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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-ALLbO; CATALYTIC SYSTEM
WITH PROBE MOLECULES III. STUDY OF THE INTERACTION
OF AMMONIA WITH 7-ALLO3; 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. It presents the results of the interaction of the initial y-Al,O3 oxide and the Fe/y-Al,O3; system with
ammonia obtained using IR spectroscopy and the method of temperature programmed desorption.

Lewis and Bronsted acid centers were detected on the surface of both y-Al,O; oxide and the Fe/y-Al,Os3 system
during their interaction with ammonia in the temperature range 293-773K using IR spectroscopy. The relative
intensity of the absorption bands corresponding to these centers depends on the temperature of interaction with
ammonia.

It was found by ammonia TPD that adsorbed NHj3 is desorbed in the form of five peaks from the y-Al,O3 surface
on a temperature scale, and in the form of seven peaks from the surface of the Fe/y-Al,O3 system. It was shown that
the total amount of desorbed ammonia decreases markedly with increasing adsorption temperature. Moreover, for
individual temperature peaks, the amount of adsorbed ammonia can either decrease, pass through an extremum, or
remain approximately constant. The appearance of additional desorption peaks for the Fe/y-AlOs; system is
associated with iron deposited on alumina.

Proceeding from the temperature range of existence of desorption peaks for y-Al,Os3 oxide and the Fe/y-Al,Os
system it was established that they contain weak acid centers (desorption temperature up to 523K), acidic centers of
medium strength (desorption temperature from 523 to 613K) and strong acid sites (desorption temperature above
613K). The volume of desorbed ammonia in the indicated temperature ranges can serve as a quantitative measure of
various types of acid sites.

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

Introduction. One of the most common and highly effective methods for studying acid-base centers
on the surfaces of supports and heterogeneous catalysts are infrared spectroscopy [1-5] and temperature
programmed desorption of ammonia [6, 7].

The use of IR spectroscopy for studying the donor-acceptor surface properties is based on the spectral
probing 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 position of the peak in the TPD method on the temperature scale and activation energy of the
probe molecule give the possibility to assess the strength of the center that its area can serve as a
measurement of the quantity of the various acid centers of various types.

This work is a continuation of studies on the interaction of a heterogeneous catalytic system with
adsorbed molecules [8, 9].
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Experimental. Fe/y-Al,O3 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.

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 decreased to 293K. Next, ammonia purging began at the
required temperature (from a given temperature range of 293-773 K) 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.

Ammonia TPD

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 ammonia adsorption:

- vacuum treatment 30 minutes;

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

Ammonia adsorption:

- ammonia feed rate 5 ml/min;

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

Programmed desorption of ammonia:

- 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 ammonia desorbed in the corresponding temperature range was determined by peak areas,
having previously established how much NHj3 corresponds to the area unit.

Equipment - "CETARAM" thermo analyzer, France.

Results and discussion

Investigation of the Fe/y-Al;0; system by FTIR spectroscopy during NH; adsorption.

