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OBTINEREA NiAl,O4 PRIN METODA COMBUSTIEI
NiALL O, PREPARED BY COMBUSTION SYNTHESIS

IOAN LAZAU", CRISTIAN CORCOVEANU, CORNELIA PACURARIU, RADU IOAN LAZAU

Univeristatea "Politehnica” Timisoara, Piata Victoriei Nr. 2, 300006, Timigoara, Roménia

A fost obtinut spinelul NiAl;O4 prin metoda
combustiei. S-au folosit azotatii de nichel si de aluminiu si
un amestec de combustibili format din uree — dozata in
raport cu azotatul de aluminiu si anhidrida maleica — dozata
in raport cu azotatul de nichel. Compatibilitatea intre fiecare
azotat metalic si combustibilul utilizat a fost stabilita pe
baza analizelor termice, referindu-se la o armonizare cat mai
bund a domeniilor de temperaturd in care are loc
descompunerea acestora. In urma procesului de
combustie, initiat la 500°C, rezulta direct faza proiectata
NiAl,O,. Prin calcinare ulterioara la 900°C are loc doar o
crestere usoara a dimensiunii cristalitelor, de la 15,8 nm la
16,7 nm. Folosind un exces de 10% combustibili, in raport
cu cantitatea stoechiometric necesara, in urma combustiei
rezulta un amestec de NiAl,O, NiO si Ni metalic; prin
calcinarea ulterioara a acestui amestec la 1000°C se
formeaza NiAl,O, faza unica. Dezvoltarea culorii albastre
specificd spinelului NiAl,O,, in care cationii cromofori Ni*
sunt prezenti in coordinare tetraedrica si octaedrica
necesita calcinarea la 900°C a pulberilor rezultate dupa

combustie.

NiAl,O, spinel was obtained by combustion

synthesis method, using nickel and aluminum nitrate and a
fuel mixture consisting of urea-dosed in relation to
aluminum nitrate and maleic anhydride-dosed in relation to
nickel nitrate. The compatibility of each metal nitrate and
the respective fuel was established based on the thermal
analyses, considering the decomposition temperature
range of each reagent. Following the combustion reaction
initiated at 500°C results the designed phase NiAl,O,. By
further annealing at 900°C there is only a slight increase of
the crystallite size, from 15.8 nm to 16.7 nm. Using the fuels
in 10% excess of the stoichiometric amount required, after
the combustion results a mixture of NiAl,O,, NiO and
metallic Ni; after further annealling of this mixture at
1000°C, NiAl,O, is formed as single phase. NiAl,O, specific
blue color development, in which the chromophore cations
N are present tetrahedralyl and octahedrally coordinated,
requires the annealing at 900°C of the resulted powders
after combustion.

Keywords: combustion synthesis, X-ray diffraction, thermal analysis, nickel spinel.

1. Introducere

Spinelul de nichel NiAl,O4 sau NiO-Al,O3,
prezinta proprietati refractare (temperatura de topire
2110°C) [1] si culoare albastra frumoasa , care il
face interesant pentru sinteza pigmentilor
anorganici [2].

Solutii solide intre spinelul de nichel si cel de
magneziu  Mg..Ni,AlLO,  prezintd  proprietati
dielectrice [3]. Compozite Mg;xNiAl,O4/Al,O3 au
fost utilizate ca suport pentru rodiu, evidentiind
excelente proprietati catalitice in reformarea
etanolului la presiune atmosferica [4].

Structura de spinel mixt a aluminatului de
nichel, NiAl,O4, Tn care golurile tetraedrice si cele
octaedrice sunt ocupate atat de cationii Ni%* cat Si
de cationii AI**, justifica numeroasele studii asupra
structurii acestui spinel [5-9]. Modul de ocupare a
golurilor tetraedrice si octaedrice, dupa Romeijn [5]
corespunde formulei  [Nig.25Alo 75] [Nio 75Al1.25]°04.
Acest mod de ocupare este foarte apropiat de cel
corespunzator unui factor de ocupare a golurilor
tetraedrice (A=0.38) prezentat in [10], unde A
reprezinta fractiunea de atomi B aflati in pozitii
tetraedrice. Notatia atomilor rezultd din formula
generala a spinelilor AB,O,, in particular A=Ni** Si
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1. Introduction

The nickel spinel NiAlLO; or NiO-Al,O;,
shows refractory properties (melting point 2110°C)
[1] and blue color, which makes it suitable for use
as inorganic pigment [2].

Solid solutions between the nickel and
magnezium spinel Mg 4NiAl,O, present good
dielectric  properties [3]. Mg4xNiAl,O4/Al,O3
composites were used as rhodium support,
highlighting excelent catalytic properties in the
ethanol steam reforming at atmospheric pressure

[4].

The mixed spinel structure of NiAl,O4, in
which the tetrahedral and octahedral gaps are filled
with both Ni** and AI** cations, justify the numerous
studies on the structure of this spinel [5-9]. The
occupancy of tetrahedral and octahedral voids in
nickel spinel is described by Romeijn [5], and its
corresponding formula is
[Nio.25Al0 75] '[Nio.75Al1 25]°04. This occupancy model
is very close to that corresponding to a tetrahedral
void occupancy factor (A=0.38) presented in [10],
where A represents the fraction of B atoms in
tetrahedral position. This notation resulted from the
general formula of the spinels AB,Oy,, in our case
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B=AI*". Raportul 0,75/2=0,375 este foarte apropiat
de cel indicat de Romeijn.

in privinta sintezei NiAl,O, datele din
literatura semnaleaza formarea relativ dificila a
acestuia; pornind de la amestecuri stoechiometrice
de NiO si Al,O; formarea spinelului a necesitat
calcinare la 1300°C timp de 24 ore [6]. Rezultate
similare sunt prezentate in [11]. Huang si
colaboratorii  [3] au obtinut solutii solide
Mg1xNi,Al.O4 pornind de la amestecuri oxidice prin
calcinare la 1200°C, 2 ore. Formarea acestor
solutii solide prin metoda combustiei, urmata de
calcinarea pulberilor rezultate Tn urma combustiei a
permis scaderea temperaturii de calcinare la
1000°C, 3 ore [12].

