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a b s t r a c t

Mesoporous MCM-41 molecular sieves with Si/M (molar) ratios of 100 containing platinum group metals
(Pd, Pt, Rh, Ir) were synthesized by the hydrothermal method. These catalysts were systematically char-
acterized by various analytical and spectroscopic techniques, viz., XRD, TEM, DRUV–vis, N2 sorption. XRD
analysis confirmed that the presence of platinum metals did not influence the parent structure and phase
vailable online 25 August 2009
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purity of the MCM-41 catalysts. DRUV–vis spectral studies of MCM-41 indicate the presence of platinum
metal ions. The catalytic activities of these catalysts were evaluated for the reduction of NO by CO as
a function of temperature. The study revealed that the catalytic activity is, in the order (Rh>Ir>Pd>Pt).
Our experimental results are in good agreement with theoretical previous analysis based on the NO*
dissociation activation energy.
eduction
O

. Introduction

Platinum group metals (Pd, Rh, Ir and Pt) have been used in
atalytic converters to treat automobile exhaust emissions. There
s currently worldwide interest in the development of an efficient
atalyst for the removal of NOx from diesel engines and lean-burn
utomotive engines and combustors. Selective catalytic reduction
SCR) of NOx in a net-oxidizing condition, into N2 using hydrocar-
ons is a promising way to eliminate such lean NOx [1]. Supported
t is a good candidate catalyst for the SCR of lean NOx [2–6]. How-
ver, Pt based catalysts are expensive and demonstrate selectivity
o N2O, another pollutant, during NO reduction. Therefore, new
heap metals and supports are required which can overcome the
bove drawbacks. Recently it has been discovered that Ir/SiO2 and
h/SiO2 show marked catalytic activity with respect to NO reduc-
ion with H2 in the presence of O2 and SO2 [7]. Metal oxides and

icroporous materials have generally been used as supports in

he SCR process [4–6]. This application has limitations due to the
arrow pore size and lower surface area of these catalysts. In this
ontext, zeolite-supported catalysts may be attractive, because of
heir larger pore sizes and surface area. Zeolite-supported cata-
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lysts possess a wide temperature range of operation where they
can reduce NO at higher conversion levels and more selectively
than alumina and the other supported catalysts. The new zeolite
MCM-41, a silica material discovered by Kresge et al. [8], has a
mesoporous structure with a regular arrangement of hexagonal
channels, with average pore sizes that can be varied between 20 Å
and 100 Å. The uniform structure of MCM-41 along with high sur-
face area, high thermal stability and big pore volume has attracted
considerable interest for its application as a catalyst or a catalyst
support [9–16]. Most of the earlier work carried out on NO reduc-
tion by CO was with a single noble metal substituted in MCM-41 by
the impregnation method [17,18]. Furthermore, the experiments
were conducted at higher NO concentration and milder reactions
as compared to actual engine exhaust.

In this paper, we present a detailed study of the synthesis and
characterization of mesoporous MCM-41 molecular sieve catalysts
containing noble metals. Furthermore, we report for the first time a
comparison of the catalytic activities of various noble metal based
MCM-41 catalysts for the NO–CO reaction.

2. Experimental
2.1. Starting materials

Fumed silica (SiO2; Aldrich), cetyltrimethylammonium bromide
(CTAB; Aldrich; 99), tetramethylammonium hydroxide (TMAOH;

http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:vilas_ravat@iitb.ac.in
mailto:Preeti@iitb.ac.in
dx.doi.org/10.1016/j.molcata.2009.08.016
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ancaster) and sodium hydroxide (NaOH; Loba Chemie; 98%), were
sed as sources for silicon, template and alkali, respectively for cat-
lyst synthesis. Sources of Pd, Rh, Ir and Pt metals used were PdCl2,
hCl3, IrCl3 and H2PtCl6 (Loba Chemie), respectively.

.2. Catalyst synthesis

A typical hydrothermal method was used for the preparation
f MCM-41 (Si/M = 100) supported noble metal catalysts. TMAOH
as diluted with water and stirred for 10 min. To this, fumed silica
as added slowly and a homogeneous ‘Solution-A’ was obtained.
‘Solution-B’ was prepared by mixing CTAB and NaOH in dis-

illed water, and the solution was stirred for about 30 min. Next,
Solution-A’ and ‘Solution-B’ were mixed, and the metal source
olution (PdCl2 or RhCl3 or IrCl3 or H2PtCl6) was added under
onstant stirring for 30 min. The resulting gel was stirred further
or 1 h for homogenization. The typical gel (molar) composition
as: 1SiO2:0.27CTAB:0.26TMAOH: 0.13Na2O:0.01 M (Pd, Rh, Ir,

