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Reduction of platinum dispersed on dealuminated beta zeolite
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Abstract

The SirAl ratio of a commercial HB-25 beta zeolite sample was increased by treatment of dealumination and
silicon-insertion. Platinum ions were subsequently dispersed onto the starting and the treated samples through impregnation

Ž . Ž .of aqueous Pt NH NO . Chemical environments of dispersed platinum were characterized by temperature-programmed3 4 3 2
Ž .reduction TPR technique. The obtained TPR traces varied with extents of dealumination. Nevertheless, three major signals,

in reduction temperature regions around y50, 80 and 4808C were distinguished from these TPR traces and characterized as
Ž e .reductions of platinum oxides dispersed on the external surface of zeolite Pt O , platinum oxides occluded in channels

Ž o . Ž .Pt O , and Pt– –O–Si[ complexes coordinated to external surface or defects of zeolite, respectively. From the variationx y

in the contribution of the 4808C peak in TPR traces, a formation of Si–OH silanol function groups on the zeolite surface
during the dealumination treatment and a elimination of these groups during the silicon-insertion treatment are indicated.
q 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

Pores in the beta and the KL zeolites are
straight channels of 12-member ring. The KL
zeolite has a SirAl atomic ratio around 3.0 and
unidimentional channels of 0.71 nm in diameter
w x1 . The beta zeolite is a three dimentionally
interconnected channel system which has a high

Ž .SirAl ratio )10 and an extensively faulted
w xstructure 2,3 . Both zeolites are widely used in

industrial processes after impregnation with Pt.
The PtrKL catalyst exhibits a good selectivity

) Corresponding author. Fax: 886-3-5711082.

w xfor the aromatization of n-hexane 4,5 , while
the Ptrbeta catalyst is an active bifunctional
catalyst towards reforming and isomerization

w xreactions 6,7 .
The acidic strength of aluminum sites in a

zeolite generally increases with its SirAl ratio.
The SirAl ratio of a zeolite can be increased by
treatments of either dealumination with inor-

Ž . w xganic acid HNO or HCl solution 8 , or sili-3
Ž . w xcon-insertion with NH SiF 9 . During the4 2 6

acid treatment, aluminum ions are leached out
and defective vacancies as well as terminal
Si–OH groups are consequently formed on the
framework of zeolite. The resulted defects and

1381-1169r98r$ - see front matter q 1998 Elsevier Science B.V. All rights reserved.
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Table 1
Some literatures about TPR of Ptrzeolites

Ž . w xSample T 8C Pt species Ref. precursorr

2q w x w Ž . Ž . xPtrY 100 Pt in supercage 10 Pt NH NO3 4 3 2
4q w x w Ž . x250 Pt in sodalite 11 Pt NH Cl3 4 2

cage or hexagonal
prism

4q w x w Ž . xPtrZSM-5 250 Pt in channels 11 Pt NH Cl3 4 2
w x w Ž . xPtrKL r.t. PtO on external 11,12 Pt NH Cl3 4 2

surface
80 PtO in channels

2q150 Pt in channels
4q250 Pt in channels

terminal Si–OH groups may be partially re-
moved by an additional treatment of silicon-in-
sertion.

The temperature-programmed reduction
Ž .TPR technique has been used successfully in

Ž .literature see Table 1 to characterize environ-
ments of Pt species supported on Y, ZSM-5 and
L zeolites according to their reduction tempera-

Ž . w x w xture T 10,12 . Sachtler et al. 10 and Fogerr
w xand Jaeger 11 found that, platinum ions in the

supercage of Y zeolite were reduced at a lower
Ž .temperature T s1008C than those in the so-r

Ždalite cage or in the hexagonal prism T sr
.2508C . Recently, four different Pt species, i.e.,

Ž .PtO deposited on external surface T -258C ,r
Ž . 2qPtO occluded in channels T s808C , Pt co-r
Ž .ordinated to the framework T s1508C as wellr

4q Ž .as a coordinated Pt species T s2508C werer

further distinguished from PtrKL zeolite sam-
w xples 11,12 .

In this work, platinum ions dispersed on beta
zeolite are characterized by TPR. We want to
report that defect sites formed during dealumi-
nation of the zeolite have a profound effect on
the reduction of impregnated platinum.

2. Experimental

2.1. Dealumination of beta zeolite

Ž .The commercial PQ Corporation HB-25
Ž .beta zeolite SirAl atomic ratios11 was used

as the starting zeolite sample in this work. This
sample was dealuminated by stirring in a 1 M
HNO solution at room temperature for 3 days.3

The aluminum-leached sample was subse-
quently filtrated, washed with deionized water,
dried overnight at 1108C, calcined in air at
5408C for 5 h and named as HB-N.

