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Memooom zopenus ov1u nonyyenst npodykmul 2openus kcepozeaa (IIIK) antomookcuo-
HO20 U HUKEbANIOMUHAMHOZ0 COCMAEA C UCNOIb306aHUeM Tumonnoi kKucaomol (JIK) é kauecmese
monnuea. Onucanvi ceoticmea IIT'K, onpeodenennvie memooamu peHmzeHopha306020, mepmu4eckozo,
HK-cnexmpansvnozo anaiuza, CKauupyouieil 3,1eKmpoHHoi MUKpockonuu u op. Memooom penmee-
HOA306020 AaHANU3A YCHAHOBIEHO, YN0 20P EHUE CIEXUOMEMPUYECKOU CMeCU HUMP amad airoMuHuA
¢ JIK npueoouno x o6pa3oeanuro penmzenoamopPnozo npooyKma, KOmopuvlit KpUcmaiiu3oeaics c
oopaszosanuem y-Al,O3; npu mepmooopaoomxe (700-900 °C), nepexoousuieit 3amem (1100 °C) ¢ a-
AlL,Os. Ipusnaxku NiAl,O, oonapyscusanucs 6 as-prepared IIIK. C nomowivro unghpaxpacrozo nupo-
Mempa yCmanoe1eHbl MaKcumanvrvle memnepamypol 2operus: 429 u 468 °C ona IIT'K aniomoox-
CUOHO20 U HUKEIbANIOMUHANHO20 COCIMAEA COOMEEMCMEEeRHO. XapaKmep 3a6Ucumocni el memnepa-
mypul om épemenu ona paznuunvix IIIK 6v11 ananozuunvim. Boinonnen mepmuyeckuii ananus IHT'K
Onpeodenen cocmae 2a3o6, 8ulOCAANOUUXCA 8 X00e 2opeHus. Macc-chekmpanbHble Kpugvle ceuoe-
menbCcmeosanu 0 npeuMyu|ecmeeHHOM 6bloe1eHUU 2a3000Pa3HbIX NPOOYKM 08, COOME€EnCHE06a6-
WUX YPAGHEHUAM OKUCTIUM ENIbHO-80CCmanosumenshubix peakyuit: H,0, N,, CO,. Ilpugeden npeono-
Jl0dcumenbHblil nepeuens ypasHeHuil peakyuil, npueoousui ux Kk oopazosanuto utnunenu. Illo UK
cnekmpam coenano npeononodxcenue, umo INI'K nukenvantomunamnozo cocmaea (6e3 omacuza u
nocne omjicuza) npeocmaenAn ool YacCmuyHo UHEEPMUDP O6AHHYI0 WinuHenb. /laHHble N0 HU3KO-
memnepamypHoil adcopoyuu azoma ceudemesibCmeo8anu 0 He3HAYUMe1bHOM YMEHbULeHUU Y Oelb-
noii niowaou nosepxnocmu IITK (na 13-1%) u yseauuenuu pazmepos kpucmanumos (na 13-27%)
¢ peszynomame mepmooopadomku npu 700 °C. bonee evicokas memnepamypa omircuza (1100 °C)
HPUEOOUNA K CYUieCHIBEHHOMY COKDauieHUI0 Medcha3noit nosepxnocmu (6 4-5 pa3s).
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Combustion products of xerogel (XCPs) of alumina and nickel aluminate composition were
obtained by combustion using citric acid (CA) as fuel. The XCP properties determined by the meth-
ods of X-ray diffraction, thermal, IR spectral analysis, scanning electron microscopy, etc. are de-
scribed. By diffractometry, it was established that the combustion of a stoichiometric mixture of
aluminum nitrate with CA led to the formation of an X-ray amorphous product, which crystallized
to form y-Al,O; during heat treatment (700-900 °C), which then passed (1100 °C) into a-Al,Os.
NiAl,O, signs were found in as-prepared XCP. Using an infrared pyrometer, the maximum com-
bustion temperatures were established: 429 and 468 °C for XCPs of alumina and nickel aluminate
composition, respectively. The nature of temperature-time dependencies for different XCPs was
similar. A thermal analysis of XCP was performed. The composition of gases released during com-
bustion has been determined. The mass-spectral curves testified to the predominant emission of
gaseous products that corresponded to the equations of redox reactions: H,0, N,, and CO,. A hy-
pothetical list of equations of reactions leading to the spinel formation is given. Based on the IR
spectra, it was assumed that the nickel-aluminate XCPs (without annealing and after it) was a
partially invertedspinel. The dataon low-temperature nitrogenadsorption showed a slight decrease
in the XCP specific surface area (by 13-19%) and an increase in the size of crystallites (by 13-27%)
as a result of heat treatment at 700 °C. A higher annealing temperature (1100 °C) led to a signifi-
cant reduction in the interfacial surface (4-5 times).

