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bstract

Co-modified HZSM-5 zeolite catalysts were prepared by ion exchange with Co(CH3COO)2 solution, and incipient wetness impregnation
ith aqueous solutions of Co(NO3)2 and Co(CH3COO)2, respectively. The catalysts were characterized by N2-adsorption, NH3–TPD, FTIR and

dsorption of m- and p-cresol. The catalytic performance for the synthesis of pyridine and picolines from aldehyde-ammonia condensation was
ested. It shows that Co disperses in the zeolite pores for the ion exchanged samples, while Co deposits mainly on the external surface for the
amples prepared by impregnation of Co(CH COO) , which results in a narrowing of the pore mouth. NH –TPD and pyridine-FTIR measurements
3 2 3

ndicate that the total acidity and the Lewis acidity of the catalysts increased with the decrease of Brönsted acidity among the samples. The samples
repared by impregnation with Co(CH3COO)2 have the highest yield of the desired products among all the samples tested. This is attributed to the
hange of surface acidity and the reduction of the pore-mouth of the zeolite.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Pyridine and picolines are useful intermediates in the syn-
hesis of herbicides, pharmaceuticals and surfactants [1]. On
ommercial scale, pyridine and picolines are synthesized from
ldehydes-ammonia condensation over an amorphous alumi-
osilicate catalyst promoted by ThO2, ZnO or CdO with 40–60%
ield [1]. These catalysts have common drawbacks such as poor
atalytic activity, selectivity, thermal stability and regeneration
apacity. Recently, crystalline aluminosilicate catalysts began
o replace the amorphous ones, because of their better thermal
tability, special surface acidity and regular pore structure.

The strong acidity and profound shape selectivity make ZSM-
a promising catalyst for the reaction [2–4]. Previous work

roved that a suitable acidity is required for the reaction [1]. The
ompensating cations in the zeolite are found to have influence
n the catalytic behavior and extensive works have been done

n their modification effect [2,3,5–7]. However, a good catalyst
nd a deep fundamental understanding on the reaction are still
eeded.

∗ Corresponding author. Tel.: +86 2227405613; fax: +86 2227405243.
E-mail address: ydli@tju.edu.cn (Y. Li).
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In this work, the effect of the techniques for Co incorpora-
ion into HZSM-5 is investigated. The effect of the preparation
arameters on the acidity, pore-mouth opening and catalytic
erformance are discussed.

. Experimental

.1. Catalyst preparation

Three series of catalysts containing Co were prepared using
ZSM-5 zeolite, with Si/Al = 70 atom/atom and calcined at
73 K for 5 h, as a starting material. The further preparation
rocedures were as follows:

The As samples: Co was incorporated by an ion-exchange
echnique, in which 15 g HZSM-5 was added into 300 ml solu-
ion with Co(CH3COO)2 at different concentration. After 10 h
tirring at 363 K, the slurry was filtrated and washed with dis-
illed water. The Bs samples: Co was incorporated by incipient
etness impregnation with a Co(NO3)2 aqueous solution. The
s samples were prepared by using Co(CH3COO)2 solution

nder the same conditions.

After drying at 393 K for 16 h, all the samples were cal-
ined under O2 flow at 773 K. The chemical compositions of
he As samples determined by ICP(ICP-9000(N + M)) analysis

mailto:ydli@tju.edu.cn
dx.doi.org/10.1016/j.cej.2007.03.073
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Table 1
The Co content of samples As

Samples, As Co content %

A1 0.091
A2 0.51
A
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re listed in Table 1. For the Bs and Cs samples, a same Co
ontent with As for the samples with a same subscription num-
er was assumed, because of the stoichiometric addition of the
lement in the incipient wetness method.

.2. Catalyst characterization

X-ray diffraction (XRD) patterns were recorded on a Pan-
lystical X’Pert Pro diffractometer with Co K� radiation.
H3–temperature programmed desorption (NH3–TPD) was
erformed in a quartz micro-reactor. A 0.12 g of catalyst was
eated in argon flow at 823 K for 0.5 h. Afterwards it was
ooled down to 393 K, NH3 was then introduced. The sam-
le was swept with argon at 393 K for 2 h. TPD was then
arried out with an argon flow at a rate of 40 ml/min (STP)
rom 393 to 923 K with a heating rate of 10 K/min. The ther-
al conductivity signal was recorded. The pyridine adsorption
ourier transform-infrared (FTIR) spectroscopy was carried out
ith a Vector 22 spectrometer using self-supporting wafers,
10 mg cm−2, which were activated in vacuum at 473 K. Before

ecording the spectra, pyridine was adsorbed at 473 K and the
pparatus was evacuated for 1 h. A PHILIPS XL 30 ESEM
canning electron microscope (SEM) equipped with an energy
ispersive X-ray spectrometer (EDX) was used. The selective
dsorption experiments of p-cresol and m-cresol were carried
ut using1,3,5-trimethylbenzene as solvent under static condi-
ions. The catalyst used was pretreated at 773 K for 5 h and was
hen immersed in a solution of p-cresol s and m-cresol (1:1) at
03 K for 48 h, respectively.

