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Abstract
A series of ferrites having the general formula Zn 1yx Co x Fe 2 O4 Ž x s 0, 0.2, 0.5, 0.8 and 1.0. were prepared by soft
chemical route. The materials were characterized by adopting various physico-chemical methods. The reaction of aniline
with methanol was studied in a fixed-bed reactor system as a potential source for the production of various methyl anilines.
It was observed that systems possessing low ‘ x’ values are highly selective and active for N-monoalkylation of aniline
leading to N-methylaniline. Reaction parameters were properly varied to optimize the reaction conditions for obtaining
N-methylaniline selectively and in better yield. Among the systems Zn 0.8 Co 0.2 Fe 2 O4 is remarkable due to its very high
activity and excellent stability. Under the optimized conditions N-methylaniline selectivity exceeded 98%. Even at a
methanol to aniline molar ratio of 2, the yield of N-methylaniline was nearly 50%, whereas its yield exceeded 71% at the
molar ratio of 5. ZnFe 2 O4 , though executed better conversion than Zn 0.8 Co 0.2 Fe 2 O4 in the initial period of the run,
deactivates quickly as the reaction proceeds. The Lewis acidity of the catalysts is mainly responsible for the good
performance. Cation distribution in the spinel lattice influences their acido-basic properties and, hence, these factors have
been considered as helpful parameters to evaluate the activity of the systems. q 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction
Methylation of aniline is industrially important owing to the numerous uses of various
substituted anilines like N-methylaniline, N,Ndimethylaniline and toluidines w1,2x. These are
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essential intermediates for the manufacture of a
wide class of compounds viz. agrochemicals,
dyes, pharmaceuticals and explosives. Initially
aniline was alkylated using dimethyl sulphate or
alkyl halides as the alkylating agents w3x. Continuous efforts have been made to replace the
traditional Friedel–Crafts type systems due to
the inherent drawbacks associated with the process. As a result, solid acids or bases are recommended as safe and active systems and toxic
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alkylating agents are replaced by non-toxic
alkylating agents such as methanol and dimethyl
carbonate. By performing alkylation in vapourphase reactors, the tedious and expensive procedures associated with liquid-phase reactions can
also be avoided.
Recently, a quite wide variety of catalysts
have been tested for the alkylation of aniline
with methanol, and some of them became viable
alternative to the conventional homogeneous
systems. However catalyst selectivity is often
poor and not still developed enough for industrial applications. Different systems studied include zeolites such as HZSM-5, ALPO and
SAPO w4–13x; clays and metal oxides such as
Al 2 O 3 and MgO w14–20x. Systems like AlPO4 –
Al 2 O 3 and CrPO4 –AlPO4 were reported for
alkylation of aniline by Bautista et al. w21,22x.
Usually zeolites with large pores were found to
favor both ring- and N-alkylation. Moreover, in
the case of strong acid catalysts, activity for this
reaction might be suppressed by the adsorption
of aniline since it is a strong base. Therefore
strong solid acid catalysts cannot be employed
for this reaction w22x. Metal oxides usually show
better selectivity for N-alkylation, however, a
majority of such systems reported so far afforded both di- and mono-substitution on nitrogen. In addition to this, in almost all cases, large
methanol to aniline molar ratio was employed
and, usually, the reactions were performed at
sufficiently higher temperatures. Therefore, for
the industrial convenience of the process, the
choice of a suitable catalyst and of the proper
operating conditions are needed.
As a result of our experiments over
Zn 1yx Co x Fe 2 O4 Ž x s 0, 0.2, 0.5, 0.8 and 1.0.
type systems, we could realize that Zn 0.8Co 0.2 Fe 2 O4 is remarkably active and selective
for N-monomethylation of aniline using
methanol as the alkylating agent. High NMA
selectivity, catalyst stability and high activity
even at comparatively low temperature and
methanol to aniline molar ratio are the remarkable features of the system. The spinel structure
and, hence, the cation distribution between te-

trahedral Ž Tet.. and octahedral Ž Oct.. sites are
supposed to play a major role towards the activity and stability of the system. All other members in the spinel series, except CoFe 2 O4 Ž x s
1.0., were also found to be selective for Nmonoalkylation even though activity showed
much difference with the variation in the ‘ x’
value.