t):60H2O. The pH of the gel was adjusted to 11.5 either by adding
ilute H2SO4 or aqueous NaOH and was placed in an air oven at
00 ◦C for 3 days in case of Pd catalyst and 6 days in case of Rh, Ir
nd Pt catalysts in Teflon-lined stainless steel autoclaves. The solid
roducts obtained were washed, filtered and dried at 70 ◦C. The
s-synthesized MCM-41 was then calcined in a tubular furnace at
50 ◦C in a flow of N2 at a flow rate of 80 ml/min for 1 h followed
y 7 h in air at a flow rate of 50 ml/min.

.3. Characterization

All the samples were systematically characterized by various
echniques. Low angle powder X-ray diffraction (XRD) patterns
ere recorded on a Rigaku-miniflex diffractometer using nickel fil-

ered CuK� radiation (� = 1.5418 Å) and a step size of 0.028. High
ngle X-ray diffraction patterns were obtained using a PANalyt-
cal X’pert PRO powder diffractometer with X’celerator detector
sing a CuK� target (� = 1.54182 Å) and a step size of 0.0170.
EM analysis was carried out on a PhilipsCM200 operating at
60 kV. The images were recorded with a GATAN CCD camera.
he calcined sample was dispersed in methanol with sonica-
ion (Oscar ultra sonics), and then a drop of it was placed on a
arbon-coated grid (300 mesh; Sigma–Aldrich). Surface area anal-
sis was performed at 196 ◦C using Micromeritics ASAP 2020
quipment. Before nitrogen adsorption, the samples were treated
t 250 ◦C under vacuum (<10−2 mbar) for 12 h. The surface area
nd pore size were estimated using the Brunauer–Emmett–Teller
BET) and Barrett–Joyner–Halenda (BJH) methods, respectively.
iffuse reflectance ultraviolet and visible (DRUV–vis) spectra were
ecorded on a JASCO-V 570 spectrophotometer with barium sul-
ate as a standard. Raman spectra of the samples were recorded at
oom temperature in a confocal Jobin–Yvon Raman spectrometer
ith a 514.5 nm, Ar+ laser, 20 mW power in the (100–1500 cm−1)

egion. Inductively coupled plasma atomic emission (ICP-AES; Lab-

able 1
RD, ICP-AES, and N2 sorption analysis results of various (Pd, Pt, Rh, Ir) containing MCM-

Catalysta ao (Å)b Weight (%)c

As-synthesized Calcined Calcined

MCM-41 43.1 41.4 –
PtMCM-41 (100) 45.6 42.9 3.20
PdMCM-41 (100) 47.5 42.8 2.31
RhMCM-41 (100) 47.1 43.7 2.25
IrMCM-41 (100) 45.6 42.5 3.14

a Number in parentheses is Si/M molar ratio in synthesis gel.
b Average unit cell parameter (ao) calculated using 1/d2 = 4/3(h2 + hk + h2)/a2.
c ICP-AES.
Fig. 1. XRD patterns of calcined (A) and as-synthesized (B): (a) MCM-41, (b) PtMCM-
41, (c) PdMCM-41, (d) RhMCM-41, and (e) IrMCM-41.

tam Plasma Lab 8440) analysis was used to detect the noble metal
concentration in the catalysts.

2.4. Catalytic activity test for the NO–CO reaction

The feed gases [2807 ppm CO + 436 ppm NO] were passed
through separate ‘Bronkhorst Hi-Tec EL-flow’ mass flow con-
troller/meters with a feed flow rate of 850 ml/min (space velocity
of 44,000 h−1). The required weight (150 mg) of noble metal sup-
ported MCM-41 catalysts without any pretreatment was placed
inside the catalyst bed which had a length of 20 mm and a diameter
of 8 mm, using quartz wool plugs. The conversions of NO and CO
were calculated at different temperatures based on the inlet and
outlet concentrations of NO and CO, measured using a gas analyzer
(Testo-330-1).

3. Results and discussion

3.1. Characterization studies

Fig. 1 shows the low angle XRD patterns of the various noble
metal supported MCM-41 catalysts. The diffraction pattern shows

four reflections viz., 100, 110, 200, and 210 which are characteristic
of MCM-41 [19,20]. The reflections were well defined, indicating
that the samples prepared here were of good quality. In case of
the calcined samples, the main reflection (d100) shifted to a lower
value (Table 1), indicating the contraction in the unit cell due to the

41 samples.