Succesul sintezei compusilor oxidici prin
metoda combustiei este conditionat de alegerea
rationalda a combustibililor, astfel Tncat sa se

asigure o compatibilitate cat mai buna intre
domeniile de temperatura in care are loc
descompunerea azotatilor metalici Si
descompunerea combustibililor utilizati [13-15].
Scopul prezentei lucrari este sinteza
spinelului de nichel, NiAl,OQy, prin  metoda

combustiei, pornind de la azotatii de nichel si
aluminiu, utilizand ureea si anhidrida maleica drept
combustibili.

2. Determminari experimentale

2.1 Sinteza NiAl,O,

Pornind de la Al(NO3)3-9H,0,
NI(N03)26H20, CH4N20(UI"€€) §| C4H203(anhidridé
maleicd) au fost preparate amestecuri a caror
compozitie este prezentata in tabelul 1.

A=Ni*" and B=AI’*. The ratio 0.75/2=0.375 is very
close to the one mentioned by Romeijn.

Regarding the synthesis procedure, the
literature data indicates it is rather difficult to obtain
NiAl,Oy; starting from stoichiometric mixtures of
NiO and AlLO; the spinel synthesis requires
annealing at 1300°C for 24 hours [6]. Similar
results are presented in [11]. Huang et al. [3]
obtained MgxNiAl,O,4 solid solutions starting from
oxides mixtures after annealing at 1200°C, 2
hours. The same solid solutions were obtained
using the combustion method followed by
annealing the obtained powders, which made
possible to lower the annealing temperature down
to 1000°C, for a 3 hours soaking time [12]. The
success of the combustion synthesis in the case of
oxide compunds is conditioned by the rational
choice of the fuels, in order to ensure a good
compatibility between the temperature ranges in
which the metal nitrates and fuel decomposition
take place [13-15].

The purpose of this paper is the synthesis
of NiAlL,O, using the combustion method, starting
from nickel and aluminium nitrates using ureea
and maleic anhydride as fuels.

2. Experimental

2.1. NiAl,O, synthesis

Different reaction mixtures were prepared
using the following raw materials: Al(NO3);-9H,0,
Ni(NO3),-6H,0, CH4N,O(urea) and C4H,O3(maleic
anhydride). The studied recipes are presented in
Table 1.

Tabelul 1
Compozitia amestecurilor studiate, raport molar / The composition of studied mixtures, molar ratio.
Nr. probé/ Samp/e No. Nl(NO3)26H20 Al(NO3)39H20 C4H203 CH4N20

1 1 2 4 -

2 1 2 5/6 5

3 1 2 5.5/6 5.5

4 1 2 4.5/6 5
Combustibilii utilizati au fost alesi pe baza The used fuels were selected based on the
relatiilor de compatibilitate privind domeniile de compatibility relationship between the

temperatura in care are loc descompunerea
azotatilor de aluminiu gi de nichel, cu domeniile de
temperatura in care are loc descompunerea ureei,
respectiv a anhidridei maleice. Aceste relatii au fost

stabilite pe baza analizelor termice. In toate
probele raportul molar
Ni(NO3),-6H,0:Al(NO3)3-9H,0O este 1:2,

corespunzator stoechiometriei spinelului NiAl,O4

in proba 1, s-a folosit un singur combustibil,
anhidrida maleica.

In proba 2, s-a folosit un amestec de
combustibili format din uree si anhidrida maleica.

In proba 3, combustibilii au fost introdusi in

decomposition temperature of the aluminium and
nickel nitrate, and the temperature range in which
the urea and maleic anhydride decompose. These
relations were established based on the thermal
investigations. In each sample the molar ratio
between Ni(NOj3),'6H,0:Al(NO3);-9H,O was kept
1:2; this coresponds to the nickel spinel NiAl,O,4
stoichiometry.

In sample 1 only one fuel was used — the
maleic anhydride.

In sample 2 a mixture of urea and maleic
anhydride was used.

In sample 3 both fuels were introduced
in10% excess of the stoichiometric amount required.
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exces 10% fata de cantitatea stoechiometric
necesara.

In proba 4, anhidrida maleic& s-a introdus in
proportie de 90% fata de cantitatea stoechiometric
necesara.

Omogenizarea amestecurilor s-a realizat in
stare uscata in capsule de portelan, la incalzire
insa amestecurile se dizolva in apa de cristalizare
a azotatilor, urmand o fierbere energica, timp in
care se asigura omogenitatea deplina a
amestecurilor in faza lichida. Capsulele s-au
introdus in cuptorul preincalzit la 500°C.
Evaporarea energica a apei de cristalizare
continua, dupd care se initiazd procesul de
combustie, in faza gazoasa.

Pulberile rezultate au fost mojarate,
analizate si apoi supuse calcinarii la diferite
temperaturi 800-1000°C, cu palier de 2 ore. Dupa
calcinare probele au fost spalate si apoi supuse
analizei.

2.2 Metode de analiza

Comportarea termica a azotatilor si
combustibililor individuali precum si a amestecului
de reactie a fost urmaritd prin analize termice in
domeniul 25-1000°C utilizand un aparat NETZSCH
STA 449C, in creuzete de platina, cu viteza de
incalzire 10°C/min in aer, cu un debit de 20
mL/min. Compozitia fazala a probelor s-a
determinat prin difractie  RX utilizdnd un
difractometru RIGAKU ULTIMA [V, radiatia CuK,.
Dimensiunea medie a cristalitelor (D) a fost
calculata folosind metoda “whole patter profile
fitting” (WPPF) iar influenta aparatului a fost
eliminatd folosind spectrul de difractie al unui
standard de Si masurat Tn aceleasi conditii.
Suprafata specifica a pulberilor obtinute s-a
determinat prin adsorbtie de N,, metoda BET,
folosind un echipament Micromeritics ASAP 2020.
Caracterizarea colorimetrica a probelor s-a realizat
prin spectroscopie de reflexie difuza utilizand un
spectrometru CARY 300 BIO VARIAN iluminant
Dgs si unghi de observare 10°; au fost determinate
si coordonatele tricromatice CIEL*a*b*. Spectrele
de absorbtie FTIR au fost realizate utilizadnd un
spectrometru SHIMADZU PRESTIGE-21 FTIR in
intervalul 4000-400 cm™', metoda pastilarii cu KBr.

