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bstract

A novel liquid phase alkylation of aniline with methanol over Zn/Cu salts modified kaolin assisted with a pair of porous carbon electrode in
lurry-bed reactor under constant current intensity, room temperature and atmospheric pressure was reported. The Zn/Cu salts modified kaolin
atalysts were synthesized and characterized by infrared spectrometer (IR), powder X-ray diffraction (XRD) and scanning electron microscopy
SEM), which showed that the transition metals were completely supported on kaolin’s structure and formed a pored one. The effect parameters, such

s initial pH, electrolysis time, metal ratio with kaolin and salts composition in this electrochemical catalytic system, were studied. The procedure
as inspected by ultraviolet–visible spectrum (UV–vis), and the product distribution was detected by gas chromatography/mass spectrometry

GC/MS). In addition, a possible reaction mechanism was also proposed.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Aniline alkylation was one of the most important industrial
eactions due to the fact that many valuable bulk intermedi-
te and fine chemicals can be prepared. Thus, alkylanilines
ormed the basic raw materials for synthesis of organic chem-
cals and chemical intermediates or additives in dyes, fuel oil,
ynthetic rubbers, explosives, herbicides, and pharmaceuticals
1–5]. The reaction involving the alkylation of aniline (PhNH2)
ith base alcohol (MeOH, EtOH) had been previously studied
sing several different kinds of catalysts such as zeolites [6,7],
omposites [8–15], and clays [4]. However, all of the reactions
atalyzed by these materials were carried out at higher tempera-
ure (200–400 ◦C), higher pressure, longer procedure, moreover,
he catalysts used for the alkylation of aniline must be calcined.

In this paper, we report a study of the alkylation of ani-

ine using diversified Zn/Cu salts modified kaolin as catalyst
n slurry-bed electrochemical reactor under mild condition. The
ffect of initial pH, electrolysis time, metal:kaolin ratio, and

∗ Corresponding author. Tel.: +86 29 85308442; fax: +86 29 85307774.
E-mail address: wangbo@snnu.edu.cn (B. Wang).
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alts composition on the electrochemical catalytic system were
tudied. The procedure was inspected by ultraviolet–visible
pectrum (UV–vis), and the product distribution was detected by
as chromatography/mass spectrometry (GC/MS). A possible
eaction mechanism was also proposed.

. Experimental

.1. Materials and instruments

All chemicals used in the experiment were analytically grade
nd without any further purification. Kaolin, provided by Shang-
ai Reagent Co., China, were composed of Al4[Si4O10](OH)8
surface area: 20 m2/g and pore volume: 0.5 cm3/g).

The electric power was supplied with regulated DC power
upply, WYK302b, Xi’An, China. The current intensity and
oltage ranged from 0 A to 2.5 A and 0 V to 35 V, respectively.

The procedure was inspected by ultraviolet–visible (UV–vis)
504 spectrum apparatus made in Shanghai Xinmao Co. and

he component and distribution of the products were checked by
as chromatography/mass spectrometry (GC(Agilent 6890)/MS
Hewlett-Packard 5973)). The infrared spectrometer (IR) of
he catalyst was detected by Brucher Co., Germany. The crys-
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Table 1
The solvent-supporting electrolyte system

Number Original
electrolyte (pH)

Catalyst Ratio (wt.%)

1 7 Zn(Ac)2/Cu(Ac)2/kaolin 0.25/0.25/10
2 9 Zn(Ac)2/Cu(Ac)2/kaolin 0.25/0.25/10
3 11 Zn(Ac)2/Cu(Ac)2/kaolin 0.25/0.25/10
4 7 Zn(Ac)2/Cu(Ac)2/kaolin 2.5/2.5/10
5 9 Zn(Ac)2/Cu(Ac)2/kaolin 2.5/2.5/10
6 11 Zn(Ac)2/Cu(Ac)2/kaolin 2.5/2.5/10
7 7 ZnCl2/CuCl2/kaolin 0.25/0.25/10
8 9 ZnCl2/CuCl2/kaolin 0.25/0.25/10
9 11 ZnCl2/CuCl2/kaolin 0.25/0.25/10