In the beginning, the interaction of y-Al,O3 with NH3 was studied in the range of 293-773K. The data
obtained for y-Al,Os; oxide were necessary as reference and comparison points when studying the
Fe/y-AlL,O3 system. Figures 1-7 show the IR spectra of y-Al,O3 oxide when interacting with ammonia at
different temperatures and table 1 shows the results of their interpretation. In the initial y-Al,O3 oxide and
even after interaction with ammonia, 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,O3 oxide after synthesis.
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Figure 3 - IR spectrum of y-Al2Os oxide after adsorption of ammonia at 373K
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Figure 6 - IR spectrum of y-Al2Os oxide after ammonia adsorption at 673K
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Table 1 - Interpreted data of the IR spectra of y-Al2O3 oxide
and the Fe/y-AL2O3 system in the initial states,
and after their interaction with NH3 in the range 293-773K
Absorption bands, cm!
T,K Sample Assignment of absorption bands
y-Al0s Fe/y-AlLOs3
1 2 3 4
Initial states
3699 3702 Stretching vibrations of bridging groups -OH bound to aluminum ions in
octahedral and (or) tetrahedral coordination
3453, 3250 3452, 3212 Stretching vibrations related to the -OH groups bound on the surface by
hydrogen bonds
Stretching vibrations of -OH groups bound on the surface of aluminum
3404, 3301, .
hydroxides by hydrogen bonds
1633, 1571, 1632, 1584, Bending vibrations of -OH groups bonded to the surface by hydrogen bonds
293 1524, 645 1526, 623
1468, 1400, Bending vibrations of C-H bonds in -CH, -CHz, -CHs groups (traces)
1457, 1391 1358
1088, 1048 1068, Stretchlng vibrations in -Al-O- groups in a tetrahedral and (or) octahedral
coordination
Bending vibrations in -Al-O- groups in tetrahedral and (or) octahedral
818, 753 804, 728 coordination, possibly, in Al-O-Fe groups in the Fe/y-Al203 system
565 550 The stretching vibrations of the M-O bonds (M = Al; Fe)
Interaction of ammonia
3482, 3216 3475, 3236 Stretching vibrations related to the -OH groups bound on the surface by
hydrogen bonds
1627, 1585, . L
1629, 1579, 594 631 Bending vibrations of -OH groups bound on the surface by hydrogen bonds
3389 3389 S.tretchlng vibrations related to -NH groups of ammonia bound to Lewis acid
293 sites
1276 1692, 1270 Bendmg Vlbrat{ons .relgted to -NH groups of ammonia linked by a coordination
bond with Lewis acid sites
3178 Stretching vibrations of N-H groups in ammonium ions NH4* - Bronsted centers
1496, 1463, 1463. 1406 Bending vibrations of N-H groups in NH4" ions - Bronsted centers (on the
1410, 1350 ’ background of bending vibrations of C-H bonds in -CH, -CH», -CH3 groups)
1065 1066 Stretching vibrations related to Al-O bonds in -Al-O- groups
790 834 Bending vibrations of -Al-O bonds in tetrahedra
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Continuation of the table 1
1 2 3 4
Stretching vibrations related to the -OH groups bound on the surface by
3494, 3245 3479, 3229 hydrogen bonds
Bending vibrations of -OH groups bound on the surface by hydrogen bonds
1627, 1584,
1631, 1580, 615
611
Stretching vibrations related to -NH groups of ammonia bound to Lewis acid
3386 3383 sites
Bending vibrations related to -NH groups of ammonia linked by a coordination
1679, 1281 1695, 1280 bond with Lewis acid sites
373
Stretching vibrations of N-H groups in ammonium ions NH4" - Bronsted centers
3173
Bending vibrations of N-H groups in NHa4" ions - Bronsted centers (on the
1464, 1408, 1463, 1405, background of bending vibrations of C-H bonds in -CH, -CHaz, -CH3 groups)
1345 1351
1025 1077 Stretching vibrations related to Al-O bonds in -Al-O- groups
800 814 Bending vibrations of -Al-O bonds in tetrahedra
Stretching vibrations related to the -OH groups bound on the surface by
3498, 3242 3472, 3224 hydrogen bonds
Bending vibrations of -OH groups bound on the surface by hydrogen bonds
1631, 1577, 597 1626, 1576,
’ ’ 617
Stretching vibrations related to -NH groups of ammonia bound to Lewis acid
3382 3392 sites
Bending vibrations related to -NH groups of ammonia linked by a coordination
473 1673, 1234 1674, 1273 bond with Lewis acid sites
Stretching vibrations of N-H groups in ammonium ions NH4" - Bronsted centers
3163
Bending vibrations of N-H groups in NHs4" ions - Bronsted centers (on the
1464, 1416 1462, 1405 background of bending vibrations of C-H bonds in -CH, -CHz, -CH3 groups)
1063 1069 Stretching vibrations related to Al-O bonds in -Al-O- groups
823 813 Bending vibrations of -Al-O bonds in tetrahedra
Stretching vibrations related to the -OH groups bound on the surface by
3489, 3227 3472, 3250,
5 3221 hydrogen bonds
1629, 1571. 504 1619, 1564, Bending vibrations of -OH groups bound on the surface by hydrogen bonds
’ ’ 1543, 629
Stretching vibrations related to -NH groups of ammonia bound to Lewis acid
3399 3361,3310 | gites
3 1673, 1652, Bending vibrations related to -NH groups of ammonia linked by a coordination
57 1685, 1281 1269 bond with Lewis acid sites
3154 Stretching vibrations of N-H groups in ammonium ions NHs4" - Bronsted centers
1498,1468, 1498, 1458, Bending vibrations of N-H groups in NH4" ions - Bronsted centers (on the
1408 1408 background of bending vibrations of C-H bonds in -CH, -CHz, -CH3 groups)
1061 1058 Stretching vibrations related to Al-O bonds in -Al-O- groups
807 812 Bending vibrations of -Al-O bonds in tetrahedra
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Continuation of the table 1

1 2 3 4
3504, 3224 3481, 3239 Stretching vibrations related to the -OH groups bound on the surface by
hydrogen bonds
1631, 1567, 579 é?go, 1548, Bending vibrations of -OH groups bound on the surface by hydrogen bonds
3385 3374, 3310 SSittreestchmg vibrations related to -NH groups of ammonia bound to Lewis acid
673 1699, 1649, Bending vibrations related to -NH groups of ammonia linked by a coordination
1679, 1280 - P
1245 bond with Lewis acid sites
3166 Stretching vibrations of N-H groups in ammonium ions NHs" - Bronsted centers
Bending vibrations of N-H groups in NH4" ions - Bronsted centers (on the
1500, 1470 1490, 1463 background of bending vibrations of C-H bonds in -CH, -CHz, -CH3 groups)
1060 1074 Stretching vibrations related to Al-O bonds in -Al-O- groups
806 856 Bending vibrations of -Al-O bonds in tetrahedra
3493, 3206 3472, 3233 Stretching vibrations related to the -OH groups bound on the surface by
hydrogen bonds
1639, 598 1624 Bending vibrations of -OH groups bound on the surface by hydrogen bonds
3385 3328 s?i'f[reestchlng vibrations related to -NH groups of ammonia bound to Lewis acid
Bending vibrations related to -NH groups of ammonia linked by a coordination
773 1698 1698, 1266 bond with Lewis acid sites