Keywords: solution (xerogel) combustion synthesis, combustion mixture composition, alumina, nickel
aluminate spinel, xerogel combustion product, product annealing
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INTRODUCTION

This article is a logical continuation of the ar-
ticle [1], which substantiated 3 ways of synthesis of
NiALO, using xerogel combustion products (XCP)
and described the production and properties of XCP of
nickel oxide composition.

Aluminum oxide synthesized by combustion
was characterized in pioneering work [2] along with other
aluminate compounds (MgALO,, CaAlLO,, Y3;ALEO,
(YAG), B'-ALO;z;, LaAlO; and ruby powder (Cr3*
-ALQO3)). Inthis work, for the first time, the synthe-
sis of a-AlLO; has been carried out at a low temper-
ature (500 °C) by the burning a mixture of metal ni-
trate (AI(NO;);-9H,0) with urea N,H,CO as fuel for
a time of less than 5 min. The reaction was initiated by
heating in a muffle furnace. As a result, hexagonal
crystals a-AlLOs with dimensions of 0.2-0.8 um with a
specific surface area of 8.3 m?/g were obtained. The
interest in aluminate compounds is understandable and
is due to their great practical importance. Using the
combustion method, various modifications of alumina
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were obtained: a- [2-8], y-[9-12], B-[13, 14]. Asarule,
aluminum nitrate served as an oxidizer in such a reac-
tion, but metal formate was used in the work [6]. In the
work [9], a complex of aluminum (111) with Schiff ba-
ses was used in the presence and absence of carbamide
and glycine.

The reducing agent can be various organic
compounds that form chelated complexes with di- and
trivalent d-metals (Fig. 1), which increases the homo-
geneity of the reacting mixture, prevents segregation
and precipitation during evaporation in order to obtain
xerogel, and initiates a combustion reaction at low ig-
nition temperatures.

In most studies, the authors chose urea
(NH,),CO[2-5, 8, 13], glycine C,HsNO, [4,7, 13], and
citric acid [11, 13, 16]. In the review [17], it was noted
that the use of urea, hydrazine N,H,,or carbohydrazide
CHgN,O as fuel made it possible to obtain a single-
phase product in the form of a-AkLOj3, while the choice
of glycine C,HsNO,, acetylacetone CsHgO, or citric acid
CeHgO- led to the formation of an amorphous powder,
which, after annealing above 1100 °C, was transformed
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into a-AlLO;. Zhuravlev et al. [8] using the example of
the urea system, showed that the crystallization degree
of the combustion product depended to a large extent
on the molar ratio of fuel : oxidizer ¢. For ¢ =1.0-1.2,
the researchers obtained a well-crystallized product,
while the lack of fuel (¢ = 0.6) led to the formation of
an X-ray amorphous substance.
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Puc. 1. Xenar Mex1y KOMIDIEKCOOOp a3y IOIMMU KaTHOHAMH U
JIUMOHHO# Kucnortoi [15]
Fig. 1. Chelate between complexing cations and citric acid [15]

A number of authors used mixed fuels: urea-
glycine [18], urea-glycine-hexamethylenetetramine
[10], urea-camphor [19], urea-citric acid [11].

Earlier [20], we synthesized Al,O; using suc-
cinic acid. The xerogel combustion product (XCP) was
amorphous up to 700 °C. Heat treatment at 900 °C led
to the formation of crystallne y-ALOj;, and higher
temperature treatment (1100 °C) contributed to the
formation of a well-crystallized single-phase product
in the form of a-form. The size of the crystallites was
38.3 nm. XCP was composed of unevenly granular ag-
glomerates of sharp-angled particles with a size of ~2
to ~10 um. Its high reactivity was shown [21].