10 7 ZnCl2/CuCl2/kaolin 2.5/2.5/10
11 9 ZnCl2/CuCl2/kaolin 2.5/2.5/10
12 11 ZnCl2/CuCl2/kaolin 2.5/2.5/10
13 7 ZnSO4/CuSO4/kaolin 0.25/0.25/10
14 9 ZnSO4/CuSO4/kaolin 0.25/0.25/10
15 11 ZnSO4/CuSO4/kaolin 0.25/0.25/10
16 7 ZnSO4/CuSO4/kaolin 2.5/2.5/10
1
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allinity of the catalyst was determined by powder X-ray
iffraction (XRD) D/Max-3c model (Rigaluc, Jp) using a scan-
ing diffractometer of D/MAX-RA with Ni-filtered Cu K�
adiation (λ = 1.5406 Å). Solid morphology and average crystal
ize were determined by scanning electron microscopy (SEM,
uanta 200, Holland) and a gold film was sputtered onto the

ample prior to observation (ISI DS-130).

.2. Preparation of the catalyst

Took the catalyst of Zn(Ac)2/Cu(Ac)2/kaolin = 2.5/2.5/10
wt.%) as an example, the catalyst was prepared as follows:
dding 25 g Zn(Ac)2, 25 g Cu(Ac)2 and 20 g Na3PO4 into 150 ml
istilled water (pH 7.1), 10 ml H3PO4 was added to dissolve the
etal salt, then the solution pH was adjusted with NaOH to a neu-

ral conditions. 100 g kaolin was impregnated into the solution
ith stirring in a water bath at 50 ◦C for 4 h. Then, the solution
as aging at room temperature for 48 h, filtrated, washed, the
eposit was dried at 100 ◦C for 2 h to obtain the catalyst.

The other catalysts were prepared the same way, which
erely required change the quantity and breed of the salts.

.3. Experimental set-up

Fig. 1 shows the schematic diagram of the slurry-bed reactor
or the electrochemical catalytic alkylation. The experiment was
onducted by batch process in an undivided cell of 0.5 l at room
emperature under 2.0 A current intensity. The reaction cell was
irproofed to prevent the volatilization of methanol and cooled
y the cooling water in a trough to maintain the room temper-
ture condition. The anode and cathode both were the porous
raphite plate and positioned vertically and paralleled to each
ther with a constant inter gap of 1.0 cm. Twenty grams of cat-

lyst of metal salts modified kaolin and 10 g assisted catalyst of
F were packed around the working electrode, forming a multi-
hase electrochemical alkylation slurry-bed. The solution was
onstantly stirred at 200 rpm using a magnetic stirrer in order to
aintain uniform concentration of the electrolyte solution.

t
m
r
w
u

Fig. 1. Slurry-bed reactor for the elect
7 9 ZnSO4/CuSO4/kaolin 2.5/2.5/10
8 11 ZnSO4/CuSO4/kaolin 2.5/2.5/10

.4. Electrolysis procedures

The electrolysis was carried out in slurry-bed reactor with-
ut compartments. The solvent-supporting electrolyte system
as formed as follows: 10 g KF and 50 ml aniline were added

n 70 ml methanol with 20 g metal salts modified kaolin cata-
yst. The components of solvent-supporting electrolyte system
re shown in Table 1. The resulting solutions were placed
n the cells and electrolyzed at a current intensity of 2.0 A
t room temperature. The reaction process and the conver-
ion of starting material was investigated by UV–vis spectrum
very 30 min as follows: transferring 0.01 ml solution by
ransfer-pipette accurately and diluting it to 20 ml in a volu-
etric flask, then the electronic spectra were observed at the
ange of 200–400 nm using methanol as blank. The current
as interrupted at the moment of higher yield of the prod-
cts.

rochemical catalytic alkylation.
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modification, meanwhile, the characteristic peaks for Zn(Ac)2
ig. 2. Representative infrared spectrum of kaolin: (a) neat kaolin and (b) mod-
fied kaolin.

. Results and discussion

.1. Characterization of catalysts

.1.1. IR
The representative infrared spectrum of kaolin before and

fter modification is shown in Fig. 2. It could draw the conclusion
hat the bands at 3693.57 cm−1, 3606.32 cm−1, 3547.45 cm−1

Fig. 2a) assigned to the dissociative hydroxyl in neat kaolin
as been shifted into 3435.29 cm−1 for the binding form
Fig. 2b), and some new bands at 1106.95 cm−1, 1022.02 cm−1
nd 916.77 cm−1 can be attributed to the stretching vibration
f the P O, P–O, C–O, new bands appears at 540.54 cm−1,
69.98 cm−1 can be attributed to M–O (Fig. 2b), indicating the
etal salt have been successfully modified on the kaolin.

a
2
3
Z

Fig. 3. Representative SEM of kaolin (5000×)
ig. 4. Representative XRD patterns of kaolin: (a) neat kaolin and (b) modified
aolin.