3153 Stretching vibrations of N-H groups in ammonium ions NH4" - Bronsted centers
Bending vibrations of N-H groups in NH4" ions - Bronsted centers (on the
1499, 1306 1479, 1306 background of bending vibrations of C-H bonds in -CH, -CHz, -CH3 groups)
1080 Stretching vibrations related to Al-O bonds in -Al-O- groups
393 924, 853, 804 Bending vibrations of -Al-O bonds in tetrahedra and, possibly, bonds in Al-O-Fe
groups (for Fe/y-Al2O3)

Absorption band related to the bridging -OH groups bound to aluminum ions in an octahedral
coordination is also observed. However, upon interaction with ammonia, this absorption band disappears.

Absorption bands associated with the Lewis acid sites and with ammonium ions NH," (Bronsted sites)
appear while interacting with ammonia. An increase in temperature causes noticeable decrease in the
relative intensity of the absorption bands corresponding to the Lewis and Bronsted centers.

Further, the interaction of the 13%Fe/y-Al,O3 system with NH3 in the temperature range 293-773K
was also studied using the Fourier-transform IR spectroscopy in the “In Situ” mode.

Figures 8-14 show the IR spectra of the Fe/y-Al,O3 system interacting with ammonia and table 1
shows the results of their interpretation.

There are absorption bands related to -OH bridge groups bonded to aluminum ions in octahedral
coordination, and absorption bands related to -OH groups bound on the surface by hydrogen bonds ,
absorption bands related to Al-O bonds in the initial Fe/y-Al,O3; system, as well as in the initial y-Al,O3
oxide. In addition, an absorption band related to Fe-O bonds is observed in the initial Fe/y-Al,O3 system.
This band disappears when interacting with ammonia.

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 [8, 9]. In that works were noted that during the synthesis of the Fe/y-Al,O; system by
impregnation partial hydrolysis of aluminum oxide can occur as a result of which a certain amount of
aluminum hydroxide is formed.

Absorption bands associated with the Lewis acid centers and with ammonium ions NH4" (Bronsted
centers) appear when the Fe/y-Al,Os system interacts with ammonia as in the case of the initial alumina.
An increase in temperature, similarly to what was observed for y-Al,O3 oxide, also leads to the decrease of
the relative intensity of the absorption bands corresponding to the Lewis and Bronsted centers.
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Figure 9 - IR spectrum of 13%Fe/y-Al2O3 system after adsorption of ammonia at 293K
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Figure 11 - IR spectrum of 13%Fe/y-Al2O3 system after ammonia adsorption at 473K
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Figure 14 - IR spectrum of 13%Fe/y-Al.O3 system after ammonia adsorption at 773K

At the same time, there are noticeable differences, in particular, the number of absorption bands
corresponding to -OH groups bound on the surface by hydrogen bonds and absorption bands
corresponding to Lewis centers increases, a band corresponding to stretching vibrations of N-H groups in
ammonium ions NH4" appears - Bronsted centers (table 1). In the case of alumina, only bending vibrations
were observed. In addition, at 773 K, absorption bands are present in the long-wavelength region of the IR
spectra, which can be attributed to bonds in the Al-O-Fe groups.

Study of the Fe/y-Al,0s3 system using temperature programmed desorption during ammonia
adsorption

As it was already noted, the catalytic characteristics of heterogeneous systems correlate with the
presence of acid centers of various nature on their surface and an important criterion is the quantity and
strength of acid centers.

The properties of the surface of y-Al,O3 oxide (as a reference point) and the Fe/y-Al,O; system were
studied by temperature programmed desorption (TPD) in the temperature range 293-773K using an
ammonia as a probe molecule.

The results of ammonia TPD for y-Al,O; oxide are shown in Figure 15(1) and are shown in table 2.

Adsorbed NHj is desorbed from the surface of y-Al,O3 on a temperature scale in the form of five
peaks, and the high-temperature peak E is much smaller in quantitative terms than the lower-temperature
peak and, as the adsorption temperature rises its position practically does not shift (table 2). Peaks A and C
are observed only at ammonia adsorption temperatures of 293, 373K. Peaks B and D appear starting from
an adsorption temperature of 423K.
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Table 2 - The results of the study of TPD-NHj3 for y-Al203 oxide

NH; adsorption The highest temperatures Amount of desorbed NHs, The total amount
Sample temperature, K of the desorption peaks, K 10* mol/g of desorbed NH3,
’ A B C D E A B C D E 10* mol/g
293 423 - 493 - 733 | 4.82 6.00 0.78 11.60
373 423 - 493 - 723 | 4.80 5.47 0.89 11.16
423 - 383 - 453 | 723 - 4.03 - 4.71 | 0.96 9.60
v-ALO;3 473 - 383 - 458 | 723 - 3.79 - 4.06 | 1.17 9.02
573 - 383 - 453 | 723 - 3.71 - 4.02 | 098 8.71
673 - 383 - 453 | 723 - 3.47 - 3.04 | 0.72 7.23
773 - 383 - 443 | 723 - 2.73 - 2.67 | 0.67 6.07

For A, B, C, D peaks the amount of desorbed ammonia decreases with increasing adsorption
temperature. For peak E this dependence has an extremal character with a maximum position at an
adsorption temperature of 473 K.