2. Experimental
2.1. Synthesis
Different compositions of the spinel series
viz. ZnFe 2 O4 ŽZF-1. , Zn 0.8 Co 0.2 Fe 2 O4 ŽZCF-2.,
Zn 0.5 Co 0.5 Fe 2 O4 Ž ZCF-3. , Zn 0.2 Co 0.8 Fe 2 O4
ŽZCF-4. and CoFe 2 O4 ŽCF-5. were prepared
according to procedure reported earlier w23x.
Unlike the spinels synthesized by some conventional solid state high temperature routes, which
produce systems with inherent drawbacks like
poor compositional control, chemical inhomogeniety and low surface areas, this method
provides chemically homogeneous, reproducible
ferrite particles with sufficiently high surface
areas. Metals were precipitated from their nitrate solution using sodium hydroxide. Aging,
washing and drying were done as reported in
the literature. The materials were calcined at
3008C for 8 h.

Fig. 1. Powder X-ray diffractogram of ZnFe 2 O4 ŽZF-1. calcined at
5008C.
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Fig. 2. Diffuse reflectance infrared spectra of different Zn`Co–
ferrite systems. Ža. CF-1 Žb. ZCF-4 Žc. ZCF-3 Žd. ZCF-2 Že. ZF-1.

2.2. Characterization
2.2.1. Structural analysis
The phase purity and crystallinity of the materials were ensured by XRD Ž Rigaku, model
DrMAX-VC. with Cu K a radiation. All peaks
in the pattern matched well with the characteristic reflections of standard values reported for
Zn`Co–ferrites. The X-ray diffractograms of
some samples are presented in Fig. 1. Thermal
analysis ŽSETARAM-TG-DTA-92. using finely
powdered a-alumina as a reference material
revealed that ferrite systems are thermally stable
in the temperature range of 1508C–10008C
without creating major weight loss, decomposition or phase transformations. Scanning electron
micrographs showed fine grains of uniform size
f 50 nm, which was very much less than the
grains of the spinels prepared by the conventional high temperature methods. The diffuse

reflectance infrared ŽDR-IR. spectra of the samples are presented in Fig. 2. All compositions of
the system showed two strong IR bands, y 1 and
y 2 around 700 and 500 cmy1, respectively. It
was systematically assigned by Waldron w24x
and White and De Angelies w25x that the highfrequency band at 700 cmy1 is due to the
stretching vibration of the tetrahedral group and
the lower frequency band at 500 cmy1 is due to
the vibration of the octahedral M`O group. In a
spinel lattice each oxygen anion is bonded to 3
octahedral and 1 tetrahedral cation. According
to Waldron w24x, the tetrahedral bonds have the
effect of substantially increasing the frequency
of vibration, since these cations introduces a
supplementary restoring force in a preferential
direction along the M Tet.-O bond. The BET surface areas of the different compositions of the
ferrite systems were determined using an OMNISORP 100 CX instrument; the results are
presented in Table 1.
2.2.2. Surface properties — acidityr basicity
Acidity and basicity of the systems were
evaluated using two independent methods. The
multipathway conversion Ž i.e., dehydration and
dehydrogenation. of alcohol can be used as a
test reaction to understand the nature of the
active sites on oxide surface w26x. According to
the widely accepted concept, dehydration is influenced mainly by the acid centers on the
surface w27x; hence, the dehydration activity can
be correlated with surface acidity. In the present
case one such experiment using cyclohexanol as

Table 1
Physico-chemical characteristics of Zn`Co–ferrite systems
Composition
Ž x.

Cation at
Tet. site

0
0.2
0.5
0.8
1.0

Zn2q
3q
Zn2q
0.8 Fe 0.2
3q
Zn2q
Fe
0.5
0.5
3q
Zn2q
0.2 Fe 0.8
3q
Fe
a
b

Surface areab Žm2 rg.

