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IN TERACTIO N  OF THE Fe/y-AbO C A TA LY TIC SYSTEM  
W ITH  PROBE M OLECULES  

IV. STUDY OF THE IN TERACTIO N  OF HYDROGEN W ITH  Y-AI2O3 
OXIDE AND THE Fe/y-AhO3 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-AbOs oxide and the Fe/y-AbOs 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 H2 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-Al2O3 oxide and the Fe/y-AbO3 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-Al2O3 surface 
and in the form of three peaks from the surface of the Fe/y-AbO3 system. The appearance of additional desorption 
peaks for the Fe/y-AbO3 system is associated with iron deposited on alumina. It was concluded that on the surface of 
y-AbO3 oxide and the Fe/y-AbO3 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-AbO3 oxide and in the case of the Fe/y-AbO3 
system, in addition to two adsorption peaks, a desorption peak is also observed using the TPR method of hydrogen. 
y-Al2O3 oxide and the Fe/y-Al2O3 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 o f the most common and highly effective methods for studying adsorption centers 
on the surface o f supports and heterogeneous catalysts are infrared spectroscopy [1-5], temperature 
programmed desorption (TPD) and temperature programmed reduction (TPR) [6-10]. The use o f IR 
spectroscopy to study the donor-acceptor surface properties is based on the spectral probe method. The 
properties o f adsorption centers are judged by the absorption spectra o f the adsorbed molecules, as well as 
by the change in the position o f the absorption bands observed during adsorption.

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

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

Experim ental. Fe/y-AhO3 system with an iron content o f 3; 13 wt.% was prepared by impregnating 
[10-13] the initial y-AhO3 oxide with an aqueous solution o f 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 o f 293-773K) 
for 150 minutes. After that, a temperature o f 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 o f scans - 200.

Tem perature p ro g ra m m ed  desorption (TPD -H 2)
A chromatographic version o f temperature programmed desorption was used. The sample with the 

molecules o f the probe substance preliminarily adsorbed on it was subjected to heating at a certain 
constant speed in the flow o f the carrier gas. During desorption, the substance in the gas phase passed 
through the cell o f 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 o f 623K for 120 minutes.
Hydrogen adsorption:
- hydrogen feed rate 5 ml/min;
- adsorption duration one hour; temperature range 293-773K.
Programmed desorption o f 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 o f the sample. 
The amount o f 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.
H ydrogen  tem perature p ro g ra m m ed  reduction  (H2 -TPR)
C onditions fo r  p rep a rin g  sam ples fo r  hydrogen reduction:
- vacuum treatment 30 minutes;
- sample dehydration in a stream of dry argon (5 ml/min) at a temperature o f 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. Investiga tion  o f  the F e/y -A h O 3 system  using  F T IR  spectroscopy during  

hydrogen adsorption .
The interaction o f y-Ah ° 3  oxide and the Fe/y-Ah° 3  system with H 2 was studied in the "In Situ" mode 

in the temperature range 293-773K. The data obtained for y-Ah ° 3  are necessary as reference points for 
comparison when studying the Fe/y-Ah° 3  system.

Figures 1-14 show the IR spectra o f y-Ah° 3  oxide and the Fe/y-Ah° 3  system when interacting with 
hydrogen at different temperatures and table 3 shows the results o f their interpretation.

In the initial y-Al2 ° 3  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 o f CH bonds in the -CH, -CH2 , -CH3 groups (in 
trace amounts). A small amount o f hydrocarbons, apparently, remained in the y-Al2 ° 3  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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Figure 1 - IR spectrum of the initial y-AhO3 oxide
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Figure 2 - IR spectrum of y-AkO3 oxide after hydrogen adsorption at 293К
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a b
a -  4000-3000 cm-1 range; b -1750-400 cm-1 range 

