Al,Os HesaBucuMo oT
coJIeprKaHMs JKenesa, HabiroaeTcsi objacTh JiecopOuuu ¢ nonoxxenneM Makcumyma npu 703K. Hanmmune oGnactn
necopbrmm st cucteM 3%Fe/y-AlLOs, 13%Fe/y-AlLOs, BUIUMO, CBSI3aHO ¢ BOCCTAHOBJICHUEM JKEJIE30COAeprKaIIei
KOMIIOHEHTBI, & UMEHHO cocTosHus Fe’* no Fe?* mpu amcconmatuBHOW ancopbuuu BOJOPOJA, HANPUMED, IO
MeXaHU3MY:

Fe;0; + H + H" — FeO + OH" +H" — FeO + H,0T

KaroueBble ciioBa: reTeporeHHmix’I KaTalins, (1)I/I3I/IKO-XI/IMI/I‘16CKI/IC METOAbI UCCJICAOBAHMA, aJICOp6l/IpOBaHHI)IC
MOJICKYJIbI.
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