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Zeolites-supported  Cu-based  catalysts  for the  vapor-phase  synthesis  of  3-methylindole  from  glycerol
and aniline  were  investigated.  The  catalysts  were  characterized  by N2 adsorption,  XRD,  NH3-TPD  and
TG–DTA  techniques.  The results  indicated  that  Cu/NaY  catalyst  exhibited  higher  activity  and  selectivity
than  Cu/5A,  Cu/HZSM-5  or Cu/MCM-41  due  to  better  dispersion  of  copper  particles  and  larger  amount
eywords:
-Methylindole
eoliteds-supported copper-based catalysts
aY
odium oxide
lycerol

of  weak  acid  sites  on  the catalyst.  The  addition  of  Na2O  to  Cu/NaY  not  only  improved  the  selectivity
of  the  catalyst  efficiently,  but  also  inhibited  the  deactivation  of the catalyst.  Over  Cu/NaY–Na2O,  the
selectivity  of  3-methylindole  reached  72.3%  and  the  yield  of the aim product  was  up to  50.4%.  The  char-
acterizations  revealed  that  Na2O promoter  could  decrease  the amount  of  middle-strong  acid  sites  of the
catalyst  remarkably  as well  as  prevent  from  the  formation  of  the  coke.  Furthermore,  a probable  catalytic
mechanism  for  the synthesis  of 3-methylindole  from  glycerol  and aniline  was  proposed.
. Introduction

Recently, much attention has been given to the use of glycerol
or glycerol is the main by-product (about 10 wt%) in biodiesel pro-
uction [1–5]. Finding out new outlets to make good use of the
urplus glycerol agrees with the concept of green chemistry in
erms of the utilization of renewable resources and can acceler-
te the development of biodiesel. Up to now, many efforts have
een put toward the conversion of glycerol and many value-added
hemicals are obtained such as propanediols, acrolein, glyceric acid,
ethyl glycerate, solketal and ethylene glycol [6–11].
3-Methylindole, an important nitrogen-containing heterocyclic

hemical, can be widely applied in the fields of industry, agriculture
nd medicine [12–14]. For example, it can be used in perfumes and
n the manufacture of herbicides, fungicides, dyes, antihyperten-
ive, anti-diuretic, muscular relaxant and anticancer medicaments
15,16]. Recently, 3-methylindole was found other interesting uses,
uch as, affecting the production of serotonin, hemolyzing bovine
rythrocytes, activating transcription of cytochrome P450 enzymes
n hepatocytes and a broad bacteriostatic effect on some gram-
egative enterobacteria [17–20].

For many years, the synthesis of 3-methylindole has been an

rea of focus for the chemists engaged in fine chemicals synthesis
nd numerous methods have been developed [21,22]. Among them,
iquid-phase method is often considered conventional because it
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can give 3-methylindol in a good yield [23,24], however, some
drawbacks exist, such as the use of complicated and expensive
reagents or catalysts, a large number of toxic solvents and heavy
pollution [25–27], which has limited the further development of
3-methylindole. Thus, increasing interest has been focused on the
vapor-phase synthesis of 3-methylindole. Subrahmanyam and co-
workers [28] carried out the reaction from indole and methanol
(molar ratio of indole/methanol was 1:6) over CeHY zeolite cata-
lyst and a 33% yield of 3-methylindole was  obtained. Vaccari and
co-workers [29] conducted the synthesis of 3-methylindole from
1,2-propanediol and aniline over ZrO2/SiO2 catalyst, but the yield
of 3-methylindole was  only 12%. Recently, our group developed
a new approach for the vapor-phase synthesis of 3-methylindole
with feeding glycerol and aniline as reactants (Scheme 1). Over
Cu/SiO2–Al2O3, the yield of 3-methylindole reached 40% [30]. Since
glycerol, comes from biomass, is not only cheap and abundant, but
also a green feedstock, this synthesis, from the economic and envi-
ronmental viewpoints, can be considered a most promising route.