Figure 3 - IR spectrum of Y-AI2O3 oxide after hydrogen adsorption at 373К
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Figure 4 - IR spectrum of Y-AI2O3 oxide after hydrogen adsorption at 473К
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Figure 5 - IR spectrum of Y-AI2O3 oxide after hydrogen adsorption at 573К
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Figure 6  - IR spectrum of Y-AI2O3 oxide after hydrogen adsorption at 673К
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Figure 7 - IR spectrum of y-AhO3 oxide after hydrogen adsorption at 773К
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Figure 8 - IR spectrum of the initial 13%Fe/y-AhO3 system
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Figure 9 - IR spectrum of the 13%Fe/y-AkO3 system after hydrogen adsorption at 293K
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Figure 10 - IR spectrum of the 130/oFe/y-AhO3 system after hydrogen adsorption at 373K

a b
a - 4000-3000 cm'1 range; b - 1750-400 cm'1 range

Figure 11 - IR spectrum of the 130%Fe/y-AhO3 system after hydrogen adsorption at 473K
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Figure 12 - IR spectrum of the 13%Fe/y-AhO3 system after hydrogen adsorption at 573K
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Figure 13 - IR spectrum of the 130%Fe/y-AhO3 system after hydrogen adsorption at 673K
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Figure 14 - IR spectrum of the 130%Fe/y-AkO3 system after hydrogen adsorption upon interaction with H2 in the range 773K
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Table 1 - Interpretation of the data of the IR spectra of y-AkO3 and y-AhO3 upon interaction with H2 in the range 293-773K

Т, К
Absorption bands, cm-1 

Sample Assignment of absorption bands
y-AkO3 Fe/y-AhO3

1 2 3 4
Initial states

293

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
3404, 3301, Stretching vibrations of -OH groups bound on the surface of alumina by 

hydrogen bonds
1633, 1571, 
1524, 645

1632, 1584, 
1526, 623

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

1457, 1391 1468, 1400, 1358 Bending vibrations of С-Н bonds in -CH, -CH2, -CH3 groups (traces)
1088, 1048 1068 Stretching vibrations in -Al-O- groups in tetrahedral and (or) octahedral 

coordination
818, 753 804, 728 Bending vibrations in -Al-O- groups in tetrahedral and (or) octahedral 

coordination, as well as, possibly, in Al-O-Fe groups in the Fe/y-AkO3 system
565 550 Stretching vibrations of M-O bonds (M = Al; Fe)

Interaction with hydrogen

293

3493, 3220 3582,3253 Stretching vibrations of -OH groups bound on the surface by hydrogen bonds, 
including those on the surface of hydroxides (3582 cm-1)

3389 3394, Stretching vibrations of -OH groups formed upon dissociative adsorption of 
hydrogen on the surface

1631, 1588, 623 1637, 1576, 606 Bending vibrations of -OH groups bonded on the surface by hydrogen bonds
1462, 1406, 
1353

1463, 1420, 
1382,1352

Bending vibrations related to -OH groups (against the background of bending 
vibrations of CH bonds in -CH, -CH2, -CH3 groups)

1264,1154, 912 Bending vibrations related to -OH groups of different coordination
1738, 1699 Stretching vibrations related to -AlH- groups (Lewis acid sites)
1106, 1024, 878 1086,1019 Stretching vibrations in -Al-O- groups in tetrahedral and (or) octahedral 

coordination

820-700 region 842

The wide unresolved absorption band (820-700 cm-1) 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 
(Lewis acid sites) can also be located. The band at 842 cm-1 (for the Fe/y- 
AkO3 system), possibly, refers to bonds in the Al-O-Fe groups.