.1.2. SEM
The morphology of Zn/Cu salts modified kaolin was

xamined by SEM and the representative photograph of
n(Ac)2/Cu(Ac)2/kaolin = 2.5/2.5/10 is shown in Fig. 3. It
hould be summarized that the previous disorder fragment of
eat kaolin (Fig. 3a) was changed into the massive sandwich
Fig. 3b) after the modified process, which may be due to the
nterposition of Zn and Cu salts.

.1.3. XRD
The patterns of XRD for the neat kaolin and modified kaolin

re displayed in Fig. 4. Two diffraction peaks which related to
aolinite and Muscovite can be clearly observed in Fig. 4a,

he presence of peaks as an attributive indicator of Kaoli-
ite (2θ = 17.31◦, 25.28◦, 29.86◦, 39.86◦) and of Muscovite
2θ = 22.88◦, 31.62◦) could be detected. The intensity of the
eaks characteristic of Kaolinite and Muscovite decreased after
nd Cu(Ac)2 appeared (Zn(Ac)2: 2θ = 11.88◦, 16.84◦, 18.62◦,
3.14◦, 25.53◦, 28.26◦; Cu(Ac)2: 2θ = 13.46◦, 14.25◦, 20.18◦,
5.91◦, 44.82◦), indicating that the kaolin had been modified by
n(Ac)2 and Cu(Ac)2.

: (a) neat kaolin and (b) modified kaolin.
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< ZnCl2/CuCl2/kaolin (2.5/2.5/10)

< Zn(Ac)2/Cu(Ac)2/kaolin (2.5/2.5/10)
ig. 5. Effect of time on alkylation with Zn(Ac)2/Cu(Ac)2/kaolin = 2.5/2.5/10
pH 9.0).

.2. Analysis of the liquid products

.2.1. UV–vis spectrum
The course of the electrochemical catalytic alkylation was

nspected by UV–vis spectrum. The effect of time on the alky-
ation with Zn(Ac)2/Cu(Ac)2/ kaolin = 2.5/2.5/10 at pH 9.0
etected by UV–vis absorption spectrophotometer show in
ig. 5. With the time prolong (0–4 h), the K absorption band and

he B absorption band of the benzene ring bathochromic shifted
rom 231 nm to 237 nm and 284 nm to 287 nm, respectively; the

absorption band presented itself at 336 nm (3 h) and the height
f the absorbed peak enlarged. The K and B absorption band of
he benzene ring changed, maybe due to the interactions of the
olvent and the components of the reaction system: the interac-
ion between the amino of aniline and methyl group reduced the
nergy band of � → �* contrast to that of aniline, while hydro-
en atom in the amino of the aniline was substituted by one or
wo methyl group, the conjugation between the methyl group
nd the amino in the benzene ring was strengthened, the energy
eeded by � → �* transition receded, the K and B absorption
hifted to bathochromic. The R absorption band presented was
ikely to n → �* transition caused by the multi-benzene rings or
y the isolated electron in nitrogen atom, when the two hydro-
en atom in the amino of aniline was all substituted by methyl
roup or by the isolated electron in the oxygen atom of methoxyl
CH3O–CH2–NHAr). The absorbed peak height enlarged, indi-
ating that the reaction degree was proportioned directly to the
eaction time and the content of alkylates.

The influence of the electrolyte initial pH and the catalyst
roportion on the alkylation under the same reaction time of 4 h
nd the identical current intensity of 2.0 A were also studied.
he representative picture of Zn(Ac)2/Cu(Ac)2/kaolin is shown

n Fig. 6. It can be found that the K absorption band bathochromic
hifted differently, the R absorbed peak height was decreased as
ollows (Zn(Ac)2/Cu(Ac)2/kaolin):
2.5/2.5/10 (pH 9.0) > 2.5/2.5/10 (pH 11.0)

> 0.25/0.25/10 (pH 9.0) > 0.25/0.25/10 (pH 11.0)

> 2.5/2.5/10 (pH 7.0) > 0.25/0.25/10 (pH 7.0)
ig. 6. Effect of the initial pH and the ratio of catalyst on alkylation (4 h).

hese were related to the content of the alkylation products,
hich was further proved by GC/MS. It could be found that

he big proportion catalyst was better than the small proportion
atalyst, which could be explained that the more metal in the
atalyst, the more active of the catalyst. It can also be found that
he pH had a great impact on the reaction. The R absorbed peak
eight was increased as follows:

H 7.0 < pH 11.0 < pH 9.0 (at the same ratio, salts, 4 h)

t can be assumed that, a certain quantity of OH- could add to
he electromotive force of the electrolyte and the adsorption of
aolin, thus increasing the alkylation extent, however, more OH-

estrained the creation of H+, less H+ transformed to H2 and hold
ack the reaction.