N2 sorption data

Pore volume (ml g−1) Pore diameter (Å) Surface area (m2 g−1)

0.99 25 1125
0.81 22 953
0 85 23 1007
0.79 24 882
0.75 25 854
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ig. 2. XRD patterns at high angle region of calcined: (a) PdMCM-41, (b) PtMCM-41,
c) RhMCM-41, and (d) IrMCM-41.

emoval (template) of surfactant molecules from the mesoporous
hannels and condensation of the silanol groups.

Fig. 2 shows the high angle XRD patterns. All the catalysts
xhibit a characteristic broad band in the 2� region between 17
nd 35◦ due to the amorphous silica wall. In the diffraction pat-
ern of PdMCM-41 Fig. 2(a) and IrMCM-41 (Fig. 2(d)) additional
hases were observed with 2� values of 34.12, 42.31, 54.87, 60.40
f palladium oxide (PdO) and with 2� values of 28.25, 35.03, 40.29,
4.31, 57.87 of iridium oxide (IrO2), respectively, which are in
ood agreement with the literature values (JCPDS75-0584) and
JCPDS15-0870). The particle sizes calculated by the Scherrer for-

ula were 8.73 nm for PdMCM-41 and 14.59 nm for IrMCM-41. The
ormation of bulk RhOx and PtOx oxide moieties were however not
etected in XRD patterns of RhMCM-41 and PtMCM-41 due to their
maller particle sizes and higher dispersion.

Nitrogen sorption studies confirmed the mesoporous nature of

ll MCM-41 samples (Table 1); representative isotherms of SiMCM-
1, PdMCM-41 and PtMCM-41 are presented in Fig. 3. The type

V isotherm pattern typical of mesoporous materials [21,22] is
bserved and as the relative pressure increases (P/Po > 0.2) the
sotherm exhibits an inflection characteristic of capillary conden-

ig. 3. N2 sorption isotherms of calcined: (a) MCM-41, (b) PdMCM-41, (c) PtMCM-
1, (d) RhMCM-41, and (e) IrMCM-41.
ysis A: Chemical 314 (2009) 49–54 51

sation within the mesopores. Adsorption at low relative pressures
(P/Po < 0.2) is attributed to monolayer adsorption of nitrogen on
the walls of the mesopores. The pore volume and BET surface area
were calculated to be 0.81 cm3 g−1 and 953 m2 g−1, respectively
for PtMCM-41 and 0.85 cm3 g−1 and 1007 m2 g−1, respectively for
PdMCM-41. These values are lower than that of the SiMCM-41 sam-
ple (BET = 1125 m2 g−1; pore volume = 0.99 cm3 g−1). RhMCM-41
and IrMCM-41 showed more loss in surface area (BET = 882 m2 g−1)
and (BET = 854 m2 g−1) compared with SiMCM-41. Table 1 also
summarizes the ICP-AES results for the calcined samples.

Fig. 4(A)–(D) represents typical TEM images of all samples cal-
cined at 550 ◦C. Fig. 4(A) shows that regular hexagonal ordered
pore structures are present in PdMCM-41 with dispersed palla-
dium oxide particles. Pd particles of various sizes were observed
(Fig. 4(A)), with an average particle size of 14 nm. Fig. 4(B) shows
that iridium (IrO2) particles are observed on the surface of IrMCM-
41 with an average particle size of 20 nm. The significant deviation
from the crystallite size (10 nm and 14.5 nm) determined by the
above XRD analysis is due to the presence of oligomerized Pd and
Ir particles. This may be due to the slow crystallization and moder-
ate temperature conditions use in the synthesis of these catalysts.
The TEM image of RhMCM-41 (Fig. 4(C)) clearly shows 2.4 nm aver-
age sized RhOx nanoparticles located in the mesopore channels of
MCM-41. The TEM image of PtMCM-41 (Fig. 4(D)) shows the regu-
lar hexagonal array of mesopore channels characteristic of MCM-41
with very small particles (as compared with RhMCM-41) inside the
mesopore channels or tetrahedrally substituted in silicate frame-
work (Fig. 4(D)).