The combustion method is actively used to ob-
tain various spinels, including NiALO, [22-27]. In re-
cent years,the combustion method has been in demand
for the production of Ni-containing catalysts and
their supporters of various compositions: Ni/AlLO,
[28-32], NiO/ALO; [33], Ni-NiALO, [34], as well as
NiALO,/NIO composites [35]. This is caused by the
spinel stability, resistance to acids and alkalis, high
melting point. The review [36] showed that NiAl,O,
was formed in the process of combustion, especially at
elevated temperatures, or annealing (500-900 °C). X-
ray diffraction confirmed the coexistence of the NiO
and NiALO, phasesand the absence of alumina, which
indicated the complete inclusion of aluminum in the
spinel structure. Annealing above 800 °C contributed
to the crystallization of the stable phase of NiALQ,, in
which nickel was evenly distributed. Subsequent spinel
reduction led to the formation of Ni/Al,O; catalysts
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with fine particles of Ni (10-30 nm), providing in-
creased activity at moderate reaction temperatures. For
this purpose, traditional fuels, in particular urea, are used
[23, 26, 27]. The use of plant extract was original [24].

This part of the paper presents the results of the
study of xerogel combustion products (XCP) obtained
from nitrates and citric acid (CA), leading to the for-
mation of alumina and nickel-aluminate spinel.

MATERIALS AND EXPERIMENTS

Used for synthesis reagents: aluminum ni-
trate (AN) AI(NO3);-9H,0, nickel nitrate (NN)
Ni(NO3)2'6HzO,CitI’iC acid C5H807‘H20[HOOC'CH2'
C(OH)COOH-CH,COOH] analytically pure.

To obtain XCP (A) and XCP (NA), respec-
tively:

1) AN crystal hydrate taken as oxidizer and CA
(fuel) according to the reaction equation:

6[A|(N03)39H20] + 5C6H807 =
= 3A|203 + 9N2 + 30C02 + 74H20,

2) NN and AN crystal hydrates (oxidizers) and
CA (reducing agent) according to the reaction equation:

2[Ni(NO3),-6H,0] + 4[AI(NOs)s-9H,0] +
+ 5C6H307 + 2HNO3 = 2N|AI204 +
+ 9N, + 30CO; + 69H,0.

The initial components were introduced into
combustion mixtures in a stoichiometric ratio. The ex-
perimental methodology and the devices used were de-
scribed in Part 1 [1].

The decoding of the XCP diffractograms was
carried out on the JCPDS Cards nos. 10-0425 and 29-
0063 for y-AlLO3; 46-1212 for a-Al,Os. The diffraction
peaks at 19.5, 31.7, 37.5, 45.3, 60.2, and 65.8° corre-
spond to the (111), (220), (311), (222), (400), (511),
and (440) planes of NiAl,O, and are in excellent agree-
ment with JCPDS Card no. 78-1601 and PDF nos. 65-
3102, 81-0718.

RESULTS

All the studied reactions proceeded in a self-
propagating mode due to short-term local external heat-
ing of the prepared gel.

The XCP (A) diffractograms in Fig. 2 showed
that at the stoichiometric ratio of the initial compo-
nents, the first signs of the crystalline phase appearance
in the form of y-AlLOj3 in the primary X-ray amorphous
product (Fig. 2, a) were detected after heat treatment at
700 °C (Fig. 2, b). The product annealed at 900 °C fully
corresponded to the y-form (Fig. 2, c). The higher tem-
perature treatment (1100 °C) made it possible to obtain
single-phase corundum a-AkLO; (Fig. 2, d).
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In contrast to XCP (A), weak blurred reflexes
were detected immediately after combustion on the dif-
fractogram of the mixed product (XCP (NA)) (Fig. 3, a).
Annealing at 500 °C and above led to the distinct ap-
pearance of crystalline spinel signs (Fig. 3, b-c). At the
same time, under these conditions, peaks characteristic
of NiO were also manifested, which disappeared during
further high-temperature treatment (1100 °C) (Fig. 3, d).
Nickel metal in XCP (NA), unlike XCP (N) [1], was
not detected. The final product was pure spinel
N iAI204.