3. Rezultate si discutii

Analizele termice (curbele TG gi DTA) ale
azotatilor de nichel gi aluminiu, realizate in aer,
sunt prezentate in figurile 1 si 2.

Se observa ca ambii azotati prezinta un prim
efect endoterm, fara variatie de masa la
temperaturi sub 100°C, acest efect este datorat
topirii/ dizolvarii in apa de cristalizare. In cazul
AI(NO3)3:9H,O urmeaza un efect puternic
endoterm cu maxim la 197°C  atribuit
descompunerii azotatului de aluminiu cu formarea
oxidului de aluminiu, acest proces este practic

In sample 4 the maleic anhydride was
downsized to 90% compared to the stoichiometric
amount required.

The mixture homogenization was carried
out in dry state using porcelain capsules. When
heated, the raw materials mixture first dissolve in
the crystallization water of the nitrates and than
starts to boil vigorously ensuring complete
homogeneity of the mixture in liquid phase. The
capsules were introduced in the preheated oven at
500°C. The energic evaporation of the
crystallization water continues and than the
combustion process initiates in gas phase.

The resulted powders were grinded,
analyzed and annealed at temperatures between
800-1000°C for 2 hours. After annealing the
samples were washed and analyzed again.

2.2 Analysis methods

The thermal behavior of the nitrates and fuels,
individually as well as in mixtures, were monitored
by thermal analyses in the range 25-1000°C
unsing a NETZSCH STA 449C instrument, in
platinum crucibles, at 10°C/min heating rate in air
with a 20 mL/min flow. The phase composition of
the powders was established by X-ray diffraction,
using a Rigaku Ultima IV instrument operating at
40 kV and 40 mA. The X-ray diffraction patterns
were recorded using the monochromated
Cukq radiation. The average crystallite size (D)
was calculated using the whole pattern profile
fitting method (WPPF) and the instrument
influence has been subtracted using the diffraction
pattern of a Si standard recorded in the same
conditions. The specific surface area of the
obtained powders was determined by N,
adsorption - BET method, using a Micromeritics
ASAP 2020 instrument. Colorimetric
characterization and trichromatic coordinates
CIEL*a*b* of the samples were established by
diffuse reflectance spectroscopy using a CARY
300 BIO VARIAN, D65 illuminant, 10° observation
angle. FTIR absorption spectra were recorded in
the range 4000-400 cm™, using a SHIMADZU
PRESTIGE-21 FTIR instrument, KBr pellet
method.

3. Results and discussion

The thermal analyses (TG and DTA
curves) of nickel and aluminium nitrates are shown
in Figures 1 and 2.

It is noted that both nitrates show a first
endothermic effect at temperatures below 100°C,
with no mass changes, which is due to the nitrates
melting / dissolution in their crystallization water. In
the case of AI(NO;);'9H,0 a strong endothermic
effect follows at 197°C assigned to the
decomposition  of aluminium nitrate with the
formation of aluminum oxide, which is almost
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Fig. 1 - Analiza termica a AI(NO;);-9H,0. Thermal analysis of

A/(NO3)39H20

@

terminat pana la 300°C. In cazul Ni(NO3),-6H,0
descompunerea termica decurge in mai multe
etape: conform datelor din literatura [16] apa de
cristalizare se elimina in trepte, urmand hidroliza
partiala cu formarea unui azotat bazic de nichel,
Ni(NO3)2-2Ni(OH),. Pierderea de masa de 58%,
care are loc pana la 310°C este in deplina
concordantd cu formarea azotatului bazic de
nichel; aceasta inseamna ca efectul endoterm cu
maxim la 275°C poate fi atribuit formarii azotatului
bazic de nichel Tn urma descompunerii partiale a
azotatului de nichel cu formare de NO, si Oy
inseamna ca abia la aceasta temperatura este
indeplinitd conditia ca azotatul de nichel s&
participe la reactii redox in amestecuri cu
combustibili potriviti.

Procesul puternic endoterm cu maxim la
343°C este atribuit descompunerii complete a
azotatului de nichel cu formare de NiO. Pierderea
totala de masa 74,2% corespunde stoechiometriei
reactiei cu descompunere completa a
Ni(NO3),'6H,O. Comparénd cele doua analize
termice se remarca faptul ca domeniul de
descompunere termica a azotatului de aluminiu
este la temperaturi mai joase (sub 200°C) decéat
domeniul de descompunere a azotatului de nichel
care incepe peste 200°C si continua pana aproape
de 400°C. Aceste comportari termice a celor doi
azotati metalici sugereazd necesitatea utilizarii
unor combustibili diferiti, potriviti pentru fiecare
azotat in parte.

Pe baza datelor din literatura si a unor
rezultate anterioare privind sinteza compusilor
oxidici prin combustie [12-15,17] atentia noastra
s-a Indreptat spre studierea n continuare a ureei si
anhidridei maleice, ca si combustibili potriviti pentru
cei doi azotati metalici. Daca ureea este unul dintre
combustibilii frecvent utilizati in sintezele prin
combustie, In ceea ce priveste anhidrida maleica
aceasta reprezintd un nou combustibil utilizat in
prezenta lucrare.

Analizele termice ale ureei si anhidridei
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. 2 - Analiza termica a Ni(NO;),"6H,0. Thermal analysis of
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completed at 300°C. In the case of Ni(NO3),:6H,0
the thermal decomposition takes place in several
stages: according to the literature [16] the
crystallization water is eliminated in steps followed
by partial hydrolysis with the formation of alkaline
nickel nitrate, Ni(NO3),'2Ni(OH),. The mass loss
(58%) up to 310°C is fully consistent with the
formation of alkaline nickel nitrate; this means that
the endothermic effect at 275°C can be assigned
to the formation of alkaline nickel nitrate, due to
the partial decomposition of the nickel nitrate to
form NO, and O,; this means that only at this
temperature the condition is fulfilled for the nickel
nitrate to participate in redox reactions with
suitable fuels.

The strong endothermic effect at 343°C is
assigned to the full decomposition of nickel nitrate
with formation of NiO. The 74.2% mass loss
corresponds to the complete decomposition
reaction stoichiometry of Ni(NO3),-6H,0.
Comparing the two thermal analyses is to be noted
that the thermal decomposition of aluminum nitrate
is completed at lower temperature (below 200°C)
than the decomposition of nickel nitrate which
begins above 200°C and continues up to about
400°C. The thermal behavior of the two metal
nitrates suggests the need of using different
suitable fuels for each nitrate involved in the
combustion synthesis.