In the last few decades, zeolites have attracted increasing
interest in the catalytic synthesis of fine chemicals because of
their special features such as the acidity, the inherent capability
of product selectivity, commercially available, non-corrosive and
eco-friendly nature, etc [31–34]. The objective of this work is to
research zeolites (NaY, 5A, HZSM-5 and MCM-41)-supported cop-
per catalysts for the vapor phase synthesis of 3-methylindole from

glycerol and aniline. Na2O promoter was introduced into the opti-
mal  zeolite-supported copper catalyst to increase the selectivity of
3-methylindole. BET, XRD, NH3-TPD and TG–DTA techniques were
used to reveal the relationship between the structure of catalysts
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Scheme 1. Vapor-phase synthesis of 3-methylindole from glycerol and aniline.

nd their catalytic performances. Moreover, a probable catalytic
echanism for the synthesis of 3-methylindole was  suggested.

. Experimental

.1. Materials

The zeolites of NaY and 5A were obtained from Shanghai Hengye
olecular Sieve Co. Ltd. (China). HZSM-5 zeolite was obtained

rom Nankai Chemical Co. Ltd. (China). MCM-41 was prepared as
escribed in Ref. [35] and the XRD pattern of MCM-41 sample is
epicted in Fig. 1. A dominant (1 0 0) peak centered at about 2◦ was
ppeared, as well as the additional weak (1 1 0) and (2 0 0) peaks
ere also obviously observed, corresponding to a highly ordered

D-hexagonal mesoporous silica framework.

.2. Catalyst preparation

The zeolite (NaY, 5A, HZSM-5 or MCM-41)–supported cop-
er catalyst was prepared by equal volume impregnation. After

mpregnating the zeolite support (20–40 mesh) in copper nitrate
queous solution for 15 h at room temperature, the sample was
ried at 120 ◦C for 4 h, then, calcined at 500 ◦C for 4 h to obtain
he catalyst precursor. Cu/NaY–Na2O catalyst was prepared by
equential impregnation. Na2O was first loaded on the surface of
aY, followed by copper and the process was the same as zeolite-

upported copper catalyst described above.
Prior to activity test, 3 mL  catalyst precursor was  in situ reduced

n a gas mixture composed of N2 (30 mL/min) and H2 (30 mL/min)

t 250 ◦C for 2 h, then cooled to 220 ◦C in 0.5 h and kept at the
emperature for another 0.5 h. Copper loading was 5.4 wt%.
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Fig. 1. XRD pattern of MCM-41 sample.
s A: Chemical 378 (2013) 238– 245 239

2.3. Catalyst characterization

BET surface areas and pore volumes of the catalysts were
determined by pure nitrogen adsorption using an AUTOSORB-1MP
apparatus. Before each measurement, the sample was  outgassed
overnight at 200 ◦C under 10−3 Torr. Calculation of pore sizes fol-
lowed the method of Barret–Joyner–Halenda (BJH) according to the
desorption portion of the isotherms.

X-ray diffraction (XRD) patterns were recorded by using a D8
Advance diffraction meter with Cu K� source. MCM-41 sample
was scanned in the 2� range of 0.5–10◦ in steps of 1◦/min, while,
zeolites-supported Cu-based catalysts were scanned from 30◦ to
80◦ at a rate of 0.5◦/min. The voltage and current were 40 kV and
40 mA,  respectively. Average copper crystallite size was calculated
from peak broadening using Scherrer equation:

D = K�

 ̌ cos �

where K is the shape factor (0.89 for the present instrument), �
is the wavelength of X-ray, typically 1.54 Å (Cu K�),  ̌ is the line
broadening at half the maximum intensity (FWHM) in radians, and
� is the Bragg angle, D is the crystallite size.

The temperature programmed desorption of ammonia (NH3-
TPD) was carried out in a quartz reactor with inside diameter of
6 mm  and length of 350 mm.  A 150 mg  sample was pretreated at
500 ◦C for 1 h in a flow of ultrapure helium gas (35 mL/min) to
remove water and other contaminants from the catalyst and cooled
down to 100 ◦C, then saturated with ammonia gas at 100 ◦C. After
the sample was purged with helium gas (35 mL/min) at 100 ◦C for
2 h to remove physisorbed ammonia, TPD was  carried out from 100
to 700 ◦C with a temperature ramp of 10 ◦C/min.

Thermogravimetric and differential thermal analysis (TG–DTA)
was carried out with a Diamond 6300 apparatus to characterize
the coke on the catalyst. About 7.8 mg  of the used catalyst (all the
used catalysts were proceeded the same reaction time of 4 h) was
placed in the pan. The sample was first heated in ultrapure nitrogen
(20 mL/min) from room temperature to 300 ◦C at a heating rate of
10 ◦C/min to remove physisorbed species, then cooled to 50 ◦C and
heated in air (20 mL/min) to 800 ◦C at a ramping rate of 10 ◦C/min.