373

3492, 3220 3483,3252
Stretching vibrations of -OH groups bound on the surface by hydrogen bonds

3385
Stretching vibrations of -OH groups formed upon dissociative adsorption of 
hydrogen on the surface

1631, 1586, 597 1629, 1584, 616
Bending vibrations of -OH groups bonded on the surface by hydrogen bonds

1466, 1428, 
1402, 1348 1462, 1403,1341 Bending vibrations related to -OH groups (against the background of bending 

vibrations of CH bonds in -CH, -CH2, -CH3 groups)
1265,1156 1167 Bending vibrations related to -OH groups of different coordination

1743,1697 1742 Stretching vibrations related to -AlH- groups (Lewis acid sites)

1020 1019 Stretching vibrations in -Al-O- groups in tetrahedral and (or) octahedral 
coordination

820-700 region 874

The wide unresolved absorption band (820-700 cm-1) 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 
(Lewis acid sites) can also be located. The band at 874 cm-1 (for the Fe/y- 
Al2O3 system), possibly, refers to bonds in the Al-O-Fe groups.

473
3489, 3218 3472,3241 Stretching vibrations of -OH groups bound on the surface by hydrogen bonds

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, 
1350

1462, 1403, 
1327

Bending vibrations related to -OH groups (against the background of bending 
vibrations of CH bonds in -CH, -CH2, -CH3 groups)

1264,1153 1153 Bending vibrations related to -OH groups of different coordination

1740 1741 Stretching vibrations related to -AlH- groups (Lewis acid sites)

1110, 1021, 875 1125
Stretching vibrations in -Al-O- groups in tetrahedral and (or) octahedral 
coordination.

3489, 3226 3471, 3240
Stretching vibrations of -OH groups bound on the surface by hydrogen bonds

1630, 1574, 627 1626,1574,614
Bending vibrations of -OH groups bonded on the surface by hydrogen bonds

1465,1430,1405,
1339

1462, 1432, 
1409

Bending vibrations related to -OH groups (against the background of bending 
vibrations of CH bonds in -CH, -CH2, -CH3 groups)

573
1269, 1152 1228 Bending vibrations related to -OH groups of different coordination

1735 1673
Stretching vibrations related to the groups -AlH- and -FeH- (Lewis acid sites)

1107, 1020, 847 1085,1023 Stretching vibrations in -Al-O- groups in tetrahedral and (or) octahedral 
coordination.

820-700 region 811

The wide unresolved absorption band (820-700 cm-1) 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 
(Lewis acid sites) can also be located. The band at 811 cm-1 (for the Fe/y- 
AkO3 system), possibly, refers to bonds in the Al-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

1499, 1465, 1410 1467
Bending vibrations related to -OH groups (against the background of bending 
vibrations of CH bonds in -CH, -CH2, -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 Stretching vibrations in -Al-O- groups in tetrahedral and (or) octahedral 
coordination.

820-700 region 832

The wide unresolved absorption band (820-700 cm-1) 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 
(Lewis acid sites) can also be located. The band at 832 cm-1 (for the Fe/y- 
AkO3 system), possibly, refers to bonds in the Al-O-Fe groups.

3685 Stretching vibrations of terminal -OH groups bonded with aluminum ions

773 3480, 3248 3453 Stretching vibrations of -OH groups bound on the surface by hydrogen bonds

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 

vibrations of CH bonds in -CH, -CH2, -CH3 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 Stretching vibrations in -Al-O- groups in tetrahedral and (or) octahedral 

coordination.
806
(in 820-700 
region)

The wide unresolved absorption band (820-700 cm-1) 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 
(Lewis acid sites) can also be located.

In the initial Fe/y-AhO3 system (figure 8, table 1), as well as in the initial y-AhO 3 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-AhO3 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 o f y-AhO 3 oxide.

It should be noted that in the Fe/y-AhO3 system (initial state) there are absorption bands belonging to 
the -OH groups on the surface o f aluminum hydroxides. This is in good agreement with the data presented 
in our works [11, 12]. There were noted that during the synthesis o f the Fe/y-AhO3 system by 
impregnation partial hydrolysis o f aluminum oxide can occur resulting in the formation o f a certain 
amount o f aluminum hydroxide.

Upon interaction with the hydrogen o f the Fe/y-AhO3 system, as in the case o f alumina, absorption 
bands appear associated with the Lewis acid sites. The relative intensity o f the absorption bands 
corresponding to Lewis centers also decreases as temperature increases similarly to what was observed for 
y-AhO 3 oxide.