Temperature measurements using an infrared
pyrometer during combustion (Fig. 4) made it possible
to establish its maximum values T« for XCP (A) and
XCP (NA), equal to 429 (curve 2) and 468 °C (curve 3),
respectively. (For XCP (N), T,.x Was in the interval be-
tween these values (curve 1) and amounted to 447 °C
[1]). The difference in the course of the obtained de-
pendencies was manifested only in the different rate of
temperature rise up to ~300 °C.
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Time, s
Puc. 4. Iamenenne Ttemmepary pbi Bo Bpewmst rop erunst IITK (N)
(1), IITK (A) (2), TITK (NA) (3)
Fig. 4. Time-temperature profile of XCP (N) (1), XCP (A) (2),
XCP (NA) (3) combustion

The nature of thermal dependencies (TG, DSC)
for the studied XCPs was basically identical (Figs. 5, 6).
The presence of clearly pronounced exothermic effects
testified to an incomplete redox reaction in the com-
bustion process proper. The maximum temperatures,
as noted earlier [1, 20], were close to those measured
with a pyrometer: 437 (Fig. 5) and 429 °C (Fig. 4,
curve 2),471 °C (Fig. 6), and 468 °C (Fig. 4, curve 3).
Mass-spectral (MS) curves taken online (Figs. 5, 6)
showed a predominant release of gaseous products that
corresponded to the redox equations given above: H,0O,
N,, CO,. Part of the nitrogen was broken off in the
forms of NO and NO,. Basing on these products and
literature data [37, 38], it was possible to assume the
course of reactions according to the following schemes:
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- 54 °C R 85,4' °C
Ni(NO3),-6H,0 — Ni(NO3),-4H,0 —
85,4°C
5 Ni(NOs),-2H,0 (@)

Nl(NO3)22H20 =NiO + N02 +NO + 02 + 2HZO (b)

[ [

130 °C 200 °C
AI(NO3)39H20 — AI(N03)3 —
200 °C
— 1/2AL0;+3/2NO, +3/2NO +3/20,  (c)

N|(NO3)22HZO + C6H807 — Ni+ NiO +

+ NO,+NO + N, + CO, +H,0 +0O, (d)
6[A|(NO3)39H20] + 5C5H807 =
=3ALO; + 9N, + 30CO, + 74H,0 (e)

+ 5C6H807 + 2HNO3 = 2N|A|204 + 9N2 +

+30CO, + 69H,0 ()

Ni + O, = NiO +1/20, ()]

CgHgO; = CsH, 05 (citraconic/itaconic anhydride) +
+ CO, + 2H,0 (h)

Atthe ALO; interface:

2AL0O; + NiZ* =NiALO, + 2AF*+ 20% (i)
At the NiO interface:

2NiO + 2AP* + 20% = NiALO, + N?* ()]

Similar to the IR spectrum of XCP (N) [1], the spec-
tra for XCP (A) and XCP (NA) shown in Fig. 7 indi-
cated that the redox reaction was not completed due
to the presence of nitrate group residues (~1385-
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Temperature,°C

Puc. 5. TT/ACK u macc-criektpaibhbie Kpusble s IIT'K (A)
Fig. 5. TG/DSC/MScurves for XCP (A)
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1383, ~1630 cmr?), carboxyl groups (1642-1615 cm?
s va5(C-0)) with the superimposition of adsorbed
water vibrations 1454-1400 cm? for vs(COO) and
d(CH3). The band 1088 cm™ (Fig. 7, ) and the inflec-
tion at 1082 cm* (Fig. 7, b) could be attributed to the
M-OH deformation vibrations, as well as the A-O-C
bond [10]. Vibrations of M-O bonds absorbed in the
region of 800-450 cm. The stretched set of absorption
bands in the region of about 520 cm™ (Fig. 7, a) could
indicate Al-O bonds in the y-phase [39]. Bands 570-
500 and 800-670 cm* related to vibrations of octahe-
dral AlOg and tetrahedral AlO, groups, respectively. In
addition, the 570-470 cm™ band could be attributed to
Ni-O communication vibrations [35, 40]. Based on this,
it could be assumed that the product formed as a result
of combustion (as-prepared and after annealing) was a
partially inverted spinel in a similar way [41], in which
APF* ions are in both octahedral and tetrahedral posi-
tions. The characteristic frequencies of the Al-O—Ni
vibrations (450-850 cm?) also indicated the formation
of a spinel structure NiALO, [24]. In [42], bands 715,
600, 495, and 447 cm! were indicated, which were
characteristic of symmetrical stretching, bending, and
symmetrical stretching vibrations of Ni-O, A0, and
Ni-O—Albonds in tetrahedral and octahedral positions.