Oct. site

Concentration Ž%. a
Zn2q
Co 2q

Fe 3q
2
2q
3q
Co 0.2
Fe1.8
2q
3q
Co 0.5
Fe1.5
2q
3q
Co 0.8
Fe1.2
Co 2q Fe 3q

27.0 Ž27.1.
21.7 Ž21.8.
13.7 Ž13.7.
5.7 Ž5.5.
–

30.01
33.57
39.46
39.82
40.06

Quantities in the parantheses indicate the theoretical value.
Specific surface areas of the samples calcined at 5008C.
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–
4.6 Ž4.8.
12.3 Ž12.4.
20.0 Ž20.0.
24.7 Ž24.8.
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the substrate has been performed. The amphoteric character of cyclohexanol permits their
interaction with acid and base centers. The reaction was carried out in a down-flow vapourphase silica reactor. The detailed reaction procedure is given elsewhere w28x. The mol.% of
cyclohexene formed has been taken as the direct
measure of the acidity of the system Ž Table 2. .
For the determination of the basicity of the
system, adsorption studies of electron acceptors
ŽEA. were performed. The utility of EA adsorption for the study of the electron donor properties of the surface has been well established
w29–31x. The limiting amount of EAs adsorbed
depends on two factors: Ž 1. the strength and
distribution of donor sites ŽLewis basic sites. on
the surface and Ž2. the electron affinity values
of the EAs used. Thus, from a comparison of
limiting concentrations of EAs adsorbed and the
electron affinity values of the respective EAs
used, valuable information regarding the strength
and distribution of the donor sites can be obtained. 7,7,8,8-Tetracyanoquinodimethane
ŽTCNQ. , 2,3,5,6-tetrachloro-1-4-benzoquinone
Žchloranil. and p-dinitrobenzene with electron
affinity values 2.84, 2.40 and 1.77 eV were
employed for this study. Catalysts were activated at 5008C prior to each experiment. The
adsorption study was carried out over 0.5 g
catalyst placed in a cylindrical glass vessel fitted with an air tight stirrer. A solution of EA in
acetonitrile was then admitted to the catalyst.
Stirring was continued for 4 h at room temperature. The amount of EA adsorbed was deter-

mined from the difference in concentration of
EA in solution before and after adsorption,
which was measured by means of a UV–VIS
spectrophotometer Ž lmax of EA in solvent: 393.5
nm for TCNQ, 288 nm for chloranil and 262
nm for PDNB..
The limiting amounts adsorbed for TCNQ
and chloranil are presented in Table 2. The
adsorption of PDNB was negligible. The limiting concentrations were expressed in mol my2 ;
the surface areas being determined using BET
method for each sample. Langmuir type of adsorption isotherms obtained for TCNQ and
chloranil are shown in Figs. 3 and 4, respectively. The limiting amount value is higher for
TCNQ than for chloranil. Since TCNQ is a
strong EA Želectron affinity value 2.84 eV. it
forms anion radicals adsorbed from strong as
well as weak donor sites. In other words, the
limiting amount of TCNQ adsorbed will give a
measure of strong as well as weak donor sites
on the catalyst surface. However, chloranil
Želectron affinity value 2.40 eV. can accept
electrons from strong and moderately strong
donor sites. Negligible adsorption of PDNB
Želectron affinity value 1.77 eV. in all systems
indicates absence of very strong donor sites.
This suggests that the adsorption sites on Zn–
Ni–ferrites act as electron donors to the adsorbed molecule with electron affinity values
less than 2.40 eV but greater than 1.77 eV. A
survey of the limiting amount adsorbed ŽTable
2. indicates that basicity of the system follows
the order: ZF-1 f ZCF-2) ZCF-3) ZCF-4f

Table 2
Cyclohexanol dehydration activity and the limiting amounts of electron acceptors ŽEA. adsorbed over different Zn`Co–ferrite systems
Catalyst composition

ZF-1
ZCF-2
ZCF-3
ZCF-4
CF-5
a

Cyclohexene Ž%. a

39.72
40.40
49.80
52.40
55.30

Reaction conditions: WHSV 2 hy1 , reaction temperature 3258C.

