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Abstract

The reaction of aniline with methanol was carried out over Zn1ÿxNixFe2O4 (x�0, 0.2, 0.5, 0.8 and 1) type systems in a

®xed-bed down-¯ow reactor. It was observed that systems possessing low `̀ x'' values are highly selective and active for mono

N-alkylation of aniline leading to N-methyl aniline. Selectivity for N-methyl aniline over ZnFe2O4 was more than 99% under

the optimized reaction conditions. Even at methanol to aniline molar ratio of 2, the yield of N-methyl aniline was nearly

55.5%, whereas its yield exceeded 67% at the molar ratio of 7. The Lewis acid sites of the catalysts are mainly responsible for

the good catalytic performance. Cation distribution in the spinel lattice in¯uences their acido-basic properties, and hence,

these factors have been considered as helpful to evaluate the activity and stability of the systems. # 1999 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Ferrospinels, which form an important class of

compounds having the general formula MII[FeIII-

FeIII]O4, ®nd wide applications in both the technolo-

gical and the catalytic ®eld [1±5]. Their peculiar type

of cation distribution among the tetrahedral (T) and

octahedral (O) sites of the coordinated oxygen is an

important factor in explaining the catalytic effective-

ness. Based on the distribution of cations, spinels can

be either normal M2�
tet �Fe3�Fe3��octO4 or inverse with

half of the trivalent ions in the T-position and the other

half together with the divalent ions in the O-sites.

Crystal ®eld stabilization energy, Madelung constant

and cation size are the principal factors in deciding the

structure of the systems [6,7]. This peculiar structural

feature enables spinels to withstand even extremely

reducing conditions. Even if reduction of Fe3� to Fe2�

occurs, the lattice con®guration remains unaltered,

and upon reoxidation, the original state can be

regained. Several authors have reported that the major

in¯uence in the activity comes from the O-ions,

probably due to the large exposure of these ions on

the surface, as revealed by Jacobs et al. [8] using LEIS

measurements (Low energy ion scattering, a technique

which is sensitive to the outermost atomic layer). In

the present series of compounds, all except ZnFe2O4

are inverse in nature. Ni2� replaces Fe3� from the O-

sites progressively as `̀ x'' increases. In NiFe2O4 (x�1)
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all Ni2� and half of Fe3� ions lie in the O-sites,

whereas the other half of the Fe3� ions lie in the T-

sites. This type of cation distribution signi®cantly

affects their acido-basic properties. The present work

is carried out with an objective of evaluating the

catalytic activity of the systems in aniline alkylation

as a function of composition and the subsequent

variation in acidity and basicity. Cyclohexanol dehy-

dration studies have been carried out to evaluate the

acidity of the systems, whereas the limiting amount of

electron acceptors like TCNQ and chloranil adsorbed

have been taken as the measure of the basicity.

Alkylation of aniline is industrially important

owing to the numerous uses of various substituted

anilines like N-methyl aniline, N-N-dimethyl aniline

and toluidines [9,10]. These are important raw mate-

rials for various agrochemicals, dyes, pharmaceuticals

and explosives. A broad range of solid acid systems

have been studied, due to their eco-friendly nature and

their potential to replace the conventional Friedel±

Crafts type systems [11±20]. Though metal oxides

were reported to show better selectivity for N-alkyla-

tion over C-alkylation, usually many such systems

afford both mono and disubstitution on nitrogen,

leading to poor selectivity for the synthetically more

important mono substituted product. Interestingly, our

systems, particularly ZnFe2O4 and Zn0.8Ni0.2Fe2O4

were found to be highly selective for mono N-methyl-

ation of aniline, using methanol as the alkylating

agent. High N-methyl aniline yield was observed even

at comparatively low methanol to aniline molar ratio;

this yield was signi®cantly improved at high methanol

to aniline molar ratio. An important observation was

that, the increase in methanol concentration does not

enhance N,N-dimethyl aniline yield signi®cantly, high

selectivity for N-methyl aniline was observed even at

large methanol to aniline molar ratio. The amount of

C-alkylated product was negligible in all the systems

studied.

2. Experimental

2.1. Synthesis

The ®ve compositions of the Zn±Ni ferrites viz.

