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Effect of some 1st a n d 2nd group elements of periodic system on the rate of the N i O + A 1 2 0 3 = 
— N i A l 2 0 4 solid-state reaction within a t empera tu re range of 1 100— 1 300°C has been examined. 
A s t rong accelerat ing effect of Z n 2 + ions as well as re tard ing act ion of C a 2 + and Ba 2 + ioris have 
been found . The act ivat ion energy values of the react ion in presence of individual admixtures 
have been established. 

The catalytic inactive N i A l 2 0 4 spinel is p roduced in catalysts designed fo r the oxidat ion con-
version of hyd roca rbons in a solid-state reac t ion 1 . T h e ra te of this react ion is, in addi t ion to the 
value of the react ion tempera ture , affected by many other fac tors which may be roughly divided 
into two g r o u p s 2 , very significant for the fo rma t ion of N i A I 2 0 4 being the effect of admix tures 
in the react ion system, i.e. in the catalyst. 

Most of the a u t h o r s 3 - 5 suppose the fo rma t ion of N i A l 2 0 4 to take place by a counter -cur-
rent diffusion of N i 2 + and A l 3 + cat ions, while it is not qui te clear, which of the cat ions de-
termines rate of the reaction. An increase of the number of cat ion vacancies in N i A ! 2 0 4 a f te r 
incorpora t ion of the admixtures should in principle increase the rate of diffusion a n d vice versa. 
The size of the ionic radius as well as possibility to f o r m the solid solut ions may also play an im-
por tant role. Finally, for the N i A I 2 0 4 spinel, also the fact can be in presence of admix tures 
applied that a mixed spinel (degree of conversion 0 - 7 5 - 0-8 ( ref . 1 2 ) ) is concerned in which a chan-
ge of N i 2 + and A l 3 + cat ions between one ano the r in their lattice posi t ions takes place. The ad-
mixtures can by their na ture influence degree of conversion, this fact being reflected also in the pos-
sibility of diffusion th rough the spinel a l ready produced. 

The da ta on the effect of admixtures on the reaction between NiO a n d a - A l 2 0 3 have not been 
found in the l i terature. D o n n e r t 5 examined Ba 2 + , S r 2 + , a n d C a 2 + ions, built in the y - A I 2 0 3 

lattice, on the rate of fo rma t ion of Z n A I 2 0 4 , M g A l 2 0 4 , a n d N i A l 2 0 4 . The quo ted cat ions 
decreased the rate of Z n A l , 0 4 and M g A l 2 0 4 f o rma t ion in the sequence Ba2 + , S r 2 + , and C a 2 + , 
whereas they increased the rate of the N i A I 2 0 4 f o rma t ion in the sequence Sr 2 + , C a 2 + , and 
Ba2 + . 

Dur ing the fo rma t ion of o ther spinels, conta in ing the A l 3 + ion, interesting studies have been 
m a d e 6 - 8 on the effect of admixtures in M g A l 2 0 4 . Of the spinels conta in ing the N i 2 + ion, N i C r 2 0 4 

was studied. 

The aim of the present paper is to examine the effect of some admixtures which can 
occur in catalysts for the oxidation conversion of hydrocarbons used in the gas 
industry, whose model is given by a two-component system Ni0 -a -A! 2 0 2 . 
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E X P E R I M E N T A L 

The a-modif icat ion of a luminium oxide used for the measurements was prepared f r o m crystalline 
R .G. a lumin ium nitrate by precipitation with ammonia solut ion 2 . Final calcination of the product 
was carried out at 1 300CC for a period of 9 hours. Fract ion of 63 — 90 Mm was used for the powder 
reaction itself. 

Nickel oxide was prepared f rom crystalline R .G . nickel ni trate by thermal decomposit ion 
at 600°C and subsequent stabilization at 1100°C for a period of 2 hours. The grain size of the 
powder thus achieved did not exceed 1 nm. 

The admixture (Table I) were int roduced separately as R . G . oxides, except for potassium and 
l i thium, into the reaction mixture. Potassium was added as carbonate , l i thium in terms of hydro-
xide. The amoun t of the oxide added was always equal to 3 weight per cent, when calculated 
for the amoun t of a luminium oxide present in the reaction mixture. 

