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Abstract

Catalysts of ZSM-5 type were obtained by synthesis with tetrapropyl-ammonium-bromide (TPABr) as a template and subsequent hyd
treatment up to 1173 K.1H-, 27Al-, and 29Si-NMR spectroscopy and the direct oxidation of benzene with N2O as a catalytic test were applie
to characterize the products.27Al MAS NMR and 27Al 3QMAS NMR studies of the samples give evidence that fivefold-coordinated e
framework aluminum species exist if the product is treated at 1173 K and then rehydrated. The values of all characteristic catalytic
are highest when the catalysts are precalcined at 1173 K. This is a clue that species giving rise to fivefold-coordinated aluminum spe
hydrated products are responsible for the high catalytic key data. The nature of these species is not yet clear. Two models for the sp
agreement with our experimental findings.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Dealumination of zeolites enhances the acid strength of
alytic Brønsted sites, reducing the concentration of Brøn
sites and thus the rate of the coking process. In addition, it
ates extra-framework aluminum species, which can act as L
acid sites in combination with the Brønsted sites[1]. The mod-
ification of ZSM-5 zeolite can alter the product distribution
the chemical reaction in, for example, the alkylation of b
zene[2]. The chemical composition and structural aspect
solid acid catalysts can be characterized by inductively cou
plasma atomic emission spectroscopy (AES-ICP), X-ray
fraction (XRD), nitrogen adsorption, temperature-programm
desorption (TPD) of ammonia, and Fourier transformed
frared spectra (FTIR) of adsorbed pyridine.

Magic-angle spinning nuclear magnetic resonance (M
NMR) has been largely applied for the investigation of c
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alytic sites and molecules adsorbed on catalysts[3,4]. 27Al
MAS NMR spectroscopy allows the determination of co
dination and concentration of Al species. The triple-quan
(27Al 3QMAS NMR) technique can be applied to improve t
resolution of the signals[5]. 1H MAS NMR spectroscopy o
dehydrated zeolites in fused glass ampoules gives the con
trations of several OH species. Additional strong irradiation
the 27Al resonance frequency[6] quenches the signal of O
species with dipolar coupling to27Al nuclei [7,8]. Dynamic
properties of the Brønsted sites can be investigated by me
ing the temperature-dependent rate of the hydrogen exch
(exchange spectroscopy [EXSY]) between the sites and
sorbed benzene molecules by means of a1H NOESY NMR
pulse sequence[9]. All of these NMR techniques were als
applied to physicochemical methods for characterizing m
fied zeolites; these modification steps are described in det
present a complete characterization of catalyst preparation
direct oxidation of benzene with N2O in a lab-scale setup with
plug-flow reactor and an on-line chromatographic analysis
the reaction mixture[10] were applied to test the catalysts
nally obtained.
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2. Experimental

2.1. Zeolite synthesis

The synthesis of ZSM-5-type zeolites, which contain
their as-synthesized form TPA+-cations and sodium cation
was carried out in a 2-L stirring autoclave through hydroth
mal crystallization of a reaction mixture with Si/Al-ratios
of 15 and 40 starting from sodium aluminate as the Al2O3
source, colloidal silicic acid as the SiO2 source, and tetrapropy
ammonium-bromide (TPABr) as the template[11]. Two solu-
tions were prepared, one by dissolving NaOH in distilled wa
and then adding sodium aluminate solution and the other b
luting silicic acid (Köstrosol 1030) with distilled water and th
dissolving TPABr in it to give a clear solution. Both solutio
were mixed and stirred at 550 rpm for 2 h, after which the
sulting gel was transferred to the autoclave. Crystallization
carried out at a temperature of 448 K for 16 h. Then the zeo
was removed, was washed with distilled water, and dried in
oven at 383 K for 20 h.

2.2. Modification

Hydrogen forms of the zeolite were obtained by three tr
ments of the two synthesized Na forms,α andβ. We denote the
starting material Na–H-ZSM-5 with a framework Si/Al ratio of
16 byα and those with a Si/Al ratio of 24 byβ. The procedures
are denoted by I, II or III; the obtained products (for both sta
ing materialsα andβ) are denoted by a (as-synthesized), b
d and e (seeTable 1).

Procedure II, consisting of treatment steps 2, 3, and 4,
responds to the well-established treatment procedure for a
synthesized organic template-containing zeolite to prepare
acidic form of the zeolite[12–16]. It is well known[10,17,18]
that catalysts for the hydroxylation of benzene to phenol sh
be pretreated at high temperatures; see step 4 inTable 1. Here
we introduce procedures I and III. In procedure I we added
HCl acid treatment at room temperature before the start o
standard procedure. In procedure III we introduced the
treatment to reduce the alkalinity in the sample before N4
ion exchange, which was carried out without a calcination s
in between. Finally, after the calcination at 823 K (treatm
step 3), we applied calcination at 1173 K (treatment step 4
all procedures. All samples were fully characterized after e
-
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,
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treatment step; samples d and e were applied in the hydro
tion reaction of benzene to phenol with N2O.

In what follows we letαIIe denote a H-ZSM-5 product ob
tained from the starting materialα, which was treated by proce
dure II up to 1173 K, and letβa denote the as-synthesized fo
with a framework Si/Al ratio of 24.