Based on the literature data and previous
results regarding oxide compounds synthesis by
combustion method [12-15, 17], our attention was
directed toward further study of urea and maleic
anhydride as suitable fuels for the involved metal
nitrates in nickel spinel synthesis. Although urea is
one of the most commonly used fuels in
combustion synthesis, using the maleic anhydride
represents the novel approach of the present
paper.

The thermal analyses of urea and maleic
anhydride are presented in Figures 3 and 4.
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Fig. 3 - Analiza termica a CHiN,O / Thermal analysis of
CH4N,0.

maleice sunt prezentate in figurile 3 si 4.

Se remarca procesele complexe care au loc
la descompunerea termica a ureei, incepand cu
topirea (proces endoterm cu maxim la 149°C) si
apoi descompunerea in trepte, care incepe la
temperaturi  sub 200°C. Chiar daca Ia
descompunerea termica a ureei procesele se intind
pana la temperaturi peste 500°C, practica a
confirmat ca este combustibilul cel mai potrivit
pentru azotatul de aluminiu. Specific pentru uree
este faptul ca singurul element din compozitia s-a
care asigura caracterul sau reducator este N*. n
ce priveste descompunerea termica a anhidridei
maleice se remarca procesul endoterm fara
variatie de masa cu maxim la 61°C datorat topirii
acesteia, dupa care are loc descompunerea practic
completa cu formarea unor produsi gazosi care
sufera procesul exoterm de oxidare pe seama
oxigenului din atmosfera de lucru. in cazul
anhidridei maleice caracterul reducator este
asigurat de C'". Aceasta comportare termicd a
anhidridei maleice sugereaza o] buna
compatibilitate cu azotatul de nichel, cel putin
pentru prima etapa de descompunere termica a
acestuia. Este cunoscut insa ca procesele de
descompunere a amestecurilor de azotati si
combustibili se influenteaza reciproc i sunt cu mult
mai complexe decat descompunerea individuala a
acestora.

Pe baza informatiilor furnizate de analizele
termice a fost ales ca si combustibil optim ureea
pentru azotatul de aluminiu si anhidrida maleica
pentru azotatul de nichel.

Reactile care au stat la baza dozarii
reactantilor sunt prezentate in ecuatiile (1) si (2):

2A|(N03)3 + 5CH4N,0 —
— Al,O3 + 10H,0 + 5CO, + 8N, (1)

6NI(NO3)2 + 5C4H,05 —
5 6NIO + 5 H,0 + 20CO, + 6N, 2)

in figura 5 este prezentatd analiza termica a
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ig. 4 - Analiza termica a C4H,O3. / Thermal analysis of C4H;0;,

It is noted that the complex processes
taking place in the thermal decomposition of urea,
begin with melting (endothermic effect at 149°C)
and then decomposing in steps, starting at
temperatures below 200°C. Even if though at
thermal decomposition of urea the processes
extend to temperatures above 500 ° C, the
practice has confirmed that this fuel is the best
suited for aluminum nitrate. Specific for urea is that
the only element in its composition that provides its
reducing character is N Regarding the thermal
decomposition of maleic anhydride it is noted that
the endothermic process with no mass change
starts at 61°C due to its melting, after which the
complete decomposition occurs with the formation
of gaseous products that suffer exothermic
oxidation in the presence of the oxygen. In the
case of maleic anhydride the reducing character is
provided by C'. This thermal behavior of maleic
anhydride, suggests a better compatibility with
nickel nitrate, at least for the first step of the
thermal decomposition. It is however known that
the decomposition processes of nitrates and fuels
mixtures influence each other and are far more
complex than the individual decomposition
processes.

Based on the information provided by
thermal analysis urea was chosen as the optimal
fuel for aluminum nitrate and maleic anhydride for
nickel nitrate.

The dosage of the reactants was done
according to the reactions presented in equations
(1) and (2):

2A|(N03)3 + 5CH4N,0 —
— AlL,O3 + 10H,0 + 5CO, + 8N, (1)

6NI(N03)2 + 5C4H,03 —
— 6NIO + 5 H,0 + 20CO, + 6N, 2)

The thermal analysis results of the nickel
nitrate and maleic anhydride mixture are shown in
Figure 5.
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amestecului de azotat de nichel si anhidrida
maleica.
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g. 5 - Analiza termica a amestecului Ni(NO3),'6H,0 cu C4H,03
Thermal analysis of Ni(NOs),-6H,0 and C4H,Os mixture

Fi

Se remarca prezenta efectelor endoterme
cu maxime la 60°C, 127°C si 157°C datorate topirii/
dizolvarii azotatului de nichel si apoi indepartarii
apei de cristalizare. Aceste efecte sunt in buna
concordanta cu cele semnalate in cazul analizei
termice a azotatului de nichel (fig. 2). Peste 200°C
comportarea amestecului de azotat de nichel si
anhidridd maleicd este esential diferita de
comportarea individuald a celor doi compusi. In
primul rand lipsesc efectele endoterme datorate
descompunerii azotatului de nichel si a anhidridei
maleice; locul lor este luat de efecte exoterme care
reflecta derularea proceselor redox intre produsii
de descompunere ai anhidridei maleice si ai
azotatului de nichel. Aceste procese puternic
exotreme "acopera” procesele endoterme asociate
descompunerilor si confirma desfasurarea unor
procese de combustie. Chiar existenta a doua
maxime exoterme, la 254°C si 351°C este intr-o
foarte bund concordantd cu temperaturile de
descompunere in trepte a azotatului de nichel
(275°C respectiv 343°C fig. 2) doar ca in locul
efectelor endoterme, sunt prezente efectele
exoterme care confirma desfasurarea proceselor
de combustie.

Trebuie precizat ca intre succesiunea
efectelor exoterme datorate proceselor de
combustie, evidentiate pe curbele DTA si modul de
derulare al acestor procese pe amestecuri
introduse direct la 500°C in cuptor si intr-o cantitate
de ordinul zecilor sau sutelor de grame, exista
diferente semnificative; aceste diferente se
regasesc in primul rand in suprapunerea efectelor
exoterme evidentiate succesiv pe curbele DTA si
mai ales in supraincalzirea amestecurilor,
proportional cu cantitatea de amestec.

