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Abstract

Catalysts of ZSM-5 type were obtained by synthesis with tetrapropyl-ammonium-bromide (TPABr) as a template and subsequent hydrotherme
treatment up to 1173 KH-, 27Al-, and 29Si-NMR spectroscopy and the direct oxidation of benzene wii lds a catalytic test were applied
to characterize the product®’Al MAS NMR and 2/Al 3QMAS NMR studies of the samples give evidence that fivefold-coordinated extra-
framework aluminum species exist if the product is treated at 1173 K and then rehydrated. The values of all characteristic catalytic key datz
are highest when the catalysts are precalcined at 1173 K. This is a clue that species giving rise to fivefold-coordinated aluminum species in th
hydrated products are responsible for the high catalytic key data. The nature of these species is not yet clear. Two models for the species are
agreement with our experimental findings.
0 2005 Elsevier Inc. All rights reserved.
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1. Introduction alytic sites and molecules adsorbed on cataly3t4]. 27Al
MAS NMR spectroscopy allows the determination of coor-
Dealumination of zeolites enhances the acid strength of caglination and concentration of Al species. The triple-quantum
alytic Brensted sites, reducing the concentration of Bransteff’Al 3QMAS NMR) technique can be applied to improve the
sites and thus the rate of the coking process. In addition, it creesolution of the signalfs]. *H MAS NMR spectroscopy of
ates extra-framework aluminum species, which can act as Lewiehydrated zeolites in fused glass ampoules gives the concen-
acid sites in combination with the Brgnsted sittls The mod-  trations of several OH species. Additional strong irradiation of
ification of ZSM-5 zeolite can alter the product distribution of the 2’Al resonance frequenci6] quenches the signal of OH
the chemical reaction in, for example, the alkylation of ben-species with dipolar coupling t6’Al nuclei [7,8]. Dynamic
zene[2]. The chemical composition and structural aspects oproperties of the Brgnsted sites can be investigated by measur-
solid acid catalysts can be characterized by inductively couplethg the temperature-dependent rate of the hydrogen exchange
plasma atomic emission spectroscopy (AES-ICP), X-ray dif{exchange spectroscopy [EXSY]) between the sites and ad-
fraction (XRD), nitrogen adsorption, temperature-programmedorbed benzene molecules by means dHaNOESY NMR
desorption (TPD) of ammonia, and Fourier transformed inpulse sequencf9]. All of these NMR techniques were also
frared spectra (FTIR) of adsorbed pyridine. applied to physicochemical methods for characterizing modi-
Magic-angle spinning nuclear magnetic resonance (MASied zeolites; these modification steps are described in detail to
NMR) has been largely applied for the investigation of cat-present a complete characterization of catalyst preparation. The
direct oxidation of benzene withJ® in a lab-scale setup with a
mponding author. plug-flow reactor and an on-line chromatographic analysis for
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2. Experimental treatment step; samples d and e were applied in the hydroxyla-
tion reaction of benzene to phenol with Q.
2.1. Zeolite synthesis In what follows we letxlle denote a H-ZSM-5 product ob-

tained from the starting material which was treated by proce-
The synthesis of ZSM-5-type zeolites, which contain indure Il up to 1173 K, and leta denote the as-synthesized form

their as-synthesized form TPAcations and sodium cations, with a framework SiAl ratio of 24.
was carried out in a 2-L stirring autoclave through hydrother-
mal crystallization of a reaction mixture with Bil-ratios  2.3. Preparation of NMR samples
of 15 and 40 starting from sodium aluminate as theGhl|
source, colloidal silicic acid as the Si®ource, and tetrapropyl-  2’Al MAS NMR and2°Si MAS NMR were generally carried
ammonium-bromide (TPABr) as the templdfel]. Two solu-  out on rehydrated samples that had been kept in a desiccator for
tions were prepared, one by dissolving NaOH in distilled wate#8 h over aqueous NA€I. For 'H MAS NMR, samples were
and then adding sodium aluminate solution and the other by didehydrated by heating 6-mm-deep layers of zeolite in glass
luting silicic acid (Késtrosol 1030) with distilled water and then tubes (5 mm o0.d.) at a rate of 10 Khunder vacuum. The
dissolving TPABr in it to give a clear solution. Both solutions samples were maintained at 673 K aati0—2 Pa for 24 h, after
were mixed and stirred at 550 rpm for 2 h, after which the re-which they were loaded under vacuum at room temperature and
sulting gel was transferred to the autoclave. Crystallization wasealed off. The adsorption of@t 13 kPa decreases thigfrom
carried out at a temperature of 448 K for 16 h. Then the zeolit¢the maximum value of 10-0.5 s, so that the MAS NMR spec-
was removed, was washed with distilled water, and dried in aitra of the dehydrated samples could be acquired with only a 1-s

oven at 383 K for 20 h. recycle delay. Benzene-loaded samples contain about 1.3 ben-
zene molecules per unit cell. (A unit cell consists of 96 T-atoms
2.2. Modification and 192 oxygen atoms.)

Hydrogen forms of the zeolite were obtained by three treat2.4. ICP, XRD, BET, TPD, and FTIR characterization
ments of the two synthesized Na formsand3. We denote the
starting material Na—H-ZSM-5 with a framework/8i ratio of Chemical composition of the products was determined by in-
16 byw and those with a 3Al ratio of 24 by 8. The procedures ductively coupled plasma atomic emission spectroscopy (ICP-
are denoted by I, Il or IlI; the obtained products (for both start-AES) using a Perkin—Elmer Plasma 400 emission spectrome-
ing materialsx and 8) are denoted by a (as-synthesized), b, cter. XRD measurements were performed in an angle range of
d and e (sedable 1. 20 = 5°-5( using a Phillips X'Pert diffractometer URD 63