.3. Activity measurements
The reactions were done in a fixed bed tubular reac-
or with 10 mm diameter in the conditions of 723 K, time
n stream 2 h and atmospheric pressure, 1.25 g of catalyst
ith 0.18–0.25 mm diameter was used. In a typical exper-

d
o
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a

able 2
dsorption properties of different modified HZSM-5 catalysts

ample no. Adsorption capacity (%)

p-cresol m-cresol

Series As Series Bs Series Cs Series As

ZSM-5 6.39 6.31
6.30 5.71 6.28 6.15
6.23 5.37 6.20 5.94
6.15 5.00 6.13 5.84
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ment, the catalyst was heated up to 723 K under nitrogen
ow for 1 h and then the system was stabilized at 723 K
or 0.5 h. Formaldehyde/acetaldehyde 2:3 mol mol−1, ammo-
ia/aldehydes 2:1 mol mol−1 were introduced into the reactor at
iquid WHSV 2.86 h−1. The product was collected 5 min later
ith a condenser and was analyzed by a GC equipped with a FID
sing a HP-5 column. The product was confirmed by GC–MS.

. Results and discussion

.1. The structure of catalyst

The XRD patterns of samples A3, B3 and C3 show no remark-
ble differences, indicating no destruction of the zeolite structure
uring the three different preparation procedures. No Co con-
aining phases were detected, which means that Co is highly
ispersed.

The pore structure of the prepared samples was character-
zed by the selective adsorption experiments. Probe molecules
-cresol and m-cresol, with kinetic diameters 0.58 nm and
.63 nm, were employed, respectively. It was reported that the
ore mouth dimensions of the two kinds of channels in HZSM-5
re 0.56 nm × 0.54 nm and 0.57 nm × 0.51 nm, respectively.
able 2 summarizes the adsorption capacity data of all the
amples. It shows that the parent HZSM-5 adsorption ability
o p-cresol is similar to that of the m-cresol. A reduction of
he total adsorption capacity both for p- and m-cresol along
ith the increase of Co content is observed for all the three

eries of samples. The adsorption capacity of p-cresol shows
n order as HZSM-5 > As > Cs > Bs, which indicates that Co
ntroduced by ion exchange (As) have the smallest effect on the
ore channels of the zeolite. On the contrary, the impregnation
ethod with Co(NO3)2 have obvious influence on their pore

tructure. For the As samples, a slight increase of p-/m-cresol
ith the increase of Co content is noticed. This demonstrates

hat the pore structure of As have no obvious change. In the case
f the Bs samples, the adsorption capacity of p- and m-cresol
oth shows a significant loss along with the increase of the Co
ontent, while the p-/m-cresol ratio shows rather constant. This
ndicates that there might be a narrowing of pore channel and a

ecrease of the pore volume. For the Cs samples, the adsorption
f m-cresol is significantly inhibited, however, the adsorption
mount of p-cresol has a little loss. The ratio of the p-/m-cresol
dsorption increased, which shows that there is an irregular dis-

p-cresol/m-cresol

Series Bs Series Cs Series As Series Bs Series Cs

1.00
5.36 5.15 1.02 1.07 1.22
5.07 4.90 1.05 1.06 1.27
4.71 4.74 1.05 1.05 1.29
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Table 3
The Co content on the surface of catalysts determined by EDX

Co content (wt%) Co on the surface (wt%)

Series As Series Bs Series Cs
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.51 0.32 0.33 0.38

.78 1.50 1.32 1.83

ribution of Co compound on the surface of ZSM-5. It is likely
hat the Co incorporated by impregnation of Co(CH3COO)2
as a preference of pore mouth deposition, which narrows the
outh, but may not change the intracrystalline pore space.
The Co distribution on the external surface of six samples

easured by EDX is given in Table 3. It shows that the surface
o concentrations for the As and Bs samples are much lower

han those of the bulk. On a contrary, the Co compounds in the Cs
amples are mainly deposited on the outer surface of HZSM-5,
hich causes a narrower pore mouth. The preferential deposition
f Co on the outer surface of the zeolite for the Cs samples may
artly due to the size of the Co(CH3COO)2 complex with a
tructure as:

Another reason is the hydrolysis of Co(CH3COO)2 during

mpregnation, resulting in the deposition of Co(OH)2 directly
n the external surface, and leading to pore mouth narrowing.
imilar explanations have been proposed by several researchers
8,9].

i
d
C
b

Fig. 1. IR spectra of adsorbed pyridine and
Journal 136 (2008) 282–287

.2. The acidity

The FTIR spectra after pyridine chemisorption of the as-
eceived HZSM-5 and the modified As samples are presented
n Fig. 1 (left). Pyridine chemisorption on Brönsted acid sites
esults in an IR band at 1550 cm−1. A band due to pyridine on
ewis acid sites is observed at 1450 cm−1. The total number
f Brönsted acid sites decreased only slightly along with the
ncrease of the Co content, while the amount of Lewis acid sites
ncreased significantly.

The NH3–TPD curves of the samples are drawn in Fig. 1
right). The desorptogram of the parent zeolite shows two well
esolved peaks at 503 K, denoted as LT peak, and at 723 K,
enoted as HT peak, indicating that two types of adsorption
ites for NH3 exist on the surface. The profiles of the As sam-
les are similar to that of the HZSM-5. A trend is observed that
he HT peak moves to lower temperature and the LT one shifts
o higher temperature with the increase of the Co content. The
mount of NH3 released for the HT peak decreases gradually,
hile the LT peak increases with the increases of Co content.
he total amount of NH3 released for the samples containing
o is larger than that of the HZSM-5 zeolite. The changes of

he amounts of strong acid sites and weak acid sites on the mod-
fied samples show some relationship to that of the amount of
he Brönsted acid sites and Lewis acid sites. It is plausible that
he Brönsted sites are correlated with strong acid sites and the
ewis sites depend on the weak acid sites.

The pyridine FTIR spectra of HZSM-5, A3, B3 and C3 are
epicted in Fig. 2. Compared to the parent HZSM-5, an obvious

ncrease of the concentration of the Lewis sites and a slight
ecrease of that of the Brönsted sites are observed for all the
o containing samples. It shows an order of A3 > B3 > C3 for
oth the increase and the decrease. The NH3–TPD curves are

NH3–TPD profiles of the sample As.
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Fig. 2. IR spectra of adsorbed pyrid

hown in Fig. 2 (right). Compared to the parent HZSM-5, for the
obalt doped samples, it is observed again that, the HT peaks
ove to lower temperature and the LT peaks shift to higher

emperature, while the amount of strong acid sites decreased and
hat of the weak acid sites increased, with the total amount acid
ites increased. It shows similar orders of increase and decreased
or the samples with that observed from FTIR. It is obvious that
he Co having a strong interaction with the zeolite has a strong
ffect on the acidity and the effect is enhanced with the increase
f Co content. It can be postulated that the ion exchanged Co
akes a major role to the modification effect on the acid sites,
nd the deposited Co as oxide takes effect in pore blocking.

.3. Catalytic activity
The catalytic performances of the samples were tested
n pyridine and picolines synthesis from aldehyde-ammonia
ondensation under specific conditions. Besides the expected
omponents, the byproducts, such as substituted pyridines as

Fig. 3. Byproducts of substituted pyridine.
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nd NH3–TPD profiles of catalysts.

hown in Fig. 3 and very small amount of benzene deriva-
ives, were observed in the reaction mixture. The byproducts

entioned above were defined as heavy product in activity cal-
ulations.

In the data presented in Table 4, the yields of the desired prod-
cts including pyridine, 2-picoline, 3-picoline and the above
entioned heavy-products are calculated by total carbon bal-

nce. The comparative selectivity was actually the data assuming
he sum of the selectivities of the three main products and heavy-
roducts as 100%.