Limiting amount of EA adsorbed
Ž=10y5 mol my2 .
TCNQ

Chloranil

1.66
1.56
1.55
1.47
1.40

0.66
0.48
0.43
0.37
0.31
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CF-5, which indicates that basicity shows a
decreasing trend with progressive substitution of
zinc by cobalt, even though the decrease is very
slow, as evident from the nearly close limiting
amount values for the neighbouring members.
The decrease in basicity is associated with a
concomitant increase in their acidity, as revealed from the dehydration activity. From these
results it can be inferred that either Co 2q or
Fe 3q ions are responsible for the acidity of the
systems. Since cobalt-substitution replaces an
equivalent amount of Fe 3q ions from more
active Oct. sites to less accessible Tet. sites, and
also since cobalt-substitution increased acidity
of the systems, we believe that the stronger
Lewis acid centers are created mainly by Co 2q
ions.
2.3. Reaction procedure
Catalytic measurements were carried out in a
fixed-bed down-flow silica reactor Ž20 mm i.d..

Fig. 3. Adsorption isotherms of TCNQ in acetonitrile on different
Zn `Co–ferrite systems calcined at 5008C. v ZF-1; I ZCF-2;
' ZCF-3; ^ ZCF-4; ` CF-5.

Fig. 4. Adsorption isotherms of chloranil in acetonitrile on different Zn `Co–ferrite systems calcined at 5008C. I ZF-1; `
ZCF-2; ' ZCF-3; ^ ZCF-4; v CF-5.

at atmospheric pressure. Pre-treatment of the
catalysts consisted of heating in a stream of air
for about 5 hours at 5008C, and then brought
down to the corresponding reaction temperatures by cooling under a current of nitrogen gas
of high purity. After terminating the nitrogen
flow, the feed consisting of a mixture of aniline
and methanol was fed into the reactor by a
ISCO-Model 500 D syringe pump. The reactions were performed as a function of temperature, mole ratios of the reaction mixture and
feed rates Ž WHSV varied from 0.7 hy1 to 3.3
hy1 .. Liquid products were condensed and were
analyzed by a Shimadzu GC-15 A gas chromatograph using FID and 2 M, 2% carbowax 20
M q 5% KOH on a chromosorb W column. The
gaseous products were analyzed using a porapack-Q column with TCD. A blank run without
any catalyst indicated negligible thermal reaction. The material balance of our experimental
system was in the range of 95–96 wt.%, while
the reproducibility of the experimental system
was better than "5%.
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3. Results and discussion
The multistep sequential reaction of aniline
and methanol leads to a variety of products.
NMA andror toluidines are the primary alkylated products. NMA on further alkylation gives
NNDMA andror N-methyl toluidines. Another
possibility is the transalkylation between a
molecule of NNDMA and another molecule of
aniline, giving two molecules of NMA. Toluidines on further alkylation give products like
xylidines and N-methyltoluidines.
Among the various compositions of the system, the ones possessing low ‘ x’ values Ž 0, 0.2
and 0.5. were found to be highly selective for
N-monomethylation of aniline. But catalytic activity depends strongly on catalyst composition
and reaction conditions. Considerable difference
in the activity was observed as the composition
varies from one extreme to the other. Systems
possessing the lower ‘ x’ values Ž0, 0.2 and 0.5.
were found to be more active and selective,
compared to those having ‘ x’ values 0.8 and
1.0. In the latter case, a large quantity of aniline
was converted into products like benzene and

toluene, owing to the interaction with the strong
acidic sites present on these systems. Details
regarding the optimization of various process
parameters are presented systematically in the
following sections.
3.1. Effect of molar ratio of methanol to aniline
In order to understand the optimum feed mix
ratio, a series of experiments were performed at
3508C with different molar ratios of methanol to
aniline over ZCF-2 ŽFig. 5.. In all cases NMA
has been formed as the major product. Some
amount of NNDMA was detected at higher
feed-mix ratio. However, neither any toluidine
isomers nor any condensed products of aniline
or alkylanilines were formed throughout the
experiment. Both aniline conversion and NMA
yield improved with feed molar ratio Ž methanol
to aniline. and at the molar ratio of 5 the yield
of NMA was maximized Žf 72%.. Even at a
methanol to aniline molar ratio of 2, the catalyst
executed excellent NMA yield Žf 52%. with
selectivity more than 99%.