Procedure I, consisting of treatment steps 2, 3, and 4, comwith Cu-K, radiation. The nitrogen adsorption isotherms were
responds to the well-established treatment procedure for an asteasured at 77 K using a Micromeritics ASAP 2000. BET sur-
synthesized organic template-containing zeolite to prepare thface areas and micropore product volumes were obtained from
acidic form of the zeolit§12-16] It is well known[10,17,18]  the adsorption isotherms at a thickness range of 5-7 A. TPD of
that catalysts for the hydroxylation of benzene to phenol shouldmmonia (NH-TPD) was investigated using an Altamira In-
be pretreated at high temperatures; see stepTélae 1 Here  struments AMI-100. FTIR spectra of adsorbed pyridine species
we introduce procedures | and Ill. In procedure | we added amvere obtained using a Perkin—Elmer VX 170 spectrometer.
HCI acid treatment at room temperature before the start of the
standard procedure. In procedure Il we introduced the HCR.5. Catalytic testing
treatment to reduce the alkalinity in the sample beforesNH
ion exchange, which was carried out without a calcination step The direct benzene oxidation with,® as catalytic screen-
in between. Finally, after the calcination at 823 K (treatmenting was performed in a lab-scale setup with a plug-flow reactor
step 3), we applied calcination at 1173 K (treatment step 4) imnd an on-line chromatography for the reaction mixture. Exper-
all procedures. All samples were fully characterized after eaciments were carried out at 723 K, a modified residence time of

Table 1
Modification procedures for the zeolites ZSM-5
Procedure | Procedure Il Procedure Ill
Product a As-synthesized NaTPAT-ZSM-5 (x or )
Step 1 HCI acid treatment HCI acid treatment
Product b H-N&-TPAT-ZSM-5 H-Nat-TPAT-ZSM-5
Step 2 3 h calcination at 823 K 3 h calcination at 823 K
Product ¢ H-Na-ZSM-5 Na"-ZSM-5
Step 3 NHNO3 ion exchanger NH4NO3 ion exchanget NH4NO3 ion exchanger
2 h calcination at 823 K 2 h calcination at 823 K 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 1173 K

Product e H-ZSM-5 H-ZSM-5 H-ZSM-5
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93 gminmot ! (mcat= 2 g), a NO/benzene ratio of 1 and a Table 2

large helium excess. Then 1 g of 0.75- to 1-mm catalyst fractiofPhysico-chemical characterization. The chemical composition determined by

was placed into the 17.4-mm-i.d. reactor. The experiments WerlétP ylel_ds a sodium cqncentratlon less than 0.02 wt% for the products d and e
. . . and an iron concentration less than 0.01 wt% for all products. The surface area

performed for 3 h_ time on _Stream' The f”‘SF Chrom"ﬂc}graphK:‘:md the micropore volume were obtained by low temperatyradorption.

analysis was obtained 15 min after the reaction was started, aRle amount of acidity was determined by MAIPD measurements. FTIR spec-

further measurements were done every 29 min thereafter. Th@scopy of pyridine loaded products gives a measure of Bransted and Lewis

detailed procedure for catalyst testing has been described presidity

viously[10]. Product  BET Micropore  Acidity Brensted  Lewis

surface volume 106 acidity acidity

2.6. NMR measurements Mg (emPg) (molghH (au) (@u)
gld 341 Q130 269 124 3
2TAl MAS measurements were performed on a Bruker MSLg::?d ;’% 81421; 2(1); 1;‘2 ;
500 spectrometer (external fiel#g = 11.74 T; Larmor fre- Bl 355 0129 107 42 13
quency,v. = 130 MHZ) and an Avance 75096 =1725T; Blle 351 Q126 102 40 15
v = 195 MHz) with MAS frequencies aof;ot = 10 kHz for the  glile 382 0143 109 43 18

MSL 500 and 30 kHz for the Avance 750. Nutation frequen-
cies were about 100 kHz for the MSL 500 and 185 kHz for . .
. : to procedure lll. The difference between step 3 and step 4 is
the Avance 750. 3QMAS spectra were obtained using Avance = =~~~
ot significant. NH-TPD measurements were used to calculate

400 and Avance 750 spectrometers with an MAS frequency of . . :
30 kHz. As a reference for th&Al intensity measurements, the total acidity (Brgnsted and Lewis) by deconvolution of the

a well-characterized sample of H-ZSM-5 with a framework NH3-TPD spectra as described previoug9]. Comparing the
Si/Al ratio of 17 was usec®’Al MAS NMR spectra were fitted  1!R Signals at 1546 cmt (due to adsorption of pyridine at
using the dmfit prograrfL9]. 29Si MAS NMR investigations of B_rransted ac_ld S|t_es) _and 1444 Ci‘T(due_to adsorption of pyri-
the starting materials and 8 gave SjAl ratios in accordance din€ at Lewis acid sites) gives a relative measure of Brgnsted
with the values determined BYAl MAS NMR. and Lewis acidity in arbitrary units (sdable 2.

1H MAS NMR measurements of the samples in fused glass According to XRD analysis, all prepared products have
ampoules were performed using an MSL 500 spectrometer with typical ZSM-5 diffraction pattern. Other crystalline phases
a MAS frequency of 10 kHz. Pulse lengths for theé MAAS were not found. As a relative measure of the crystallinity, we
NMR Hahn echo experiments wetg, = 4.5 s und; =9 s~ use the valug a| obtained from comparing XRD intensities of
with a 1-ms delay between the two pulses. Dephasirg/af  the MFI sample under study with those of the reference spec-
(TRAPDOR) was performed by two 900-us pulses with a mutatrum of aluminum oxidex-Al03 (corundum). The valu@a
tion frequency of about 100 kHz. A 16-phase cycle was applieds defined as
in thelH channel. The well-characterized dehydrated sample of
H-ZSM-5 with a framework SfAl ratio of 17 in a fused glass 2 x 1(MFI, 20 ~ 23.1°)
%rzﬁi)sule was used as a reference forltHentensity measure-  Qal = T (Corundum20 = 35.2°) + I (corundum2 — 43.1°)°

