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In situ synthesized Cu-ZSM-5/cordierite for reduction of NO
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Abstract: ZSM-5 zeolites were directly synthesized on the surface of honeycomb cordierite substrates by hydrothermal method and
certified by XRD and SEM techniques; the adhesion of ZSM-5 coatings was evaluated by ultrasonic vibration. Cu-ZSM-5/cordierite
monolithic catalyst was prepared by ion-exchange and impregnation method and applied for the selective catalytic reduction (SCR)
of NO by NH; using a simulated diesel exhaust. The results show that the cordierite surface is almost completely covered by ZSM-5
crystals and the crystallization time greatly impacts the loadings and adhesion of ZSM-5 coatings on substrate, the NO, removal rate
over Cu-ZSM-5/cordierite is above 90% in a temperature range of 240—480 °C. Moreover, Cu-ZSM-5/cordierite prepared by
different methods shows a wide temperature window (240—540 °C) with high NO removal activities.
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1 Introduction

With the increasing number of motor vehicle, the
emission of nitrogen oxides into atmosphere has aroused
widespread concern. Three-way catalyst converter (TWC)
has been successfully developed and widely applied for
the gasoline engine exhaust gas cleaning system[1].
However, TWC is not used in dealing with diesel-engine
exhaust gas cleaning system because the diesel-engine
works under a condition with excess oxygen for the fuel
completely[2—3]. Therefore, the
preparation of catalyst with high efficiency for
diesel-engine exhaust gas purification has become a

to burn more

pressing task.

Supported metal catalysts, as a
combination of high mechanical strength, thermal shock
resistance of monolith and specific catalytic properties of

monolith

the metal component, have been used in automotive
emission control reactors for the selective catalytic
reduction (SCR) of nitrogen oxides[4—5]. Honeycomb
cordierite[6], stainless steel[7] and aluminum alloy[8] etc
were used as substrate. Especially, cordierite
(2MgO-2A1,0;°5S10,) monoliths were widely used due

to the superior hydrothermal stability, plasticity, good
washcoat adherence and compatibility with washcoat[9].
But the specific surface area of most monolithic substrate
is below 1 m?g which is too low for metal to fully
disperse onto the surface of catalyst. To improve the
surface area of monolithic substrate, Al,O; is usually
coated onto the surface of substrate by dip coating, slip
coating or spin coating[10]. Moreover, ZSM-5 has been
used as catalysts, catalyst carriers and adsorbents in the
environmental protection due to its special pore structure
and performance[11]. The study of in situ synthesis
indicates that ZSM-5 can be loaded on the cordierite
surface to increase the specific surface area. LACHMAN
and PATIL[12] synthesized high-silica ZSM-5 zeolite
onto honeycomb ceramic supports. Since then, LI et
al[13] and WANG et al[l4-15] prepared
ZSM-5/cordierite and SAPO-34/cordierite by in situ
synthesis. LI et al[3] and LACHMAN and PATIL[12]
prepared MFI layers on monolithic supports to remove
exhaust gas. The growth
mechanism of zeolites on cordierite supports was
proposed and the support synthesis was systematically

NO, using simulated

described. In spite of some meaningful results obtained,
there are still many problems to overcome. For example,
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the combining properties of molecular sieve layer and
carrier, the uniform distribution of molecular sieve and
the amount of molecular sieve on supports, which are
crucial for the practical application of the monolithic
catalysts.

In this work, ZSM-5/cordierite was prepared by in
situ hydrothermal synthesis and Cu-ZSM-5/cordierites
were prepared by ion-exchange or impregnation method.
The performance of Cu-ZSM-5/cordierite monolithic
catalysts in NO removal by NH; in simulated diesel-
engine exhaust conditions was investigated.