2.4. Catalyst testing

The catalytic reaction was carried out in a fix-bed continuous
flow glass reactor with an inside diameter of 12 mm under atmo-
spheric pressure. The reactor was placed vertically inside a tubular
furnace and heated electrically. The reactor temperature was mon-
itored by a thermocouple with its tip located at the catalyst bed
and connected to a temperature controller. The solution of reac-
tants (molar ratio of aniline/glycerol = 3:1) was  pumped through
the preheater where it was  vaporized and the reactants were car-
ried into the reactor by flowing H2 (20 mL/min), steam (6 mL/min)
and N2 (54 mL/min). The reaction was carried out at 220 ◦C. The
total space velocity (SV) of raw materials and liquid hourly space
velocity (LHSV) of reactants were 1700 h−1 and 0.4 h−1, respec-
tively.

2.5. Product analysis

The products were analyzed on a gas chromatograph with a
mass spectrometer (Agilent GC–MS 6890N-5975B) equipped with
a HP-5 capillary column (0.25 mm,  30 m).  The process was  carried
out in ultrapure helium gas from 90 ◦C to 230 ◦C at a heating rate of

5 ◦C/min and kept at the temperature for 30 min.

The quantitative analyses of the reactants and products were
carried out on a SP-6890A gas chromatograph equipped with a SE-
54 capillary column (0.32 mm,  30 m).  1-Hexyl alcohol was  used as
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Table  1
The activity and selectivity of the copper catalysts supported on different zeolites.

Catalyst Glycerol conversion (%) Product selectivity (%)

3-MI N-MA N-EA 2,5-DMPP 2,3-DMI Others

Cu/NaY 72.0 56.1 3.1 5.5 19.1 – 16.2
Cu/5A  65.3 32.2 1.4 44.2 6.8 – 15.4
Cu/HZSM-5 60.1 30.0 – 46.5 6.9 – 16.6

.8 15.8 12.2 12.6 32.3

R  0.4 h−1, H2 = 20 mL/min, steam = 6 mL/min, N2 = 54 mL/min. Copper loading: 5.4 wt%. The
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Table 2
Specific surface area and pore volume of the copper catalysts supported on different
zeolites.

Catalyst Specific surface Area (m2/g) Pore volume (cm3/g)

Cu/NaY 527 0.423
Cu/5A 453 0.250

Based on the half peak width of (1 1 1) copper crystal phase, the
average sizes of copper particles on Cu/NaY, Cu/5A, Cu/HZSM-5 and
Cu/MCM-41 were calculated using the Scherrer Equation and the
results were 18, 33, 39 and 49 nm,  respectively. The average size of

o
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o
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Cu (200)

Cu (111)
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a
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.)
Cu/MCM-41 53.6 24.3 2

eaction conditions: 220 ◦C, aniline/glycerol = 3:1 molar ratio, SV = 1700 h−1, LHSV =
esults  were taken at the second hour.

n internal standard. The temperature programmed process was
he same as GC–MS analysis with ultrapure nitrogen as the carrier
as.

The conversion of glycerol, the yield and selectivity of the prod-
ct were calculated based on the following formulas:

onversion of glycerol(%) = moles of glycerol converted
moles of initial glycerol

× 100%

ith moles of glycerol converted = moles of initial glycerol − moles
f final glycerol.

ield of product(%) = moles of product formed
moles of initial glycerol

× 100%

electivity of product(%) = yield of product
conversion of glycerol

× 100%

. Results and discussion

.1. The synthesis of 3-methylindole over different zeolites
upported copper catalysts

.1.1. The activity and selectivity of different zeolites supported
opper catalysts