The one-dimensiondH MAS NMR exchange experimepts where/l denotes the intensity (height of the reflection peaks in
were performed by the NOESY pulse sequence depending 0cQ)unts/s) of the main X-ray reflections, MFI denotes the re-

the durat|_on of the mlxmg_perlox;lq. The frequgncy offset and .flection of zeolite MFI under study, and corundum denotes the
the duration of the evolution period were adjusted to a maxi- . . .
. reflexes of thex-aluminum oxide reference sample, which has

mum signal intensity of the bridging OH groups and to a mini- . .
. . : . . the same volume and is measured under the same conditions as
mum signal intensity of the benzene in the signalifpe= 4 s the zeolit mMolE21]. A val round 1 corr nds t
and were kept constant for all valuestgf The exchange rates, € zeollte samp £21]. A Qai value arou corresponas to
a fully crystalline product, whereas a value near 0 indicates an

k = 1/t0H + 1/Tvenzene Were obtained from the evaluation of h ducEi h h b lini
the sum of relaxation matrixes and kinetic matrixes in a proce&MorpNous pro UcElg. 1 shows the step-by-step crystallinity

dure described by Mildner and Freug#. The mean residence 0SS for the three modification procedures. _
times of a hydrogen atom in a bridging hydroxyl group and a We note here that the chemical composition determined by
benzene molecule were denoted 4y and twenzene respec-  |CP Yields an iron concentration 0.01 wt% for all products.

tively. The iron concentratior: of 100 ppm holds steady in all of the
samples under study. Kubanek et[@R] claimed that a dehy-

3. Results drated H-ZSM-5 zeolite with very low iron content (30 ppm
Fe) exhibited almost no catalytic activity in benzene-to-phenol

3.1. ICP, BET, TPD, FTIR, and XRD characterization hydroxylation. Our study shows that significant variations in

the catalytic activity occur for samples with different pretreat-
Table 2shows that, as expected, the bulkAiratio of 38 ments but identical iron contents. Therefore, we discuss the
for productp was unchanged by the modification. BET surfaceinfluence of the iron content, which was clearly demonstrated
and micropore volume increased significantly from procedure Iby Kubanek et al[22].
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Fig. 1. Crystallinity of the zeolites after modification procedures for prodgicts
(high silicon-to-aluminum ratio).
Na*-ZSM-5

product allb
Table 3

The N,O conversionXy, the benzene conversiatig, the yieldYp of phenol
with respect to benzene, the selectiviy/g of phenol with respect to benzene,
and the selectivitySp/n of phenol with respect to pD. Values are given in as-synthesized
mol% Na*-TPA*-ZSM-5
Product XN Yp Sp/B XB Sp/N product o a

calcination step 2
3hat823K P

(%) (%) (%) (%) (%) "
ald 127 67 52 129 53 100 80 60 40 20 O -20
alld 8.3 51 62 82 61 5/ ppm
allld 11.8 73 63 116 62
ale 9.9 6.3 64 98 64 Fig. 2.27Al MAS NMR spectra of the productsll in dependence on the steps
alle 123 9.9 81 122 80 of modification. Asterisks denote spinning side bands. The resonance shifts cor-
allle 12.2 9.2 90 102 75 respond to the sum of isotropic chemical shift and isotropic quadrupole shift.
Bld 16.0 100 69 145 63
plid 253 139 67 207 55 27 20c:
Biild 115 70 75 a3 61 3.3. <Al and<”Si NMR spectroscopy of the rehydrated
Ble 301 181 80 226 60 samples
Blle 305 177 73 242 58
plile 282 176 76 232 62 27Al MAS NMR spectra of the rehydrated as-synthesized

zeolites ZSM-5 and the reference product H-ZSM-5 consist
of only one signal with an isotropic chemical shifg iso) of
about 56 ppm. The thermal treatment gives rise to three ad-
ditional signals: four-coordinated extra-framework aluminum
Direct benzene oxidation with /D was used as a catalytic atoms §cs iso” 65 ppm), fivefold-coordinated extra-framework
test reactionTable 3presents the values of the;® conver-  aluminum atoms §cs iso~ 38 ppm), and sixfold-coordinated
sion, X; the benzene conversiolg; the yield of phenol with  extra-framework aluminum atoms
respect to benzené&p; the selectivity of phenol with respect (§csisor 10 ppm); sedrig. 2 Fyfe et al[23] found four addi-
to benzenegSp/g; and the selectivity of phenol with respect to tional signals in the spectra of hydrothermally treated zeolites
N2O, Sp/n, for the three different treatment pathways (proce-Y (USY): fourfold-coordinated framework aluminum atoms
dures I, I, and IlI). (8csiso = 60.7 ppm, Cqcc = 2.4 MHz, 1 = 0.53), fourfold-
Catalytic behavior cannot be explained by simple tendeneoordinated extra-framework aluminum atomscdiso =
cies. Comparing two basic product types (zeolites with differen60.4 ppm, Cqcc = 6.27 MHz, n = 0.1), fivefold-coordinated
Si/Al ratios) shows that in general, the performance values foextra-framework aluminum atoméds iso= 32.2 ppm, Cgcc =
the g products (higher SiAl ratios) are higher than those for the 3.85 MHz, n = 0.1), and sixfold-coordinated extra-framework
a products (lower $iAl ratios). In case of the products (low  aluminum atoms &cs iso= 3.2 ppm, Cqcc = 3.28 MHz, n =
Si/Al ratios), the activities (conversions) are nearly the samed.1). HereCqcc andn denote the quadrupole coupling constant
independent of calcination temperature; however, the selectiand the asymmetry parameter, respectively.
ity (Sp/g) of d products (823 K) is higher for procedure lll. The  The products pretreated at 1173 K contain the same concen-
comparison of the calcination temperature shows higher vakrations of aluminum as the as-synthesized products (4.9 alu-
ues for the activitiesXn), yields (p), and selectivitesSp,g) minum atoms per unit cell for produat a), but the aluminum
at higher treatment temperatures. The values for products catoncentration is distributed in 13 and 17% fourfold-coordinated
cined at 1173 K (products e) do not depend significantly on théramework aluminum, 28 and 30% fourfold-coordinated extra-
procedure. framework aluminum, 28 and 33% fivefold-coordinated extra-