Probele rezultate in urma procesului de
combustie, initiat la 500°C, si dupa calcinare
ulterioara la diferite temperaturi au fost supuse
spalarii cu apa distilata, uscarii si apoi s-a
determinat compozitia fazala a acestora (tabelul 2).

One can observe the endothermic effects
at 60°C, 127°C and 157°C due to the melting /
dissolution of nickel nitrate and then removal of the
crystallization water. These effects are in
agreement with those reported in the thermal
analysis of nickel nitrate (Fig. 2). Above 200°C the
behavior of maleic anhydride and nickel nitrate
mixture is fundamentally different from the
behavior of the independent compounds. Firstly,
the lack of endothermic effects due to
decomposition of nickel nitrate and maleic
anhydride are replaced by exothermic effects,
which prove the redox processes running between
the decomposition products of the maleic
anhydride and of nickel nitrate. These strong
exothermic processes ,cover’ the endothermic
processes associated with the decomposition and
confirm the combustion processes deployment.
Even the two exothermic effects at 254°C and
351°C are in agreement with the decomposition
temperatures of nickel nitrate (275°C or 343°C Fig.
2). The endothermic effects are covered by the
strong exothermic effects specific to the
combustion process taking place.

It should be noted that there are significant
differences between the sequence of exothermic
effects due to combustion processes shown on the
recorded DTA curves and those specific for the
processes taking place in the mixtures placed
directly in the oven at 500°C and in an amount of
the tens or hundreds of grams. Such differences
result primarily in the overlapping of the
exothermic effects due to overheating of mixtures,
proportionally to the amount of mixture.

The resulted samples after the combustion
process, initiated at 500°C, after further annealing
at different temperatures have been washed with
distiled water, dried and analysed for phase
composition determining (Table 2). The washwater
remained colorless reflecting the absence of
soluble nickel.

In Table 2 are also presented the average
NiAl,O, crystallite size, as well as the specific
surface area and the calculated particle size for
some samples.

Crystallite size was determined with the
Scherrer's relation, equation (3):

I
- Bocozd (3)

where:
D - crystallite size, nm;
k — Constant, the value of 0.9 was used:;
A - wavelength of the radiation used,
)\CuKa=0-15405 nm;
Bc - half width (solely due to crystallite size) peak
at half height, expressed in radians;
0 - Bragg angle in degrees, corresponding to the
chosen diffraction peak.

Powder particle size was calculated based
on the specific surface area, assuming spherical
particles of the same size. Equation (4) was used:
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Tabelul 2
Compozitia fazala a probelor rezultate dupa combustie, respectiv calcinate la diferite temperaturi
Phase composition of the samples resulted from combustion synthesis, respectively calcined at different temperatures
Nr. Temperatura Faze prezente Dimensiunea cristalitelor Suprafata Dimensiunea
Proba Temperature Phases spinelului, NiAl,O4 specifica particulelor
Sample (°C) Nickel spinel crystallite size Surface area Particle size
No. (nm) (m?/g) (nm)
1 800 NiAl,O4
NiO
1000 NiAl,O4 9.6
NiO urmel/trace
2 dupa combustie NiAl,O4 15.8 10.0 133
after combustion NiO urmel/trace
900 NiAlL,O4 16.7 6.7 199
NiO urmel/trace
dupa combustie NiAl,O4
3 after combustion NiO
Ni
800 NiAl,O4
NiO
900 NiAl,O4 25.6
NiO urmel/trace
1000 NiAl,O4 5.2 256
4 dupa combustie NiAl,O4 6.80 28.1 47.45
after combustion NiO urmel/trace
900 NiAl,O4 9.3
NiO urmel/trace

La spalarea probelor, apa de spalare a dq = 50 4)
ramas complet incolora, ceea ce reflectd absenta o5
nichelului solubil. where:

In tabelul 2 este prezentata si dimensiunea d - particle size, nm; s
cristalitelor de NiAl,O4 in unele probe, precum si p - density, pniaos = 4.50126 g/cm’;
suprafata specifica a unor probe si dimensiunea S - surface area, m/g;
calculata a particulelor. Phase composition of the samples

Dimensiunea cristalitelor a fost determinata
cu relatia lui Scherrer, ecuatia (3).
D= ki
Beorcosd
unde: D - dimensiunea cristalitelor, nm;

k - constanta pentru care s-a folosit
valoarea 0,9;

A - lungimea de unda a radiatiei utilizate,
)\CuKu=0115405 nm;

Bc - semildtimea (datoratd exclusiv
dimensiunii cristalitelor) maximul de la jumatatea
inaltimii; exprimata in radiani;

6 - unghiul Bragg exprimat in grade,
corespunzator maximului de difractie ales.

Extragerea contributiei echipamentului de
difractie RX la semilatimea totalda a maximelor de
difractie, citita de aparat, si calculul valorilor D s-a
realizat folosind softul specializat al echipamentului
utilizat.

@)

Dimensiunea particulelor de pulbere s-a
calculat pe baza suprafetei specifice, admitand
forma sferica a particulelor si aceeasi dimensiune.
S-a folosit relatia (4):

ms
in care: d - dimensiunea particuelor, nm;

p - densitatea, piazos = 4.50126 g/lem®;

S - suprafata specifica, m“/g;

Compozitia fazald a probelor, prezentata Tn
tabelul 2, pe baza spectrelor de difractie RX din
figurile 6-8 si 10 arata ca:

presented in Table 2, based on X-ray diffraction
spectra in Figures 6-8 and 10 show that:

- using mixtures of metal nitrates and
maleic anhydride, dosed in relation to both nitrates
(sample 1) the combustion process is smoldering,
resulting in a black mass, which contains poor
crystalline spinel phase after annealing at 800°C
and spinel phase together with unreacted NiO
after annealing at 1000°C (Fig. 6);