ZnFe2O4 (ZF-1), Zn0.8Ni0.2Fe2O4 (ZNF-2) Zn0.5Ni0.5-

Fe2O4 (ZNF-3), Zn0.2Ni0.8Fe2O4 (ZNF-4) and

NiFe2O4 (NF-5) were synthesized according to a

published procedure [21]. The materials were pow-

dered and calcined at 3008C for 36 h. Catalyst pellets

of the required mesh size were then obtained by

pressing under 10 t of pressure.

Unlike the spinels synthesized by the solid state

high temperature methods, which produce systems

with some inherent drawbacks like poor composi-

tional control, chemical inhomogeneity and low sur-

face area, this method provides chemically

homogeneous and ®ne ferrite particles.

2.2. Characterization

2.2.1. Structural analysis

The purity of the samples was ®rst ensured by XRD

(Rigaku, model D/MAX-VC) with Cu Ka radiation.

All peaks in the pattern matched well with the char-

acteristic re¯ections of Ni±Zn ferrite reported in the

ASTM card No. 3-0875. The X-ray diffractogram of

ZF-1 is presented in Fig. 1. Thermal stability of the

samples was established by TG-DTA analysis on an

automatic derivatograph (SETARAM-TG-DTA-92)

using ®nely powdered a-alumina as a reference mate-

rial. Scanning electron micrographs showed ®ne

grains of uniform size �50 nm, which was very much

less than the grains of the spinels prepared by the

conventional high temperature methods. All composi-

tions of the systems showed two strong IR bands, �1

and �2, around 700 and 500 cmÿ1, respectively

(Fig. 2). It was systematically assigned by Waldren

Fig. 1. X-ray diffractogram of ZnFe2O4(ZF-I) calcined at 5008C.
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[22] and by White and DeAngelies [23] that the high

frequency band at 700 cmÿ1 is due to the stretching

vibration of the tetrahedral group and the lower fre-

quency band at 500 cmÿ1 is due to the vibration of the

octahedral M±O group. According to Waldren [22],

the tetrahedral bonds have the effect of substantially

increasing the frequency for vibration, since these

cations introduce a supplementary restoring force in

a preferential direction along the MT±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 ± acidity\basicity

Two independent methods were adopted to evaluate

the acidity and basicity of the systems. Dehydration

activity of the systems can be correlated with their

surface acidity. In the present case one such experi-

ment using cyclohexanol as the substrate has been

performed. The reaction is carried out in a down-¯ow

vapor phase silica reactor. The detailed reaction pro-

cedure is given elsewhere [24]. Mol% of cyclohexene

formed has been taken as the direct measure of the

acidity of the system (Table 2).

For the determination of the basicity of the system,

adsorption studies of electron acceptors (EA) were

performed. The utility of electron acceptor adsorption

for the study of the electron donor properties of the

surface has been well established [25±29]. 7,7,8,8-

tetracyanoquinodimethane (TCNQ), 2,3,5,6-tetra-

chloro1-4 benzoquinone (chloranil) and p-dinitroben-

zene (PDNB) with electron af®nity values 2.84, 2.40

and 1.77 eV, respectively, 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 ®tted

with an air-tight stirrer. A solution of EA in acetoni-

Fig. 2. Diffuse reflectance infrared spectra of different Zn±Ni

ferrite systems: (a) ZF-1; (b) ZNF-2; (c) ZNF-3; (d) ZNF-4; (e)

NF-5.

Table 1

Physico-chemical characteristics of Zn±Ni ferrite systems

Composition (x) Cation at Concentrationa (%) Surface areab (m2/g)

T-site O-site Zn2� Ni2�

0 Zn2� Fe3�
2 27.0 (27.1) ± 30.0

0.2 Zn2�
0:8Fe3�

0:2 Ni2�
0:2Fe3�

1:8 21.6 (21.8) 4.9 (4.9) 30.3

0.5 Zn2�
0:5Fe3�

0:5 Ni2�
0:5Fe3�

1:5 13.7 (13.8) 12.3 (12.3) 47.6

0.8 Zn2�
0:2Fe3�

0:8 Ni2�
0:8Fe3�

1:2 5.4 (5.6) 20.0 (20.0) 57.7

1.0 Fe3� Ni2�Fe3� ± 24.9 (25.0) 60.9

a Quantities in the parentheses indicate the theoretical value.
b Specific surface area of samples calcined at 5008C.