In the reaction of glycerol and aniline over zeolite (NaY,
A, HZSM-5 or MCM-41)-supported copper catalyst, except
he aim product of 3-methylindole (3-MI), many by-products
ere produced. Among them, N-methylaniline (N-MA), N-

thylaniline (N-EA), 2,5-dimethyl-1-phenyl-pyrrole (2,5-DMPP)
nd 2,3-dimethylindole (2,3-DMI) were the major by-products,
n addition, minor amounts of the other by-products were also
etected, such as ethylic acid, N-isopropylaniline, N-propylaniline,
ropylene glycol, indole, 3-ketoneindole, N-isopropylindole and
,N′-dimethyl-N,N′-diphenyl-1,2-ethanediamine. The reaction
athway of glycerol and aniline to form the by-products is given

n Scheme 2 [3,29,36–39].
Table 1 is the activity and selectivity of the copper catalyst sup-

orted on NaY, 5A, HZSM-5 or MCM-41. It can be seen that Cu/NaY
xhibited higher activity and selectivity, which 72.0% glycerol con-
ersion with 56.1% selectivity of 3-methylindole was obtained.
ver Cu/5A or Cu/HZSM-5, N-ethylaniline was the major prod-
ct and the selectivity of 3-methylindole was only 32.2 or 30.0%.
ver Cu/MCM-41, larger amounts of undesired by-products were
roduced, which the selectivity of 3-methylindole was less than
5%.

.1.2. Catalyst characterization
The specific surface area and pore volume on zeolite (NaY, 5A,

ZSM-5 or MCM-41)-supported copper catalyst are presented in
able 2. It is clearly seen that Cu/MCM-41 possessed the largest spe-

ific surface area (801 m2/g) and pore volume (0.820 cm3/g), Cu/5A
isplayed the lowest specific surface area (453 m2/g) and Cu/HZSM-

 showed the lowest pore volume (0.156 cm3/g). Considering the
ctivity and selectivity of the copper catalyst supported on NaY,
Cu/HZSM-5 580 0.156
Cu/MCM-41 801 0.820

5A, HZSM-5 or MCM-41 zeolite, it can be obtained that the spe-
cific surface area or pore volume was  not the crucial factor for the
vapor-phase synthesis of 3-methylindole.

It is known that metal copper is the active component for the
vapor-phase synthesis of 3-methylindole from glycerol and ani-
line who plays a crucial role in the production of 3-methylindole
[30]. The better the copper particles was  dispersed, the higher the
activity was. Fig. 2 illustrates the XRD patterns of zeolites (NaY,
5A, HZSM-5 and MCM-41)-supported copper catalysts. Two  small
diffraction peaks of copper at 2� of 43.3◦ and 50.5◦, assigned to
the (1 1 1) and (2 0 0) reflections, were observed on Cu/NaY [40].
On 5A, HZSM-5 or MCM-41-supported copper catalyst, the inten-
sity of copper diffraction peaks was  much stronger than that on
Cu/NaY, meanwhile, another diffraction peak at 74.7◦, assigned to
the (2 2 0) reflection of copper, was observed and the intensity of
copper diffraction peaks increased in the order of Cu/5A, Cu/HZSM-
5 and Cu/MCM-41.
30 40 50 60 70 80

2   ( )

Fig. 2. XRD patterns of Cu/NaY (1), Cu/5A (2), Cu/HZSM-5 (3) and Cu/MCM-41 (4).
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following sequence of Cu/NaY, Cu/MCM-41, Cu/5A and Cu/HZSM-
5. Taking into account the results of NH3-TPD and Table 1 it
can be found that the more the weak acid sites, the higher the
selectivity of 3-methylindole. Moreover, it seemed to be conduc-
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Scheme 2. The reaction pathway of glycerol and aniline t

opper particles on Cu/NaY was smallest compared with the other
atalysts, suggested a better dispersion of the copper particles on
he catalyst, while, on Cu/MCM-41, the average size of copper par-
icles was the biggest although the catalyst possessed the largest
pecific surface area. This should be the reason that the interaction
etween copper particles and MCM-41 support was  weak, which
ade the copper particles gather together easily, as a result, big

opper particles could be formed on MCM-41 [41]. The interaction
etween copper and NaY, however, was relatively strong, which
rought about the copper particles dispersed well on the support.
rom Fig. 2, Tables 2 and 3 it can be obtained that there was no cor-
elation between the dispersion of copper particles and the specific
urface area or pore volume. Taking the results of Tables 1 and 3
nto account, it can be concluded that Cu/NaY with smaller copper
articles was favorable to the synthesis of 3-methylindole.