2.2. Insertion of silicon

Part of the HB-N sample prepared was fur-
ther treated with a silicon-insertion agent.
In this insertion, 15 ml of a 0.3 M aqueous
Ž .N-H SiF solution was added dropwise into4 2 6

5 g of the HB-N sample suspended in an aque-
Ž .ous solution of ammonium acetate 50 ml, 2 M

at a temperature of 908C. After filtration, wash-
ing, drying and calcination treatments, the re-
sulted sample was stored as HB-NS.

Calcined HB-N and HB-NS maintained their
beta structure according to XRD characteriza-
tions.

2.3. Platinum impregnation

Supported platinum samples were prepared
by the incipient-wetness impregnation of HB,
HB-N and HB-NS zeolites with a 0.023 M
Ž . Ž .Pt NH NO aqueous solution. After an3 4 3 2

overnight drying at 1108C, the impregnated
samples were calcined at 4008C for 3 h and
named as PtrHB, PtrHB-N, PtrHB-NS, re-
spectively.

2.4. Preparation of PtrSiO2

Two kinds of PtrSiO samples were pre-2

pared for this study. One was prepared by im-
Žpregnating Carbosil M-5 powders S.A.s200

2 y1.m g with an aqueous PtCl solution. The4

other was prepared through sol–gel method by
Ž . Ž . Ž .mixing Pt NH NO in 1 N NaOH with3 4 3 2

Ž . Ž .Si OC H in EtOHrNaOH . After evapora-2 5 4

tion at 1108C, the obtained solid samples were
calcined at 5008C for 4 h and named as Ptr

Ž . Ž .SiO i and PtrSiO g .2 2
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2.5. ICP measurements

After a 2 h dehydration at 2008C, part of each
prepared sample was dissolved in a mixed solu-
tion of HF and aqua regia at 1208C for composi-
tion determinations. The bulk SirAl ratios were
determined by a Jarrell-Ash, ICAP 9000
ICPrAES. Loadings of platinum impregnated
on the zeolite samples were analyzed by a Kon-
tron, S-35 ICPrMS.

2.6. 29Si MAS NMR characterization

29Si MAS NMR spectra for all of the beta
zeolites used were obtained from a Brucker
MSL-200 spectrometer at an operating fre-
quency of 39.73 MHz. A 3000 Hz magic angle
spinning was performed during the signal col-
lection. Reported chemical shifts were related to

Ž .a standard of Si CH .3 4

2.7. TPR measurements

TPR studies were performed in an apparatus
w xdescribed in a previous report 13 . A 30 ml

miny1 flow of 10 vol.% H in Ar was used as2

the reductive gas. The rate of hydrogen con-
sumption was monitored by a thermal conduc-
tivity detector on raising the sample temperature
from y80 to 7008C at a constant rate of 78C
miny1.

2.8. X-ray absorption spectroscopy

X-ray absorption spectra were recorded at the
wiggler beamline S-5B of Synchrotron Radia-
tion Research Center, Taiwan. The monochro-

Ž .mator employs double Si 111 crystals for en-
ergy scanning. Powdered sample was pressed
into a stainless steel holder and measured at
liquid nitrogen temperature. A transmission
mode was selected in which the intensities of
incident and transmitted beams were measured
using gas ionization chambers. Three scans were
averaged to increase the signal-to-noise ratio.
The computer software for data analysis was

w ximplemented in UWXAFS 3.0 package 14 in
which the phase shift and backscattering ampli-
tude of the photoelectron wave were theoreti-

w xcally calculated by using FEFF 6 code 15,16 .

3. Results and discussion

3.1. Composition of Ptrbeta samples

The analyzed SirAl ratios of the starting
Ž . Ž .HB-25 , dealuminated HB-N and Si-inserted
Ž .HB-NS beta zeolites are seen in Table 2 to
increase from 11 of the HB-25 to 90 of the
HB-N and 127 of the HB-NS. Over 80% of Al
atoms was removed from the starting beta zeo-
lite by the dealumination treatment. Besides the
expected silicon insertion, part of the aluminum
ions remained in the HB-N sample was addi-
tionally removed in the Si-insertion treatment

Table 2
Compositions and TPR results of Pt samples prepared in this study

Ž .ICPrAES TPR area %

Ž .SirAl ratio Pt wt.% y508C 808C 2508C 4808C N rNH Pt

Ž .PtrSiO i A 0.81 100 y y y 0.82

PtrHB 11 0.39 35.1 3.8 3.0 58.1 2.0
PtrHB-N 90 0.35 11.3 y 2.9 85.7 2.9
PtrHB-NS 127 0.34 84.4 y y 15.6 1.2

Ž .PtrSiO g A 0.47 y y y 100 3.82
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w x9 . The platinum content in the three platinum
impregnated samples was shown to be around
0.35 wt.% according to measurements by

Ž .ICPrMS Table 2 .