Mixing of equimolar powder mixture of a luminium and nickel oxides was accomplished for 
two hours in an alcoholic suspension. Afterwards, alcohol was evaporated off so that a segrega-
tion should not occur. The powdered mixture obtained was after addit ional drying pressed 
by a pressure of 80 MPa to pellets 1-3 g in weight, of diameter 15 mm, and 3 m m thick. 

The proper reaction of the N i A l 2 0 4 fo rmat ion took place after introducing the pellet made 
of the reaction mixture into the isothermal zone of a tubular resistance furnace. The isothermal 
zone was 35 m m high and temperature varied within zt:30C. The degree of conversion was de-
termined by X-ray diffraction using internal s tandard m e t h o d 9 . Fo r the given experimental 
ar rangement and degree of conversion within 10 to 80%, the s tandard deviation varied f rom rz 1 
to ± 2 % . 

R E S U L T S A N D D I S C U S S I O N 

The results of the measurements of the rate of spinel formation in presence of ad-
mixtures are given in Figs 1 and 2. The measured values of the conversion degree a 

TABLE I 

Survey of the Properties of the Elements Used 

Element 
Ionic radius Preferential octahedral 

A energy 1 5 , kcal /mol 

N i 2 + 

Al 3 + 

Li + 

K + 

C u 2 + 

M g 2 + 

C a 2 + 

Z n 2 + 

Ba 2 + 

1-3 
0-72 
0-66 
0-99 
0-74 
1-34 

0-69 
0-51 
0-68 

- 0 1 

- 5 0 
- 3 0 - 7 
- 3 1 - 6 

9 0 
2-5 
3-6 
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Format ion of N i A l 2 0 4 in a Solid-State Reaction 689 

are denoted by points; the curves passing through them correspond to theoretical 
isotherms calculated according to the Dunwald-Wagner equation 

F I G . 1 

Isothermal Rate Curves of Reaction Mixtures Containing Admixtures of the 1st G r o u p of Perio-
dic System 

• 1 100°C, • 1200°C, • 1 300°C; A 1 2 0 3 , Cu, K, Li. 

F I G . 2 

Isothermal Rate Curves of Reaction Mixtures Containing Admixtures of the 2nd G r o u p of Perio-
dic System 

• 1 300°C, • 1 200°C, O 1150°C, • 1100°C; A 1 2 0 3 , Zn , Ba, Mg, 
Ca. 
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a = 1 - 6/n2 [ £ (n 2 ) exp (~kDWx)] , 
n= 1 

where a is the degree of convers ion , /cDW deno tes the ra t e cons tan t , a n d x is t ime of the 
reac t ion . Eva lua t ion of exper imenta l da t a was m a d e by m e a n s of numer ica l d a t a 
expressing dependence kx = F(a) a n d ca lcu la t ed 1 0 f o r the D u n w a l d - W a g n e r e q u a -
t ion . T h e eva lua t ion is based on ass ignment of theore t ica l kx values to each experi-
m e n t a l va lue of the convers ion degree and on subsequen t p lo t t ing the kx d ependence 
on x in the g raph . In all t he cases, s t raight lines pass ing t h r o u g h origin of the co-
ord ina te system were ob ta ined ; it fo l lows f r o m this fac t t h a t kinetics of the N i A l 2 0 4 

f o r m a t i o n in presence of the admix tu res employed is well-described by i so the rma l 
D u n w a l d - W a g n e r equa t ion , consequent ly by the same equa t ion as in the react ion 
mix tures wi thou t admix tu re s 2 . 

T h e ac t iva t ion energy of the react ion in presence of individual admix tu re s (Table II) 
was calcula ted f r o m the Arrhen ius re la t ion us ing rate cons tan t s presented 
in Tab le II. 

F r o m the first g r o u p of the per iod ic system we employed l i th ium, po ta s s ium, and 
copper as admix tu res . At the reac t ion t e m p e r a t u r e of 1 100°C the nickel spinel was 
f o r m e d cons iderably m o r e rapidly in presence of the given admix tu re s t h a n in a reac-
t ion mix tu re wi thou t t hem (Fig. 1, Tab le I). Wi th the increasing t e m p e r a t u r e of the 
reac t ion , va lue of the relat ive ra te of spinel f o r m a t i o n , v0, (Tab le I I I ) decreased 
fo r a r eac t ion mix tu re with po ta s s ium to such extent t ha t there is no difference 
at t e m p e r a t u r e s above 1 250°C between the rate of spinel f o r m a t i o n in the react ion 
mix tures with po tass ium and wi thou t it. 

