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a b s t r a c t

The catalytic performances of platinum catalysts supported on ZSM-5, ZSM-35 and Beta are explored
eywords:
SM-35
O reduction
2-SCR

for the selective catalytic reduction of NO by hydrogen (H2-SCR). 1%Pt/ZSM-35 sample exhibits the best
activity and a maximum NO conversion of 80.8% can be achieved at 120 ◦C with N2 selectivity of 68.5%
(GHSV = 80,000/h). In situ FTIR spectra are employed to get insight into the type of surface species formed
during reaction, and NH4

+ is found to be the key intermediate in H2-SCR. Effects of platinum loadings on
the activity of Pt/ZSM-35 are further studied between 0.1 and 2.0 wt.% Pt loading. Increase of Pt loading
beyond 1.0 wt.% leads to an activity decline where a loss of strong acid sites is observed. Meanwhile, XRD

an a

latinum

and TEM results illustrate

. Introduction

Selective catalytic reduction (SCR) is the most promising way for
Ox abatement in excess oxygen. During the past decades, ammo-
ia and hydrocarbons have been used as reductants in this reaction.
hile the ammonia leakage and CO2 formation lead to a demand of
clean nontoxic reductant. Hydrogen, which is an efficient reduc-

ant of NOx and is transformed to nothing else but water, finds favor
n researcher’s sight. H2-SCR in slight excess of oxygen was firstly
tudied by Jones et al. [1] using Pt/Al2O3 catalyst. High NOx conver-
ion was obtained at the range of 65–200 ◦C, while much nitrous
xide is formed in their reaction system.

Up to now, platinum seems to be the primary choice of active
omponent for H2-SCR reaction. Pt catalysts supported on vari-
us oxides, such as Pt/SiO2 [2,3], Pt/Al2O3 [3], Pt/TiO2–ZrO2 [4],
t/MgO–CeO2 [5], Pt/La0.5Ce0.5MnO3 [6] have been reported to
xhibit high activity in H2-SCR. Besides oxides, zeolites have also
een used as supports for Pt catalysts. Satsuma et al. investigated
he H2-SCR behavior of Pt catalysts supported on several kinds of

icroporous zeolites, i.e. MFI, MOR, Beta and Y. The acidity of sup-
orts is found to be an important factor influencing both the SCR
ctivity and N2 selectivity [7,8].

ZSM-35 with two-dimensional channel system (10-membered
ings of 4.2 × 5.4 Å and 8-membered rings of 3.5 × 4.8 Å), belongs

o FER family and possesses two kinds of acid sites [9,10]. Co-
ER [11–14] and Co-Pd-FER [15] have been claimed to be active
nd selective in CH4-SCR. Gallium exchanged ferrierite also shows
igh rates for NOx conversion when using ammonia as reductant.

∗ Corresponding author.
E-mail address: guannj@nankai.edu.cn (N. Guan).
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ggregation of Pt species with increasing Pt loading on ZSM-35.
© 2010 Elsevier B.V. All rights reserved.

The authors claim that the acidity of zeolite is very important for
catalytic reduction [16]. Based on the above-mentioned results,
ZSM-35 zeolite is selected as support for Pt in present study con-
cerning NO selective reduction by hydrogen.

2. Experimental

2.1. Catalysts preparation

Parent NaZSM-35 zeolite (SiO2/Al2O3 = 30) was kindly provided
by Prof. Yuan’s group of Nankai University. HZSM-35 was obtained
by ion exchange of calcined NaZSM-35 zeolite with aqueous solu-
tion of ammonium nitrate three times at 80 ◦C for 10 h, followed by
drying at 70 ◦C overnight and calcined at 550 ◦C for 6 h.

X%Pt/ZSM-35, where x indicates the weight loading of Pt, was
prepared by wet incipient impregnation method and different vol-
umes of K2PtCl6 solution were used to obtain the desired Pt loading
ranging from 0.1 to 2.0 wt.%. After impregnation, the samples were
dried at 70 ◦C overnight and then calcined at 550 ◦C in air for 3 h.
For comparison, 1%Pt/ZSM-5 and 1%Pt/Beta catalysts were also pre-
pared with the same method using HZSM-5 (SiO2/Al2O3 = 25) and
HBeta (SiO2/Al2O3 = 25) as supports. The exact Pt loadings in cata-
lyst were analyzed by ICP-OES (Varian 700-ES).