It should be noted that with an increase in the adsorption temperature the total amount of desorbed
ammonia decreases significantly (table 2).

The results of ammonia TPD for the Fe/y-AlL,O; system with different iron contents are shown in
Figure 15 (11, III) and in tables 3-4.

For the 3%Fe/y-Al,O3 system (Figure 15 (II), table 3) the ammonia adsorbed in the temperature range
293-773K is desorbed on the temperature scale in the form of seven peaks (A’, B, C', D', E', F', G').
Desorption temperature range for A’, B’, D', E’ peaks is close to that observed for y-Al,O3 oxide (peaks A,
B, D, E) and the amount of desorbed ammonia also decreases with increasing adsorption temperature.

There are some peculiarities, in particular, the peak B" appears at a higher adsorption temperature, and
the peak D'- at a lower temperature, the peak E’ is observed only at adsorption temperatures of 293, 373K.
Nevertheless, based on the obtained data, with a high degree of probability, it can be assumed that the
adsorption of ammonia (A’, B’, D', E' desorption peaks) in the 3%Fe/y-Al,O3; system occurs at the centers
which are close in nature to adsorption characteristics of the y-Al,O3 oxide centers.

At the same time, it should be paid attention to significant differences in the TPD spectra of y-Al,O3
oxide and the 3%Fe/y-Al,O3 system. In particular, the adsorption center to which the C' peak corresponds
has a noticeable temperature shift with respect to the C peaks and is present only at an adsorption
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temperature of 293K. In addition, in the TPD spectrum for the 3%Fe/y-Al,O3 system F' and G’ peaks
appear in the temperature range of ammonia adsorption 423-773K (peak F') and 673 - 773K (peak G').
Peaks F’ and G’ are located at desorption temperatures of 643 and 558K, respectively. Apparently, these
desorption peaks can be associated with iron deposited on alumina.

Ammonia adsorbed in the temperature range 293-773K is also desorbed in the form of seven peaks
(A", B", C", D", E", F", G") in case of the 13%Fe/y-Al,Os system (figure 18 (III), table 4). The desorption
peaks of B”, D", E” are in the same temperature range as the of B, D, E peaks for y-ALl,Os oxide, as well as
B’, D', E' peaks in the case of the 3% Fe/y-Al>O; system. The F”, G” and F', G’ peaks are identical for the
13%Fe/y-Al,O3; and 3%Fe/y-AlO; systems.

The position on the temperature scale of peak A” is significantly shifted to the high-temperature
region. In addition, when ammonia is adsorbed in the range 423-573K the C" desorption peak appears at
478K in the 13%Fe/y-Al,O3 system, and the amount of desorbed ammonia for the D" peak is extreme with
a minimum position in the temperature range 473-573K. At the same time, for the 3%Fe/y-AL,O3 system
the amount of desorbed ammonia at the D’ peak decreases with increasing adsorption temperature.

Table 3 - TPD-NHj3 study results for y-Al203 oxide

NH; adsorption The highest temperatures Amount of desorbed NHs, The total amount

Sample temperature, K of the desorption peaks, K 10* mol/g of desorbed NH3,

’ A B C D E A B C D E 10* mol/g
293 423 - 493 - 733 | 4.82 6.00 0.78 11.60
373 423 - 493 - 723 | 4.80 5.47 0.89 11.16
423 - 383 - 453 | 723 - 4.03 - 4.71 ] 0.96 9.60
v-Al03 473 - 383 - 458 | 723 - 3.79 - 4.06 | 1.17 9.02
573 - 383 - 453 | 723 - 3.71 - 4.02 |1 0.98 8.71
673 - 383 - 453 | 723 - 3.47 - 3.04 | 0.72 7.23
773 - 383 - 443 | 723 - 2.73 - 2.67 | 0.67 6.07
Table 4 - TPD-NHj3 study results for Fe/y-Al2Os system
2 o
5~ i
% % % The highest temperatures of the desorption peaks, K Amount of desorbed NH3, 10 mol/g g é ﬁg
£5 23
A’ B’ (o4 D’ E’ F' G’ A’ B’ (o4 D’ E’ F' G’

i 293 438 - 508 733 - - 5.20 - 6.59 - 0.80 - - 12.59
QL 373 408 - - 468 733 - - 391 - - 5.81 | 0.82 - - 10.54
:.: 423 403 - - 463 - 643 - 3.66 - - 5.71 - 0.81 - 10.18
> 473 - 393 - 468 - 643 - - 2.53 - 5.70 - 1.01 - 9.24
o 573 - 389 - 458 - 643 - - 2.44 - 5.70 - 1.01 - 9.15
§ 673 - 383 - 458 - 643 558 - 2.00 - 5.30 - 0.96 | 0.86 9.12