Fig. 3 shows the acidity and acid strength distribution of
eolites-supported copper catalysts. More than two  desorption
eaks can be seen on the catalysts. The peaks at the lower tem-
erature (<200 ◦C) were assigned to the weak acid sites, while the

thers at the higher temperature (200–400 ◦C) were corresponded
o the middle-strong acid sites [42]. The areas of the weak acid
ites on the zeolites-supported copper catalysts were observed to

able 3
verage copper particle size of the copper catalysts supported on different zeolites.

Catalyst Average copper particle size (nm)

Cu/NaY 18
Cu/5A 33
Cu/HZSM-5 39
Cu/MCM-41 49
 the by-products over zeolite-supported copper catalyst.

decrease in the order of Cu/NaY, Cu/5A, Cu/HZSM-5 and Cu/MCM-
41, while, the areas of the middle-strong acid sites decreased in the
100 150 200 250 300 350 400 450 500

(1)

Temperature (ºC)

Fig. 3. NH3-TPD profiles of Cu/NaY (1), Cu/5A (2), Cu/HZSM-5 (3) and Cu/MCM-41
(4).
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ples of Cu/NaY and Cu/NaY–Na2O. Compared with the XRD pattern
of the bare NaY support, no obvious change for the crystal diffrac-
tion peaks of NaY was observed on the fresh or the used Cu/NaY
and Cu/NaY–Na2O, suggested that the crystal structure of NaY was

o

Cu ( 111)
Time on stream (h)

Fig. 4. Glycerol conversion and the selectivity to different pro

ive to the formation of N-ethylaniline when the amount of the
iddle-strong acid sites was very small.
For the vapor-phase synthesis of 3-methylindole from glycerol

nd aniline, it is known that weak acid sites on Cu-based catalysts
re favorable to the production of 3-methylindole because they can
acilitate the adsorption of reactants on the surface of the cata-
yst. Middle-strong acid sites, however, take disadvantage of the
eaction. Because 3-methylindole possesses weak alkalinity, it is
ifficult for 3-methylindole to desorb from the middle-strong acid
ites, as a result, the further reaction could easily happen and bring
bout the decrease of 3-methylindole selectivity [30]. There were
arger number of the weak acid sites and better dispersion of copper
articles on Cu/NaY, therefore the catalyst exhibited higher activity
nd selectivity than Cu/5A, Cu/HZSM-5 or Cu/MCM-41.

.2. The effect of Na2O promoter on the performance of the
u/NaY catalyst

From Fig. 3 it is known that there were many middle-strong
cid sites on Cu/NaY, which can bring about some side reactions
aused by 3-methylindole. In order to decrease the middle-strong
cid sites on Cu/NaY, Na2O was introduced into Cu/NaY and Table 4
xhibits the effect of Na2O amount on the activity and selec-
ivity of Cu/NaY–Na2O catalyst. As expected, the selectivity of
-methylindole increased remarkably after adding Na2O to Cu/NaY
lthough the conversion of glycerol decreased slightly. And with
he increase of Na2O amount, the selectivity of 3-methylindole

ncreased first, then, decreased. When the amount of Na2O was
.60 mmol/g, the selectivity of 3-methylindole reached 72.3%,
hich the yield of 3-methylindole was up to 50.4%. From Fig. 3

t can also be found that the selectivity of N-ethylaniline increased

able 4
ffect of Na2O amount on the activity and selectivity of Cu/NaY–Na2O catalyst.

Na2O Amount
(mmol/g)

Glycerol
conversion
(%)

Product selectivity (%)

3-MI N-MA N-EA 2,5-DMPP Others

0.0 72.0 56.1 3.1 5.5 19.1 16.2
0.2  71.1 60.3 2.9 6.3 17.6 12.9
0.4  70.5 65.5 2.7 7.6 16.0 8.2
0.6  69.7 72.3 2.5 8.7 15.3 1.2
0.8  68.9 65.2 2.2 9.8 13.5 9.3
1.0  67.8 60.5 2.0 10.9 11.4 13.2

eaction conditions: 220 ◦C, aniline/glycerol = 3:1 molar ratio, SV = 1700 h−1,
HSV = 0.4 h−1, H2 = 20 mL/min, steam = 6 mL/min, N2 = 54 mL/min. Copper loading:
.4  wt%. The results were taken at the second hour.
Time on stream (h)

 versus time on stream over Cu/NaY (A) or Cu/NaY-Na2O (B).

somewhat with the increase of Na2O amount, while, the selectivity
of N-methylaniline or 2,5-dimethyl-1-phenyl-pyrrole decreased.