2.2. Catalysts characterization

XRD patterns of samples were performed on a Bruker D8 pow-

der diffractometer (40 kV and 40 mA) using Cu K˛ (� = 1.54178 Å)
radiation from 5◦ to 50◦ with a scan speed of 2� = 6.0◦/min.

Transmission electron microscopy (TEM) images of samples
were acquired on a Tecnai G2 2010 S-TWIN transmission electron
microscope at an accelerate voltage of 200 kV.

dx.doi.org/10.1016/j.cattod.2010.06.031
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:guannj@nankai.edu.cn
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Table 1
The steps of in situ FTIR performed at present work.

Steps Experiments

1 Exposuring to reaction gas mixture for 60 min at 120 ◦C
2 Flushing with He for 30 min
3 Increasing temperature to 140 ◦C in reaction gas mixture
Q. Yu et al. / Catalysis

The X-ray photoelectron spectroscopy (XPS) measurements
ere acquired using a PHI 5300 ESCA XPS spectrometer with
onochromatic Mg K� excitation, and all the bonding energies
ere calibrated to the C 1s peak at 284.6 eV of the surface adventi-

ious carbon.
Temperature-programmed desorption of ammonia experi-

ents (NH3-TPD) were carried out in a quartz U-shaped reactor and
as monitored by on-line chemisorption analyzer (Quantachrome
hemBet 3000). 0.1 g of the sample was pretreated at 600 ◦C for 1 h

n He flow at 30 ml/min, then cooled to 100 ◦C and saturated with
%NH3/Ar. After that, the sample was purged with helium for ca.
0 min to remove physical absorbed ammonia and NH3-TPD was
arried out in the range of 100–600 ◦C at a heating rate of 10 ◦C/min.

.3. Activity test

The selective catalytic reduction of NO by hydrogen at atmo-
pheric pressure was carried out in a fixed-bed flow microreactor.
he typical reactant gas composition was NO (1000 ppm), H2
5000 ppm), O2 (6.7%), and the balance He. The total flow of the
nlet gas was set at 200 ml/min. A sample weight of 0.1 g was
mployed, corresponding to the gas hourly space velocity (GHSV)
f 80,000 h−1. Prior to testing, the samples were calcined in He
100 ml/min) for 30 min at 500 ◦C. The products were analyzed on-
ine using a gas chromatograph (Varian CP-3800, for H2, N2 and

2O analysis) and a chemiluminescence NOx analyzer (Ecotech EC
841, for NO and NO2 analysis). The results are described in terms

f NO conversion, N2 selectivity (SN2 ) and H2 conversion, which are
alculated on the basis of Eqs. (1)–(3):

O conv. = [NO]0 − [NO]
[NO]0

× 100% (1)

Fig. 1. Catalytic performance of 1%Pt/zeolite in H2-SCR. Reaction conditi
4 Exposuring to reaction gas mixture for 60 min at 140 ◦C
5 Flushing with He for 30 min

H2 conv. = [H2]0 − [H2]
[H2]0

× 100% (2)

SN2 = 2[N2]
1000 × (NO conv.)

× 100% (3)

[NO]0 represents the inlet NO concentration, [NO] represents the
outlet NO concentration, [H2]0 represents the inlet H2 concen-
tration, [H2] represents the outlet H2 concentration and [N2]
represents the outlet N2 concentration.

2.4. FTIR studies

The in situ FTIR studies were carried out using a Bruker Ten-
sor 27 spectrometer equipped with a heatable and evacuable IR
cell with CaF2 windows, connected to a gas dosing-evacuation sys-
tem. For each experiment, the self-supporting wafer of catalyst was
activated at 400 ◦C under helium for 30 min, and then its absorp-

tion was measured at each desired temperature (coded as Sc). The
IR spectra of surface species shown in the figures were obtained
by subtracting Sc from each spectrum. The spectra were recorded
with 2 cm−1 resolution and 50 scans. Table 1 described the neces-
sary steps performed for each in situ IR study of reaction presented

ons: 0.1% NO, 0.5% H2, 6.7% O2 and He balance, GHSV = 80,000 h−1.
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Table 2
The performance of Pt/zeolites in H2-SCR at 120 ◦C.

Samples Pt loading NO conversion N2 selectivity N2 yield
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1%Pt/ZSM-5 0.95 65.3 42.7 27.8
1%Pt/ZSM-35 0.95 80.8 68.5 55.4
1%Pt/Beta 1.04 57.1 58.3 33.3

n this work. The reaction gas mixture used is 0.1% NO, 0.5% H2, 5%
2 balanced with helium (100 ml/min).