3.2. 29Si MAS NMR

Fig. 1 shows the 29Si MAS NMR spectra of
three beta zeolites used in this report. A major
peak at ;y110 ppm and a shoulder peak at
y105 ppm were found in trace a from the fresh

Ž .beta zeolite. They can be assigned to Si 0 Al
Ž . w xand Si 1 Al , respectively 17 . After acid

Ž .treatment, the Si 1 Al shoulder peak disap-
Ž .peared trace b . In its replacement, a minor

peak at y102 ppm appeared. This peak has
w xbeen assigned by Corma et al. 18 to silicon

atoms bonded to a hydroxyl group. Conceiv-
ably, the broad peak around y102 ppm is
assigned to SiOH groups of hydroxyl nests

29 Ž . Ž . Ž .Fig. 1. Si MAS NMR of a HB-25; b HB-N; c HB-NS.

Ž . Ž . Ž . Ž .Fig. 2. TPR diagrams of a PtrSiO i ; b PtrHB; c PtrHB-N;2
Ž .d PtrHB-NS.

formed during the following dealumination re-
w xaction 19 :

Ž .1

The peak at y102 ppm diminished after silicon
Ž . Ž .insertion HB-NS sample trace c . Evidently,

most of the SiOH groups on HB-N sample was
removed by the following reaction:

Ž .2

3.3. TPR of Ptrbeta samples

Fig. 2 shows the TPR traces of four Pt sam-
ples prepared. These traces are composed of
four reduction peaks, with T sy50, 80, 250r

and around 4808C, respectively. Their relative
areas in these traces are also listed in Table 2.

Ž .The PtrSiO i sample was prepared by im-2

pregnating a Pt complex onto the Carbosil M-5
support. This support is composed of highly
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Ž .sintered silica grains with diameters;30 nm
which do not contain any internal pore. The Pt
species dispersed on the surface of these grains

Ž .was reduced in trace a of Fig. 2 exclusively at
w xy508C 11 . Accordingly, the Pt species re-

duced at y508C in traces b, c and d of Ptrbeta
samples can also be assigned to Pt oxides de-
posited on the external surface of beta zeolite
Ž e .Pt O . The remaining three peaks, with T s80,r

250 and around 4808C , respectively, must have
resulted from Pt species either occluded into the
zeolite channels or coordinated to the surface of
zeolites.

w xRecently, Sachtler et al. 12 characterized
the PtrKL samples by TPR. Besides the PtO on
external surface, they found three other plat-
inum species, i.e., PtO occluded in channels
Ž . 2q Ž . 4q ŽT s808C , Pt T s1508C and Pt T sr r r

.2508C ions, respectively. Two of these peaks
with T s80 and 1508C are also observed in ther

trace b of Fig. 2 from the PtrHB sample.
However, the total contribution of these three

Ž .peaks -10% in trace b is much smaller than
Žthose found in the PtrKL samples )80% in

.total . The difference in contribution probably
resulted from the difference in SirAl ratio be-

Ž . Ž .tween the HB SirAl;11 and KL SirAl;3
zeolites.

The 4308C peak is a major peak in trace b of
PtrHB sample. This peak was observed in the
PtrKL and PtrKB samples of Perez-Pariente et

w x w xal. 20 and Zhang et al. 21 . In their reports,
the peak with T s4308C was assigned to Pt2q

r

ions in some hidden sites. However, Treacy and
w xNewsam 3 proposed that beta zeolite is a

highly intergrown hybrid of two distinctive but
Ž .closely related polymorphs A and B and con-

tains a large population of stacking faults and
Ž .terminal SiOH silanol groups. Accordingly,

part of platinum complex ions on Ptrbeta sam-
Ž .ples may coordinate to the silanol [Si–OH

Žsites during impregnation to form Pt– O–
.2yySi[ :y

2qPt NH qyHO–Si[Ž .3 4
2yy q™Pt– O–Si[ q4NH . 3Ž . Ž .y 4

The observed 4308C peak is therefore attributed
Ž .2yyto a reduction of Pt– O–Si[ species formedy

in reaction 3.
During the dealumination treatment, the num-

ber of terminal Si–OH groups on beta zeolite
should be increased due to a formation of Si–OH

w xnests 22,23 , through reaction 1. Platinum ions
impregnated onto the HB-N sample therefore
had a better chance to coordinate with the hy-

Ž .2yydroxyl nests to form Pt– O–Si[ . This ex-y

pectation is indeed confirmed by a dominant
5308C peak in trace c of Fig. 2. A large N rNH Pt

Ž .ratio 2.9 shows that most of Pt ions in the nest
has been oxidized into 4q oxidation state dur-
ing the calcination pretreatment. The notable

Ž .variation in T from 4308C to 5308C probablyr

resulted from differences in the stoichiometry of
Žy of reaction 3 andror in the oxidation state n,

.4q or 2q of Pt ions.
Most of the hydroxyl nests on HB-N should

be eliminated during the Si-insertion treatment
Ž .reaction 2 . In agreement to our expectation,

Ž . nyythe peak of Pt– O–Si[ suddenly becamey

diminished in trace d for the PtrHB-NS sample.