The type of Pd, Ir, Rh, and Pt sites created inside the pores
and channels of these supports after calcination was revealed
by UV–vis reflectance spectra. As-synthesized PdMCM-41 showed
absorbance bands at 278 nm and 348 nm due to the nonframe-
work palladium ions as shown in Fig. 5(a). The calcined PdMCM-41
(Fig. 5(b)) showed three wide bands peaking at 278 nm, 348 nm
(charge transfer bands) and 460 nm (d–d transitions), which are
assigned to Pd2+ due to the anchoring of palladium oxide species
in MCM-41 [23]. DRUV–vis spectra of As-synthesized IrMCM-41
(Fig. 5(c)) show absorption bands at 278 nm and 327 nm and
590 nm, corresponding to trivalent iridium in octahedral coordi-
nation. The calcined IrMCM-41 sample shows prominent bands at
279 nm and 327 nm (Fig. 5(d)) due to the extra framework IrO2 (IV)
which is well supported by the high angle XRD study. DRUV–vis
spectra (Fig. 5(e) and (f)) of PtMCM-41 as-synthesized (246 nm)
and calcined (255 nm) samples show one prominent band in the UV
region arising from charge transfer transitions involving tetravalent
platinum in the tetrahedral silicate network. It indicates the pres-
ence of Pt4+ species in the tetrahedral silicate framework as well
as the octahedral position. As-synthesized RhMCM-41 (Fig. 5(g))
showed sharp peaks at 264 nm and 446 nm with a small shoulder at
318 nm due to trivalent Rh in octahedral coordination. The calcined
sample shows prominent bands at 283 nm and 331 nm (Fig. 5(h)).
They are assigned to charge transfer bands associated with RhOx

species.

3.2. Catalytic activity analysis for the NO–CO reaction

3.2.1. Effect of feed composition in case of RhMCM-41 catalyst
The composition of automobile exhausts depends on the

type of engine, air/fuel ratio conditions, and the fuel. Gener-
ally, automobile exhaust contains more amount of CO than NO.
To examine the effect of inlet CO concentration on the NO

reduction efficiency, experiments were performed at different CO
concentrations—833 ppm (total flow rate = 250 ml/min), 1674 ppm
(450 ml/min) and 2804 ppm (750 ml/min), while keeping the NO
concentration constant at 436 ppm (flow rate = 100 ml/min) as
shown in Fig. 6. NO conversion (25%) starts at 165 ◦C, 150 ◦C and
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MCM-41, (C) RhMCM-41, and (D) PtMCM-41 catalysts.
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Fig. 4. TEM micrographs of (A) PdMCM-41, (B) Ir

45 ◦C for 833 ppm CO, 1674 ppm CO and 2804 ppm CO concentra-
ion and reaches 100% at 195 ◦C, 180 ◦C and 170 ◦C, respectively.
rom this we can conclude that higher the concentration of CO,
ower the temperature required for the reduction of NO. In fur-
her studies, 1632 ppm + 581 ppm concentration of CO + NO (feed
ow = 850 ml/min, space velocity = 44,000 h−1) is therefore chosen.

.2.2. Comparative study of platinum group metal catalysts
The nature of the metal center is very important as evidenced by

he significant activity difference among Rh, Ir, Pd and Pt supported
CM-41 catalysts shown in Fig. 7. Supported Rh catalysts have

reat importance due to their high activity as automobile catalysts
n DeNOx reactions [24–29]. Fig. 7 curve (�) shows the effect of tem-
erature on NO conversion on RhMCM-41. The experiments were
erformed at a feed composition of 2804 ppm CO + 436 ppm NO
nd space velocity of 44,000 h−1(total feed flow rate = 850 ml/min).
t temperatures lower than 110 ◦C, the catalyst was found to be

nactive for the NO–CO reaction. NO conversion starts at 110 ◦C,
nd monotonically increases with an increase in temperature and
hows 100% conversion at 240 ◦C.

Fig. 7 curve (�) shows the effect of temperature on NO con-
ersion on PdMCM-41, with experiments performed similarly as

entioned above for RhMCM-41. PdMCM-41 shows 100% NO con-

ersion at ∼240 ◦C and the conversion increases monotonically
ith an increase in temperature. Below 160 ◦C, the catalyst was

ound to be inactive for the NO–CO reaction. Yamaguchi et al. [30]
arried out experiments using 200 mg of Pd/MCM-41 catalyst for

Fig. 5. Diffuse reflectance UV–vis spectra’s (a and b) PdMCM-41, (c and d) IrMCM-41,
(e and f) PtMCM-41, and (g and h) RhMCM-41 catalysts.
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Table 2
Temperature conditions for NO conversion on Rh, Ir, Pd, and Pt catalysts.