At the same time there are noticeable differences (figures 8-14, table 1), in particular, the absorption 
bands in the 1283-912 cm-1 region corresponding to the bending vibrations o f the -OH groups appear only 
starting from 373K and this is only one band. The decrease in the number o f absorption bands is possibly 
associated with a partial coating o f the hydroxyl surface of the support with an iron-containing component. 
In addition, in the long-wavelength region o f 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 
o f y-AhO3) 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 
o f iron reduction in the Fe/y-AhO3 system [29]. It follows that the -Fe-H" fragments are unstable at higher 
temperatures. Therefore, we can conclude that the reduction o f Fe3+ to the Fe2+ state occurs upon 
dissociative adsorption o f hydrogen (by a peculiar hydride mechanism) with the formation o f hydride 
states o f iron and their subsequent decomposition with the release o f hydroxyl groups (water vapor).

3 Study o f the Fe/y-AhO3 system using temperature programmed desorption during hydrogen 
adsorption in 293-773K temperature range

The surface properties o f y-AkO 3 oxide (as a reference point) and the Fe/y-AhO3 system with 
different iron contents (3% Fe/y-AhO3; 13%Fe/y-AhO3) were studied. The results o f TPD-H2 for y-AhO3 
oxide are shown in Figure 15 (1) and Table 2.

Adsorbed hydrogen is desorbed from the y-AhO3 surface on a temperature scale in the form o f two 
peaks (table 2). Over the entire temperature range o f adsorption the low-temperature desorption peak A is 
in 463-443K range. The amount o f desorbed gas for peak A is extreme with a maximum position at an 
adsorption temperature o f 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 o f the total amount o f 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 o f the 3% Fe/y-AhO3 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-AhO3 system, 
the third desorption peak C" exists only at an adsorption temperature o f 293K. At the same time, the 
temperature ranges for the existence of peaks A, A ', and A" for y-AhO3 oxide and Fe/y-AhO3 systems are 
almost identical.

As for the amount o f desorbed gas corresponding to these peaks, here the picture is not so clear. As 
noted above, for y-AhO3 oxide, the amount o f desorbed gas for peak A passes through a maximum at an
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adsorption temperature o f 373K. The amount o f desorbed gas for the A ' peak (3%Fe/y-AhO3 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-Al2O3 system).

P J  " 5  473 f lj j  ГЧ ВГО « 5  1 Л  Я73 БГЗ (73 .1ТЛ
Temperature. К  Tem perature. К  Tem perature. К

1 2 3

H2 adsorption temperature: a - 293К; b - 373К; c - 423К; d - 473К; 
e - 573К; f - 673К; g - 773К 

1 - Y-AI2O3; 2 - 3%Fe/Y-AkO3; 3 - 13% Fe/y-AkO3 
Figure 15 - TPD-H2 profiles of Y-AI2O3 oxide, 3%Fe/y-AkO3 and 13%Fe/y-AhO3 systems

Table 2 - TPD-H2 study results for Y-AI2O3 oxide

Adsorbent Adsorption 
temperature H2, K

The maxima temperature 
of adsorption peaks, K

The amount of desorbed 
gas, 10-4 mol/g The total amount of 

desorbed gas, 10-4 mol/gA B A B

y-AkO3

293 458 - 1.96 - 1.96
373 463 - 3.66 - 3.66
423 458 648 2.63 0.27 2.90
473 453 658 2.43 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 o f TPD-H2 for the Fe/y-AhO3 system are shown in figure 15 (2, 3) and are shown in 
table 3.

The amount o f desorbed gas corresponding to the B" peak (13%Fe/y-AhO3 system) increases slightly 
with adsorption temperature, as was observed for y-AhO3 oxide (B peak). In the case o f the 3%Fe/y-AhO3 
system (B' peak), the amount o f desorbed gas passes through a maximum at 373K with an increase in the 
adsorption temperature.