2.3. Preparation of NMR samples

27Al MAS NMR and29Si MAS NMR were generally carrie
out on rehydrated samples that had been kept in a desiccat
48 h over aqueous NH4Cl. For 1H MAS NMR, samples were
dehydrated by heating 6-mm-deep layers of zeolite in g
tubes (5 mm o.d.) at a rate of 10 K h−1 under vacuum. The
samples were maintained at 673 K and<10−2 Pa for 24 h, after
which they were loaded under vacuum at room temperature
sealed off. The adsorption of O2 at 13 kPa decreases theT1 from
the maximum value of 10–0.5 s, so that the MAS NMR sp
tra of the dehydrated samples could be acquired with only a
recycle delay. Benzene-loaded samples contain about 1.3
zene molecules per unit cell. (A unit cell consists of 96 T-ato
and 192 oxygen atoms.)

2.4. ICP, XRD, BET, TPD, and FTIR characterization

Chemical composition of the products was determined by
ductively coupled plasma atomic emission spectroscopy (I
AES) using a Perkin–Elmer Plasma 400 emission spectro
ter. XRD measurements were performed in an angle rang
2θ = 5◦–50◦ using a Phillips X’Pert diffractometer URD 6
with Cu-Kα radiation. The nitrogen adsorption isotherms w
measured at 77 K using a Micromeritics ASAP 2000. BET s
face areas and micropore product volumes were obtained
the adsorption isotherms at a thickness range of 5–7 Å. TP
ammonia (NH3-TPD) was investigated using an Altamira I
struments AMI-100. FTIR spectra of adsorbed pyridine spe
were obtained using a Perkin–Elmer VX 170 spectrometer.

2.5. Catalytic testing

The direct benzene oxidation with N2O as catalytic screen
ing was performed in a lab-scale setup with a plug-flow rea
and an on-line chromatography for the reaction mixture. Ex
iments were carried out at 723 K, a modified residence tim
3 K
Table 1
Modification procedures for the zeolites ZSM-5

Procedure I Procedure II Procedure III

Product a As-synthesized Na+-TPA+-ZSM-5 (α or β)
Step 1 HCl acid treatment HCl acid treatment
Product b H–Na+-TPA+-ZSM-5 H-Na+-TPA+-ZSM-5
Step 2 3 h calcination at 823 K 3 h calcination at 823 K
Product c H–Na+-ZSM-5 Na+-ZSM-5
Step 3 NH4NO3 ion exchange+

2 h calcination at 823 K
NH4NO3 ion exchange+
2 h calcination at 823 K

NH4NO3 ion exchange+
2 h calcination at 823 K

Product d H-ZSM-5 H-ZSM-5 H-ZSM-5
Step 4 2 h calcination at 1173 K 2 h calcination at 1173 K 2 h calcination at 117
Product e H-ZSM-5 H-ZSM-5 H-ZSM-5
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93 g min mol−1 (mcat = 2 g), a N2O/benzene ratio of 1 and
large helium excess. Then 1 g of 0.75- to 1-mm catalyst frac
was placed into the 17.4-mm-i.d. reactor. The experiments w
performed for 3 h time on stream. The first chromatograp
analysis was obtained 15 min after the reaction was started
further measurements were done every 29 min thereafter.
detailed procedure for catalyst testing has been described
viously [10].

2.6. NMR measurements

27Al MAS measurements were performed on a Bruker M
500 spectrometer (external field,B0 = 11.74 T; Larmor fre-
quency,νL = 130 MHz) and an Avance 750 (B0 = 17.25 T;
νL = 195 MHz) with MAS frequencies ofνrot = 10 kHz for the
MSL 500 and 30 kHz for the Avance 750. Nutation frequ
cies were about 100 kHz for the MSL 500 and 185 kHz
the Avance 750. 3QMAS spectra were obtained using Ava
400 and Avance 750 spectrometers with an MAS frequenc
30 kHz. As a reference for the27Al intensity measurements
a well-characterized sample of H-ZSM-5 with a framewo
Si/Al ratio of 17 was used.27Al MAS NMR spectra were fitted
using the dmfit program[19]. 29Si MAS NMR investigations of
the starting materialsα andβ gave Si/Al ratios in accordance
with the values determined by27Al MAS NMR.

1H MAS NMR measurements of the samples in fused g
ampoules were performed using an MSL 500 spectrometer
a MAS frequency of 10 kHz. Pulse lengths for the1H MAAS
NMR Hahn echo experiments weretπ/2 = 4.5 µs undtπ = 9 µs
with a 1-ms delay between the two pulses. Dephasing of27Al
(TRAPDOR) was performed by two 900-µs pulses with a mu
tion frequency of about 100 kHz. A 16-phase cycle was app
in the1H channel. The well-characterized dehydrated samp
H-ZSM-5 with a framework Si/Al ratio of 17 in a fused glas
ampoule was used as a reference for the1H intensity measure
ments.

The one-dimensional1H MAS NMR exchange experimen
were performed by the NOESY pulse sequence dependin
the duration of the mixing periodtm. The frequency offset an
the duration of the evolution period were adjusted to a m
mum signal intensity of the bridging OH groups and to a m
mum signal intensity of the benzene in the signal fortm = 4 µs
and were kept constant for all values oftm. The exchange rate
k = 1/τOH + 1/τbenzene, were obtained from the evaluation
the sum of relaxation matrixes and kinetic matrixes in a pro
dure described by Mildner and Freude[9]. The mean residenc
times of a hydrogen atom in a bridging hydroxyl group an
benzene molecule were denoted byτOH and τbenzene, respec-
tively.