. Results and discussion

.1. Effect of support in H2-SCR

.1.1. Catalytic activity of Pt/zeolites in H2-SCR
Fig. 1 shows the catalytic performance of Pt catalysts supported

n different microporous zeolites in H2-SCR reaction. All cata-
ysts show a maximum NO conversion in the temperature range
f 100–140 ◦C, and starting from 200 ◦C, the conversion increased
gain with temperature. The N2 selectivity and yield show sim-
lar trend: one peak at 100–140 ◦C, and another one at higher
emperature. For all catalysts, H2 was completely consumed at
60 ◦C. Among all catalysts studied, 1%Pt/ZSM-35 exhibits the most
ttractive activity in the whole temperature range. A maximum NO
onversion of 80.8% can be achieved on 1%Pt/ZSM-35 at 120 ◦C with
2 selectivity of 68.5%. More detailed comparison data are given in
able 2.

.1.2. Acidity of zeolite supports and Pt/zeolites
The acidity of zeolite supports is investigated by means of NH3-

PD and results are shown in Fig. 2. Beta, ZSM-5 and ZSM-35 all
how two desorption peaks of ammonia, indicating the existence
f two kinds of acid sites on these support, i.e. weak acid sites at
emperatures lower than 300 ◦C and strong acid sites at tempera-
ures higher than 400 ◦C. The amount of strong acid sites is observed
s ZSM-5 > ZSM-35 > Beta. And the same order is observed after
latinum impregnation. Besides, the peaks at high-temperature
ecome less intense after the introduction of platinum, indicating
hat some of available strong acid sites are blocked by platinum.

.1.3. In situ FTIR study on H2-SCR

The influence of support on the H2-SCR activity is further studied

y in situ FTIR. Fig. 3 shows the surface species formed during reac-
ion at 120 and 140 ◦C on different Pt/zeolites. For 1%Pt/ZSM-35,
eaction at 120 ◦C gives bands at 1448, 1630, 2808, 3006, 3271 cm−1

nd a negative band at 3598 cm−1. The band at 1448 cm−1 can be

Fig. 2. NH3-TPD profiles of zeo
158 (2010) 452–458

assigned to NO bridged adsorption on terrace site of single crys-
talline Pt (112) [17] or NH4

+ ion on Br∅nsted acid sites [8]. As this
band is not observed in NO and O2 co-adsorption, and another band
corresponding to the vibration of N–H groups [18] at 3271 cm−1

is observed together with 1448 cm−1, we assign the band at
1448 cm−1 to NH4

+ ions on Br∅nsted acid sites. Bands at 1630, 2808
and 3006 cm−1 were assigned to molecular adsorbed water [19].
The negative band at 3598 cm−1 was due to the consumption of
Si(OH)Al groups [20–22]. Taking account of the formation of NH4

+

ions on Br∅nsted acid sites, it can be concluded that protons take
part in the formation of ammonia ions, which agrees with the report
of Satsuma et al. [8]. On the other hand, band at 1448 cm−1 is more
intense at 120 ◦C than that at 140 ◦C, and bands corresponding to
adsorbed water are less intense at 140 ◦C. It suggests that less NH4

+

ions and water are formed at 140 ◦C. The results are consistent with
the catalytic results that the activity is lower at 140 ◦C than that at
120 ◦C (Fig. 1).

For 1%Pt/ZSM-5, bands at 1349, 1448, 1630, 2476, 2808, 2900,
2993, 3255 cm−1 and one negative band at 3609 cm−1 are observed
during reaction. Bands at 1448 and 3255 cm−1 are also assigned
to NH4

+ ions on Br∅nsted acid sites [8] and the vibration of N–H
groups [18], respectively. The band at 1630 cm−1 is assigned to
ı(H2O) of molecular adsorbed water [18]. The observation of a
negative band at 3609 cm−1 also suggests the consumption of
Si(OH)Al groups during H2-SCR reaction. Bands at 1349, 2900 and
2476 cm−1, due to ı(OH) modes of the H-bonded zeolites hydroxyls,
and the well known A-B-C structure produced by hydrogen-bonded
hydroxyls [19], respectively, are clearly observed at 140 ◦C. Con-
comitantly, the intensity of bands at 1448 and 3255 cm−1 decreased
at 140 ◦C. It indicated that some of the Br∅nsted acid sites occupied
by NH4

+ ions are taken by molecular water.
For 1%Pt/Beta, during H2-SCR reaction, NH4

+ ions (correspond-
ing to bands at 1457 and 3217 cm−1) and water (corresponding
to bands at 1630, 2497, 2847 and 3041 cm−1) are formed with
the consumption of Si(OH)Al groups (negative band at 3600 cm−1

[20–22]) and terminal silanol groups (Si–OH) (negative band at
3740 cm−1 [18]). The intensity of bands corresponding to NH4

+

ions and adsorbed water decreases at 140 ◦C, which agrees with
the decreased activity (Fig. 1).