Fig. 4 shows the activity and selectivity of Cu/NaY or
Cu/NaY–Na2O as a function of reaction time with Na2O amount
of 0.6 mmol/g. Over Cu/NaY, glycerol conversion decreased with
time on stream rapidly, while, the selectivity of 3-methylindole
increased during the first 2 h, then dropped. The changing trend
to the selectivity of 2,5-dimethyl-1-phenyl-pyrrole was  the same
as 3-methylindole. The selectivity of N-methylaniline increased a
little with time on stream, while, the selectivity of N-ethylaniline
decreased slightly. A similar phenomenon was seen over Cu/NaY-
Na2O, but the selectivity of 3-methylindole were much higher
than that over Cu/NaY and the decline greatly slowed down
within the same period, indicating that Na2O promoter had a
substantial improvement not only in increasing the selectivity of
3-methylindole but also in decelerating the deactivation of the cat-
alyst.

Fig. 5 shows the XRD patterns of NaY, the fresh or the used sam-
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Fig. 5. XRD patterns of the fresh samples of NaY (1), Cu/NaY (2), Cu/NaY-Na2O (3)
and  the used samples of Cu/NaY (4) and Cu/NaY-Na2O (5).
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exothermic peak at 484 ◦C was  the oxidation of regular or graphitic
carbon [43]. After adding Na2O to Cu/NaY, the amount of the easily
oxidized carbon increased, while, the amount of regular or graphitic
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ig. 6. NH3-TPD profiles of NaY (1), NaY-Na2O (2), Cu/NaY (3) and Cu/NaY-Na2O (4).

emained well on the catalysts. On the fresh Cu/NaY, only two cop-
er diffraction peaks can be seen, while, on the fresh Cu/NaY-Na2O,
hree copper diffraction peaks were observed and the intensity
as stronger than that on the fresh Cu/NaY catalyst. On the used
aY-supported copper catalysts, the intensity of copper diffraction
eaks was much stronger than that on the fresh catalysts and the

ntensity of copper diffraction peaks was almost the same strong.
Table 5 presents the average sizes of copper particles on the

resh or the used Cu/NaY and Cu/NaY–Na2O based on the Scherrer
quation. It can be seen that the average size of copper particles on
he fresh Cu/NaY–Na2O was bigger than that on the fresh Cu/NaY,
ndicated that the addition of Na2O to Cu/NaY did not promote the
ispersion of copper particles on the support. Compared with the
resh catalysts, the average sizes of copper particles on the used Cu-
ased catalysts became much bigger, suggested that there existed
he sintering of copper particles during the reaction. On the used
u/NaY–Na2O, the average size of copper particles was the same as
hat on the used Cu/NaY, revealed that Na2O did not aggravate the
intering of copper particles.

Fig. 6 shows the NH3-TPD profiles of NaY, NaY–Na2O, Cu/NaY
nd Cu/NaY–Na2O. On NaY or NaY–Na2O, there existed a lot of
eak acid sites, while, few or no middle-strong acid sites was

bserved. On NaY supported copper catalyst, the amount of the
eak acid sites decreased slightly, however, large amount of the
iddle-strong acid sites appeared at about 360 ◦C. After adding
a2O to Cu/NaY, the amount of the weak acid sites or the middle-

trong acid sites decreased and the amount of the middle-strong
cid sites decreased more remarkably.

From the experiments it was known that NaY or NaY–Na2O
xhibited very low activity and selectivity with the yield of
-methylindole less than 8%, which revealed again that metal

opper is the active component for the vapor-phase synthesis
f 3-methylindole from glycerol and aniline [30]. Because Na2O

able 5
verage copper particle size of Cu/NaY and Cu/NaY-Na2O.

Catalyst Average copper particle size (nm)

Fresh sample Used sample

Cu/NaY 18 41
Cu/NaY-Na2O 23 41
Fig. 7. TG curves of the used samples of Cu/NaY (1) and Cu/NaY-Na2O (2).

decreased the amount of the middle-strong acid sites clearly, the
selectivity of 3-methylindole increased greatly.