Table 2

Cyclohexanol dehydration activity and the limiting values of

electron acceptors (EA) adsorbed over different Zn±Ni ferrite

systems

Catalyst

composition

Cyclohexenea

(%)

Limiting amount of EA adsorbed

(�10ÿ5 mol/m2)

TCNQ Chloranil

ZF-1 39.72 1.561 0.658

ZNF-2 35.28 1.763 0.730

ZNF-3 29.57 1.910 0.836

ZNF-4 19.17 2.192 1.020

NF-5 12.03 2.382 1.060

a Reaction conditions: catalyst amount 3 g; flow rate 4 ml/h;

temperature 3258C.
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trile was then admitted to the catalyst. Stirring was

continued for 4 h at room temperature. The amount of

EA adsorbed was determined from the difference in

the concentration of EA in solution before and after

adsorption, which was measured by means of a UV±

VIS spectrophotometer (�max 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. Langmuir type adsorption

isotherms obtained for TCNQ and chloranil are shown

in Figs. 3 and 4, respectively. A strong electron

acceptor (TCNQ) can accept electrons from both

strong and weak donor sites, whereas weak EA

(PDNB) can accept electrons from strong donor sites

only. Negligible adsorption of PDNB in all systems

indicates the absence of strong basic sites, and hence

the limiting amount of TCNQ and chloranil would be

an estimate of the weak or moderate basic sites. A

survey of the limiting amount adsorbed (Table 2)

indicates that basicity of the system follows the order:

NF-5>ZNF-4>ZNF-3>ZNF-2>ZF-1, which indicates

that basicity shows an increasing trend with progres-

sive substitution of zinc by nickel. The increase in

basicity is associated with a concomitant decrease in

their acidity, as revealed from the dehydration activity.

From these results, it can be inferred that basic sites

are created by Ni2� ions and that either Zn2� or Fe3�

ions are responsible for the acidity of the systems. Due

to the d10 con®guration of the Zn2� ions and also due

to their occupancy in the less accessible T-sites, we

believe that the high strength Lewis acidity is created

by the octahedral Fe3� ions. A similar conclusion

regarding acidity was reported by Dixit and co-work-

ers [30] 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.

3. Catalytic reactivity

3.1. Apparatus and procedure

The alkylation experiments were carried out in a

®xed-bed down-¯ow silica reactor (20 mm ID) at

atmospheric pressure. The catalyst was placed at

the center of the reactor; it was activated at 5008C
in ¯owing air, and then brought down to the corre-

Fig. 3. Adsorption isotherms of TCNQ in acetonitrile on different

Zn±Ni ferrite systems calcined at 5008C: (*) ZF-1; (&) ZNF-2;

(~) ZNF-3; (*) ZNF-4; (~) NF-5.

Fig. 4. Adsorption isotherms of chloranil in acetonitrile on

different Zn±Ni ferrite systems calcined at 5008C: (&) ZF-1;

(~) ZNF-2; (~) ZNF-3; (*) ZNF-4; (*) NF-5.
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sponding reaction temperatures by cooling under a

current of nitrogen gas of high purity. The mixture of

aniline and methanol was fed by an ISCO-Model 500

D syringe pump. Liquid products were condensed

with a cold trap and were analyzed by a Shimadzu

GC-15 A gas chromatograph using FID and 2 M, 2%

carbowax 20 M�5% KOH on a chromosorb W col-

umn. The gaseous products were analyzed using a

porapack-Q column with TCD. A blank run without

any catalyst indicated negligible thermal reaction.

3.2. Results and discussion

Methylation of aniline is a multistep sequential

reaction; the main reaction scheme of which can be

represented as follows:

Aniline�MeOH! N ÿmethyl aniline�NMA� and=

or toluidines

NMA�MeOH! N;Nÿdimethyl aniline�NNDMA�
and=or N ÿmethyl toluidines

NNDMA� Aniline! 2NMA

Toluidines�MeOH! Xylidines

Among the various compositions of the system

(Zn1ÿxNixFe2O4), the systems with `̀ x'' values 0,

0.2 and 0.5 were found to be selective for mono N-

alkylation, even though catalytic activity showed a

signi®cant gradation with their `̀ x'' values. However,

systems possessing the highest `̀ x'' values were found

to be less active for this reaction, probably due to the

highest methanol decomposition rate over the nickel-

containing systems. Even in the most active catalyst

(x�0), the percentage of C-alkylated product was

found to be less than 0.2% under the optimized

reaction conditions.