NH4
+ ions on Br∅nsted acid sites, e.g. IR band at ca. 1450 cm−1

are observed as key intermediate for H2-SCR on Pt catalysts sup-
ported on zeolites. If NO is “hydrogenated” by H2 to NH3, Br∅nsted

acid sites of the zeolite stabilize NH3 in form of NH4 ions. The
reduction of NO in excess oxygen by zeolite-fixed NH4

+ ions is well
known [23]. For different Pt/zeolite catalysts, the highest intensity
of IR band corresponding to adsorbed NH4

+ ion is observed on the
sample with highest amount of strong acid sites, i.e. Pt/ZSM-5. For

lites and 1%Pt/zeolites.
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Fig. 3. FTIR spectra of surface species formed during H2-SCR reaction on 1%Pt/zeolites. Reaction conditions: 0.1% NO, 0.5% H2, 5% O2 and He balance, GHSV = 80,000 h−1.

Fig. 4. Catalytic performance of x%Pt/ZSM-35 in H2-SCR. Reaction conditions: 0.1% NO, 0.5% H2, 6.7% O2 and He balance, GHSV = 80,000 h−1.
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The existence state of Pt in Pt/ZSM-35 is studied by means of XPS,
and spectra are shown in Fig. 9. In principle, the Pt 4f and 4d core
levels are both suitable for the XPS study of platinum-containing
zeolites [26]. Unfortunately, the low intensity of Pt 4d line leads to
ig. 5. Durability of 0.5%Pt/ZSM-35 catalyst in H2-SCR. Reaction conditions: 140 ◦C,
000 ppm NO, 5000 ppm H, 6.7% O, He balance, GHSV = 80,000 h−1.

given catalyst, higher H2-SCR activity is obtained at the temper-
ture when higher intensity of IR band corresponding to adsorbed
H4

+ is observed. However, highest H2-SCR activity is not observed
n the catalyst with highest intensity of IR band corresponding
o adsorbed NH4

+. In this study, the good activity of Pt/ZSM-35
hould, at least partially, be ascribed to the unique structure of
SM-35. The small 8-membered pores would allow for multi-site
eaction steps due to the geometry. Further research on these is in
rogress.

.2. Effect of Pt loading in H2-SCR

.2.1. Activity of x%Pt/ZSM-35 in H2-SCR
Taking account of the activity and selectivity, we choose Pt/ZSM-

5 as promising H2-SCR catalyst for further studies. The H2-SCR
erformances of Pt/ZSM-35 catalysts with different platinum load-

ngs are depicted in Fig. 4. Comparing with HZSM-35, incorporation
f 0.1 wt.% platinum greatly increases the catalytic activity, espe-
ially the N2 selectivity and H2 conversion. It indicates that H2
eeds to be activated on Pt species and H2 activation is very

mportant for N2 formation. With Pt loading increasing from 0.1 to
.5 wt.%, the temperature corresponding to maximal NO conversion
nd N2 selectivity shifts from 140 to 120 ◦C. 1%Pt/ZSM-35 exhibits
uite similar performance to 0.5%Pt/ZSM-35, while 2%Pt/ZSM-35
xhibits distinct lower activity than 0.5%Pt/ZSM-35 and 1%Pt/ZSM-
5.

The durability of Pt/ZSM-35 is further studied using 0.5%Pt/ZSM-
5 as catalyst. As it can be seen in Fig. 5, both the activity and
electivity of catalyst can be well preserved during 60 h H2-SCR
eaction. It implies that Pt/ZSM-35 catalyst is quite stable during
he reaction and has the potential for future application.