T A B L E I I 

Rate Constants (A DW), Activation Energies (E), and Frequency Factors (A) for the Reaction 
Systems Applied 

kDV/ . 1 0 5 / m i n 1 

Admixture 
1 100°C 1 I50°C 1 200°C 1 250°C 1 300°C kcal/mol 

0-74 3-53 16-6 83-1 180 126-0 9-7 . I 0 f 4 

Li 1 -56 — 14-4 - 125 98-6 7-2 . 1010 

K 1-92 — 19-6 - 172 99-5 13 . 1011 

Cu 1-83 - 34-4 - 352 123-4 7-3 . 1013 

Mg 2-31 - 30-5 - 268 105-6 1-8 . 1012 

Ca - 1 -46 12-4 - 152 125-5 4-2 . 1014 

Zn 9-35 - 83-2 - 543 103-4 1-9. 1012 

Ba - 2-38 12-6 - 297 134-4 1-3. 10 t 6 
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The relative rate of spinel formation, v, is defined as ratio of the rate of spinel 
formation in the reaction mixture with an admixture (dap/dr) to the rate of spinel 
formation without an admixture (da/dt) at time x. By differentiating the Dunwald-
-Wagner equation and arranging the definition ratio, we get relationship v — 
- kjk exp [T(/C - kp)]. By comparing the rates at time T = 0, this relationship 
is simplified to expression v° = kjk, which is denoted in the text as "relative rate 
of spinel formation". 

The same situation set in with lithium at the temperature of 1200°C. Likewise, 
if copper is present in the reaction mixture, value of the relative rate of spinel forma-
tion decreases with the increasing temperature of the reaction. Nevertheless, even 
at 1 300°C the /cDW rate constant for the reaction mixture containing copper was 
nearly twice as high as the rate constant for the reaction mixture without the ad-
mixtures. 

From the second group of elements of the periodic system magnesium, zinc, cal-
cium, and barium were employed. Zinc and magnesium highly increase the rate 
of spinel formation over the temperature range used, zinc increasing the rate con-
siderably more than magnesium. With the increasing temperature of the reaction, 
value of the relative rate of spinel formation decreases (Table III) in presence of both 
elements in the reaction mixture, but even at 1300°C it holds that v° > 1. 

Of the alkali earths elements calcium decreases the conversion degree over the 
whole temperature range of the studied reaction in comparison with the reaction 
mixture without the admixtures, whereas barium at the temperatures below 1250°C 
only. 

To discuss the effect of admixtures on the rate of diffusion through the nickel 
spinel, we divided the elements admixed into groups according to values of the 

T A B L E 111 

Values of Relative Rates of the N i A I 2 0 4 Spinel Format ion 

,0 v 
Admixture 

1 100°C 1 150°C 1 200°C 1 300°C 

Li 
K 
Cu 
Mg 
Ca 
Zn 
Ba 

10 
1-97 
2-59 
2-47 
3-12 

10 10 
0-87 
1 1 8 
2 0 7 
1-83 
0-75 
5 0 1 
0-76 

10 
0-69 
0-95 
1-95 
1-49 

0-41 0 - 8 4 

12-6 

0-67 
3 1 2 
1 65 
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preferential energy of cations and according to valency. According to the criteria 
'given, lithium stands in the first place, having Li+ cation and negative value of pre-
ferential octahedral energy. Lithium can be effective in two ways. By entering into 

Udirahedral positions it raises increase of the number of Al3 + ions in octahedral 
^positions of the spinel (when compared with the spinel produced from the reaction 
mixture without admixture), which becomes evident in a higher rate of nickel spinel 
formation. The second possible explanation of the effect of lithium gets out of the 
fact that at temperatures above 1000°C a nonstoichiometric nickel spinel11 is being 
formed which contains cation vacancies F^. On incorporation of the Li+ ion into the 
lattice of nonstoichiometric spinel, two vacancies for every three incorporated Li + 

ions are destroyed, as follows from the comparison of the following relations: 

6 NiNi = 4 Al-J + 2FN; ; 6 NiNi = 3 Al^ + 3 LiNi , 

where NiNi is the Ni 2 + cation in tetrahedral position, A1 A I is the A L 3 + cation in octa-
hedral position, Ni^j denotes the Ni 2 + cation in octahedral position in spinel, 
Al^j is the A L 3 + cation in tetrahedral position, and Li^j is the Li+ cation in tetra-
hedral position. 