Fig. 5. Influence of feed Žmethanol to aniline. molar ratio on conversion and selectivities over ZCF-2. WHSV 2 hy1 ; reaction temperature
3508C; TOS 1 h.
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3.2. Effect of catalyst composition
Another series of experiments were performed to relate the activity with composition.
Product distribution data as a function of composition is represented in Fig. 6 . It can be seen
that zinc–cobalt ratio is an important factor
which can greatly influence selectivity as well
as conversion. At lower ‘ x’ values the selectivity of NMA increased; ZF-1, ZCF-2 and ZCF-3
executed nearly 99% NMA selectivity. The influence of ‘ x’ on NMA yield was much more
pronounced. Even at a methanol to aniline molar ratio of 2 both ZF-1 and ZCF-2 exhibited
very high activity for the N-monoalkylation of
aniline ŽNMA yield nearly 53% and 51%, respectively.. However, with pure cobalt ferrite
ŽCF-5., selectivity for NMA was only 11%.
Large amounts of secondary products viz. benzene and toluene, as a result of deamination of
aniline, were also detected in this system.
3.3. Effect of time on stream
The performance of these catalysts were studied over a period of 6 h. Reactions were per-
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formed at 3508C and the product analysis has
been done at regular intervals of 60 min. In Fig.
7, the yield of NMA is plotted as a function of
time on stream in hours. Except ZF-1, all other
members of the spinel series displayed excellent
stability. ZF-1 deactivates in the initial period of
the run Žup to 4 h. and thereafter it maintained a
steady value of activity. This result is particularly interesting if one considers the normal
spinel lattice of ZF-1, where electron hoping is
constrained due to the nonavailability of Fe 3q
ions in the Tet. sites. Others are inverse in
nature and all such systems showed prolonged
stability.
3.4. Effect of reaction temperature and feed
flow rate
Catalyst runs have been performed on ZCF-2,
in the temperature range between 2508C and
4008C. Temperature has a marked influence on
aniline conversion. Alkylation of aniline takes
place effectively at temperatures above 2508C
ŽTable 3.. It has been seen that in the temperature range between 3008C and 3508C hardly any

Fig. 6. Product distribution and selectivity pattern of aniline alkylation over different Zn`Co–ferrite systems. Reaction temperature 3508C;
WHSV 2 hy1 ; methanol:aniline 2:1; TOS 1 h.
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Fig. 7. Evaluation of catalyst stability: WHSV 2 hy1 ; reaction temperature 3508C; methanol:aniline 2:1. Concentration of N-methylaniline
is plotted as a function of reaction time in hours.

ring alkylated products were formed and only
N-alkylation takes place with NMA selectivity
always greater than 90%. Up to 3508C, both
aniline conversion and NMA yield improved
with rise in temperature. Maximum yield of
NMA Ž71.8%. was observed at 3508C with
selectivity more than 91%. The temperature
range providing maximum yield of NNDMA
was 3508C–3708C, however its yield was not
exceeded 6%. Further increase in temperature
did not show any enhancement in the alkylation
rate, but high temperature favoured decomposition of methanol yielding products like oxides
of carbon and C 1 and C 2 hydrocarbons. The
high decomposition rate of methanol was further clarified by passing methanol alone over
these catalysts in the temperature range selected
for the alkylation experiments. This indicates
that the optimum temperature range for selective formation of NMA is 3008C–3508C.

Fig. 8 shows the effect of contact time on
aniline conversion and NMA selectivity. Selectivity and conversion first increased and reached
a maximum at a WHSV of 2 hy1 Žflow rate 6
Table 3
Performance of ZCF-2 for aniline methylation at different reaction
temperatures. WHSV 2 hy1 ; methanol to aniline molar ratio 6;
TOS 1 h
Reaction temperature Ž8C.