Figs. 8, a, b show agglomerated particles of
XCPs (NA) with a size of 100 to 700 nm.
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Fig. 6. TG/DSC/M Scurves for XCP (NA)
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Fig. 7. IR spectraof XCP (A) and XCP (NA) as-prepared (b) and

annealed at 500 °C (a, ¢) and 1100 °C (d)
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Fig. 8. SEM images of XCPs (NA) as-prepared (a) and after an-
nealing at 700 (b)
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The specific surface area (Sger) obtained by
low-temperature nitrogenadsorptionas wellas the equiv-
alent sizes of dger crystallites for combustion products
are shown in the Table. For comparison, data are pre-
sented for as-prepared XCP and annealed products, in-
cluding the data obtained by us [20] for the combustion
of XCP (A) with succinic acid (SA) as fuel.

The equivalent sizes of crystallites were calcu-
lated according to the equation:

dBET = 6000/(p SBET)!

where p is the true density of the corresponding sub-
stance, g/lcm?.

Tabnuua
YneabHasi II0MIATL TMOBEPXHOCTH W pa3Mepbl KpUCTAI-

JIMTOB 1JIA MPOAYKTOB TI'OPeHHUSA
Table. Specific surface area and crystallite dimensions

for combustion products

Product ten%l?iﬁ!lrr;? oC SgeT, M?/g dﬁrEnT p, g/cm?
- 168 20| 9.7
ﬁﬁ (CAA) 700 136 +12| 12 [368 (y)
1100 38+3 | 40 [3.98 (a)
XCP (A) with 700 117 +5 | 14 [368 (y)
SA [20] 1100 20+3 | 72 [3.98 (0)
XCP (N) with — 72+4 | 11 7.45
CA 700 59 +3 14 7.45
XCP (NA) — 85+10 | 16 450
with CA 700 74+8 | 18 450

The data obtained indicated a slight decrease
in the specific surface area (by 13-19%) and an in-
crease in the size of crystallites (by 13-27%), as well
as their agglomerates (Fig. 8) as a result of heat treat-
ment at 700 °C. Only a higher temperature (1100 °C)
led to a significant reduction in the interfacial surface
(4-5 times).

Subsequently, the synthesized XCP (A) was
used for the synthesis of nickel-aluminate spinel, and
the kinetics of solid-phase reactions of NiAlLO, for-
mation with the participation of XCPs was studied.

CONCLUSION

Xerogel combustion products (XCPs) were ob-
tained from a mixture of aluminum nitrate and citric
acid (XCP (A)) and from a mixture of aluminum and
nickel nitrates with the addition of citric acid (XCP
(NA)) for the subsequent synthesis of nickel aluminate
spinel. With the help of X-ray diffraction, it wasshown
that the as-prepared XCP(A) was amorphous. After
heat treatment at 700-900 °C, a crystalline phase in the
form of y-AlL,O; was detected, which at 1100 °C turned
into single-phase corundum a-AlLOs;. Signs of NiALO,
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were manifested in as-prepared XCP (NA). Single-
phase spinel (without NiO impurity) was obtained as a
result of annealing at 1100 °C.

The maximum values of the combustion tem-
perature have been established: 429 °C for XCP (A)
and 468 °C for XCP (NA). The composition of gaseous
products released in redox reactions was determined.
The IR spectra of as-prepared XCPs and after anneal-
ing were analyzed. The specific surface area values as
well as the equivalent sizes of dgercrystallites for com-
bustion products are calculated.
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