Fig. 5 shows the in¯uence of molar ratio of the

reactants on the activity over ZF-1. With all the

catalyst systems, NMA has been detected as the major

product. Both NMA yield and aniline conversion

increased with (methanol to aniline) molar ratio and

at the molar ratio 7, the yield of NMA was maximized

(67.1%). Highest amount of NNDMA (3.9%) has also

been detected at this stage. This result clearly indicates

that the increase in methanol to aniline molar ratio

does not signi®cantly increase the N,N-dialkylation

Fig. 5. Influence of feed (methanol to aniline) molar ratio on conversion and selectivities. Catalyst ZF-1; WHSV 2 hÿ1; reaction temperature

623 K; TOS 1 h.
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rate and thereby decrease NMA selectivity. Interest-

ingly, about 50.5% NMA was formed even at a feed

mix ratio of 2 with selectivity more than 99.7%.

In another series of experiments, the effect of

contact time on the activity was studied. A typical

activity pro®le of aniline methylation as a function of

feed rate (WHSV varies from 0.67 to 3.3 hÿ1) over

ZF-1 is shown in Fig. 6. The yield of NMA was

maximized at the ¯ow rate 6 ml/h (WHSV, 2 hÿ1).

The selectivity of NMA was found to be about 99.5%

at this stage. But, as shown in the ®gure, aniline

conversion reached a maximum and then decreased

by increasing ¯ow rate. The low aniline conversion

rate at high contact time region can be attributed to the

increased rate of methanol decomposition as a side

reaction. Since the methanol to aniline molar ratio is

only 2, such side reaction 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.

The alkylation experiments were performed in the

temperature range 300±4008C over ZF-1. Table 3

shows the in¯uence of temperature on the product

distribution. Optimum temperature for maximum

NMA yield and aniline conversion was at 340±

3508C. As is evident from the table, there was a slight

enhancement in the selectivity of NNDMA as tem-

perature was increased from 3008C to 4008C. How-

ever, beyond 3508C the aniline conversion was

declined and lesser amount of NMA was formed.

MeOH decomposition rate seemed to enhance at this

stage, since the analysis of the gaseous products

indicates the presence of considerable amount of

formaldehyde and C1 and C2 hydrocarbons.

Another set of experiments were carried out to

establish the stability of the systems. In Fig. 7 the

yield of NMA is plotted as a function of time-on-

stream (TOS). All catalysts except ZF-1 displayed

excellent stability even after 10 h. ZF-1 showed deac-

tivation in the initial period of the run (up to 4 h) and

Fig. 6. Effect of feed flow rate on NMA selectivity, yield and aniline conversion over ZF-1. Catalyst amount 3 g; molar ratio (methanol to

aniline) 2; reaction temperature 623 K; TOS 1 h.
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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 non-availability of Fe3� ions in

the T-sites. Others are inverse in nature and all such

systems showed prolonged stability.

The effect of catalyst composition on activity and

selectivity is shown in Fig. 8. Catalytic activity fol-

lows the order: ZF-1>ZNF-2>ZNF-3>ZNF-4>NF-5.

Since acidity values of the systems were also found to

follow the same order, the gradation in activity can be

explained by considering factors like variation of

acidity with Ni2� substitution and its direct in¯uence

on the distribution of active Fe3� ions in the spinel

lattice.

The mechanism of the aniline alkylation reaction

was well established by Nan Ko et al. [31], according

to which Lewis acid sites of the metal oxide systems

interact with the methoxy species, and the hydrogen

atoms of the undissociated hydoxyl groups interact

with the Lewis basic sites (Fig. 9). Electrophilic attack

of the methyl group of the methanol on the nitrogen

Table 3

Performance of ZF-1 for aniline methylation at different reaction

temperatures

Reaction temparature

3008C 3508C 4008C

Aniline conversion (wt%) 55.96 71.46 57.71

Product distribution (wt%)

Benzene Nil 0.24 1.25

Toluene 0.73 1.04 1.75

NMA 54.30 67.1 50.95

NNDMA 0.75 3.90 3.15

Toluidines Nil Nil 0.15

Others 0.16 0.2 0.40

Product selectivity (wt%)

NMA 97.03 93.90 88.37

NNDMA 1.34 5.40 5.45

WHSV, 2 hÿ1; methanol to aniline molar ratio 7; TOS 1 h.