3. Results

3.1. ICP, BET, TPD, FTIR, and XRD characterization

Table 2shows that, as expected, the bulk Si/Al ratio of 38
for productβ was unchanged by the modification. BET surfa
and micropore volume increased significantly from procedu
n
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Table 2
Physico-chemical characterization. The chemical composition determine
ICP yields a sodium concentration less than 0.02 wt% for the products d
and an iron concentration less than 0.01 wt% for all products. The surface
and the micropore volume were obtained by low temperature N2 adsorption.
The amount of acidity was determined by NH3-TPD measurements. FTIR spe
troscopy of pyridine loaded products gives a measure of Brønsted and L
acidity

Product BET
surface
(m2 g−1)

Micropore
volume
(cm3 g−1)

Acidity
10−6

(mol g−1)

Brønsted
acidity
(a.u.)

Lewis
acidity
(a.u.)

βId 341 0.130 269 124 3
βIId 327 0.124 307 143 2
βIIId 379 0.148 212 82 3
βIe 355 0.129 107 42 13
βIIe 351 0.126 102 40 15
βIIIe 382 0.143 109 43 18

to procedure III. The difference between step 3 and step
not significant. NH3-TPD measurements were used to calcu
the total acidity (Brønsted and Lewis) by deconvolution of
NH3-TPD spectra as described previously[20]. Comparing the
FTIR signals at 1546 cm−1 (due to adsorption of pyridine a
Brønsted acid sites) and 1444 cm−1 (due to adsorption of pyri
dine at Lewis acid sites) gives a relative measure of Brøn
and Lewis acidity in arbitrary units (seeTable 2).

According to XRD analysis, all prepared products ha
a typical ZSM-5 diffraction pattern. Other crystalline phas
were not found. As a relative measure of the crystallinity,
use the valueQAl obtained from comparing XRD intensities
the MFI sample under study with those of the reference s
trum of aluminum oxideα-Al2O3 (corundum). The valueQAl

is defined as

QAl = 2× I (MFI,2θ ≈ 23.1◦)
I (corundum,2θ = 35.2◦) + I (corundum,2θ = 43.1◦)

,

whereI denotes the intensity (height of the reflection peak
counts/s) of the main X-ray reflections, MFI denotes the
flection of zeolite MFI under study, and corundum denotes
reflexes of theα-aluminum oxide reference sample, which h
the same volume and is measured under the same conditio
the zeolite sample[21]. A QAl value around 1 corresponds
a fully crystalline product, whereas a value near 0 indicate
amorphous product.Fig. 1 shows the step-by-step crystallini
loss for the three modification procedures.

We note here that the chemical composition determine
ICP yields an iron concentration< 0.01 wt% for all products
The iron concentration< of 100 ppm holds steady in all of th
samples under study. Kubánek et al.[22] claimed that a dehy
drated H-ZSM-5 zeolite with very low iron content (30 pp
Fe) exhibited almost no catalytic activity in benzene-to-phe
hydroxylation. Our study shows that significant variations
the catalytic activity occur for samples with different pretre
ments but identical iron contents. Therefore, we discuss
influence of the iron content, which was clearly demonstra
by Kubánek et al.[22].



J. Kanellopoulos et al. / Journal of Catalysis 237 (2006) 416–425 419

ts

e,

ic

ct
to
ce-

en
en
fo
e

m
cti
e
va

ca
th

s
s cor-
ift.

ed
sist

ad-
um
rk
d
s

lites
s

rk

ant

cen-
alu-

ted
tra-
tra-
Fig. 1. Crystallinity of the zeolites after modification procedures for producβ

(high silicon-to-aluminum ratio).

Table 3
The N2O conversionXN, the benzene conversionXB, the yieldYP of phenol
with respect to benzene, the selectivitySP/B of phenol with respect to benzen
and the selectivitySP/N of phenol with respect to N2O. Values are given in
mol%

Product XN
(%)

YP
(%)

SP/B
(%)

XB
(%)

SP/N
(%)

αId 12.7 6.7 52 12.9 53
αIId 8.3 5.1 62 8.2 61
αIIId 11.8 7.3 63 11.6 62
αIe 9.9 6.3 64 9.8 64
αIIe 12.3 9.9 81 12.2 80
αIIIe 12.2 9.2 90 10.2 75
βId 16.0 10.0 69 14.5 63
βIId 25.3 13.9 67 20.7 55
βIIId 11.5 7.0 75 9.3 61
βIe 30.1 18.1 80 22.6 60
βIIe 30.5 17.7 73 24.2 58
βIIIe 28.2 17.6 76 23.2 62

3.2. Catalytic tests

Direct benzene oxidation with N2O was used as a catalyt
test reaction.Table 3presents the values of the N2O conver-
sion,XN; the benzene conversion,XB; the yield of phenol with
respect to benzene,YP; the selectivity of phenol with respe
to benzene,SP/B; and the selectivity of phenol with respect
N2O, SP/N, for the three different treatment pathways (pro
dures I, II, and III).

Catalytic behavior cannot be explained by simple tend
cies. Comparing two basic product types (zeolites with differ
Si/Al ratios) shows that in general, the performance values
theβ products (higher Si/Al ratios) are higher than those for th
α products (lower Si/Al ratios). In case of theα products (low
Si/Al ratios), the activities (conversions) are nearly the sa
independent of calcination temperature; however, the sele
ity (SP/B) of d products (823 K) is higher for procedure III. Th
comparison of the calcination temperature shows higher
ues for the activities (XN), yields (Y P), and selectivites (SP/B)
at higher treatment temperatures. The values for products
cined at 1173 K (products e) do not depend significantly on
procedure.
-
t
r

e
v-

l-

l-
e

Fig. 2.27Al MAS NMR spectra of the productsαII in dependence on the step
of modification. Asterisks denote spinning side bands. The resonance shift
respond to the sum of isotropic chemical shift and isotropic quadrupole sh