2 Experimental

2.1 Synthesis of catalysts

Honeycomb cordierite monoliths were used as
substrates. Firstly, the monoliths were calcined at 600 °C
to remove organic impurities absorbed in the surface.
Subsequently, the monoliths were dealt with 15% nitric
acid solution at 80 °C for 4 h in order to increase the
surface roughness of cordierite, and then washed by
deionized water and calcined at 500 °C. ZSM-5/
cordierite was synthesized using sodium hydroxide as Na
source, sodium aluminate as Na and Al sources, silica as
Si source and deionized water. The reactants were
mixed in a molar ratio of 15(Nay0):(Al,03):
68(S10,):3200(H,0). After vigorous stirring for 24 h, the
aged synthesis gel (28 mL) and one cordierite monolith
(about 3.45 g) were put into a stainless steel autoclave
with teflon liner for static crystallization at 180 °C.
Crystallization time was controlled in a range from 24 to
60 h. In order to obtain the coatings repeatedly, five
samples were prepared for each set of conditions. Then
the autoclave was cooled to room temperature and the
sample was taken out from the synthesis gel and washed
using the deionized water to remove the residues from
the solution. Finally, the sample was dried at 120 °C for
5 h. It should be noted that no template agents were used
in this process.

Cu-ZSM-5/cordierite catalyst was prepared by
ion-exchange or impregnation method. The main process
of the ion-exchange was that ZSM-5/cordierite supports
were dipped in the solution of ammonium nitrate (0.5
mol/L) at 80 °C for 24 h, and then the supports were
calcined at 500 °C. After that, the sample was
impregnated with Cu(NO;), solution (0.1 mol/L or 0.25
mol/L) under slow stirring at room temperature for 12 h.
So the copper species not only provided compensation
cations in zeolite but also impregnated into the pores of
the sample. The main process of impregnation method
was that ZSM-5/cordierite was directly impregnated with
Cu(NO3), (0.1 mol/L or 0.25 mol/L) at room temperature

under slow stirring for 12 h, and then the sample was
calcined at 700 °C in air for 12 h.

2.2 Catalysts characterization

The mass increase rate of ZSM-5 on cordierite
surface was obtained by calculating the mass increase of
cordierite before and after hydrothermal synthesis. The
mechanical strength of ZSM-5/cordierite and adhesion
degree of ZSM-5 onto cordierite were tested by
ultrasonic vibration (300 W, 20 kHz). ZSM-5/cordierite
monoliths were treated three times by ultrasonic
vibration, each time for 20 min. The samples were dried
at 120 °C. The mass increase rate and adhesion degree
are calculated as

@ = (my —mgy)/mg

Aw = (my —my)/(m; —my)

where w is the mass increase rate; Aw is the adhesion
degree; my is the mass of raw cordierite; m; is the mass of
ZSM-5/cordierite; m, is the mass of ZSM-5/cordierite
treated after ultrasonic vibration.

The synthesized ZSM-5/cordierite samples was
investigated with a Rigaku D/max2500 diffractometer,
using a graphite monochromator and Cu K, radiation
sources (4=0.154056 nm), tube voltage of 40 kV, tube
current of 100 mA. The scanning rate was 6(°)/min with
20 values from 5° to 35°. In order to analyse accurately,
the ZSM-5/cordierite samples were cut into small pieces
with size of 10 mm>10 mm.

The morphology of samples was examined with a
scanning electron microscope (SEM, Jeol Jsm-6700F).
The samples were covered with a thin gold layer to
increase the conductivity. An accelerating voltage of 10
kV was used. The surface area of the samples was
determined by N, adsorption on a TriStar 3000 facility
(Micromeritics Instrument Corporation).