The dependence of the total amount o f desorbed gas for 3%Fe/y-AhO3 and 13%Fe/y-AhO3 systems 
on the adsorption temperature, unlike y-AhO3 oxide, passes through a minimum (table 3).
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Table 3 - Results of TPD-H2 studies for Fe/y-AhO3 system

Adsorbent
Adsorption 

temperature H2, 
K

The maxima temperature 
of adsorption peaks, K

The amount of desorbed 
gas, 10-4 mol/g The total amount 

of desorbed gas, 
10-4 mol/gA' B' C' A' B' C'

3%Fe/y-AkO3

293 463 653 - 2.98 0.90 - 3.88
373 463 663 - 3.03 1.03 - 4.06
423 458 663 - 3.14 0.97 - 4.11
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

13%Fe/y-AkO3

A" B" C" A" B" C"
293 463 - 753 3.07 0.81 3.88
373 453 673 - 2.46 0.66 - 3.12
423 448 673 - 2.38 0.70 - 3.08
473 448 673 - 2.17 0.82 - 2.99
573 453 673 - 2.24 0.84 - 3.08
673 448 673 - 2.52 0.83 - 3.35
773 448 673 - 2.50 0.86 - 3.36

The appearance o f the third additional desorption peak o f C', C" for the 3%Fe/y-AhO3, 13%Fe/y- 
AkO 3 systems, respectively, in comparison with y-AhO 3 oxide is associated with the presence o f an iron- 
containing component on the surface o f aluminum oxide. The differences between the 3%Fe/y-AhO3 and 
13%Fe/y-AhO3 systems (temperature ranges for the existence o f the B', B" and C', C" peaks) can be 
explained by the fact that for the 13%Fe/y-AhO3 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 o f y-AhO 3 oxide and the Fe/y-AhO3 

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 o f the Fe/y-AhO3 system using temperature programmed hydrogen reduction in 293 - 773K 
temperature range

The surface properties o f y-Al2 O3 oxide (as a reference point) and the Fe/y-Al2O3 system with 
different iron contents (3%Fe/y-AhO3; 13%Fe/y-AhO3) were studied.

Figure 16 shows the TPR-H2 curves for y-AhO 3 oxide and the Fe/y-AhO3 system. The results are 
shown in table 4.

The TPR-H2 profiles for y-AhO 3 oxide (figure 16 (1), table 4) in the adsorption region (a) contain two 
peaks at temperatures o f 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 o f hydrogen 
bonding with the surface o f y-AhO 3 oxide.

The TPR-H2 profiles for the 3%Fe/y-Al2O3 and 13%Fe/y-Al2O3 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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5B3

(3)

a -  adsorption region; b -  desorption region (1) - y-AhO3; (2) - 3%Fe/y-AkO3; (3) - 13%Fe/y-AkO3 
Figure 16 - TPR-H2 profiles for y-AkO3 oxide 

and the Fe/y-AhO3 system in the temperature range 293-773K
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Table 4 - The results of the study using TPR-H2 for Y-AI2O3 oxide 
and the 3%Fe/y-AkO3 system in 293-773K temperature range

Adsorbent
The maxima 

temperature of 
adsorption peaks, K

The maxima 
temperature of 

adsorption peaks, K
Wads, 

10-4 mol/g
EWads, 

10-4 mol/g
Wdes, 

10-4 mol/g
A B C A B A + B C

У-АЮ3 458 673 - 0.94 0.22 1.16 -
3%Fe/y-AkO3 478 583 703 0.92 0.33 1.25 0.84
13% Fe/y-AkO3 478 583 703 0.35 0.90 1.25 0.70

Wads - amount of adsorbed substance; EWads - total amount of adsorbed substance; Wdes - amount of desorbed substance.

Noteworthy is the temperature shift o f the adsorption peaks for the Fe/y-АЬОз system, regardless of 
the iron content, in comparison with у-АЬОз oxide. This may be due to the fact that in the case o f the 
Fe/y-АЬОз 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-H2 profile for the Fe/y-АЬОз system, regardless o f 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%) o f the reagent adsorbed at lower temperatures occurs in the range o f ~630- 
773K. This interval is well superimposed [29] on the temperature interval o f the reduction o f Fe3+ states to 
Fe2+ states.