Fig. 7. Effect of time-on-stream: WHSV 1.3 hÿ1; reaction temperature 623 K; methanol to aniline molar ratio 2. Concentration of N-methyl

aniline is plotted as a function of reaction time in hours.
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atom of the adsorbed aniline leads to NMA, which on

subsequent methylation leads to NNDMA. Thus the

mechanism accounts for the need of moderate

amounts of both acidic and basic Lewis sites for the

system. However, this mechanism differs from the one

suggested by Rao and co-workers [32] for ALPO and

SAPO, since in the latter case adsorption and subse-

quent polarization of the substrates is mainly caused

by Brùnsted acidity on the surface. Any factor that

alters either acidity or basicity of the present system

will signi®cantly in¯uence the selectivity of the pro-

ducts and the activity of the system.

From the adsorption study of EAs and their dehy-

dration activity, it is clear that substitution of Zn2� by

Ni2� creates a decrease in acidity with a concomitant

increase in basicity. Both acidity and catalytic activity

of the systems follow the order: ZF-1>ZNF-2>ZNF-

3>ZNF-4>NF-5. The high strength Lewis acidity can

probably be due to the Fe3� ions in the O-sites because

of the stable nature of Zn2� ions (d10 con®guration)

and also due to their occupancy in the less accessible

T-sites. As `̀ x'' increases, Ni2� ions replace Fe3� ions

isomorphically from O-sites to T-sites, leading to

decreases in the activity of the systems. In other

words, the low activity can be accounted for as due

to the replacement of acidic sites by basic sites during

Ni2� substitution. This is clearly evidenced from the

adsorption study of EAs, since Ni2� substitution

progressively increased the limiting concentration of

EAs adsorbed (Figs. 3 and 4). Since aniline is a strong

base, even weak Lewis sites can also effectively

co-ordinate with this molecule, and therefore, the

liability of the systems towards alcohol adsorption

becomes more important. It was reported that the

lower valency and coordination number of T-ions lead

to a strong M±O interaction [7,33]. In ferrites, the

Fe3�±O distance is more when Fe3� is in octahedral

symmetry than in the tetrahedral symmetry. Hence,

such Fe3� ions will be readily available for adsorption

of alcohol. From these, it is clear that Fe3� ions in

the O-sites are mainly responsible for the activity

of the system.

Fig. 8. Product distribution and selectivity pattern of aniline alkylation over different Zn±Ni ferrite systems. Reaction temperature 623 K;

WHSV 2 hÿ1; methanol to aniline molar ratio 2:1; TOS 1 h.
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The stability of the systems can also be explained by

considering the above-mentioned structural features

of the systems and the ease with which such systems

can undergo oxidative migration after alcohol adsorp-

tion. Adsorption of alcohol leads to electron transfer

from adsorbate to catalyst, which changes the oxida-

tion state of iron. However, if Fe3� ions are available

in the neighboring T-sites, reduced Fe3� ions can

regain their original state by electron exchange. ZF-

1 being a normal spinel, these types of electron

exchanges are not possible and hence in the reducing

atmosphere such systems deactivate at a faster rate

than the corresponding inverse systems.

4. Conclusion

1. Zn1ÿxNixFe2O4 (x�0, 0.2, 0.5, 0.8 and 1) type

systems were studied for alkylation of aniline

using methanol as the alkylating agent. It was

observed that these systems (except the one

possessing `̀ x''�1) can effectively alkylate aniline

to give N-methyl aniline selectively. More than

99% NMA selectivity was observed under the

optimized reaction conditions. Even at low con-

centration of methanol in the feed, these systems

exhibited high activity.

2. Activity decreases as `̀ x'' increases. Highest activ-

ity was observed for ZF-1, whereas NF-5 was only

mildly active.

3. As `̀ x'' increases, the basicity of the system also

increases. Ni2� ions isomorphically replace acidic

Fe3� ions from the active O-sites to T-sites, leading

to a progressive diminishing in the activity.

4. ZF-1 is a normal spinel system. As `̀ x'' increases,

the system progressively approaches to an inverse

lattice. All inverse systems (i.e., other than `̀ x''�0)

displayed prolonged stability. This is due to the

possibility of the redox migration among the Fe

ions in the O- and the neighboring T-sites. Non-

Fig. 9. Mechanism of N-methylation of aniline.
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availability of Fe3� ions in the T-sites of ZF-1

causes deactivation, since the reduced Fe3� ions in

the O-sites are unable to exchange electrons and

thereby regain their original states.
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