773 - 373 - 458 - 643 558 - 1.85 - 5.19 - 0.97 | 0.88 8.79

A | B" | ¢ | D" | E" | P | G" | A" | B” | ¢ | D | B | F | G
Sl 293 | 538 | 388 - - 733 - - [ 810 [ 501 - - 162 | - - 14.73
:2' 373 388 - 468 733 - - - 2.90 - 7.06 1.20 - - 11.16

‘| 423 388 478 463 - 643 - - 1.31 4.37 | 4.16 - 1.10 - 10.94
E 473 388 478 463 - 643 - - 1.25 3.86 | 3.38 - 1.15 - 9.64
§ 573 383 478 458 - 643 - - 1.25 | 3.37 | 3.32 - 1.17 - 9.11
—| 673 - - - 448 - 643 558 - - - 6.82 - 1.05 | 0.88 8.75

773 - - - 433 - 643 558 - - - 6.78 - 1.04 | 0.84 8.66

Conclusion. Investigations of the Fe/y-Al,O3 system in the temperature range 273-773K using IR
spectroscopy and the ammonia TPD method showed that its surface is inhomogeneous and represents a set
of adsorption centers that differ in their characteristics.

On the surface of both y-Al,Os oxide (support) and the Fe/y-Al,O3 system Lewis and Bronsted acid
centers were detected using IR spectroscopy during their interaction with ammonia in the temperature
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range 293-773K. The relative intensity of the absorption bands corresponding to these centers depends on
the temperature of interaction with ammonia and with its growth decreases both for y-Al,O3 and for the
Fe/y-AlbOj3 system.

However, significant differences were identified. So, in the case of the Fe/y-Al,Os system:

- an increase in the number of absorption bands related to -OH groups joined on the surface by
hydrogen bonds;

- an increase in the number of absorption bands related to Lewis acid centers;

- the appearance of a band corresponding to stretching vibrations of N-H groups in ammonium ions
NH4" - Bronsted centers (no stretching vibrations were observed in the case of alumina).

The observed features can be associated with the presence of an iron-containing component on the
surface of the support. This statement is justified because the absorption band related to Fe-O bonds is
observed in the initial Fe/y-Al,O3 system, and when the Fe/y-Al,O; system interacts with ammonia at
773K, absorption bands are present in the long-wavelength region of the IR spectra, which are most likely
relate to bonds in Al-O-Fe groups. In addition, the shift of the absorption bands corresponding to the
Lewis acid centers in the frequency range also testifies to the effect of the iron-containing component on
the adsorption centers.

As a result of studies of y-Al,O3 oxide and 13%Fe/y-Al,Os systems using ammonia TPD, it was found
that adsorbed NHj3 is desorbed in the form of five peaks from the y-Al,Os surface on a temperature scale,
and from the surface of 3%Fe/y-Al,O3; and 13%Fe/y-Al>O;3 systems - in the form of seven peaks. For all
the samples studied the total amount of adsorbed ammonia decreases markedly with an increase in the
adsorption temperature, and for individual temperature peaks the amount of adsorbed ammonia can
decrease (peaks B, C, D, A’, B’, D', B", C", E"), and pass through the extremum (peaks E, F', D", F") or
remain approximately constant (peaks A, E', G, G").

As the adsorption temperature increases the desorption temperature for some of the peaks of y-Al,O3
oxide and 13%Fe/y-Al,O; systems remains almost constant (peaks A, B, C, E’, F', G', B, C", E”, F", G")
and for the other part of the peaks there is some tendency to lower the desorption temperature.

The appearance of additional desorption peaks (F', G, F", G") in the 3%Fe/y-Al,O3 and 13%Fe/y-
AlOs systems, as well as a change in the position on the temperature scale of desorption peaks A", C’, C"
can be associated with iron deposited on alumina. In particular, C', F', F” peaks, possibly, relate to the
adsorption of ammonia on -Al-O-Fe- type fragments, and the C” peak on -Fe-O-Fe- type fragments, since
the last peak is attributed to the 13%Fe/y-Al,Os system with a significantly higher iron content.

Investigations of the Fe/y-Al,O3 system using Mdssbauer spectroscopy [14] showed that the system
depending on conditions can contain various forms of iron. The presence of several forms of iron in the
system indicates the potential for the formation of catalytically active centers with different electronic
characteristics and as a result different catalytic properties. Thus, each form of the iron cation on the
support can be a specific active (adsorption) center.

Based on the temperature range for the existence of desorption peaks for y-AlO; oxide and
3%Fe/y-Al,O3, 13%Fe/y-AlLO; systems, it follows that weak acid centers (desorption temperature up to
523K), acidic centers of medium strength (desorption temperature from 523 to 613K) and strong acid sites
(desorption temperature above 613K) are present in them [15-17].

The volume of desorbed ammonia in the indicated temperature ranges can serve as a quantitative
measure of various types of acid sites.