3.2. Catalytic tests
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1807 * Table 4
gg The parameterécs iso Cqcc undn of the2’Al MAS NMR spectra
1507 Aluminum species 8csiso AScs iso Cqce n
1401w ol (ppm) (ppm) (MH2)
E’g : ZIIIII Fourfold-coordinated 6% 2 8+1 6.6+0.2 0.20+0.1
o 1101 extra-framework
T 100] e Bl Fourfold-coordinated 5642 20+2 34+02 06+0.1
< 907 + Bl framework
» 807 x Bl Fivefold-coordinated 382 30+4 48+4+0.2 05+0.1
707 extra-framework
607] Sixfold-coordinated 132 8+1 6.8+0.2 02+0.1
507 extra-framework
4OE e Sixfold-coordinated 2 1542 40+0.2 06+0.1
803 k. extra-framework
207 P [ Ralblniel
107
0 T T T T T
a b c d e Table 5
product Relative concentrations of aluminum species for the hydrated products calcined

. - ) . . ) ) before at 1173 K
Fig. 3. The silicon-to-aluminum ratio obtained from the fit of the signal of the

framework aluminum in thd” Al MAS NMR spectra of the rehydrated samples SPecies ale Ble
under study in comparison to a test sample. The experimental eetdi0%b. Fourfold-coordinated framework aluminum 13% 17%
dcs iso™ 56 ppm
. . . - i - 0, 0,
framework aluminum, and 31 and 20% sixfold-coordinated’°rld-coordinated extra-framework 28% 30%

. aluminumdcs jso~ 65 ppm
extra-framework aluminum for productde andgle, respec- i efold-coordinated extra-framework 28% 330%

tively; seeTable 5 Fivefold-coordinated extra-framework alu- ajuminumscs iso™ 38 ppm

minum species can be observed only in those rehydrategixfold-coordinated extra-framework 31% 20%
products calcined at 1173 K. The concentrations of fivefold-2uminumscs iso* 10 ppm

coordinated species per unit cell of the rehydrated zeolite are

1.6 for productxle, 1.1 for productxllg 0.9 for productxllle, quadrupole parameter€gcc andn, and the chemical shift pa-
1.2 for productgle, 0.4 for productglie, and 0.4 for product rametersscs iso and Adcs iso do not depend on the external
pllle. ) ) i . magnetic fieldFig. 4shows the MAS NMR and 3QMAS NMR
Framework SiAl ratios were qbtamed from the fit of the sig- spectra of produckllle measured ab, = 195 MHz. Fitting
nal of the framework aluminum in tHE€AI MAS NMR spectra  {he MAS spectrum by five signals also yields the parameters
of the rehydrated samples under study in comparison with iven inTable 4 This confirms the values presentedrable 4
Well-characteri_ze_d test sample with a/_SI ratio of 17. Resulj[s which were based on the experiments with a Larmor frequency
are presented iRig. 3. The as-synthesized sampléhas aratio  of , — 130 MHz. Particularly, the signal in the middle of the
of 16, which increases to 128 for step 4 and procedure I. The ag7a| MAS NMR spectra of the rehydrated products treated at
synthesized sample has a ratio of 25, which increases t0 179 1173 K has an isotropic chemical shift of 38 ppm and should be
for step 4 and procedure lll. A significant difference due to th%ssigned to fivefold-coordinated aluminum species.
treatment procedures |, Il, and Ill cannot be observed, because 29gj MAS NMR spectra of the samples under study (not
the experimental error is10%. shown here) exhibit no broadening (but even a narrowing by
Fitting the experimentally obtained spectra using the dm-504 due to framework dealumination) of the signals on ther-
fit program [19] requires two types of signals for sixfold- mg| treatment up to 1173 K. This proves that the thermal treat-
coordinated extra-framework aluminum species, Wgbiso=  ment does not destroy the near-range order of the zeolite. The
7 ppm andics iso= 13 ppm instead of one signal &ts iso™  295j MAS NMR line shape analysis gives /@il ratios of 16

10 ppm. The set of NMR data presentediable 4gives mean  and 25 for the as-synthesized ZSM-5 productndp, respec-
values of the NMR parameters obtained from the fit of a”tively.

2TAl MAS NMR spectra measured in the field of 11.74 T

(vL =130 MHz). 3.4. 'H MAS NMR spectra of the dehydrated products without
The simulation software dmfif19] includes a Gaussian and with?’Al dephasing

broadening of the signals. This fits well with a Gaussian dis-

tribution of the isotropic chemical shift and less exactly with  Fig. 5A shows the usudiH MAS NMR spectra. The spectra

a distribution of quadrupole parameters. The broadening paraa the middle Fig. 58] were measured witR’Al irradiation

meter applied to the spectra obtainedjat= 130 MHz corre- (TRAPDOR) [6]. Signals of hydrogen nuclei that are dipo-

sponds to a Gaussian distribution of isotropic chemical shiftsar coupled to aluminum nuclei are quenched in the spectra

with a full width at half maximum (fwhmAdcs isoin the in- in Fig. 5B, whereas the difference spectraHig. 5C consists

terval of 8-30 ppm; se@able 4 The ratio of chemical shift only of those signals. Thus the usual spectra A are divided into

broadening to second-order quadrupole broadening increastso parts: B, giving the signals of hydroxyl groups that are far

with increasing square of the external magnetic field. But thdrom aluminum nuclei, and C, showing the signals of hydroxyl
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é‘ISO / ppm B