Since several adsorption peaks are clearly distinguishable on the TPR-H2 profiles, it can be assumed 
that у-АЬОз oxide and 3%Fe/y-AhO3, 13%Fe/y-AhO3 systems contain different states o f metal oxide 
forms. The presence o f a desorption region in the range o f 630-773K for 3%Fe/y-AhO3, 13%Fe/y-AhO3 
systems is apparently associated with the reduction o f the Fe3+ state to Fe2+ upon dissociative hydrogen 
adsorption, for example, by the mechanism:

Fe2O3 + Н" + Н+ ^  FeO + ОН" +Н" ^  FeO + № O t

Conclusion. Studies o f the Fe/y-AhO3 system in the temperature range 273-773K showed that its 
surface is heterogeneous and represents a set o f adsorption centers with different energy characteristics.

Lewis acid centers were detected using IR spectroscopy on the surface o f both у-АЮ з oxide 
(support) and the Fe/y-AhO3 system, during their interaction with hydrogen in the temperature range 293- 
773K. The relative intensity o f the absorption bands corresponding to these centers depends on the 
temperature o f interaction with hydrogen and decreases with its growth both for y-AhO3 and for the Fe/y- 
А Ш 3 system.

For the Fe/y-AhO3 system the -O H  groups’ absorption bands in the region o f 1283-912 cm-1 appear 
only starting from 373 K and this is only one band. The decrease in the number o f absorption bands is 
apparently associated with a partial coating o f the hydroxyl surface of the support with an iron-containing 
component. In addition, in the long-wavelength region o f 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 o f y-AhO3 oxide and the Fe/y-AhO3 system, there are adsorption 
centers that differ in their energy characteristics (binding energies) by TPD-H2 method. Moreover, these 
characteristics may also depend on the percentage o f the iron-containing component on the surface of 
aluminum oxide.

Using the TPR-H2 method, it was found that y-AhO 3 oxide and 3%Fe/y-AhO3, 13%Fe/y-AhO3 
systems contain different states o f metal oxide forms, since several extrema are clearly distinguishable on 
the TPR-H2 profiles.

This w o rk  w as fin a n c ia lly  supported  by the S tate Institu tion  “Science C om m ittee o f  the M in is try  o f  
E ducation  a n d  Science o f  the R epub lic  o f  K a za kh sta n ” under the g ra n t A P 05130654.
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А.Р. Бродский, В.П. Григорьева, Л.В. Комашко, Е.Е. Нурмаканов,
И.С. Чанышева, А.А. Шаповалов, И.А. Шлыгина, В.И. Яскевич

«Д.В. Сокольский атындагы жанармай, катализ жэне электрохимия институты» АК, Алматы, Казахстан

Fe/y-AliOs КАТАЛИТИКАЛЬЩ ЖYЙЕНЩ ЗОНДТЫ МОЛЕКУЛАЛАРМЕН 0ЗАРА 0РЕКЕТ1
IV. Y-AI2 O3 ОКСИД1 ЖЭНЕ Fe/y-AhOs ЖYЙЕСШЩ СУТЕГ1МЕН 0ЗАРА 0РЕКЕТ1Н ЗЕРТТЕУ

Аннотация. Жумыс гетерогендi каталитикалык жYЙелердiн адсорбталган молекулалармен езара 
эрекетiн зерттеуге арналган. Мунда бастапкы y-Al2O3 оксид сутепамен жэне ИК-спектроскопия, 
термобагдарламаланган десорбция, сутепмен термобагдарламаланган тYPдегi тотыксыздандыру эдiстерi 
аркылы алынган темiрдiн тYрлi курамды Fe/y-Al2O3 жYЙелерiнiн езара эрекеттесу нэтижелерi келпршген.