TG–DTA analysis was  used to investigate the coke formation of
the used Cu/NaY and the catalyst modified by Na2O.  The results
are shown in Figs. 7 and 8. From Fig. 7 the obvious mass loss was
observed on the catalysts, indicated that there existed the forma-
tion of coke during the reaction. On the used Cu/NaY–Na2O, the
mass loss was much less than that on the used Cu/NaY, revealed
that Na2O could inhibit the formation of the coke effectively. From
Figs. 6 and 7, it can easily be found that the amount of the coke was
relevant to the amount of acid sites on the catalyst. With fewer acid
sites, there was less coke.

In Fig. 8, two  exothermic peaks were observed, indicated that
there existed two  types of coke. The exothermic peak at 340 ◦C was
assigned to the removal of easily oxidized carbon, while, another
0 100 200 300 400 500 600 700 800

In

Temperrature (ºC)

Fig. 8. DTA profiles of the used samples of Cu/NaY (1) and Cu/NaY-Na2O (2).
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Scheme 3. A probable mechanism for the synthesis of 3-methylindole from glycerol and aniline over zeolites-supported Cu-based catalysts.
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arbon decreased. Compared with the used Cu/NaY, there was no
bvious shift for the temperature of the exothermic peaks on the
sed Cu/NaY–Na2O, indicated that the texture of the coke was not
hanged after adding Na2O to Cu/NaY.

.3. Probable catalytic mechanism for the vapor-phase synthesis
f 3-methylindole

It has been reported that glycerol can adsorb on acid sites
nd be converted to different products through the intermediate
f acetol [7,44–46]. In order to shed light on the catalytic syn-
hesis mechanism of 3-methylindole from glycerol and aniline
ver zeolites-supported Cu-based catalysts, the reaction products
f glycerol with aniline were carefully analyzed by GC–MS. In
ddition, the conversion of glycerol over the catalysts was  also
nvestigated and acetol was found as the major product. Taking
nto account the experimental results and the relevant literatures
46–50], a probable mechanism for the catalytic synthesis of 3-

ethylindole was hypothesized (Scheme 3).
Glycerol was firstly treated by protonation and dehydration to

orm the carbocation (C). C, then, underwent rearrangement to give
he intermediate of D or E. E was subsequently converted to acetol
F) by losing a hydrogen proton [7,45–47], and F was readily trans-
ormed to 2-hydroxy-1-propanal (H) via enol-keto tautomerism.
he amine cation (I) was formed through the reaction of H with
niline, and I underwent the migration of hydrogen proton and
ehydrated to form the imine (K) [46,47]. A hydrogen proton was
oon transferred to K to form the intermediate (L),  and L was finally
onverted to the aim product of 3-methylindole by dehydration and
liminating a hydrogen proton.

It should be noted especially that copper particles with high dis-
ersion played an important role in the synthesis of 3-methylindole
rom glycerol and aniline because their empty orbits could receive
he electrons from glycerol or aniline, which was favorable for the
dsorption of reactants on the surface of catalyst. More importantly,

u had a good catalytic activity to the cleavage of C O bond [47,51]
hich promoted the formation of C, K or M.  In the reaction, there-

ore, copper particles and weak acid sites acted together to promote
he synthesis of 3-methylindole.
4. Conclusions

The vapor-phase synthesis of 3-methylindole from glycerol and
aniline over zeolites-supported copper-based catalysts was stud-
ied. Cu/NaY catalyst, in terms of both the conversion of glycerol and
the selectivity to 3-methylindole, was found to be better than 5A,
HZSM-5 or MCM-41–supported copper catalyst, which the yield of
3-methylindole reached 40.3%. The higher activity and selectivity
of Cu/NaY stemmed from its better dispersion of copper particles
and larger amount of the weak acid sites. The addition of Na2O to
Cu/NaY not only increased the selectivity of the catalyst remark-
ably, which 72.3% selectivity with 50.4% yield for 3-methylindole
was achieved, but also decelerated the deactivation of the catalyst,
because Na2O could decrease the amount of middle-strong acid
sites of the catalyst remarkably and inhibit the formation of the
coke during the reaction. Adding Na2O to Cu/NaY did not change
the texture of the coke. Based on the results of the experiments and
the relevant literatures, a possible mechanism for the synthesis of
3-methylindole from glycerol and aniline over zeolites–supported
Cu-based catalysts was  proposed, in which acetol was  the interme-
diate to produce 3-methylindole.
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