3.3. 27Al and29Si NMR spectroscopy of the rehydrated
samples

27Al MAS NMR spectra of the rehydrated as-synthesiz
zeolites ZSM-5 and the reference product H-ZSM-5 con
of only one signal with an isotropic chemical shift (δCS iso) of
about 56 ppm. The thermal treatment gives rise to three
ditional signals: four-coordinated extra-framework alumin
atoms (δCS iso≈ 65 ppm), fivefold-coordinated extra-framewo
aluminum atoms (δCS iso≈ 38 ppm), and sixfold-coordinate
extra-framework aluminum atom
(δCS iso≈ 10 ppm); seeFig. 2. Fyfe et al.[23] found four addi-
tional signals in the spectra of hydrothermally treated zeo
Y (USY): fourfold-coordinated framework aluminum atom
(δCS iso = 60.7 ppm, Cqcc = 2.4 MHz, η = 0.53), fourfold-
coordinated extra-framework aluminum atoms (δCS iso =
60.4 ppm, Cqcc = 6.27 MHz, η = 0.1), fivefold-coordinated
extra-framework aluminum atoms (δCS iso= 32.2 ppm,Cqcc =
3.85 MHz, η = 0.1), and sixfold-coordinated extra-framewo
aluminum atoms (δCS iso = 3.2 ppm, Cqcc = 3.28 MHz, η =
0.1). HereCqcc andη denote the quadrupole coupling const
and the asymmetry parameter, respectively.

The products pretreated at 1173 K contain the same con
trations of aluminum as the as-synthesized products (4.9
minum atoms per unit cell for productα a), but the aluminum
concentration is distributed in 13 and 17% fourfold-coordina
framework aluminum, 28 and 30% fourfold-coordinated ex
framework aluminum, 28 and 33% fivefold-coordinated ex
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Fig. 3. The silicon-to-aluminum ratio obtained from the fit of the signal of
framework aluminum in the27Al MAS NMR spectra of the rehydrated sampl
under study in comparison to a test sample. The experimental error is±10%.

framework aluminum, and 31 and 20% sixfold-coordina
extra-framework aluminum for productsαIe andβIe, respec-
tively; seeTable 5. Fivefold-coordinated extra-framework al
minum species can be observed only in those rehydr
products calcined at 1173 K. The concentrations of fivefo
coordinated species per unit cell of the rehydrated zeolite
1.6 for productαIe, 1.1 for productαIIe, 0.9 for productαIIIe,
1.2 for productβIe, 0.4 for productβIie, and 0.4 for produc
βIIIe.

Framework Si/Al ratios were obtained from the fit of the sig
nal of the framework aluminum in the27Al MAS NMR spectra
of the rehydrated samples under study in comparison wi
well-characterized test sample with a Si/Al ratio of 17. Results
are presented inFig. 3. The as-synthesized sampleα has a ratio
of 16, which increases to 128 for step 4 and procedure I. Th
synthesized sampleβ has a ratio of 25, which increases to 1
for step 4 and procedure III. A significant difference due to
treatment procedures I, II, and III cannot be observed, bec
the experimental error is±10%.

Fitting the experimentally obtained spectra using the d
fit program [19] requires two types of signals for sixfold
coordinated extra-framework aluminum species, withδCS iso=
7 ppm andδCS iso= 13 ppm instead of one signal atδCS iso≈
10 ppm. The set of NMR data presented inTable 4gives mean
values of the NMR parameters obtained from the fit of
27Al MAS NMR spectra measured in the field of 11.74
(νL = 130 MHz).

The simulation software dmfit[19] includes a Gaussia
broadening of the signals. This fits well with a Gaussian
tribution of the isotropic chemical shift and less exactly w
a distribution of quadrupole parameters. The broadening p
meter applied to the spectra obtained atνL = 130 MHz corre-
sponds to a Gaussian distribution of isotropic chemical sh
with a full width at half maximum (fwhm)	δCS iso in the in-
terval of 8–30 ppm; seeTable 4. The ratio of chemical shif
broadening to second-order quadrupole broadening incre
with increasing square of the external magnetic field. But
d
-
e

a

s-

se

-

-

a-

s

es
e

Table 4
The parametersδCS iso, Cqcc undη of the27Al MAS NMR spectra

Aluminum species δCS iso
(ppm)

	δCS iso
(ppm)

Cqcc
(MHz)

η

Fourfold-coordinated 65±2 8±1 6.6±0.2 0.20± 0.1
extra-framework
Fourfold-coordinated
framework

56±2 20±2 3.4±0.2 0.6± 0.1

Fivefold-coordinated 38±2 30±4 4.8±0.2 0.5± 0.1
extra-framework
Sixfold-coordinated 13±2 8±1 6.8±0.2 0.2± 0.1
extra-framework
Sixfold-coordinated 7±2 15±2 4.0±0.2 0.6± 0.1
extra-framework

Table 5
Relative concentrations of aluminum species for the hydrated products ca
before at 1173 K

Species αIe βIe

Fourfold-coordinated framework aluminum
δCS iso≈ 56 ppm

13% 17%

Fourfold-coordinated extra-framework
aluminumδCS iso≈ 65 ppm

28% 30%

Fivefold-coordinated extra-framework
aluminumδCS iso≈ 38 ppm

28% 33%

Sixfold-coordinated extra-framework
aluminumδCS iso≈ 10 ppm

31% 20%

quadrupole parameters,Cqcc andη, and the chemical shift pa
rameters,δCS iso and	δCS iso, do not depend on the extern
magnetic field.Fig. 4shows the MAS NMR and 3QMAS NMR
spectra of productαIIIe measured atνL = 195 MHz. Fitting
the MAS spectrum by five signals also yields the parame
given inTable 4. This confirms the values presented inTable 4,
which were based on the experiments with a Larmor freque
of νL = 130 MHz. Particularly, the signal in the middle of th
27Al MAS NMR spectra of the rehydrated products treated
1173 K has an isotropic chemical shift of 38 ppm and should
assigned to fivefold-coordinated aluminum species.