The data in Table 4 show that all the modified catalysts
ive higher yields than the parent HZSM-5. For the different
eries, the total yields show similar profiles with the increase of
o content, in which a maxima exists. Generally speaking, the

ncrease of product yields could be attributed to two factors, one
s the high reactant conversion and the other is the high desired
roduct selectivity. The selectivities of the desired products and
eavy-products have no significant improvements for As and Bs
amples compared to those of the original zeolite. This is likely
arallel to the adsorption results of p-/m-cresols. For the As and
s samples, metal cations introduced did not result in a blocking
f the channel and the narrowing of the pore-mouth. It is logi-
al to think that the higher product yields are mainly due to the
igher reactant conversion, instead of the increase of the shape
electivity to desired products. The high reactant conversion may
e related to the redistribution and enhancement of the acid sites.
ingh et al. proposed a mechanism [10], from which it can be
educed that the increase of the Lewis acid sites and the amount
f weak acid sites is of advantage to the activation of ammonia

nd the formation of intermediate amine and vinyl alcohol, while
he decrease of the amount and the strength of strong acid sites
s in favor of product desorption. The maximum total yields over
he As and Bs samples are 61.3% and 56.1%, respectively. A2
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Table 4
Effect of the preparation method on the performance in aldehyde-ammonia condensation reaction

Catalysts Yield (%) Comparative selectivity (%)

PY 2-MP 3-MP Total
∑

(PY + 2 − MP + 3 − MP) PY 2-MP 3-MP H-P

HZSM-5 42.4 0.9 7.2 50.5 73.0 1.5 12.4 13.0
A1 43.4 1.4 7.4 52.2 72.2 2.3 14.3 13.2
A2 50.7 1.9 8.7 61.3 72.5 2.7 12.3 12.5
A3 48.9 2.5 8.4 59.8 71.3 3.7 12.2 12.8
A4 46.0 2.6 7.8 56.4 71.7 4.0 12.3 12.0
B1 42.1 1.2 7.0 50.3 73.2 2.1 12.2 12.5
B2 42.7 1.4 7.4 51.5 73.1 1.9 12.7 11.8
B3 45.7 1.6 8.8 56.1 71.7 2.6 13.7 12.0
B4 43.6 1.7 8.6 53.9 70.3 2.8 13.8 13.1
C1 45.5 1.3 7.9 54.7 73.6 2.1 12.8 11.5
C2 47.7 1.4 8.0 57.1 76.6 2.3 12.8 8.3
C3 55.2 2.0 10.7 67.9 77.1 2.8 14.9 5.2
C4 49.6 2.1 9.5 61.2 78.3 3.4 15.0 3.3

PY: pyridine; MP: methyl pyridine; H-P: heavy-products.
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Fig. 4. Stability

eaches the maximum at 0.51% Co content, while B3 requires
.04% Co.

The Cs samples show higher yield, with a maxima of 67.9%,
han the other two series of samples. As mentioned above, the
edistribution of the acid sites enhances the reactant conver-
ion. Another factor is the obvious shape selectivity to pyridine
nd picolines. The selectivity of heavy-products showed a
radual decrease from 11.5 to 3.0%, while that of pyridine
nd picolines increased with the increase of Co content. A
ore-mouth narrowing effect is assumed to account partly for
his improvement. The kinetic diameter of most byproducts
xceeds that of m-cresol while that of pyridine and picolines
s similar to that of p-cresol. Reduction of the pore-mouth

estricts selectively the formation of big molecules during the
eaction.

Since samples A2, B3 and A3 show the best yields in their
wn series, the three catalysts are selected for a stability test. The

C
i
t
a

lected samples.

esults are shown in Fig. 4. For all the four catalysts examined the
ields of pyridine and picolines do not change much in around
h, but a rapid decrease was observed afterwards. The yields
ver A2 and B3 catalysts are close to that over HZSM-5 zeolite.
he activity of C3 has a much higher starting point and decreases

elatively more slowly. The selectivity of pyridine and 3-picoline
how rather constant in 2 h, then a quick increase in pyridine
electivity and a decrease in 3-picoline occurred.

. Conclusions

Catalysts As were prepared via ion-exchange and Cs were
repared via incipient impregnation methods by using a

o(CH3COO)2 precursor. The Bs samples were produced by

ncipient wetness impregnation with a Co(NO3)2 aqueous solu-
ion. The analysis of N2 adsorption and the separation of p-cresol
nd m-cresol measurement show that there is no obvious change
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f the pore structure for the As samples and there might be a
arrowing of the pore channels and a decrease of pore volume
n the Bs samples. However, a narrowing of the pore-mouth is
bserved for the Cs samples. The measurements of NH3–TPD
nd pyridine-IR demonstrate that the highest dispersion and
djustment to the surface acidity is found in the As samples,
hile the least in the Cs samples among the three series of cata-

ysts. In the aldehyde-ammonia condensation reaction, the order
f the desired products yield is the samples Cs > the samples
s > the samples Bs with a same Co content and all these mod-

fied samples give better yield than the unmodified HZSM-5
eolite. The effects of Co on the catalytic activity are mainly
ttributed to the modification of surface acidity and the shape
electivity due to the narrowing of the pore mouth.
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