2.3 Catalytic test

The SCR reaction of NO by NHj at atmosphere
pressure was carried out in a fixed bed microreactor. The
gas composition was 0.05% NO, 0.05% NH;, 6.0% O,
and 2.0% H,O (volume fraction) in a N, balance gas and
the total gas flow rate was set at 420 mL/min. 12 g
catalyst for each experiment was put into the reactor. The
reactor was heated from room temperature to 600 °C at a
heating rate of 10 °C/min. The gas composition was
analyzed on-line by a gas analyzer (British, Kane-9106).
The NO conversion is calculated as:

X =(c—¢)/q

where X is the conversion rate of NO; c¢; is the
concentration of NO in the raw gas; ¢, is the
concentration of NO after reaction at a certain reaction
time.
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3 Results and discussion

3.1 Effect of crystallization time on ZSM-5/cordierite

The mass increase rate and BET surface areas of
monoliths coated for different crystallization time in situ
synthesis are shown in Table 1. It should be noted that
CT24 stands for the ZSM-5/cordierite  with
crystallization time of 24 h, and other codes are
analogized. When crystallization time was extended from
24 to 60 h, the mass of cordierite increased from 2.63%
to 17.36%. The results indicate that ZSM-5 loadings
increased gradually and high yields may be gained with
increasing crystallization time. Besides, the specific
surface area of blank cordierite (0.7 m*/g) significantly
increased to 41.7 and 79.2 m*/g after crystallization for
48 and 60 h, respectively.

Table 1 Effect of crystallization time on mass increase and
BET surface area of samples

Temperature/ Time/ Mass increase BET surface

Sample °C h rate/% area/(m*g ')
C(])sr?il;i(ite - - - 0.7

CT 24 180 24 2.63 -

CT 36 180 36 5.79 -

CT 48 180 48 10.21 41.7

CT 60 180 60 17.36 79.2

3.2 Adhesion test of ZSM-5/cordierite

Both the mechanical strength of ZSM-5/cordierite
and adhesion degree of ZSM-5 onto cordierite were
tested by ultrasonic vibration. The effect of ultrasonic
time on the mass is shown in Fig.l. The mass loss
amount of samples increased gradually with the sample
processing time. At the beginning 20 min, the mass loss
of zeolite samples were 4.31%, 11.46% and 14.07%
corresponding to crystallization time of 24, 48, and 60 h,
respectively. With increasing ultrasonic time, the mass
loss of ZSM-5 coatings continued to increase, but it
tended to equilibrium. When the processing time
extended to 60 min, the mass loss amount of the
monoliths coating was 4.58%, 14.98% and 19.97% for
CT24, CT48 and CT60, respectively. When the
monoliths were treated with ultrasonic for 60 min, the
mass loss of blank cordierite were 2.5%, 8.68% and
13.89% corresponding to crystallization time of 24, 48
and 60 h, respectively.

33 XRD and SEM characterization of ZSM-5/
cordierite
XRD patterns of ZSM-5/cordierite synthesized for
different crystallization time are given in Fig.2. To

20+
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Q\le- /’4——.
3
< n —CT24h
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4_ — - L -
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Fig.l Adhesion of ZSM-5 coating tested with ultrasonic
vibration

¢ — Cordierite

Fig.2 XRD patterns of ZSM-5/cordierite synthesized for
different crystallization time: (a) CT24 powder; (b) CT24; (c)
CT48; (d) CT60

compare with ZSM-5 powders, the XRD pattern of
ZSM-5 powders obtained from the bottom of autoclave
is also given. The characteristic diffraction peaks of
ZSM-5 appear at 7.92°, 8.80°, 23.12°, 23.46° and 23.80°.
It can be clearly seen that in addition to the characteristic
peaks of cordierite, the peaks of CT24, CT48 and CT60
correspond to that of ZSM-5, which indicates that
ZSM-5 can be loaded on the cordierite surface by in situ
synthesis. However, a small number of other zeolite
phase diffraction peaks are also observed in Fig.2. It
should be noted that the intensity of characteristic peaks
of ZSM-5 in the monolith is quite different from that of
pure-phase ZSM-5 peak, and the peak intensity of
ZSM-5/cordierite is also different as the crystallization
time varies from 24 to 60 h. The peak intensity of
samples from CT24, CT48 and CT60 is improved
gradually, suggesting that the crystallization time is an
important factor. The intensity of ZSM-5 increases with
increasing crystallization time, which is consistent with
the mass changes of ZSM-5 loading onto the supports.
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The XRD patterns of in situ synthesized ZSM-5/
cordierite samples before and after ultrasonic treatment
are shown in Fig.3. It can be seen that the intensity of
ultrasonic treated ZSM-5 diffraction peaks is weaker and
the cordierite peaks become stronger due to the decrease
of ZSM-5 loadings.