250

300

350

400

Aniline ConÕersion (wt.%)

14.35

56.52

77.62

59.40

Product distribution (wt %)
BenzeneqToluene
NMA
NNDMA
Toluidines
Others

Nil
14.05
Nil
Nil
0.30

0.73
54.30
1.34
Nil
0.15

1.28
71.82
4.40
Nil
0.12

3.00
50.95
5.45
Nil

97.90
–

96.07
–

92.52
5.67

85.77
9.17

Product selectiÕity (wt.%)
NNDMA
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Fig. 8. Effect of feed flow rate on aniline methylation: Catalyst ZCF-2, WHSV 2 hy1 ; reaction temperature 3508C; TOS 1 h.

mlrh. and then declined. The low aniline conversion rate at high contact time regions can be
attributed to the increased rate of methanol decomposition as a side reaction. Since the
methanol to aniline ratio is only 2, such side
reactions of methanol will seriously affect aniline conversion. As contact time decreases, the
rate of this side reaction also decreases, resulting in more aniline conversion and NMA yield.

4. Catalytic pathway
Alkylation of aniline over oxide systems occurs through a concerted mechanism involving
simultaneous participation of both acidic and
basic centers on the catalyst surface. The mechanism of aniline alkylation over oxide systems
has been well established by An Nanko et al.
w16x, according to which Lewis acid sites of the
metal oxide systems interact with the methoxy
species and, the hydrogen atoms of the undissociated hydroxyl groups interact with the Lewis
basic sites Ž Fig. 9.. Electrophilic attack of the

methyl group of methanol on the nitrogen atom
of the adsorbed aniline leads to NMA, which on
subsequent methylation leads to NNDMA. Thus
the mechanism accounts the need of moderate
amounts of both acidic and basic Lewis sites for
the system. The acidity and basicity of the
tested catalysts were measured according to the
methods previously described Ž Table 2. . Catalytic activity follows the order: ZF-1 ) ZCF-2
) ZCF-3) ZCF-4) CF-5. From the cyclohexanol dehydration activity, it has been concluded
that Co-substitution has increased the acidity of
the system. In other words, the substitution of
Fe 3q ions by Co 2q ions in the octahedral sites
creates stronger acid sites than due to Fe 3q
ions. Creation of acidic sites by octahedral ions
can also be explained in another way: Due to
the lower coordination number of the tetrahedral
cations, the effective attractive force for a single
Tet. M`O bond will be strong w32x. Since each
octahedral cation is surrounded by more number
of anions, the Oct. M`O bond will be weaker,
and hence will be more polar. Additionally,
Jacobs et al. w33x in a study, using LEIS ŽLow
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Fig. 9. Mechanism of N-methylation of aniline using methanol.

Energy Ion Scattering, a technique which is
sensitive to the outermost atomic layer. , revealed that spinel surface sites are mainly octahedral and, hence, the Oct. cations are exposed
on the surface. The acidity and basicity depend
on the extent of polarity of the metal cation and
oxygen anion respectively. As reported by
Narasimhan and Swamy . w27x, weak Oct. M`O
bonds act as strong alcohol adsorption centers.
From the adsorption experiments using electron
accceptors and their dehydration activities, we
could understand the trend in acid–base site

distribution with composition. We have observed that, as ‘ x’ increased the dehydration
activity increased, whereas the limiting concentration of EAs adsorbed decreased. In other
words, acid–base properties mutually dependant
and creation of new acidic centers occurs via.
the removal of existing basic centers. This
clearly indicated that the acido-basic property
depends up to a major extent on the variation of
M`O bond polarity with composition.
Even though replacement of Zn2q by Co 2q
increased acidity, alkylation activity shows a