Fig. 4.27Al MAS NMR and 27Al 3QMAS NMR spectra of product|lle measured at; = 195 MHz andvrot = 30 kHz. The four dashed lines in the MAS fit
correspond to the species listedTiable 4

product o a product ald product allle
823 K 1173 K
A A A
B B B
,C‘,‘J\_Aﬁw C E‘M/'\/\'\‘W
6 5 4 3 2 1 6 5 4 3 2 1 6 5 4 3 2 1
o/ ppm S/ ppm S/ ppm

Fig. 5.1H MAS spectra of dehydrated produetsis-synthesizedyld andw|lle showing the influence of the thermal treatment. The spectra on the top (A) show the
usualtH MAS NMR spectra, the spectra in the middle (B) are measuredf#hirradiation (TRAPDOR) and the spectra on the bottom (C) are difference spectra
(A) — (B). The intensities of the spectra of produdt had to be increased by factor 2, in order to make their intensities comparable to those of the other spectra.

groups in the neighborhood of aluminum nucleiSIOHAI=  unit cell. For the product calcined at 1173 K (produdtie),

and=AIOH species). the concentration of the AIOH is reduced to 0.8 species per unit
The spectra depicted irig. 5 show signals at 4.2—-4.4 ppm cell, whereas the concentration of bridging hydroxyl groups de-

due to bridging hydroxyl groups=(SiO"Al=); signals at creases more significantly, to 0.7 species per unit cell, and the

2.9 ppm due to extra-framework AIOH groups, which have aconcentration of defect silanol groups increases to 1.0 per unit

weak hydrogen bond to framework oxygen atoms; and severaikll.

signals in the region of 1.5-2.2 ppm due to SiOH groups on

framework defectf3,4]. Concentrations of species per unit cell 3.5. 1H MAS NMR exchange spectroscopy

are 114 0.2, 0.0, and 22 + 0.2 for the species SitAl, AIOH

and SiOH, respectively in produeta (as-synthesized product);  ThelH MAS chemical shift of bridging hydroxyl groups can

3.3+0.6,10+0.2, and 07 £ 0.2, respectively, in produetld; be considered a measure of acid strerithbut the small shift

and 07+0.2, 08+ 0.2, and 10+ 0.2, respectively, in product range from £ + 0.1 ppm to 44+ 0.1 ppm on framework dea-

allle. The dehydration procedure (Secti@rB) can be consid- lumination (seeFig. 5 does not provide significant evidence

ered mild calcination. Therefore, it is not surprising that a lowof enhanced acid strength. Therefore, we use the temperature-

concentration (1.1 species per unit cell) of bridging hydroxyldependent proton exchange rate between bridging hydroxyl

groups is found in produata. This concentration increases groups and adsorbed molecules of benzene as a dynamic mea-

after the usual calcination and ammonium exchange and resure of Brgnsted acidit}p]. Dehydrated samples were loaded

peated calcination at 823 K (produetd) up to 3.3 species per with 1.3 benzene molecules per unit cell and investigatetHby

unit cell. The spectrum of this product shows also a signal oMAS NMR with a NOESY (nuclear Overhauser effect spec-

AIOH groups for which the concentration is 1.0 species petroscopy) pulse sequence. The strong temperature dependence
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k/min™" | \.\ a first destruction of the long-range order with the best result
. N alle for procedure Ill Qa = 0.99). Procedure Il (the product af-
10 \ ~a ter the standard recipe without an acidic pretreatment) leads to
] N4 olld T products with the lowest crystallinityda) = 0.85). However,
10 \\ ~&] it should be emphasized that even the vafiig = 0.85 rep-

resents good crystallinity. The values of the BET surface areas
and micropore volumes confirm both good crystallinity for all
92 H-Y) \ products and a slight decrease after modification Tsdote 2
102 AN The 27Al MAS NMR intensity measurements give /il
! \‘\ ratios of 16 and 25 for the as-synthesized ZSM-5 products
N andp, respectively, in agreement with tA2Si MAS NMR line
16 20 24 28 39 shape analysis. The increase in the frameworlABiatio is
1000 7/K! presented ifrig. 3. Calcination at 823 K causes an approximate
_ _ 50% increase in the Bl ratio. A strong framework dealumi-
Fig. 6. Arrhenius plot = ko exp(—Ea/RT) of the hydrogen exchange rates natinn and increase of the/il ratio by a factor of about 7 with
in the benzene loaded hydrogen forms of zeolites. Zealitesand«lle were . . . . .
treated at 823 and 1173 K, respectively. The values for the zeolite 92 H-Y, whicilfeSpeCt tothe as'syntheSIZed material occurs durlng calcination
was calcined under mild conditions below 723 K, were taken from [Rgf. at 1173 K. Sodium ions, which are more thermally stable than
ammonium ions, are removed before step 4, allowing the strong

(seeFig. 6) shows that the magnetization transfer between hydealumination during step 4.
drogen nuclei was caused by chemical exchange and not by We have proven that the total amount of aluminum in the
spin—spin coupling. products remains constant within tRel0% limit of experi-