Fig. 7 shows the impact of different metal salts in the catalyst
n the alkylation at the same pH 9.0, the same ratio of 2.5/2.5/10
nd the same reaction time of 4 h. It can be found that the catalytic
ctivity of the catalyst Zn(Ac)2/Cu(Ac)2/kaolin = 2.5/2.5/10 was
etter than that of the other catalyst, and increased as follows:

ZnSO4/CuSO4/kaolin (2.5/2.5/10)
Fig. 7. Impact of metal salts on alkylation (pH 9.0, 4 h, 2.5/2.5/10).
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Fig. 8. GC of the products (Zn(Ac)2/Cu(Ac)2/kaolin = 2.5/2.5/10, pH 9.0,
4 h). (a) N-Methyleneaniline, (b) 2,6-dimethyl-N-methyleneaniline, (c) N,2,6-
trimethylaniline, (d) N,N,2,6-tetramethylaniline, (e) N-(methoxymethyl)aniline,
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f) 2-fluoro-N-(methoxymethyl)aniline, and (g) N1-phenyl-N4-(4-(phenyl(p-
olyl)amino)phenyl)-N1-p-tolylbenzene-1,4-diamine.

hese results were further proved by GC/MS and may be due to
he peroxidic property of the acetate.

.2.2. GC/MS
GC of the products is shown in Fig. 8 (the peak of the

olvent was taken off). Table 2 compared the concentra-
ion of the products in different mediums and pH with the
ame reaction time of 4 h and the identical current intensity
f 2.0 A. The yield of the alkylation products catalyzed by
n(Ac)2/Cu(Ac)2/kaolin = 2.5/2.5/10 can reach the highest of

1.09% at pH 9.0, which was in line with the results of UV–vis
pectra:

Zn(Ac)2/Cu(Ac)2/kaolin > ZnCl2/CuCl2/kaolin

> ZnSO4/CuSO4/kaolin

l
f
h
t
i
[

able 2
he electrolysis of aniline in various medium and different pHa

atalyst Original electrolyte (pH) Ratio (wt.%) Product

(a)

n(Ac)2/Cu(Ac)2/kaolin 7 0.25/0.25/10 2.21
nCl2/CuCl2/kaolin 7 0.25/0.25/10 1.86
nSO4/CuSO4/kaolin 7 0.25/0.25/10 1.55
n(Ac)2/Cu(Ac)2/kaolin 7 2.5/2.5/10 3.04
nCl2/CuCl2/kaolin 7 2.5/2.5/10 1.96
nSO4/CuSO4/kaolin 7 2.5/2.5/10 1.66
n(Ac)2/Cu(Ac)2/kaolin 9 0.25/0.25/10 3.11
nCl2/CuCl2/kaolin 9 0.25/0.25/10 2.16
nSO4/CuSO4/kaolin 9 0.25/0.25/10 1.72
n(Ac)2/Cu(Ac)2/kaolin 9 2.5/2.5/10 3.88
nCl2/CuCl2/kaolin 9 2.5/2.5/10 2.49
nSO4/CuSO4/kaolin 9 2.5/2.5/10 1.81
n(Ac)2/Cu(Ac)2/kaolin 11 0.25/0.25/10 2.67
nCl2/CuCl2/kaolin 11 0.25/0.25/10 1.93
n(Ac)2/Cu(Ac)2/kaolin 11 0.25/0.25/10 1.63
nSO4/CuSO4/kaolin 11 2.5/2.5/10 3.29
nCl2/CuCl2/kaolin 11 2.5/2.5/10 2.06
nSO4/CuSO4/kaolin 11 2.5/2.5/10 1.73