( )3.4. TPR of PtrSiO g2

In order to prove that the structure of Pt
Žspecies reduced around 4808C is Pt– O–

. nyy Ž .Si[ , we specially prepared a PtrSiO gy 2

sample from gelating a Pt solution
w Ž . Ž . xPt NH NO in the basic tetraethyl or-3 4 3 2

thosilicate solution. In this basic solution,
Ž .Si OC H would react with NaOH to form2 5 4

SiOH groups:

Si OC H q4NaOHŽ .2 5 4

™Si OH q4NaOC H . 4Ž . Ž .4 2 5

The SiOH groups formed should subsequently
Ž .coordinate to Pt ions reaction 3 to form Pt–

Ž .4yyO–Si[ complexes during the gelation andy

the calcination treatment. These Pt species were
found reduced around 5508C in trace a of Fig. 3.
Accordingly, the reduction peak between 400
and 5508C in Ptrbeta zeolite samples can in-
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Ž . Ž . Ž .Fig. 3. TPR diagrams of PtrSiO g : a fresh sample; b sample2
Ž .a reoxidized at 500 8C.

Ždeed be assigned to the reduction of Pt– O–
.4yySi[ species:y

4yy oPt– O–Si[ qyr2H ™Pt qy[Si–OH.Ž . y 2

5Ž .
The oxidation state of Pt ions in this species is

Ž .in 4q because the stoichoimetry N rN ob-H Pt
Ž .served was 3.8 Table 2 .

After the experiment of trace a, the reduced
Ž .PtrSiO g sample was reoxidized at 5008C for2

a second TPR experiment. Trace b of Fig. 3
indicated that the reduction of the reoxidized

Ž .platinum on PtrSiO g was shifted to 1308C.2

Probably, the Pto crystallites reduced in reaction
5 were incorporated in the bulk of SiO support2
w x24 . Therefore, the peak with T s1308C in ther

trace b should be the reduction of Pt oxides
burried in the SiO matrix.2

3.5. Extended X-ray absorption fine structure
( ) ( )EXAFS of PtrSiO g2

After the background subtraction and normal-
ization with respect to the edge jump step in the
raw X-ray absorption spectra, the EXAFS func-

Ž . 3tion x was obtained. Fig. 4 shows the k -
weighted EXAFS function and its Fourier trans-

Ž .form of the PtrSiO g sample. Computer-fitted2

results indicate that in average there are 3.5
nearest oxygen atoms surrounding each Pt atom

Ž . 3 Ž . Ž . Ž .Fig. 4. a k -Weighted EXAFS function at Pt L -edge of PtrSiO g ; b Magnitude of Fourier transform without phase correction .3 2
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˚ w xwith a Pt–O bond length of 2.02 A 14 . Taking
into account the uncertainty in estimating the
coordination number from EXAFS data analysis
of "15%. Pt ions should locate at the center of
a local oxygen tetrahedron, similar to the situa-
tion that the Si center is substituted by Pt in a
SiO unit in gel structure. In view of the fact4

Ž .that the PtrSiO g sample exhibits no peak in2

XRD pattern due to the lack of long-range
order, it becomes difficult to see the contribu-
tion in EXAFS from higher-shell neighbors sur-
rounding the Pt center.

4. Conclusions

Four kinds of TPR peaks were observed in
Fig. 2 and assigned to reductions of the PteO
Ž . o Ž . 4qT ;y508C , the Pt O T s808C , Pt ionsr x r

Ž .in zeolite channels T s2508C , and species ofr
Ž . nyyPt– O–Si[ in the defects of beta zeolitey

Ž .T between 400 and 5508C , respectively. Ther

distribution of platinum in these environments
can be estimated from the area of these peaks in
TPR traces. Besides, a generation of Si–OH
functional groups during the dealumination
treatment and an elimination of these groups
during the Si-insertion treatment was confirmed
by variations in area of a TPR peak with Tr

around 4808C. Accordingly, TPR technique can
be used to characterize effects of dealumination
treatments on zeolite structure.
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