29Si MAS NMR spectra of the samples under study (
shown here) exhibit no broadening (but even a narrowing
15%, due to framework dealumination) of the signals on th
mal treatment up to 1173 K. This proves that the thermal tr
ment does not destroy the near-range order of the zeolite.
29Si MAS NMR line shape analysis gives Si/Al ratios of 16
and 25 for the as-synthesized ZSM-5 productsα andβ, respec-
tively.

3.4. 1H MAS NMR spectra of the dehydrated products with
and with27Al dephasing

Fig. 5A shows the usual1H MAS NMR spectra. The spectr
in the middle [Fig. 5B] were measured with27Al irradiation
(TRAPDOR) [6]. Signals of hydrogen nuclei that are dip
lar coupled to aluminum nuclei are quenched in the spe
in Fig. 5B, whereas the difference spectra inFig. 5C consists
only of those signals. Thus the usual spectra A are divided
two parts: B, giving the signals of hydroxyl groups that are
from aluminum nuclei, and C, showing the signals of hydro
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Fig. 5.1H MAS spectra of dehydrated productsα as-synthesized,αId andαIIIe showing the influence of the thermal treatment. The spectra on the top (A) sho
usual1H MAS NMR spectra, the spectra in the middle (B) are measured with27Al irradiation (TRAPDOR) and the spectra on the bottom (C) are difference sp
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groups in the neighborhood of aluminum nuclei (≡SiOHAl≡
and=AlOH species).

The spectra depicted inFig. 5 show signals at 4.2–4.4 pp
due to bridging hydroxyl groups (≡SiOHAl≡); signals at
2.9 ppm due to extra-framework AlOH groups, which hav
weak hydrogen bond to framework oxygen atoms; and sev
signals in the region of 1.5–2.2 ppm due to SiOH groups
framework defects[3,4]. Concentrations of species per unit c
are 1.1± 0.2, 0.0, and 1.2± 0.2 for the species SiOHAl, AlOH
and SiOH, respectively in productα a (as-synthesized produc
3.3±0.6, 1.0±0.2, and 0.7±0.2, respectively, in productαId;
and 0.7± 0.2, 0.8± 0.2, and 1.0± 0.2, respectively, in produc
αIIIe. The dehydration procedure (Section2.3) can be consid
ered mild calcination. Therefore, it is not surprising that a l
concentration (1.1 species per unit cell) of bridging hydro
groups is found in productαa. This concentration increas
after the usual calcination and ammonium exchange and
peated calcination at 823 K (productαId) up to 3.3 species pe
unit cell. The spectrum of this product shows also a signa
AlOH groups for which the concentration is 1.0 species
al

l

e-

f
r

unit cell. For the product calcined at 1173 K (productαIIIe),
the concentration of the AlOH is reduced to 0.8 species per
cell, whereas the concentration of bridging hydroxyl groups
creases more significantly, to 0.7 species per unit cell, and
concentration of defect silanol groups increases to 1.0 per
cell.

3.5. 1H MAS NMR exchange spectroscopy

The1H MAS chemical shift of bridging hydroxyl groups ca
be considered a measure of acid strength[3], but the small shift
range from 4.2± 0.1 ppm to 4.4± 0.1 ppm on framework dea
lumination (seeFig. 5) does not provide significant eviden
of enhanced acid strength. Therefore, we use the tempera
dependent proton exchange rate between bridging hydr
groups and adsorbed molecules of benzene as a dynamic
sure of Brønsted acidity[9]. Dehydrated samples were load
with 1.3 benzene molecules per unit cell and investigated b1H
MAS NMR with a NOESY (nuclear Overhauser effect sp
troscopy) pulse sequence. The strong temperature depen
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Fig. 6. Arrhenius plotk = k0 exp(−EA/RT ) of the hydrogen exchange rat
in the benzene loaded hydrogen forms of zeolites. ZeolitesαIId andαIIe were
treated at 823 and 1173 K, respectively. The values for the zeolite 92 H-Y, w
was calcined under mild conditions below 723 K, were taken from Ref.[9].

(seeFig. 6) shows that the magnetization transfer between
drogen nuclei was caused by chemical exchange and no
spin–spin coupling.

Fig. 6 shows that the rates of the proton transfer betw
bridging hydroxyl groups and benzene molecules in the tem
ature region 300–380 K (temperature of the NMR experim
increase by a factor of ca. 7 after increasing the treatment
perature from 823 to 1173 K. It was not possible to meas
exchange rates for a template-free synthesized and HCl
treated (but noncalcined) zeolite H-ZSM-5, because the
exchange was too fast (even at room temperature) to allow
observation of the time-dependent H/D exchange. Moreo
the exchange rates by chemical exchange were smaller
those by spin diffusion at higher temperatures. Therefore
present data obtained for a zeolite H-Y[9] for comparison.