Fig. 6 shows that the rates of the proton transfer betweefnental accuracy. This means that the products pretreated at
bridging hydroxyl groups and benzene molecules in the temped173 K contain the same concentrations of aluminum as the
ature region 300-380 K (temperature of the NMR experimentfs-synthesized products (5.65 and 3.69 aluminum atoms per
increase by a factor of ca. 7 after increasing the treatment tenttNit cell for productsy and g, respectively), but the aluminum
perature from 823 to 1173 K. It was not possible to measuréoncentration is distributed in 13 and 17% fourfold-coordinated
exchange rates for a template-free synthesized and HCI aciffamework aluminum, 28 and 30% fourfold-coordinated extra-
treated (but noncalcined) zeolite H-ZSM-5, because the H/|jramework aluminum, 28 and 33% fivefold-coordinated extra-
exchange was too fast (even at room temperature) to allow tHé&amework aluminum, and 31 and 20% sixfold-coordinated
observation of the time-dependent H/D exchange. MoreovegXtra-framework aluminum for productse andple, respec-
the exchange rates by chemical exchange were smaller thaively. We again mention that this quantitative characterization
those by spin diffusion at higher temperatures. Therefore, wgoncerns the hydrate zeolites, whereas dehydrated (activated)
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present data obtained for a zeolite H9{ for comparison. zeolites are used for catalysis. A remarkable humber of Lewis
acid sites can be observed after calcination at 1173 K, whereas
4. Discussion the concentration of Brgnsted acid sites decreases significantly

during step 4; se&able 2
4.1. Synthesis and modification

4.2. Catalysis

Fig. 1 shows that the acidic treatment (treatment steps 1) in

procedures | and Il that was been added to the standard pro- Treatment procedures | and Ill involve acidic leaching be-
cedure (1) does not influence the crystallinity of the products fore the samples are stressed by thermal treatment. A partial
indicating that the structure remains intact after this treatmenteduction in sodium content could have taken place before
step. However, a drastically decreased crystallinity is observetemplate removal. This can be the reason for the higher ther-
after calcination at 823 K (step 2) for the products ¢ of pro-mal stability, which can be concluded from the higher crys-
cedures | and Il. This is due to the removal of the templatdallinity (Qai values) of samples d and e after the thermal
from the pore system of the products. Interestingly, these valudseatment; se€ig. 1L With decreasing alkaline excess in the
are similar to values that we obtained for products synthesizegrocedure | and Ill, we found a decreasingONconversion
in template-free crystallizations in an earlier stydy]. Path-  from Xy (25.3 (ll) to 16.0 (1) and 11.5 (l1l)) and benzene con-
ways | and Il yield products d as catalytically active H forms version fromXg (20.7 () to 14.5 (I) and 9.3 (lll)) for thes
(after template removal and the ion exchange), for which no sigproducts after treatment step d. For fh@roducts, after treat-
nificant further decrease of the crystallinity value is observednent at 1173 K, this difference is very small (e.g., 30.5 (Il),
in step 4. But pathway Ill yields the product d (after a com-30.1 (1), and 28.2 (lll) forXy). Similar changes in the phe-
bined ion-exchange and calcination procedure) with a relativelyol yields can be observed for the treatment at 873 K (13.9 (l1),
high crystallinity (Qa value of ca. 1.3) for a template-free 10.0 (1), and 7.0 (Ill)) and for the treatment at 1173 K (17.7 (11),
H form of an MFI zeolite. This might be due to the lowered 18.1 (1), and 17.6 (Ill)); se&able 3 Due to decreasing catalytic
alkalinity of the product during the first calcination step. Cal-activity for the 8 products at 873 K, the selectivitie$/g are
cination at a higher temperature of 1173 K (step 4) leads tamproved, from 67 (1) to 69 (1) and 75 (lll). This behavior of
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the B8 products treated at 873 K correlates with the changes ithat, as expected, the frameworl/ 8l ratio strongly increased
Brgnsted acidity; increasing acidity results in an increased corsn thermal treatment (sefigs. 4 and b whereas sixfold-
version. After calcination at 1173 K, all products have higherand fourfold-coordinated extra-framework aluminum species
but similar catalytic activities due to the same level of Brgnstedare created. The second result is that fivefold-coordinated extra-
acidity; seeTable 2 This means that on the one hand, differ- framework aluminum species can be found in the rehydrated
ent treatment procedures give similar results, because structuisamples of product e (calcined at 1173 K). The concentrations
differences that might be implemented by the different proceof fivefold-coordinated species per unit cell were 1.6 for prod-
dures are equalized in respect to their catalytic functions by thact «le, 1.1 for producixlle, 0.9 for productallle, 1.2 for
thermal treatment at 1173 K, but on the other hand, despite theroductgle, 0.4 for producplle, and 0.4 for producgllle.
drastically reduced Brgnsted acidity, the conversiong and Deng et al.[24] could not find fivefold-coordinated alu-
Xg) and yields ¥p) are significantly increased compared with minum species in rehydrated zeolites at treatment temperatures
the products treated at lower temperatures. This might indicatep to 973 K. In the?’Al MAS NMR spectra of our products,
that the number of active sites is not the most important factor invhich were treated at 823 K, the signal of fivefold-coordinated
the performance of benzene hydroxylation. The small increasspecies is missing as well. The increased yi&ldand selectiv-
in Lewis acidity with increasing temperature of treatment canity, S, of phenol with respect to benzene after sample treatment
not completely explain this increase in catalytic values. A posat 1173 K (se€lable 3 focuses our attention on the fivefold-
sible combination of Lewis and Brgnsted sites after treatmentoordinated aluminum species. Note that #h&l NMR spec-
may be the source of the improved performance. trum of adehydratedzeolite H-ZSM-5 is very broad, with a
Unfortunately, we cannot yet explain the exceptionally highspectrum width of about 800 ppm at = 130 MHz [25] as
selectivity values §p/g) of about 80 for productvlle and 90  opposed to a spectrum width of about 80 ppm for hydrated sam-
for productxllle. We can, however, note that the concentrationsples. Therefore, signals with different chemical shifts cannot
for the fivefold-coordinated species with 1.1 and 0.9 species péye resolved in the spectra of dehydrated zeolites. But all cata-

unit cell are nearly at the same level (see SecfiGh lysts are dehydrated after the activation procedure in a catalytic
Based on the foregoing findings, some general trends can gocess. The crucial point of the present discussion is that the
derived: very symmetrical extra-framework species (which give rise to