It should be noted that the total amount of adsorbed ammonia decreases markedly with increasing
adsorption temperature and this is in good agreement with the data of IR spectroscopy, according to which
the relative intensity of the absorption bands corresponding to the Lewis and Bronsted centers also
depends on the temperature of interaction with ammonia and decreases with its growth.

This work was financially supported by the State Institution “Science Committee of the Ministry of
Education and Science of the Republic of Kazakhstan” under grant the AP05130654.
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A.P. Bpoackuii, B.I1. I'puropsesa, JI.B. Komamko, E.E. HypmakaHos,
N.C. Yanbimena, A.A.lllanoanos, L. A.lllibiruna, B.A.SIckeBuu

J.B. Coxonbckuii aThIHIIAFBI )KaHApMai, KaTanu3 xKoHe dIeKTpoxuMus HHCTUTYThl AK, Anmatsl, Kazakcran

Fe/y-AL2 03 KATAJIMTUKAJIBIK )KYWUEHIH 30HITHI MOJEKYJIAJTAPMEH
O3APA KATBIHACHI I11. y-ALL O3 OKCH/II 7)KOHE Fe/y-ALO3 )KYUECIHIH
AMMMUAKIIEH ©3APA KATBIHACBIH 3EPTTEY

AnHotanusi. JKyMmbic reTeporeHii KaTaIMTHUKANBIK OKYHeJIepAiH ajcopOLusUlaHFaH —MOJIEKyJlajJapMeH
opekerrecyiH 3eprreyre apHanraH. Onma WK CHEKTpOCKONMSICHI MEH TEPMOIIPOTPaMMAIIBIK IecOpOIus omiciMeH
aneraFal y-AlO3 okcuni meH Fe/y-AlLOs xkyiieciHiH aMMHaKIIEH 9PEKETTECY HOTHKeNepi KeNTipire .

v-AlLOs okcuai men Fe/y-AlLb,Os ikylieciHiH aMMHaKIeH OpeKeTTecy Ke3iHlne eKkeyiHiH Jne Oerinueri
UK cnekrpockommsaceiH 293-773K Temmeparypa apajibiFbHIA KOJNJaHy apKbUIbl JIbrowc jkoHe bpeHcTen KBIIIKbIT
OpPTaNBIKTaphl aHBIKTAIABL. OCBI OpTaNBIKTapFa COMKEC KeJNeTiH CiHIpY JKOJAKTapBIHBIH —CaJbICTHIPMAIIbI
KapKbIH/bUIBIFBl aMMHAKIIEH SPEKETTECY TeMIIepaTypachiHa OalIaHbICThI.

Amnaiifa aliTapibIKTal alflbIpMaIIBbUIBIKTap aHBIKTAIAbL.

Fe / y-Al,O3 xyiieciHe KaTbICThI:

— cyreri 6ainanbicTapeiMeH OipikkeH —OH TonTapbiHa )KaTaThlH CIHIPY OJIAKTapBIHBIH CAHBIHBIH OCYi;

— JIbronc KBIMIKBUTB OpTANIBIKTapbIHA OaliIaHBICTHI CiHIPY >KOJIAKTAPBIHBIH CAHBIHBIH apTYBI;

— NH4" ammonuii nonmapeiagarsl N-H TOOBIHBIH TepOemiciHe ColKec KENETiH >KONAKThIH Maiga 0oybl —
Bpencren opranbiKTaps! (aJFOMHHUH OKCHI KaFAalbIHIA BaJICHTTIK Aipin OalKaaIMasr).

Baiikanran epekmenikrep Tipek oerinae (y-Al,Osz) TeMip Ke3meceTiH KOMIIOHEHTTIH OoybIHa OaimaHbICTEL. byt
TY)XBIPBIM Heri3nenreH, eiTkeHi Fe-O OaiimanpicTapbiHa Kapait ciHipy auamnazonsl Fe/y-Al,Os; Oactankel xyhecinme
Oaiikananpl xoHe Fe/y-AlLOs xyiteci ammuaknen 773K opekerreckenne ciHipy »xonakrapsl MK criekTpiHiH y3bIH
TONIKBIHIApP aiiMarsiHga Oosamel, oaap Al-O-Fe tonrapeiHmarbl OaiiaHbICTapFa KaTBICTI 00k Keaemi. COHbIMEH
Kartap, )KALTIK Irana3oHbHAA JIPIOC KBIIIKBUTEI OPTABIKTaphIHA COHKEC KEeJIETiH CiHIpy KOJaKTapBIHBIH BIFBICYHI Ja
KypaMbIH/a TeMip 0ap KOMIOHEHTTIH aJICOPOLIMS OPTAJIBIKTAPhIHA 9CEeP €TYIH TJIESIICH/II.

Amromuanit  okeuai  y-AlLO; xone 3%Fe/y-AlLOs,  13%Fe/y-Al,Os  xyiienepin 3epTTey HOTHXKECIHJIE
TeMIIepaTypaiblK mkana oowbiHma 293-773K temnepatypanbik nHTepBaibiHga ammuaktiy TIT/] kemerimen y-AlO3
Oerinen agcopOuwsianran NH3 - OerTik mkana GoliblHIIA Oec MIBIH TYPiHIE JecopOanysiaHaThIHBI aHBIKTAIIBI, all
3% Fely-Al,Os xxone 13%Fe/y-Al,O3 xyite 6eTiHeH — eTi WbIH TYpiHJe AecopOanysIaHaThIHbBl aHBIKTAJIIbL.