Алюминий оксидi y-Al2O3 жэне Fe/y-Al2O3 жYЙесiне катысты жYргiзiлген зерттеулер темiр курамына 
карамастан 273 - 773К температуралык интервалында бетi бiркелкi емес жэне ез алдына тYрлi энергетикалык 
сипаттамасы бар адсорбциялык орталыктар жиынтыгы екендiгiн керсеттi.

ИК-спектроскопия аркылы y-Al2O3 оксидi (тасымалдаушы) секiлдi Fe/y-Al2O3 жYЙесiнде де олардын 
сутегiмен езара эрекеттесуi кезiнде 293-773К температуралык интервалда Льюистщ кышкылды орталыктары 
аныкталды. Осы ортальщтарга жауап беретiн жутылу жолактарынын салыстырмалы каркыны сутегiмен 
езара эрекеттесу температурасына байланысты жэне ол жогарылаганда y-Al2O3 сиякты Fe/y-Al2O3 жYЙелерi 
Yшiн де темендейдг

Fe/y-Al2O3 жYЙесi Yшiн жутылу жолактары 1283 -  912 см-1 аймагында, ОН-топтар Yшiн тек кана 373К 
бастап пайда болады жэне бул тек бiр гана жолак. Жутылу жолактары санынын азаюы темiркурамдас 
компоненттер тасымалдаушысынын гидроксильдi бетiнiн жартылай жабылуына байланысты болуы мумкш. 
Будан баска ИК-спектрлердiн узын толкынды аймагында Al-O-Fe топтарындагы байланыска жаткызуга 
болатын жутылу жолактары бар.

Fe/y-Al2O3 жYЙесiнде бастапкы кYЙде Fe-O байланысына жататын жутылу жолагы байкалады, алайда 
сутепмен езара эрекеттескен кезде бул жутылу жолагы жогалады. Fe/y-Al2O3 жYЙесiнiн сутепмен езара 
эрекеттесуi кезiнде ОН-кепiрлiк топтарымен байланысты жутылу жолагы да жогалады, y-Al2O3 оксидi 
жагдайында да солай болады.

ТПД-Н2 эдiсi керсеткендей, y-Al2O3 оксидтiн бетiнде жэне Fe/y-Al2O3 жуйелершде езiнiн энергетикалык 
сипаттамалары бойынша (байланыс энергиясы) ерекшеленетiн адсорбциялык орталыктар бар. Бул 
сипаттамалар алюминий оксидiнiн бепнде темiр курамды компоненттердiн пайыздык мелшерше 
байланысты болуы мумкш.

ТПВ-Н2 эдга аркылы y-Al2O3 оксидi жэне 3% Fe/y-Al2O3, 13% Fe/y-Al2O3 жYЙелерi металл оксидi 
калыптарынын тYрлi кYЙi пайда болады, ейткеш ТПВ-Н2 кисыгында бiрнеше экстремумдар анык 
ажыратылады.

Курамында темiр болгандыгына карамастан 3% Fe/y-Al2O3, 13% Fe/y-AbO3 жYЙесi Yшiн 630-773К 
температуралык интервалда 703К кезвде максимум жагдайы бар десорбция аймагы байкалады. 3% Fe/y- 
Al2O3, 13% Fe/y-Al2O3 жYЙесi Yшiн десорбция аймагынын болуы темiркурамдас компоненттердщ, нактырак 
айтканда, сутегi диссоциативтi адсорбциясы кезiнде жай-кYЙiнiн Fe3+-тен Fe2+ дешн калпына келуiне 
байланысты, мысалы, механизм бойынша:

Fe2O3 + Н- + Н+ ^  FeO + OH- +Н- ^  FeO + H2O t
ТYЙiн сездер: гетерогендi катализ, физика-химиялык зерттеу эдiстерi, адсорбцияланган молекулалар.