4. Discussion

4.1. Synthesis and modification

Fig. 1 shows that the acidic treatment (treatment steps 1
procedures I and III that was been added to the standard
cedure (II) does not influence the crystallinity of the produ
indicating that the structure remains intact after this treatm
step. However, a drastically decreased crystallinity is obse
after calcination at 823 K (step 2) for the products c of p
cedures I and II. This is due to the removal of the temp
from the pore system of the products. Interestingly, these va
are similar to values that we obtained for products synthes
in template-free crystallizations in an earlier study[11]. Path-
ways I and II yield products d as catalytically active H form
(after template removal and the ion exchange), for which no
nificant further decrease of the crystallinity value is obser
in step 4. But pathway III yields the product d (after a co
bined ion-exchange and calcination procedure) with a relati
high crystallinity (QAl value of ca. 1.3) for a template-fre
H form of an MFI zeolite. This might be due to the lower
alkalinity of the product during the first calcination step. C
cination at a higher temperature of 1173 K (step 4) lead
h

-
y

n
r-
)
-

e
d-

e
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e
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o-
,
t
d

s
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o

a first destruction of the long-range order with the best re
for procedure III (QAl = 0.99). Procedure II (the product a
ter the standard recipe without an acidic pretreatment) lea
products with the lowest crystallinity (QAl = 0.85). However,
it should be emphasized that even the valueQAl = 0.85 rep-
resents good crystallinity. The values of the BET surface a
and micropore volumes confirm both good crystallinity for
products and a slight decrease after modification; seeTable 2.

The 27Al MAS NMR intensity measurements give Si/Al
ratios of 16 and 25 for the as-synthesized ZSM-5 producα

andβ, respectively, in agreement with the29Si MAS NMR line
shape analysis. The increase in the framework Si/Al ratio is
presented inFig. 3. Calcination at 823 K causes an approxim
50% increase in the Si/Al ratio. A strong framework dealumi
nation and increase of the Si/Al ratio by a factor of about 7 with
respect to the as-synthesized material occurs during calcin
at 1173 K. Sodium ions, which are more thermally stable t
ammonium ions, are removed before step 4, allowing the st
dealumination during step 4.

We have proven that the total amount of aluminum in
products remains constant within the±10% limit of experi-
mental accuracy. This means that the products pretreat
1173 K contain the same concentrations of aluminum as
as-synthesized products (5.65 and 3.69 aluminum atoms
unit cell for productsα andβ, respectively), but the aluminum
concentration is distributed in 13 and 17% fourfold-coordina
framework aluminum, 28 and 30% fourfold-coordinated ex
framework aluminum, 28 and 33% fivefold-coordinated ex
framework aluminum, and 31 and 20% sixfold-coordina
extra-framework aluminum for productsαIe andβIe, respec-
tively. We again mention that this quantitative characteriza
concerns the hydrate zeolites, whereas dehydrated (activ
zeolites are used for catalysis. A remarkable number of Le
acid sites can be observed after calcination at 1173 K, whe
the concentration of Brønsted acid sites decreases signific
during step 4; seeTable 2.

4.2. Catalysis

Treatment procedures I and III involve acidic leaching
fore the samples are stressed by thermal treatment. A p
reduction in sodium content could have taken place be
template removal. This can be the reason for the higher
mal stability, which can be concluded from the higher cr
tallinity (QAl values) of samples d and e after the therm
treatment; seeFig. 1. With decreasing alkaline excess in t
procedure I and III, we found a decreasing N2O conversion
from XN (25.3 (II) to 16.0 (I) and 11.5 (III)) and benzene co
version fromXB (20.7 (II) to 14.5 (I) and 9.3 (III)) for theβ
products after treatment step d. For theβ products, after treat
ment at 1173 K, this difference is very small (e.g., 30.5 (
30.1 (I), and 28.2 (III) forXN). Similar changes in the phe
nol yields can be observed for the treatment at 873 K (13.9
10.0 (I), and 7.0 (III)) and for the treatment at 1173 K (17.7 (
18.1 (I), and 17.6 (III)); seeTable 3. Due to decreasing catalyt
activity for theβ products at 873 K, the selectivitiesSP/B are
improved, from 67 (II) to 69 (I) and 75 (III). This behavior o
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theβ products treated at 873 K correlates with the change
Brønsted acidity; increasing acidity results in an increased
version. After calcination at 1173 K, all products have hig
but similar catalytic activities due to the same level of Brøns
acidity; seeTable 2. This means that on the one hand, diff
ent treatment procedures give similar results, because struc
differences that might be implemented by the different pro
dures are equalized in respect to their catalytic functions by
thermal treatment at 1173 K, but on the other hand, despite
drastically reduced Brønsted acidity, the conversions (XN and
XB) and yields (YP) are significantly increased compared w
the products treated at lower temperatures. This might indi
that the number of active sites is not the most important facto
the performance of benzene hydroxylation. The small incre
in Lewis acidity with increasing temperature of treatment c
not completely explain this increase in catalytic values. A p
sible combination of Lewis and Brønsted sites after treatm
may be the source of the improved performance.

Unfortunately, we cannot yet explain the exceptionally h
selectivity values (SP/B) of about 80 for productαIIe and 90
for productαIIIe. We can, however, note that the concentratio
for the fivefold-coordinated species with 1.1 and 0.9 species
unit cell are nearly at the same level (see Section4.3).

Based on the foregoing findings, some general trends ca
derived:

1. The highest values of the characteristic catalytic key d
(X, Y ) are obtained for the products treated at 1173 K,
dependent of the treatment stage (product d or e) and tα

or β product (procedure I, II, or III).
2. Comparing products with the different Si/Al ratios: the

products with the lower Al content are more active (i.
higher conversions and yields) for benzene hydroxyla
to phenol.