Such a decrease of the number of vacancies should become evident by a slow-down 
of the rate of spinel formation. Experimental results show that the mechanism of the 
lithium effect mentioned at first, is predominantly applied. 

The second group comprises bivalent cations with a negative value of the pre-
ferential energy: Cu2 + , Zn2 + , Mg2 + , and Ca2 + . The cations quoted should not 
substantially affect the rate of diffusion, since on incorporating them into the crystal 
lattice, additional equilibrium defects should not arise. The NiAl 2 0 4 spinel, 
however, is a mixed spinel having a conversion degree of 0-75 — 0-80 [ref.12], in which 
equilibrium defects characterized by relation 

NiNi + A1A1 = Ni; , + AL î 
take place. 

Occupation of tetrahedral positions by the admixtures quoted leads to bringing 
down the degree of conversion and thus to an increase of concentration of Al3+(ions 
in octahedral positions). In case of the diffusion of Al3 + ions through octahedral 
positions, the rate of diffusion will increase as a result of the incorporation of cations 
having negative values of preferential octahedral energy, and under the condition 
that this rate of diffusion defines total rate of the spinel formation, this fact will 
manifest itself in the increase of the latter rate. Experimental results confirmed 
validity of this assumption for the Cu2 + , Mg2 + , and Zn 2 + ions. The rate of the 
NiAl 2 0 4 formation at 1 1 0 0 ° C increased in presence of the given cations with the 
decreasing value of their preferential energy, i.e. in the following sequence: 

Col lec t ion C z e c h o s l o v . Chem. C o m m u n . [Vol. 41] [1976] 
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Rate constant Preferential 
Admixture A'DW . 103; 1 100°C octahedral energy 

m i n - 1 kcal /mol 
d w • 

kcal /mol 

- 0 1 

- 5 0 

— 31-6 9-3 

2-3 

1-8 

The C a 2 + ion, which belongs to the same group, behaves in a somewhat different 
manner, for its presence brings down, in comparison with the reaction mixture 
without admixtures, the rate of the studied reaction. To explain this fact additional 
experiments will be needed. As one possible reason stands here formation of the 
CaO.6 A1 20 3 compound whose thin layer limits the rate of diffusion of the Al3 + 

ion towards the reaction interface. 
Barium whose Ba 2 + ion enters, according to Donnert5 , the octahedral position 

in the N i A l 2 0 4 spinel, thus being analogous to the N i 2 + ion, was placed into the 
third group of admixtures. It should not therefore substantially influence the rate 
of the of the N i A l 2 0 4 formation. In fact, the rate of the nickel spinel formation was 
in presence of Ba 2 + ions in the reaction mixture (up to a temperature of 1 250°C) 
lower than in the mixture without admixtures. The reason for it is obviously the same 
as in case of C a 2 + ions, since both elements produce a Me0.6 A1 20 3 compound 
having hexagonal lattice. All what has been said of the effect of C a 2 + ions is there-
fore valid for the explanation of the effect of the Ba 2 + ions. 

Potassium, an element of the cations of which no reference is given in the funda-
mental l i terature1 3 - 1 4 , into which position of the spinel crystal lattice they could 
preferentially enter, has been placed in the fourth group of admixtures. In presence 
of potassium in the reaction mixture, the rate of the reaction studied was at the reac-
tion temperature of 1100°C greater than in the reaction mixture without admixtures, 
but at temperatures of 1250°C already, the rates of reactions were for both types 
of the reaction mixtures equalized. The effect of K + ions is obviously due to steric 
distortion of the structure after incorporation of this relatively large ion into the 
spinel lattice (Table I). 
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