- by using stoichiometric mixtures of metal
nitrates and the two fuels (sample 2), the designed
phase results directly, accompanied only by traces
of NiO (Fig. 7). By further annealing of the sample
at 900°C, the phase composition remains
practically unchanged, suggesting that the
temperature in the sample during the combustion
was at least 900°C, for a short period of time. A
very slight increase in crystallite size from 15.8 nm
to 16.7 nm is noted after annealing. The effect of
subsequent annealing of the sample 2 is also
found in the decrease of the specific surface area
from 10.0 m*g to 6.7 m%g, which corresponds to
an increase of the calculated particle size from 133
nm to 199 nm;

- by using a reaction mixture with an
excess of 10% fuel (sample 3) compared to the
stoichiometric amount required, the powder
resulted from combustion contains in addition to
the designed phase, NiAl,O4, NiO and even
metallic Ni (Fig. 8). This shows the too strong
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- in cazul amestecului de azotati metalici si
anhidrida maleica, dozata in raport cu ambii azotati
(proba 1) procesul de combustie este unul mocnit,
rezultdnd o masa neagra, care prin calcinare la
800°C contine faza spinelica slab cristaling, iar la
1000°C alaturi de spinel este prezent NiO
nereactionat (fig. 6);

- prin utilizarea amestecului stoechiometric
de azotati metalici si cei doi combustibili (proba 2),
supus initierii proceseului de combustie, prin
introducere in cuptorul preincalzit la 500°C, rezulta
direct faza proiectatd, insotita doar de urme de NiO
(fig 7). Prin calcinarea ulterioara a acestei probe la
900°C, compozitia fazala practic nu se schimba,
sugerand faptul ca 1in timpul combustiei
temperatura in proba a fost cel putin 900°C, dar
pentru un timp foarte scurt. Se remarca doar o
foarte usoara crestere a dimensiunii cristalitelor, de
la 15,8 nm, la 16,7 nm. Efectul calcinarii ulterioare
a probei 2 se regaseste si in scaderea suprafetei
specifice de la 10,0 m%g la 6,7 m%g, ceea ce
corespunde unei cresteri a dimensiunii calculate a
particulelor, de la 133 nm la 199 nm.

o
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Fig. 6 - Spectrele de difractie RX ale probei 1, calcinata la 800
si 1000°C. / X-ray diffraction spectra of sample 1,
calcined at 800 and 1000 ° C.

- utilizarea unui amestec de reactie cu exces
de 10% combustibili (proba 3) fatd de cantitatea
stoechiometric necesara, face ca pulberea
rezultatd din combustie sa contina pe langa faza
proiectata, NiAl,O4 si NiO si chiar Ni metalic (fig.
8). Aceasta reflectda existenta unei atmosfere
reducatoare prea puternica in amestecul de
reactie, datoratd excesului de combustibili.
Dimensiunea cristalitelor de NiAl,O4 din proba 3
este mai mare decat in proba 2, ceea ce reflecta o
temperatura mai ridicata in timpul procesului de
combustie din proba 3. Excesul de combustibil nu
este insa favorabil din punct de vedere al formarii
fazei proiectate. Prezenta Ni metalic in proba 3
rezultata in urma combustiei a fost confirmata de
analiza termica a acestei probe (fig. 9).

reducing atmosphere in the reaction mixture due to
the fuel excess. The crystallite size of NiAlL,O, in
sample 3 is larger than in sample 2, which reflects
a higher temperature during the combustion
process of sample 3. The fuel excess, however, is
not favorable from the point of view of the
projected phase formation. The presence of
metallic Ni resulting from the combustion of
sample 3 was confirmed by thermal analysis of this
sample (Fig. 9) showing Ni oxidation to NiO.

On the TG curve one may observe a mass
increase starting from 600°C, assigned to the
oxidation of nickel due to the oxygen in the
working atmosphere, corresponding to a Ni
content of 9.6%. The lack of any mass loss in the
range 400-600°C reflects the absence of carbon in
the resulting sample after combustion even if this
sample has a dark greysh-black color. On the DTA
curve there is a weak exothermic effect at
334.5°C, practically with no mass variation. A
possible explanation for this exothermic effect is
the crystallization of NiO.
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Fig. 7 - Spectrele de difractie RX ale probei 2 rezultata imediat
dupa combustie, respectiv dupa calcinare la 900 si
1000°C / X-ray diffraction spectra of sample 2, after
combustion and calcined at 900 and 1000 °C.

After the annealing of sample 3 at 800°C in

air, the absence of RX diffraction peaks
caracteristic of metallic Ni and a slight increase in
NiO peak intensity are noted. The designed phase
NiAl,O4 remains in a poor crystalline form. After
annealing at 900°C NiAl,O4 is the main phase
alongside with a small amount of NiO. At 1000°C
the spinel NiAl,O, is the single phase.
- the use of a reaction mixture in which maleic
anhydride is introduced in a proportion of 90% of
the stoichiometric amount required (sample 4)
yields powders consisting mainly of spinel phase
NiAl,O, with only traces of NiO (Fig. 10). By
annealing this powder at 900°C the phase
composition remains unchanged.
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Fig. 8 - Spectrele de difractie RX ale probei 3 rezultatd imediat
dupa combustie, respectiv calcinare la 800, 900 si
1000°C. / X-ray diffraction spectra of sample 3, after
combustion and calcined at 800, 900 and 1000 °C.

Se observa pe curba TG o crestere de
masa incepand in jur de 600°C, atribuita oxidarii
nichelului pe seama oxigenului din aerul utilizat n
atmosfera de lucru; cresterea de masa corespunde
unui continut de Ni de 9,6%. Lipsa unei scaderi de
masa in intervalul 400-600°C reflecta absenta
carbonului in proba rezultatda dupa combustie desi
aceasta proba prezinta culoare cenusie-neagra. Pe
curba ATD se observa un slab efect exoterm cu
maxim la 334,8°C practic fara variatie de masa; o
explicatie posibila pentru acest efect exoterm este
un proces de cristalizare a NiO.