the resolved signals in the NMR spectra) exist only in hige
1. The highest values of the characteristic catalytic key datdratedzeolite, probably in water coordination. But their nature
(X, Y) are obtained for the products treated at 1173 K, in-can be changed or their symmetry disturbed indbhydrated
dependent of the treatment stage (product d or e) and the form of the zeolite.
or 8 product (procedure I, II, or 1lI). The nature of extra-framework aluminum species remains
2. Comparing products with the different/8i ratios: the  speculative and controversial. Threefold-coordinated aluminum
products with the lower Al content are more active (i.e.,atoms (Lewis sites) in the zeolitic framework have been dis-
higher conversions and yields) for benzene hydroxylatiorcussed in many publications since the corresponding pro-
to phenol. posal of Uytterhoeven et aJ26], but they can hardly build
a highly symmetric fivefold-coordinated complex with water
Interestingly, in the preparation of an effective catalyst formolecules. Therefore, it seems certain that this complex is an
the described test reaction, for the products with lowgABi  extra-framework compound or is connected to a defect of the
ratios, procedure 1l is more effective, whereas for the prodframework.
ucts with higher SIAl ratios, procedure | seems preferable. Consider three of the proposed species. The arrangement
Note that selectivitiesSp/g) equal or higher than 80% are as- =SiOAIOH represents a hydroxyl group on a framework defect
sociated with a concentration of about one fivefold-coordinatedh the dehydrated zeolite. This non-framework site is still con-
aluminum atom per unit cell (see Sectiérg). nected to the framework via the SiOAl bridge. On hydration, the
From the foregoing observations, we must conclude that deattachment of three water oxygen atoms to the aluminum atom
scribing the catalyst preparation procedure in a precise mannereates a fivefold-coordinated aluminum species. Another ex-
is very important. On the other hand, choosing a special treaample is an AJO3 compound in the calcined and dehydrated ze-
ment procedure allows for the adjustment and design of specialite that has no connection to the framework. On rehydration,
catalyst properties even when a single-parent zeolite is used.can be transformed to Al(OH)molecules, and the further at-
Furthermore, starting with different zeolites, the same procetachment of two water molecules gives a fivefold-coordinated
dure leads to products with different catalytic properties. Fi-extra-framework aluminum species. A charged species is the
nally, one must assume that the catalytically active centers ocation Al(OH)>™ in the dehydrated zeolite, which can be trans-
or in the zeolite are complex arrangements involving differentlyformed into a fivefold-coordinated cation by the attachment of

structured species. three water molecules on hydration. The latter requires a charge
compensation by framework aluminum atoms that are not part
4.3. Nature of active sites of a Brgnsted site=SiO"Al=. But fewer than one framework

aluminum atom exists in the unit cell of the ZSM-5 zeolite for
The 2’Al MAS NMR intensity measurements of the sam- Si/Al > 95. The concentration of framework aluminum atoms
ples under study gave two remarkable results. The first result isan be calculated from the il ratios given inFig. 3; for
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example, B2 £ 0.1 aluminum atoms per unit cell exist at a the Arrhenius plot of the temperature-dependent hydrogen ex-
Si/Al ratio of 114 in productxllle. The values obtained thusly change rates between bridging hydroxyl groups and adsorbed
are comparable with the concentrations of Brgnsted sites detdrenzene molecules (1.3 benzene molecules per unit cell), which
mined by'H MAS NMR, for eample, 07 & 0.2 per unit cellin  are ca. 55 and 50 kJ mol for productsa1d andele, respec-
productallle. Therefore, charged extra-framework aluminum tively, significantly less than the apparent activation energy of
species can be excluded as a source of the fivefold-coordinat@® kJ mot ! for slightly dealuminated zeolite H-¥9]. It is re-
species, which have a concentration of 0.9 per unit cell for prodmarkable that the Arrhenius plot of the samples in this study and
uct allle. Small Al,O3 compounds cannot be excluded as thethe samples studied in earlier wg& yield a pre-exponential
source of fivefold-coordinated species on rehydration, but witiactor of 3x 10° s~1, nearly equal to the rotational constant
our numbers it seems more likely thaBSiOAIOH species play of 2.8 x 10° s~ for the benzene rotation (about tidi axis)
this role, because the concentration & & 0.2 AIOH groups  [29], whereas the stretching vibration of the bridging hydroxyl
for the dehydrated produetlle agrees well with the concentra- groups is about ¢ Hz. This provides a clue that the rotation
tion of 0.9 fivefold-coordinated species of the hydrated sampleof the molecule may play a role in proton transfer. But the main
Such an explanation implies a different nature of AIOH messages fronfrig. 6 are that at about 380 K, the hydrogen
groups in products d and e, however. Only the latter createxchange rate of our products d end e is more than six orders
fivefold-coordinated species on rehydration. The concentrationf magnitude higher than those obtained for a slightly dealu-
of AIOH groups found in th¢H MAS NMR spectra is only minated zeolite H-Y and, comparing produetid and «lle,
slightly higher at a treatment temperature of 823 K than astep 4 increases the hydrogen exchange rate by more than one
1173 K. But if we consider the AIOH species in products dorder of magnitude. The latter fact seems to be temperature-
(1.0+0.2 in productxld) as charged cations, AIGH, thenthe  independent in the observed range 300-380 K. The decreased
concentration of framework aluminum atoms34 0.4 per unit  activation temperature and increased hydrogen exchange rate
cell in producteld) minus the concentration of Brgnsted sitesby step 4 of the catalyst treatment procedure is remarkable.
(3.3£ 0.6 in productxld) is not far from twice the concentra- Hydrogen exchange needs Brgnsted sites. The main spectro-
tion of AIOH2* cations. A possible explanation for this finding scopic result of this study is the demonstrated change in the
is that step 3 results in AIOH groups as Al®Hcations with  aluminum sites after strong calcination. Therefore, an explana-
hydrogen atoms pointing to framework oxygen atoms, whereason by combined actions of Brgnsted and Lewis sites for the
step 4 creates hydroxyl groups in the form=e$iOAIOH that  catalytic reaction seems plausible, but is not yet supported by
create fivefold-coordinated aluminum species on rehydration. an exact model of the nature of such sites.
The concept of dissociated aluminum sites in the ZSM-5
framework was introduced by Haag et @7]. They proposed 5. Conclusion
that one member of a paired Al region is modified during
steaming, possibly partially hydrolyzed, and acts as a strong 2°Si MAS NMR spectra of the samples under study show no
electron-withdrawing center for the remaining tetrahedral Al,broadening (with even a 15% narrowing due to framework dea-
thus creating a stronger Brgnsted $#€]. This was discussed lumination) of the signals on thermal treatment up to 1173 K.
in the context of enhanced catalytic activity after mild steam-This proves that the thermal treatment does not destroy the near-
ing, but fivefold-coordinated aluminum species cannot foundange order of the zeolite.
after mild steaming, performed at about 800 K and under weak 2’Al MAS NMR and?’Al 3QMAS NMR studies of the sam-
additional water pressur@7]. At 1173 K, the self-steaming ples give evidence that fivefold-coordinated aluminum species
water pressure is very low, defects in the framework canexist if the product is treated at 1173 K and then rehydrated.
not heal, and extra-framework aluminum species hardly conThe nature of this species is not yet clear. Two models are
dense. Therefore, we should not exclude the discussion @f agreement with our experimental findings. The arrangement
hydrated fivefold-coordinated aluminum species arising from=SiOAIOH represents a hydroxyl group on a framework defect
small Al,Os species in the dehydrated zeolite. The smallestn the dehydrated zeolite. This nonframework site is still con-
Al,03 compound is an AlO3 molecule, which under rehy- nected to the framework via the SiOAl bridge. On hydration,
dration gives two Al(OHj species with two attached water the attachment of three water oxygen atoms to the aluminum
molecules for each. The ADs molecules exist in the dehy- atom creates a fivefold-coordinated aluminum species. Another
drated sample of two threefold-coordinated aluminum atomsnodel is an A}O3 molecule in the calcined and dehydrated zeo-
with Lewis acid properties. They could also be considered dite, which has no connection to the framework. On rehydration,
source of a special catalyst property. it can be transformed to Al(OH)molecules, and the further at-
The cooperative effect of all of these different species fotachment of two water molecules gives a fivefold-coordinated
catalysis is very complex and not yet clear. The contributionextra-framework aluminum species.
of other species not mentioned above cannot be excluded. Apparent activation energies of the hydrogen-exchange rate
The framework dealumination causes only a small change dfi benzene-loaded samples are ca. 55 and 50 k3t prod-
the chemical shift of the bridging hydroxyl groupse0.2 ppm,  ucts pretreated at 823 K and 1173, respectively. Step 4 increases
but it has a strong influence on the proton transfer, which cathe hydrogen exchange rate by more than one order of magni-
be considered a dynamic measure of Brgnsted ad@ily Ap-  tude. The main spectroscopic finding in this study is the change
parent activation energies were obtained from a linear fit obf the aluminum sites after strong calcination. An explanation
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for the catalytic reaction involving combined actions of Brgn- [4] D. Freude, J. Kérger, in: F. Schiith, K. Sing, J. Weitkamp (Eds.), Handbook