.3. Acidity of x%Pt/ZSM-35

The influence of Pt loadings on the acidity of Pt/ZSM-35 catalysts
s investigated by NH3-TPD and the results are shown in Fig. 6. All
amples exhibit two peaks of ammonia desorption: one at temper-
tures lower than 300 ◦C and another one at temperatures higher
han 400 ◦C. HZSM-35 zeolite, used as support, possesses both weak

cid sites and strong acid sites, consistent with the report of Xu and
o-workers [10]. With increasing Pt loading from 0.5 to 2 wt.%, the
rea of high-temperature peak decreases. It suggests that some of
vailable strong acid sites are blocked by impregnated Pt species
nd some of Pt species may be fixed to protonic sites. The loss of
Fig. 6. NH3-TPD profiles of x%Pt/ZSM-35.

strong acid sites may be one possible reason for the low activity of
2% Pt/ZSM-35.

3.4. Existence state of Pt species in x%Pt/ZSM-35

The XRD patterns of x%Pt/ZSM-35 are shown in Fig. 7. All Pt/ZSM-
35 samples show diffraction patterns similar to ZSM-35 support,
indicating that the framework of ZSM-35 zeolite is well preserved
upon Pt impregnation. No reflections corresponding to Pt species
can be observed on 0.1%Pt/ZSM-35 and 0.5%Pt/ZSM-35 catalysts.
With Pt loading increasing from 0.5 to 1 wt.% and 2 wt.%, two new
lines at ca. 39◦ and 46◦ corresponding to metallic Pt [24,25] appear.
It implies that Pt species may aggregate as metal clusters with Pt
loading over 1%.

TEM technique is employed to investigate the morphology of Pt
species on ZSM-35 and the images are given in Fig. 8. Very few Pt
particles of less than 10 nm can be found in 0.5%Pt/ZSM-35 catalyst
(Fig. 8a). Comparing with 0.5%Pt/ZSM-35, much more Pt particles
with larger sizes are observed on 2%Pt/ZSM-35 (Fig. 8b). The TEM
observations are in well consistent with the XRD results and further
confirm the aggregation of Pt species at higher Pt loadings.
Fig. 7. XRD patterns of x%Pt/ZSM-35. x = 0 (a), x = 0.1 (b), x = 0.5 (c), x = 1 (d), x = 2 (e).
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/ZSM-

a
l
l
o

Fig. 8. TEM images of 0.5%Pt
decrease of analysis precision and to a limitation of minimal Pt
oadings in the samples (not less than 1 wt.%). However, the Pt 4f5/2
ine is overlapped by the Al 2p line (74.3 eV), and the decomposition
f the Pt 4f and Al 2p profiles is made subject to the constraints of

Fig. 9. XPS fitting plots of x%Pt/ZSM-35. x = 0.5 (a), x = 1 (b), x = 2 (c).
35 (a) and 2%Pt/ZSM-35 (b).

constant Pt 4f doublet separation and constant doublet intensity
ratio. Pt (4f7/2, 5/2) peaks in Pt/ZSM-35 catalysts are deconvoluted
into two sets of spin-orbit doublet. The peaks at 70.8 and 73.6 eV
are assigned to metallic Pt species while peaks at 71.8 and 74.9 eV
are assigned to PtIIO species [24,27]. It is found that in Pt/ZSM-35
catalysts, Pt species exist mostly in Pt0 state (80%) with the other
20% in the form PtIIO. The Pt loadings do not influence the valence
states of Pt on ZSM-35 zeolites. Since metallic Pt is known to be
more active than platinum oxides, Pt/ZSM-35 exhibits quite good
performance in H2-SCR.

4. Conclusions

The selective catalytic reduction of NO by hydrogen in excess
oxygen is investigated on Pt catalysts supported on several microp-
orous zeolites, e.g. ZSM-35, ZSM-5 and Beta. With similar Pt loading
of 1%, Pt/ZSM-35 exhibits the highest activity and a maximal NO
conversion of 80.8% can be achieved at 120 ◦C with N2 selectivity
of 68.5%. In situ FTIR study reveals that NH4

+ ions are formed dur-
ing H2-SCR reaction and they are the key intermediates involved
in the reaction. The formation of NH4

+ ions gives rise to a further
activity window at higher temperatures when the reductant H2 is
completely consumed. Pt species in Pt/ZSM-35 exist mainly in the
form of metallic Pt (ca. 80%), which is independent of Pt loadings.
The H2-SCR activity of Pt/ZSM-35 increases with Pt loading increas-
ing from 0.1 to 1%, while declines with further increasing to 2%. The
low activity in 2%Pt/ZSM-35 is ascribed to the block of acid sites and
the aggregation of Pt species, as proved by XRD and TEM results.
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