Dupa calcinarea probei 3 la 800°C, in aer,
se remarca absenta maximelor de difractie RX
caracteristice Ni metalic si 0 usoara crestere a
maximelor caracteristice pentru NiO. Faza
proiectata, NiAl,O, raméne insa intr-o forma slab
cristalina. Dupa calcinare la 900°C NiAl,O, este
faza principala, alaturi de o proportie redusa de
NiO, iar la 1000°C spinelul NiAl,O,4 este faza unica.
Utilizarea unui amestec de reactie in care
anhidrida maleica s-a introdus in proportie de 90%
fatd de cantitatea stoechiometric necesara (proba
4) face ca pulberea rezultata in urma combustiei sa
contina faza spinelica NiAl,O,4 si doar urme de NiO
(fig. 10). Prin calcinarea acestei pulberi la 900°C
compozitia fazala raméane neschimbata.

Aceste rezultate privind formarea fazei
proiectate, NiAl,O,4, arata ca folosirea amestecului
de combustibili format din uree - aferenta azotatului
de aluminiu si anhidridda maleica - aferenta
azotatului de nichel permite obtinerea fazei
proiectate direct din reactia de combustie.
Utilizarea unui exces de combustibili fatda de
cantitate stoechiometric necesara, este
contraindicatd datorita caracterului reducator care
determina formarea Ni metalic. Un mic deficit de
anhidrida maleica (10%) nu influenteaza negativ
formarea fazei proiectate. Aceasta se poate explica
acceptand ca pe langa reactiile teoretice de oxido-
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Fig. 9 - Analiza termicda a probei 3, rezultatd Tn urma
combustiei. / Thermal analysis of sample 3, after
combustion.
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Fig. 10 - Spectrele de difractie RX ale probei 4 rezultata imediat
dupa combustie, respectiv calcinare la 900°C / X-ray
diffraction spectra of sample 3, after combustion and
calcined at 900 °C.

These results concerning the obtaining of
NiAl,O4, show that the use of fuel mixture
consisting of urea afferent to aluminum nitrate and
maleic anhydride afferent to nickel nitrate allow the
designed phase be obtained directly from the
combustion reaction. The use of an excess of fuel
compared to the stoichiometric amount required is
however not adviceable due to the strong reducing
environment causing the formation of metallic Ni. A
small deficit of maleic anhydride (10%) does not
adversely affect the formation of the designed
compound. This can be explained by accepting
that beside the theoretical oxidation-reduction
reactions (equations 1 and 2) side reactions of
metal nitrate decomposition occur, at which the
fuels do not participate.

The spinel powders directly resulted from
the combustion synthesis or after annealing at
900°C are nanocrystalline, with the average
crystallite size below 26 nm. The particle size
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reducere (ecuatile 1 si 2) au loc si reactii
secundare de descompunere a azotatilor metalici
la care nu participa combustibilii.

Pulberile spinelice NiAl,O4 rezultate Tn urma
combustiei sau chiar dupa calcinare ulterioara la
900°C sunt nanocristaline, cu dimensiunea
nanocristalelor sub 26 nm. Dimensiunea
particulelor, calculata pe baza suprafetei specifice,
este intre 47 si 256 nm, fara sa necesite un proces
de macinare in vederea utilizarii pentru colorarea
unei matrici polimerice sau vitroase. Din contra,
dimensiunea redusa a particulelor poate fi chiar un
impediment din punct de vedere al rezistentei fata
de actiunea solubilizanta a unor topituri.

Caracterizarea colorimetrica a probelor
obtinute s-a realizat prin Tnregistrarea spectrelor de
reflexie difuza (fig. 11). Se remarca faptul ca doar
probele supuse unor calcinari la temperaturi de
900°C sau 1000°C prezinta spectre de reflexie
caracteristice spinelului de nichel NiAlLO, de
culoare albastra. Probele 2 si 4 rezultate in urma
combustiei, degi au practic aceeasi compozitie
fazala ca si dupa calcinare la 900°C (fig. 7 si fig.
10) prezintd spectre de reflexie difuza in care
benzile de absorbtie caracteristice pentru NiAl,O4
nu sunt suficient de bine conturate, ceea ce
confirma culoarea albastru-cenusiu a acestor
pulberi.

Probele 2, 3 si 4, calcinate la 900°C si de
asemenea proba 3 calcinata la 1000°C prezinta
spectre aproape identice, in acord cu compozitia
lor fazala . in aceste spectre se remarca benzile de
absorbtie de la 370 nm, 600 nm si 640 nm, precum
si cate un umar la 430 nm, 550 nm, 710 nm si
760 nm.
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calculated using the surface area ranges between
47 and 256 nm, without the need of a milling
process to be used for coloring polymeric or
vitreous matrices. On the contrary, the reduced
size of the particles may become an obstacle from
the point of view of resistance to the action of
molten solubilizer in the case of glasses/ glazes.

Colorimetric  characterization of the
obtained samples was done by recording diffuse
reflectance spectra (Fig. 11). It is noted that only
the samples subjected to subsequent annealing at
temperatures of 900°C and 1000°C show spectral
reflectance curves specific for blue nickel spinel
NiAl,O,4. Although samples 2 and 4 resulted from
the combustion, have practically the same phase
composition after annealing at 900°C (Fig. 7 and
Fig. 10), they present diffuse reflectance spectra in
which the NiAl,O, absorption bands are not
sufficiently well defined, also confirmed by the
blue-gray color of these powders. Samples 2,3,
and 4, annealed at 900°C and also sample 3
annealed at 1000°C present almost identical
spectra, in agreement with their phase
composition. One may observe in these spectra
the absorption bands at 370 nm, 600 nm and 640
nm, as well as the shoulders at 430 nm, 550 nm,
710 nm and 760 nm.

According to the literature [2, 12, 18], the
absorption bands at 600 nm (shoulder at 550 nm)
and 640 nm correspond to the electronic transition
*T.(F) —>3T12P) assigned to tetrahedrally
coordinated Ni“*, the band at 710 nm and 760 nm
are due to transition *A,(F) —°T,4(F) assigned to
octahedrally coordinated Ni%*, and the bands at
370 nm and 430 nm are assigned to the charge
transfer.