K. Sreekumar et al.r Journal of Molecular Catalysis A: Chemical 152 (2000) 225–236

trend not commensurating with their acidity. In
this sense, unlike other typical acid–base reactions, acidity cannot be considered as the sole
factor deciding the catalytic activity. Since aniline itself is a strong base, even the weak Lewis
acid sites on the catalyst surface can effectively
coordinate with this molecule and, therefore, the
liability of the systems towards alcohol adsorption becomes more important. It is believed that
the stronger Lewis acid sites are provided by the
octahedral ions Žeither Fe 3q in ZF-1 or Fe 3q
and Co 2q in the substituted spinels.. ZF-1 being
a normal spinel, all Fe 3q ions are available in
the active Oct. sites and the Tet. sites are occupied exclusively by stable Zn2q Žd10 configuration. ions. Hence, the high NMA yield of the
system can be due to the moderate acidity created by surface Fe 3q ions. A similar conclusion
regarding acidity was reported by Ghorpade et
al. w34x for Cu`Cr`Fe ternary spinel systems,
since they observed a progressive decrease in
the activation energy for Friedel–Crafts benzylation reaction as the iron content of the system
increases. Oct. M–O bond is weaker and, hence,
the Oct. Fe 3q ions act as the alcohol adsorbing
centers in ZF-1. Adsorption of alcohol and the
subsequent electron transfer from adsorbate to
catalyst can change the oxidation state of iron.
A characteristic feature of spinel system which
has been stressed by many workers is their
unique property to withstand reducing conditions via. electron hoping between adjacent ions.
Since, in ZF-1, the neighbouring sites are occupied by stable Zn2q ions, the reduced Fe 3q ions
are unable to regain their original state through
oxidative transfer, resulting in progressive deactivation of the system.
As ‘ x’ increases, Co 2q ions replace equivalent amounts of Fe 3q ions from Oct. to Tet.
sites. Thus the spinel gradually becomes inverse
in nature. Presence of Fe 3q ions in both sites
facilitates fast redistribution of electrons and,
thus, the reduced Fe 3q ions can regain their
original state quite easily. All inverse systems
showed persistent activity for a long period. But
Co-substitution increased the acidity of the sys-
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tem, and acidity significantly improved with
increase in ‘ x’ value beyond 0.5. This leads to
strong interaction of acid centers and aniline,
and, if acidity is sufficiently more, deamination
of aniline occurs giving products like benzene
and toluene. This has happened in the case of
ZCF-4 and CF-5. Owing to their strong acidity,
a large quantity of aniline decomposed as indicated by the significant amounts of benzene and
toluene in the product distribution data Ž Fig. 5. .

5. Conclusions
The main conclusions drawn from this work
are summarised below.
Ža. The systems possessing lower ‘ x’ values
Ži.e., ‘ x’ between 0 and 0.5. in the ferrite series
Zn 1yx Co x Fe 2 O4 can be used for the selective
synthesis of NMA. Aniline conversion and
product selectivities vary with reaction parameters. NMA selectivity of 99% or more was
observed under the optimized reaction conditions.
Žb. Among the spinel series, ZCF-2 Ž x s 0.2.
is remarkable due to its high activity, selectivity
and excellent stability towards N-monoalkylation. Large excess of alkylating agent is not
required and appreciable conversion was observed even at a methanol to aniline molar ratio
of 2. ZF-1 shows activity slightly higher than
ZCF-2 in the initial period of the run, however
deactivates as the reaction proceeds.
Žc. ZF-1 is a normal spinel system. As ‘ x’
increases, the system progressively approaches
to an inverse lattice. All inverse systems Ž x / 0.
displayed prolonged stability. This is due to the
presence of redox ions in both octahedral and
tetrahedral sites of inverse systems. Nonavailability of Fe 3q ions in the Tet. sites of ZF-1
causes deactivation, since the reduced Fe 3q ions
in the Oct. sites are unable to exchange electrons and thereby regain their original states.
Žd. Optimum concentration of acidic as well
as basic sites are essential for the reaction.
Cobalt addition increased the acidity of the
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system with a concomitant decrease in its basicity. When ‘ x’ exceeds 0.5 acidity increased
substantially. Exposure of more Co 2q ions together with Fe 3q ions in the active Oct. sites
facilitates deamination of aniline. In CF-5 Ž x s
1.0. the major products were toluene and benzene.
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