Interestingly, in the preparation of an effective catalyst
the described test reaction, for the products with lower Si/Al
ratios, procedure III is more effective, whereas for the pr
ucts with higher Si/Al ratios, procedure I seems preferab
Note that selectivities (SP/B) equal or higher than 80% are a
sociated with a concentration of about one fivefold-coordina
aluminum atom per unit cell (see Section4.3).

From the foregoing observations, we must conclude tha
scribing the catalyst preparation procedure in a precise ma
is very important. On the other hand, choosing a special tr
ment procedure allows for the adjustment and design of sp
catalyst properties even when a single-parent zeolite is u
Furthermore, starting with different zeolites, the same pro
dure leads to products with different catalytic properties.
nally, one must assume that the catalytically active center
or in the zeolite are complex arrangements involving differe
structured species.

4.3. Nature of active sites

The 27Al MAS NMR intensity measurements of the sam
ples under study gave two remarkable results. The first res
n
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that, as expected, the framework Si/Al ratio strongly increased
on thermal treatment (seeFigs. 4 and 5), whereas sixfold-
and fourfold-coordinated extra-framework aluminum spec
are created. The second result is that fivefold-coordinated e
framework aluminum species can be found in the rehydr
samples of product e (calcined at 1173 K). The concentrat
of fivefold-coordinated species per unit cell were 1.6 for pr
uct αIe, 1.1 for productαIIe, 0.9 for productαIIIe, 1.2 for
productβIe, 0.4 for productβIIe, and 0.4 for productβIIIe.

Deng et al.[24] could not find fivefold-coordinated alu
minum species in rehydrated zeolites at treatment tempera
up to 973 K. In the27Al MAS NMR spectra of our products
which were treated at 823 K, the signal of fivefold-coordina
species is missing as well. The increased yield,Y , and selectiv-
ity, S, of phenol with respect to benzene after sample treatm
at 1173 K (seeTable 3) focuses our attention on the fivefol
coordinated aluminum species. Note that the27Al NMR spec-
trum of a dehydratedzeolite H-ZSM-5 is very broad, with
spectrum width of about 800 ppm atνL = 130 MHz [25] as
opposed to a spectrum width of about 80 ppm for hydrated s
ples. Therefore, signals with different chemical shifts can
be resolved in the spectra of dehydrated zeolites. But all c
lysts are dehydrated after the activation procedure in a cata
process. The crucial point of the present discussion is tha
very symmetrical extra-framework species (which give rise
the resolved signals in the NMR spectra) exist only in thehy-
dratedzeolite, probably in water coordination. But their natu
can be changed or their symmetry disturbed in thedehydrated
form of the zeolite.

The nature of extra-framework aluminum species rem
speculative and controversial. Threefold-coordinated alumin
atoms (Lewis sites) in the zeolitic framework have been
cussed in many publications since the corresponding
posal of Uytterhoeven et al.[26], but they can hardly build
a highly symmetric fivefold-coordinated complex with wa
molecules. Therefore, it seems certain that this complex i
extra-framework compound or is connected to a defect of
framework.

Consider three of the proposed species. The arrange
≡SiOAlOH represents a hydroxyl group on a framework de
in the dehydrated zeolite. This non-framework site is still c
nected to the framework via the SiOAl bridge. On hydration,
attachment of three water oxygen atoms to the aluminum a
creates a fivefold-coordinated aluminum species. Another
ample is an Al2O3 compound in the calcined and dehydrated
olite that has no connection to the framework. On rehydrat
it can be transformed to Al(OH)3 molecules, and the further a
tachment of two water molecules gives a fivefold-coordina
extra-framework aluminum species. A charged species is
cation Al(OH)2

+ in the dehydrated zeolite, which can be tra
formed into a fivefold-coordinated cation by the attachmen
three water molecules on hydration. The latter requires a ch
compensation by framework aluminum atoms that are not
of a Brønsted site≡SiOHAl≡. But fewer than one framewor
aluminum atom exists in the unit cell of the ZSM-5 zeolite
Si/Al > 95. The concentration of framework aluminum ato
can be calculated from the Si/Al ratios given in Fig. 3; for
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example, 0.82 ± 0.1 aluminum atoms per unit cell exist at
Si/Al ratio of 114 in productαIIIe. The values obtained thusl
are comparable with the concentrations of Brønsted sites d
mined by1H MAS NMR, for eample, 0.7± 0.2 per unit cell in
productαIIIe. Therefore, charged extra-framework aluminu
species can be excluded as a source of the fivefold-coordin
species, which have a concentration of 0.9 per unit cell for p
uct αIIIe. Small Al2O3 compounds cannot be excluded as
source of fivefold-coordinated species on rehydration, but
our numbers it seems more likely that≡SiOAlOH species play
this role, because the concentration of 0.8 ± 0.2 AlOH groups
for the dehydrated productαIIIe agrees well with the concentra
tion of 0.9 fivefold-coordinated species of the hydrated sam

Such an explanation implies a different nature of AlO
groups in products d and e, however. Only the latter cr
fivefold-coordinated species on rehydration. The concentra
of AlOH groups found in the1H MAS NMR spectra is only
slightly higher at a treatment temperature of 823 K than
1173 K. But if we consider the AlOH species in products
(1.0±0.2 in productαId) as charged cations, AlOH2+, then the
concentration of framework aluminum atoms (4.8±0.4 per unit
cell in productαId) minus the concentration of Brønsted si
(3.3 ± 0.6 in productαId) is not far from twice the concentra
tion of AlOH2+ cations. A possible explanation for this findin
is that step 3 results in AlOH groups as AlOH2+ cations with
hydrogen atoms pointing to framework oxygen atoms, whe
step 4 creates hydroxyl groups in the form of≡SiOAlOH that
create fivefold-coordinated aluminum species on rehydratio