JecopOrusiiaHFad  aMMHUAKTBIH KaJlIIBl MOJIIIepi aacopOIus TeMIlepaTypachHBIH >KOFapbUIaybl HETi3iHze
afitapibIkTail  a3asATHIHABIFBI  KepceTundi. COHBIMEH KaTap, TEMIIEpaTypaHbIH JKEKEJereH IIbIHBl  YIIiH
azcopOIMsIaHFaH aMMHaK MeJIIIepi a3aifbIll, SKCTpeMyMHAH 6Tyl HeMece IMIaMaMeH e3repmeyi MyMkiH. Fe/y-Al O3
JKYHeci YIIiH KOChIMIIA eCOPOIHs IIBIHBIHBIH IMaliaa O0Iyhl aTFOMUHUIN OKCUAIHIH OeTiHxeri Temipre 6alIaHbICTHL.

v-AlLOs okcuai Men Fe/y-AlbOs sxyiieci yuriH necopOLusi MIBIHBIHBIH TEMIIEPAaTypaJbIK JUANa30HbIH €CKepe
OTBIPHIN, OJAPABIH KYpPaMmbIHIA OJICi3 KBIIKBUI OPTANBIKTApHl (IecopOrmst TemnepaTypackl 523K neiiin), oprama
KYIITIK KBIIKBUI OpTaJbIKTaphl (aecopOumsi Temneparypackl 523-ten 613K geiiiH) oHe KYIUTI KBIIKBUI
OpTaJIBIKTaphI (IecopOumsi Temneparypacbl 613K-taH >xorapbl) Oap ekeHi aHbIKTanasl. KepceriireH temmeparypa
JIMaIa3oHbIH/Ia JecopOLUsiIaHFaH aMMUAKTBIH MOJIIIEPi TYPJli KBIIIKbII OPTAJIBIKTAPbIHBIH CaHIBIK OJIILEM] peTiHae
KbI3MET €Te ayaipbl.

Tyiiin ce3mep: reTeporenai KaTains, GU3NKa-XUMUSUIBIK 3€pTTeY dJicTepi, aacopOIsIaHFaH MOJIeKyJIaiap.

A.P. bpoackuid, B.IL. I'puropsesa, JI.B. Komamko, E.E. HypmakaHos,
N.C. Yanbimena, A.A.lllanosanos, . A.lllibiruna, B.A.SIckeBuu

AO «MHuCTHTYT TOTUMBA, KaTtanu3a u >nekTpoxumun uM. J1.B.Cokomnbckoro», Anmater, Kazaxcran

B3AUMOJIEMCTBUE KATAJIMTUYECKOM CUCTEMBI Fe/y-ALO3
C MOJIEKYJIAMHU-30HJAMU
III. UCCJIEJOBAHUE B3AUMOJEVCTBUSI AMMHAKA
C OKCHJIOM y-Al:O3 U CACTEMOM Fe/y-ALO;

Annotanusi. PaboTa mocBsiieHa MCCIEJOBAHHUIO B3aMMOJICHCTBHS T€TEPOTEHHBIX KATaJMTUYECKHX CHCTEM C
a71copOMpPOBaHHBIMH MOJIEKYJIaMH. B Hell mpencraBiieHbl pe3yabTaThl 10 B3aUMOJICHCTBHIO ¢ aMMHAKOM HCXO/IHOTO
okcuna y-Al,Os u cuctemsl Fe/y-Al,O3, monxydenssie ¢ momompo MK-criekTpockonuu 1 MeToa TepMOIIpOrpaMMH-
POBaHHOU AecopOnuy.
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C nomoripio MK-CeKTpoCKOnuy Ha MOBEPXHOCTH KakK OKcHaa amoMuHus Y-Al,O3 (HOCHTENb), TaK B CHCTEMBI
Fe/y-Al,O3; mpu ux B3aMMOJCUCTBHM C aMMHAaKoM B TemreparypHoMm uHTepBasie 293—773K Obuin 0OHapy KeHbI
KucIOoTHBIE TIeHTpH! JIptonca u bpercrena. OTHOCHTENbHAS HHTEHCUBHOCTH MOJIOC MOTJIOMIECHHSI, OTBEYAIOIINX 3TUM
LEHTPaM, 3aBUCUT OT TeMIepaTypbl B3aUMOJICUCTBUSI C aMMHAKOM U C €€ POCTOM MajaeT Kak ajst okcuaa y-AlLOs,
TaK u st cucremsl Fe/y-AlOs.