& — Cordierite
o— ZSM-5

5 10 15 20 25 30 35
20(°)
Fig.3 XRD patterns of CT24 before (a) and after (b) ultrasonic
treatment

The SEM images of ZSM-5/cordierite and blank
cordierite before in situ synthesis are shown in Fig.4. It is
found that the cordierite surface is almost completely
covered by ZSM-5 crystalloid (Figs.4(a)—(c)). Moreover,
ZSM-5 crystalloid grows not only on the external surface
of cordierite (Fig.4(b)) but also on the internal surface

(Fig.4(c)). The size of crystalloid is not uniform. The
biggest length of cylinder crystalloid is over 10 pm and
the shortest one is about only 1 um. The size distribution
on the external surface and on the internal surface of
CT48 is almost the same. It means that in situ synthesis
may prepare compact and homogeneous ZSM-5 coatings
on different surfaces of cordierite. In addition to the
regular ZSM-5 crystalloid, some amorphous crystals are
also observed as marked in Fig.4(d), which is consistent
with the XRD patterns.

3.4 Catalytic tests of Cu-ZSM-5/cordierite

The performance of NO removing over Cu-ZSM-5/
cordierite is presented in Figs.5—7. SCR of NO by NH;
over Cu-ZSM-5/cordierite prepared by ion-exchange
method for resisting water is shown in Fig.5. The catalyst
prepared by ion-exchanged method shows a high activity.
There is almost no difference between the reaction gas
with water and without water. The conversion of NO
increased rapidly when the reactor was heated from 160
°C to 260 °C, reached nearly 100% when the temperature
rose to 260 °C, and kept stable in the temperature range
of 260—460 °C, which indicates that the catalysts have a
strong water resistance.

The SCR activities of Cu-ZSM-5/cordierite
catalysts prepared by ion-exchange or impregnation
method with different concentration all show very high
NO conversation (Figs.6 and 7). It is suggested that
copper in ZSM-5 is a key factor. The results of SCR

Fig.4 SEM images of surface of blank cordierite (a), internal surface of CT48 (b) and external surface of CT48 (c, d)
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Fig.5 SCR of NO by NH; on Cu-ZSM-5/cordierite prepared by
ion-exchange method for resisting water
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Fig.6 SCR of NO by NH; on Cu-ZSM-5/cordierite prepared by
ion-exchange method
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Fig.7 SCR of NO by NH; on Cu-ZSM-5/cordierite prepared by
impregnation method

activities of Cu-ZSM-5/cordierite obtained from copper
precursor solutions with different concentrations indicate
that the catalyst obtained from a high concentration
solution does not show much better activity (Figs.6 and
7), but the SCR activity of ZSM-5/cordierite is very low.

It is suggested that a certain amount copper in
Cu-ZSM-5/cordierite plays a key role for SCR-NH; as
reported earlier[16].

4 Conclusions

1) ZSM-5 zeolite coatings were successfully
synthesized on cordierite support using in situ
hydrothermal synthesis method and ZSM-5 crystalloid
almost completely covered the cordierite surface.

2) Crystallization time significantly influences the
loading and adhesion of coatings on the surface of
cordierite substrate. The cordierite and ZSM-5 have
better adhesion strength.

3) Cu-ZSM-5/cordierite is a promising catalyst for
the SCR-NHj; process, which was proved to be active in
the ambient gas with 2.0% water and 6.0% oxygen.
Cu-ZSM-5/cordierite monolithic catalyst prepared by
different methods shows high NO removal activities with
a wide temperature range of 240—540 °C.
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