Catalysts Activation energy NO conversion

NO* dissociation (kcal/mol) 25% 50% 100%

RhMCM-41 6.6 146 ◦C 164 ◦C 210 ◦C
ig. 6. Effect of CO concentration on reduction temperature of NO over RhMCM-
1 (�-) 7.5 (436 ppm + 2804 ppm), (�) 4.50 (426 ppm + 1674 ppm), and (�) 2.5
429 ppm + 834 ppm) catalyst.

he NO–CO reaction. Feed gas composition of NO (30,000 ppm) and
O (30,000 ppm) balanced with He was used and the total flow rate
f the feed gas was maintained at 50 ml/min, which corresponds
o a space velocity of 3100 h−1

. The experimental results of Yam-
guchi et al. show that the activity of the catalyst starts at 150 ◦C and
eaches 100% at 300 ◦C, whereas our prepared catalyst of PdMCM-
1 catalyst is able to produce 100% conversion at ∼240 ◦C. This
atalyst was prepared by hydrothermal synthesis method while
amaguchi et al. [30] prepared the catalyst by the impregnation
ethod, this could be one of the reasons for the temperature dif-

erence. The feed conditions used in both the experiments were
lso different in terms of the NO–CO feed concentration and space
elocity, the differences in catalytic activity might be due to this as
ell.

Fig. 7 shows the effect of temperature on NO conversion over
hMCM-41 (�), IrMCM-41 (�) PdMCM-41 (�) and PtMCM-41

�) catalysts. Experiments were performed on all the platinum
roup metal catalysts at the same condition as described above
or RhMCM-41. When supported single metal catalysts were used,
hodium was superior to platinum, iridium and palladium for the

ig. 7. Effect of temperature on catalytic activity of noble metals supported MCM-
1: (�) RhMCM-41, (�) IrMCM-41, (�) PdMCM-41, and (�) PtMCM-41 catalysts. Feed
ondition: 2804 ppm CO + 437 ppm NO, space velocity = 44,000 h−1, volumetric flow
ate = 850 ml/min.
IrMCM-41 7.7 163 ◦C 174 ◦C 198 ◦C
PdMCM-41 9.0 188 ◦C 198 ◦C 240 ◦C
PtMCM-41 13.0 205 ◦C 220 ◦C 270 ◦C

reduction of NO by CO [31]. The observation here is thus consis-
tent with literature findings. The same behavior was observed for
CO conversion as well. Rh was active in the temperature range of
110–210 ◦C whereas Ir and Pd were active in the higher temper-
ature ranges of 140–200 ◦C and 160–240 ◦C, respectively. Pt was
active at even higher temperatures (165–270 ◦C).

We believe that the superior performance of the RhMCM-41 cat-
alyst can be attributed to the fact that it presents very small particle
sizes. Furthermore, it is known that the CO desorption temperature
of Rh is the lowest and that of Pt is the highest among the four noble
metals [32], and Rh can dissociate NO much more readily than met-
als such as Pd and Pt, enabling oxygen removal (by reaction with
CO to CO2 for instance) even at room temperature. Overall, we can
conclude that RhMCM-41 is an effective catalyst at lower temper-
atures with a wide temperature range of high activity as compared
to Ir, Pd, and Pt catalysts. These details are summarized in Table 2.

In our previous work, an elementary reaction mechanism was
proposed for the NO–CO reaction on Pt-group metal catalysts and
validated against literature experimental data for Pt/SiO2 catalysts.
Sensitivity analysis suggests that, among the reactions in the mech-
anism, the dissociation of NO to give adsorbed N and adsorbed O
is the crucial step to determine the activity of the catalyst [31].
The activation energy for the dissociation of adsorbed NO increases
in the series Rh < Ir < Pd < Pt, as per our theoretical estimates [33]
(see Table 2). So, better NO reduction activity is expected on Rh as
compared to Ir, Pd and Pt catalysts. This is in agreement with our
experimental observations, as shown in Table 2. Thus it is clear that
even in the zeolite catalysts, the role of the metal for NO conversion
is strong.

4. Conclusions

In summary, the successful synthesis and characterization of
MCM-41catalysts is shown. The substitution as well as anchoring of
platinum group metals (Pd, Rh, Ir, and Pt) in the silicate framework
of MCM-41 is demonstrated. XRD and TEM analyses confirm that
the samples prepared here are of good quality. Among the Pt-group
metal catalysts studied here, the RhMCM-41 shows higher con-
version of NO at lower temperatures, possibly linked to the small
particle sizes. Additionally, Pd also demonstrates excellent activity
for NO reduction and may be an important catalyst due to its eas-
ier availability (and cheaper cost) as compared to Pt and Rh. Based
on the temperature required for 50% NO conversion, the activity of
the various catalysts studied here varies as Rh > Ir > Pd > Pt, in agree-
ment with previous studies on SiO2 based catalysts and theoretical
analysis.
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