Bwmecre ¢ Tem, BBIABICHBI U CYIIECTBEHHBIE Pa3IHYIHS.

s cucremsl Fe/y-Al,O3 umeer mecto:

- yBelIWYCHHE KOJMYECTBA IIOJIOC TMOTJIOMEHHs, oOTHocammxcs K rpynnaMm —OH, oO0bpenmHEHHBIX Ha
MTOBEPXHOCTH BOJOPOIHBIMHE CBS3SIMU;

- YBEIWYECHNE KOJIMYECTBA MOJIOC TOTJIONICHNUS, OTHOCSIINXCA K JIBIONCOBCKIM KHCIOTHBIM LIEHTPaM;

- TOSIBJICHHE TIOJIOCHI, OTBEYAOIIeH BaleHTHBIM KoieOanusm rpyrnn N-H B nonax ammonust NHs', - teHTphI
Bpencrena (B ciaydyae okcuaa aqIOMHHHNS BAJICHTHBIX KOJIEOaHU HE HaOIII0JaI0Ch).

Habmonaromuecss 0COOEHHOCTH CBSI3aHBI ¢ MPHUCYTCTBHEM Ha IOBEPXHOCTH HOCHTENS (OKCHIA ATIOMUHHS
v-ALLO3) xene3ocojepkalleii KOMIIOHEHTbI. Takoe yTBep)kKIeHHE OOOCHOBaHO, IMOCKOJIbKY B HCXOJHOW CHCTEME
Fe/y-Al,O3; nHabmogaercst mojoca IOTJIONMICHHS, OTHOCSAMAsICS K CBsi3siM Fe-O, a mpu B3aMMOAEHCTBHHM CHCTEMBI
Fe/y-Al,O3; ¢ ammuakom nipu 773K B uinHHOBOJIHOBOM 06siacti K-cieKTpoB MPUCYTCTBYIOT MOJIOCHI HIOTJIOIICHHS,
KOTOpbIE, BEPOSTHEH BCEro, OTHOCATCS K cBsizsM B rpynmnax Al-O-Fe. Kpome Toro, o BIMsIHUY *keje30coaepxaiien
KOMIIOHEHTHI Ha IEHTPHI aCOPOINH CBHICTEIBCTBYET H CMEIIEHHE TI0 YaCTOTHOMY AMANa30HY I0JIOC TOTJIOMICHNS,
OTBEYAIOIINX JHIOMCOBCKUM KHCJIOTHBIM IICHTPAM.

B pesynbrare uccnenoBanuii okcuna amomunus y-Al,Os u cucrem 3%Fe/y-Al O3, 13%Fe/y-Al,O3 ¢ momomipio
TIIJI ammuaka B TtemmeparypHoMm wunrepBanie 293 — 773K ycraHoBieHo, uyTo ¢ mnoBepxHocTH Y-AlO3
ajcopoupoBantbiii NH3 1o temmepaTypHO# Ikane aecopOUpyeTcs B BHAE ISTH MHKOB, & C MOBEPXHOCTU CHUCTEM
3%Fe/y-Al,03 u 13%Fe/y-Al,O3 — B Bue cemu.

IToka3zaHo, 9TO CyMMapHOE KOJHYECTBO JECOPOMPOBAHHOTO aMMHaKa 3aMETHO YMEHBIIAeTCS C POCTOM
TeMmrepatypbl aacopouuu. [Ipu STOM AjIs OTHAENBHBIX TEMIEpaTypHBIX ITHUKOB KOJMYECTBO aJICOPOMPOBAHHOTO
aMMHaKa MOXET KaK yMEHBINAThCS, TaK M IPOXOJUTH UYepe3 3KCTPEMyM WM OCTaBaThCS MHPUOIH3UTEIHHO
MOCTOSIHHBIM. [1OsIBJIEHHE TOMOJHUTEIBHBIX MUKOB AecopOuu s cucteMbl Fe/y-Al,O3 cBs3aHO ¢ HaHECEHHOM Ha
OKCH/JI aJTFOMUHUS KEJIe30CoIepKaIleil KOMITOHEHTO.

Hcxonst 3 TeMmepaTypHOTO WHTEpBAlia CYIIECTBOBAHUS IECOPOIMOHHBIX IHMKOB JJIsI OKCHIA AaJFOMHHUS
v-ALOs u cucrem 3%Fe/y-AlL,O3, 13%Fe/y-Al,O3 caenan BBIBOA, 4TO B HHMX IPUCYTCTBYIOT cliaOble KHCIOTHBIC
HeHTpH! (Temmnepatypa aecopommu 1o 523K), KHCIOTHBIE IEHTPHI CpelHel CHIIbl (Temreparypa aecopOuun ot 523
mo 613 K) u cuinpHBIE KHUCIIOTHBIE HEHTPHI (TemmepaTypa aecop6rmu cBeimie 613K). O6bem mecopbupoBaHHOTO
aMMHaKa B YKa3aHHBIX TEMIEpPaTyPHBIX HHTEPBAIAX MOXKET CIYKHTh KOJIMYECTBEHHOW MEpPOW KHCIIOTHBIX IIEHTPOB
Pa3IMYHOTO THIIA.

KaroueBble cjioBa: reteporeHHbIil Kartanu3, GU3NKO-XUMHUYECKHE METO/bl MCCIIEIOBAaHUs, al1cOpOUpOBaHHbIE
MOJIEKYJIBI.
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