3-1000°C
3-900°C

2-900°C
& 4-900°C

¢

L D}

4 1-1000°C

L)

@ 4-combustion

O 2-combustion

T T
400 450 500 550

™ T T T
650 700 750 800

Wavelength (nm)

Fig. 11 - Spectrele UV-VIS ale probelor 1,2,3 si 4 dupa combustie si calcinare la diferite temperaturi.
UV-VIS spectra of samples 1,2,3 and 4 after combustion and calcination at different temperatures.
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Tabelul 3
Parametrii CIEL*a*b* ale probelor 1, 2, 3 si 4 dupa combustie si calcinare la diferite temperaturi.
CIEL*a*b* parameters of samples 1, 2, 3 and 4 after combustion and calcination at different temperatures.
Numar proba Temperatura Parametrii CIEL*a*b*
Sample No. Temperature (°C) CIEL*a*b* Parameters
B p =
1 1000 55.1591 -20.8587 -15.1122
2 dup& combustie 47.4130 -6.9761 -5.1559
after combustion
900 61.6070 -19.5090 -16.2448
3 900 65.4964 -21.0468 -17.8692
1000 66.7241 -22.2917 -20.9880
4 dup& combustie 54.1419 -8.0716 -0.6029
after combustion
900 62.5738 -18.1016 -11.4805
Conform datelor de literatura [2, 12, 18] 100
benzile de absorbtie de la 600 nm (cu umarul de la
550 nm) gl 640 nm corespund tranzitiei electronice
3T1(F) T4(P) atribuita Ni** coordinat tetraedric;
benzile de la 710 nm si 760 nm sunt datorate
tranzitiei *Ayg(F) —°T14(F) atribuitd Ni** coordinat
octaedric, iar benzile de la 370 nm si 430 nm sunt NiO
atribuite transferului de sarcina. 8
Coordonatele tricromatice CIEL*a*b* g
prezentate in tabelul 3 confirmé& culoarea albastra £ WALO
specificd spinelului NiAlLO,. Valorile negative £ 2
pentru a* si b* plaseaza aceste culori in domeniul  + NIALO 1000°C
albastru-verde. s 27
Caracterizarea spinelului de nichel, NiAl,Oy,
obtinut prin metoda combustiei, urmata de NiA1,0,-900°C
calcinare la 900°C respectiv 1000°C, s-a realizat si
prin spectroscopie FTIR.
in figura 12 este prezentat spectrul de

absorbtie FTIR al NiAl,O, (proba 3, 900°C si
1000° C) precum si spectrele de absorbtie ale AI203
si NiO. Este cunoscut ca in Al,O3 cationii AI** sunt
coord|nat| octaedrlc [AIOg]; de asemenea in NiO
cationii N| sunt coordinati octaedric [NlosL Pe de

alta parte 1 |n splnelul N|AI204 atat cationii AlI"" cat si
cationii  Ni** ocupd ambele tipuri de goluri
(tetraedrice si  octaedrice). Prin comparatia

spectrelor FTIR ale NiAl,O, cu cele ale AlL,Oj si
NiO se poate remarca prezenta unor benZ|
caracteristice pentru NiAl situate peste 650 cm™
care lipsesc la cei doi oxizi. Aceste benzi pot f|
atribuite cationilor tetracoordinati [AIO4] si [NiO4]
din structura sp|neIuIU| in literatura [19 21] benzile
situate intre 700 cm™ si 900 cm™ sunt atribuite
vibratilor de alungire ale legaturii Al-O 1in
coordinare tetraedrica.

Benzile situate intre 400 cm™ si 650 cm™
sunt rezultatul unor suprapuneri ale benzilor
datorate [AlOg] si [NiOg].

4. Concluzii

- Spinelul de nichel, NiAl,O,4, se poate obtine
prin metoda combustiei, initiata la 500°C, folosind
amestecuri stoechiometrice de azotat de nichel,
azotat de aluminiu, anhidrida maleica - dozata in
raport cu azotatul de nichel si uree - dozata in
raport cu azotatul de aluminiu.

- Anhidrida maleica reprezinta un nou

——Tr T T T T
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Fig. 12 - Spectrul de absorbtie FTIR al NiAl,O4, Al,O3 si NiO.
FTIR absorption spectrum of NiAl,O4, Al,O5 and NiO.

The trichromatic coordinates CIEL*a*b*
presented in Table 3 confirm the blue color specific
to the spinel NiAl,O,. The negative values for a*
and b* place these colors in the blue-green domain.

Characterization of nickel spinel, NiAl,O,,
obtained by the combustion method, followed by
annealing at 900°C respectively 1000°C was also
carried out using FTIR spectroscopy. In Figure 12
there is shown the FTIR absorption spectrum of
NiAl,O4 (sample 3, 900°C and 1000°C) as well as
the absorption spectra of Al,O3 and NiO. It is known
that in AlLO; the AP* cations are octahedrally
coordinated [AlOg]; also in NiO the Ni** cations are
octahedrally coordinated [NiOg]. On the other hand
in the nickel spinel NiALO, both AP* and Ni#*
cations occupy both types of gaps (tetrahedral and
octahedral).

One can notice the presence of the specific
bands for NiAl,O, located over 650 cm™. These bands
can be assigned to tetracoordinated cations [AlO,]
and [NiO,] in the spinel structure. In the Ilterature data
[19-21], the absorption bands between 700 cm™ and
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combustibil, care se comporta foarte bine in raport
cu azotatul de nichel. Utilizdnd Tnsa numai
anhidrida maleica in amestecul cu azotat de nichel
si azotat de aluminiu, procesul de combustie
decurge mocnit fara formare directa a NiAl,O,.

- Utilizadnd amestecul de combustibili (uree
si anhidrid@a maleica) in exces, atmosfera
reducatoare defavorizeaza formarea NiAl,O,4. Din
contra, un deficit de 10% anhidrida maleica nu
defavorizeaza formarea NiAl,O,.

- La prepararea amestecurilor de azotati
metalici, uree si anhidridd maleica, se poate
renunta la dizolvarea prealabild a reactantilor in
apa si apoi concentrarea solutiei prin evaporare;
dizolvarea reactantilor in apa de cristalizare a
azotatilor, in timpul incalzirii rapide, si fierberea
energica a acestei solutii asigura omogenizarea
probelor inaintea initierii procesului de combustie.

- Calcinarea ulterioara la 900°C sau chiar
1000°C a spinelului rezultat dupa combustie
asigura o mai buna ordonare cristalina, cresterea
dimensiunii  cristalitelor, scaderea suprafetei
specifice si dezvoltarea culorii albastre specifice
pentru NiAl,O4, in care cromoforii sunt [NiO4] si
[NiOg].
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