The concept of dissociated aluminum sites in the ZSM
framework was introduced by Haag et al.[27]. They proposed
that one member of a paired Al region is modified dur
steaming, possibly partially hydrolyzed, and acts as a st
electron-withdrawing center for the remaining tetrahedral
thus creating a stronger Brønsted site[27]. This was discusse
in the context of enhanced catalytic activity after mild stea
ing, but fivefold-coordinated aluminum species cannot fo
after mild steaming, performed at about 800 K and under w
additional water pressure[27]. At 1173 K, the self-steamin
water pressure is very low, defects in the framework c
not heal, and extra-framework aluminum species hardly c
dense. Therefore, we should not exclude the discussio
hydrated fivefold-coordinated aluminum species arising fr
small Al2O3 species in the dehydrated zeolite. The smal
Al2O3 compound is an Al2O3 molecule, which under rehy
dration gives two Al(OH)3 species with two attached wat
molecules for each. The Al2O3 molecules exist in the dehy
drated sample of two threefold-coordinated aluminum ato
with Lewis acid properties. They could also be considere
source of a special catalyst property.

The cooperative effect of all of these different species
catalysis is very complex and not yet clear. The contributi
of other species not mentioned above cannot be excluded.

The framework dealumination causes only a small chang
the chemical shift of the bridging hydroxyl groups of<0.2 ppm,
but it has a strong influence on the proton transfer, which
be considered a dynamic measure of Brønsted acidity[28]. Ap-
parent activation energies were obtained from a linear fi
r-
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the Arrhenius plot of the temperature-dependent hydrogen
change rates between bridging hydroxyl groups and adso
benzene molecules (1.3 benzene molecules per unit cell), w
are ca. 55 and 50 kJ mol−1 for productsα1d andα1e, respec-
tively, significantly less than the apparent activation energ
93 kJ mol−1 for slightly dealuminated zeolite H-Y[9]. It is re-
markable that the Arrhenius plot of the samples in this study
the samples studied in earlier work[9] yield a pre-exponentia
factor of 3× 109 s−1, nearly equal to the rotational consta
of 2.8 × 109 s−1 for the benzene rotation (about theC6 axis)
[29], whereas the stretching vibration of the bridging hydro
groups is about 1014 Hz. This provides a clue that the rotatio
of the molecule may play a role in proton transfer. But the m
messages fromFig. 6 are that at about 380 K, the hydrog
exchange rate of our products d end e is more than six or
of magnitude higher than those obtained for a slightly de
minated zeolite H-Y and, comparing productsαIId and αIIe,
step 4 increases the hydrogen exchange rate by more tha
order of magnitude. The latter fact seems to be tempera
independent in the observed range 300–380 K. The decre
activation temperature and increased hydrogen exchange
by step 4 of the catalyst treatment procedure is remarka
Hydrogen exchange needs Brønsted sites. The main spe
scopic result of this study is the demonstrated change in
aluminum sites after strong calcination. Therefore, an expl
tion by combined actions of Brønsted and Lewis sites for
catalytic reaction seems plausible, but is not yet supporte
an exact model of the nature of such sites.

5. Conclusion

29Si MAS NMR spectra of the samples under study show
broadening (with even a 15% narrowing due to framework d
lumination) of the signals on thermal treatment up to 1173
This proves that the thermal treatment does not destroy the
range order of the zeolite.

27Al MAS NMR and27Al 3QMAS NMR studies of the sam
ples give evidence that fivefold-coordinated aluminum spe
exist if the product is treated at 1173 K and then rehydra
The nature of this species is not yet clear. Two models
in agreement with our experimental findings. The arrangem
≡SiOAlOH represents a hydroxyl group on a framework de
in the dehydrated zeolite. This nonframework site is still c
nected to the framework via the SiOAl bridge. On hydrati
the attachment of three water oxygen atoms to the alumi
atom creates a fivefold-coordinated aluminum species. Ano
model is an Al2O3 molecule in the calcined and dehydrated z
lite, which has no connection to the framework. On rehydrat
it can be transformed to Al(OH)3 molecules, and the further a
tachment of two water molecules gives a fivefold-coordina
extra-framework aluminum species.

Apparent activation energies of the hydrogen-exchange
in benzene-loaded samples are ca. 55 and 50 kJ mol−1 for prod-
ucts pretreated at 823 K and 1173, respectively. Step 4 incre
the hydrogen exchange rate by more than one order of ma
tude. The main spectroscopic finding in this study is the cha
of the aluminum sites after strong calcination. An explana
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for the catalytic reaction involving combined actions of Brø
sted and Lewis sites seems plausible, but is not yet supp
by an exact model of the nature of such sites.

Interestingly, the differences with respect to the treatm
procedures are more obvious at a calcination temperatu
873 K. For the N2O conversions (XN) and yields (YP), this ef-
fect can be correlated with differences in Brønsted acidity. A
calcination at 1173 K, all products have nearly the same
alytic activity (conversion and yield), which correlates with t
same level of Brønsted acidity after treatment. However,
values of all characteristic catalytic key data (XN andYP) are
highest when the catalysts are precalcined at 1173 K, inde
dently from procedure I, II, or III.

In the catalytic reaction, the products prepared accordin
procedure III have the highest selectivities of phenol with
spect to benzene: 63–52% and 62% for productαXd, 90–64%
and 81% for productαXe, and 75–69% and 67% for produ
βXd.
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