-Methyleneaniline (a): 105M+(100), 91(62), 77(35), 65(14), 51(7), 39(6), 29(4), 15(1
5(19), 51(9), 39(6), 29(14); N,2,6-trimethylaniline (c): 135M+(99), 121(51), 105(44), 9
19(100), 105(88), 91(39), 77(64), 65(32), 51(24), 39(32); N-(methoxymethyl) anil
methoxymethyl)aniline (f): 157M+(99), 137(23), 91(56), 77(26), 65(11), 51(13), 39
iamine (g): 531M+(27), 273(34), 77(100), 63(22), 51(17), 39(5).
a Reaction conditions: current intensity, 2.0 A; reaction temperature, 298 K; reactio
b GC/MS spectrum, 70 eV, M/e (relative intensity).
aterials 152 (2008) 463–468 467

arge proportion catalysts > Small proportion catalysts

hese results also indicated that this method for alkylation was
easible and convenient, although the yield of alkylates was
ower (<52%) than that of chemical alkylation with a yield of
0–90% [2,3,7–11]. Another limitation was that this process
fforded a mixture of different alkylanilines products rather than
ure alkylation product, which should be further improved for
he industrial application.

.3. Assumed mechanism

The assumed mechanism of the reaction was also proposed.
he amino group (–NH2) bound to the aromatic ring exerts
rtho/para orientation effect, because of the delocalization of
he unshared pair of electrons over the amine group into the
enzene ring. As a result, the ortho and para sites of the
ing became most susceptible to the electrophilic substitution
nd the expected major product was the ortho and/or para
-alkylated aniline. Due to the adsorption of aniline on the

urface of the catalyst, alkylation usually yielded N-alkylated
roducts. The catalyst also plays a key role in releasing the
lectrophile from the alkylating agent, namely, alcohol. Alky-
ation with alcohols took place by generation of electrophiles
rom heterolysis of carbon–oxygen bonds. In the presence of

ydrogen, N-alkylation of aniline took place by dehydrogena-
ion of alcohol to carbonyl, followed by the formation of an
mine which was finally hydrogenated to alkylaniline (Fig. 9)
1,3,10,13].

concentration (mass%)b Total alkylates (%)

(b) (c) (d) (e) (f) (g)

22.56 12.37 3.23 1.43 0.32 0.41 40.37
19.64 9.85 2.34 0.81 0.48 0.56 33.69
16.62 8.66 2.07 0.79 0.53 0.34 28.90
23.87 13.68 3.4 0.92 0.35 0.51 45.77
20.69 10.31 2.43 0.67 0.32 0.47 35.39
17.27 9.32 2.27 0.77 0.51 0.54 30.52
25.83 14.66 3.79 0.98 0.29 0.38 47.39
22.35 10.84 2.77 0.72 0.43 0.49 38.12
18.89 9.74 2.52 0.69 0.42 0.58 32.87
27.72 15.31 4.18 0.83 0.43 0.54 51.09
24.39 11.26 2.86 0.61 0.38 0.46 41.00
19.91 10.67 2.68 0.65 0.32 0.59 35.07
23.94 13.53 3.41 0.96 0.37 0.42 43.55
20.78 10.02 2.46 0.75 0.46 0.41 35.19
17.55 9.03 2.24 0.62 0.47 0.52 30.45
25.64 14.32 3.86 0.74 0.52 0.36 47.11
21.77 10.74 2.53 0.76 0.44 0.49 37.1
18.43 9.97 2.39 0.58 0.42 0.53 32.52

); 2,6-dimethyl-N-methyleneaniline (b): 133M+(63), 105(100), 91(58), 77(45),
3(36), 77(31), 65(7), 43(12), 39(7); N,N,2,6-tetramethylaniline (d): 149M+(52),

ine (e): 137M+(100), 106(49), 92(53), 77(5), 65(4), 51(2), 39(1); 2-fluoro-N-
(19); N1-phenyl-N4-(4-(phenyl(p-tolyl)amino)phenyl)-N1-p-tolylbenzene-1,4-

n time, 4 h.
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Fig. 9. Possible mecha

. Conclusion

With the aforesaid experiment executed in the single undi-
ided slurry-bed cell, it can come to the view that this method
as more effective than the traditional one using electrochem-

stry cooperated with metal salts modified kaolin as catalysts,
hich avoided the disadvantages yield from the traditional one,

uch as: higher temperature and pressure in reaction. Therefore,
he said method was far better as it was safe and more convenient
n the process of alkylation, for which is recommendable. How-
ver, this process afforded a mixture of different alkylanilines
roducts rather than pure alkylation product, which should be
urther improved.
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