sted and Lewis sites seems plausible, but is not yet supported of Porous Materials, vol. 1, Wiley-VCH, Chichester, 2002, p. 465.

by an exact model of the nature of such sites. [5] C.A. Fyfe, J.L. Bretherton, L.Y. Lam, J. Am. Chem. Soc. 123 (2001) 5285.
Interestingly, the differences with respect to the treatment[®) &> Grev: A-J. Vega, J. Am. Chem. Soc. 117 (1995) 8232.

. A 7] D. Freude, Chem. Phys. Lett. 235 (1995) 69.
procedures are more obvious at a calcination temperature Ofg] J. Kanellopoulos, Diploma thesis, Universitét Leipzig, Leipzig, 2001.

873 K. For the NO conversionsXy) and yields {p), this ef- 9] T. Mildner, D. Freude, J. Catal. 178 (1998) 309.

fect can be correlated with differences in Brgnsted acidity. Afteif10] A. Reitzmann, Ph.D. thesis, Universitat Erlangen-Nirnberg, Erlangen,
calcination at 1173 K, all products have nearly the same cat- 2001.

alytic activity (conversion and yield), which correlates with the [11] W. Schwieger, Habilitation thesis, Martin-Luther-Universitat Halle-

. Wittemberg, Halle, 1994.
same level of Brgnsted acidity after treatment. However, th‘[:!lZ] W. Schwieger, K.H. Bergk, E. Alsdorf, H. Fichtnerschmittler, E. Loffler,

values of all characteristic catalytic key datéyand Yp) are U. Lohse, B. Parlitz, Z. Phys. Chemie (Leipzig) 271 (1990) 243.
highest when the catalysts are precalcined at 1173 K, indepei3] M. Soulard, S. Bilger, H. Kessler, J.L. Guth, Zeolites 7 (1987) 463.
dently from procedure I, 11, or III. [14] P.A. Jacobs, B.J. Uytterhoeven, J. Catal. 26 (1972) 175.

In the catalytic reaction, the products prepared according tg] V:R. Choudhary, S.G. Pataskar, Thermochim. Acta 97 (1986) 1.
procedure 11l have the highest selectivities of phenol with re{¢ E fosorgm'r;j?t;bggs; :'éé;%r)sggl;ew'tz' U. Lohse, M. Schwieger,
spect to benzene: 63-52% and 62% for produtt, 90-64% [17] J.L. Motz, H. Heinichen, W.F. Holderich, J. Mol. Catal. A: Chem. 136

and 81% for producttXe, and 75-69% and 67% for product (1998) 175.

/3Xd. [18] L.M. Kustov, A.L. Tarasov, V.l. Bogdan, A.A. Tyrlov, J.W. Fulmer, Catal.
Today 61 (2000) 123.
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