А.Р. Бродский, В.П. Григорьева, Л.В. Комашко, Е.Е. Нурмаканов,
И.С. Чанышева, А.А. Шаповалов, И.А. Шлыгина, В.И. Яскевич

АО «Институт топлива, катализа и электрохимии им. Д.В.Сокольского», Алматы, Казахстан
ВЗАИМОДЕЙСТВИЕ КАТАЛИТИЧЕСКОЙ СИСТЕМЫ Fe/y-AliOs 

С МОЛЕКУЛАМИ-ЗОНДАМИ. IV. ИССЛЕДОВАНИЕ ВЗАИМОДЕЙСТВИЯ ВОДОРОДА 
С ОКСИДОМ y-AliOs И СИСТЕМОЙ Fe/y-AhOs

Аннотация. Работа посвящена исследованию взаимодействия гетерогенных каталитических систем с 
адсорбированными молекулами. В ней представлены результаты по взаимодействию с водородом исходного 
оксида y-Al2O3 и систем Fe/y-Al2O3 , с различным содержанием железа, полученные с помощью 
ИК-спектроскопии, методов термопрограммированной десорбции и термопрограммированного восстанов­
ления водородом.
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Проведённые исследования оксида алюминия y-Al2O3 и систем Fe/y-Al2O3, независимо от содержания 
железа, в температурном интервале 273 - 773К показали, что их поверхность неоднородна и представляет 
собой набор адсорбционных центров с различными энергетическими характеристиками.

С помощью ИК-спектроскопии на поверхности как оксида y-Al2O3 (носитель), так и систем Fe/y-Al2O3 
при их взаимодействии с водородом в температурном интервале 293 -  773К были обнаружены кислотные 
центры Льюиса. Относительная интенсивность полос поглощения, отвечающих этим центрам, зависит от 
температуры взаимодействия с водородом и с её ростом падает как для y-Al2O3, так и для систем Fe/y-Al2O3.

Для систем Fe/y-Al2O3 полосы поглощения в области 1283 -  912 см-1, групп -  ОН появляются только 
начиная с 373К, и это только одна полоса. Уменьшение количества полос поглощения, видимо, связано с 
частичным покрытием гидроксильной поверхности носителя железосодержащей компонентой. Кроме того, в 
длинноволновой области ИК-спектров присутствуют полосы поглощения, которые можно отнести к связям в 
группах Al-O-Fe.

В системе Fe/y-Al2O3 в исходном состоянии наблюдается полоса поглощения, относящаяся к связям 
Fe-O, однако при взаимодействии с водородом эта полоса поглощения пропадает. При взаимодействии с 
водородом системы Fe/y-Al2O3 исчезает и полоса поглощения, связанная с мостиковыми группами -ОН, то 
же самое происходит и в случае оксида y-AbO3.

Методом ТПД-Н2 показано, что на поверхности оксида y-Al2O3 и систем Fe/y-Al2O3 присутствуют 
адсорбционные центры, различающиеся по своим энергетическим характеристикам (энергии связи). Причём, 
эти характеристики могут зависеть и от процентного содержания железосодержащей компоненты на 
поверхности оксида алюминия.

Методом ТПВ-Н2 установлено, что оксид y-AbO3 и системы 3%Fe/y-AbO3, 13%Fe/y-Al2O3 содержат 
различные состояния оксидных форм металла, поскольку на кривых ТПВ-Н2 четко различимы несколько 
экстремумов.

В температурном интервале 630 -773К для систем 3%Fe/y-AbO3, 13%Fe/y-Al2O3 независимо от 
содержания железа, наблюдается область десорбции с положением максимума при 703К. Наличие области 
десорбции для систем 3%Fe/y-Al2O3, 13%Fe/y-Al2O3, видимо, связано с восстановлением железосодержащей 
компоненты, а именно состояния Fe3+ до Fe2+ при диссоциативной адсорбции водорода, например, по 
механизму:

Fe2O3 + Н- + Н+ ^  FeO + OH- +Н- ^  FeO + ^ O t
Ключевые слова: гетерогенный катализ, физико-химические методы исследования, адсорбированные 

молекулы.
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