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Abstract

The direct hydroxylation of benzene with nitrooside was studied over two HZSM-5 zeolites and over ferrisilicalite. HZSM-5 zeolite was
dealuminated with (Nif)2SiFg as described previously, with steam treatment, with high-temperature calcination, and with steam treatment
and subsequent acid wash. Furthermore one sample was exchanged with aqueoussfF-e@é@ed with NaS,04, and acid-washed. The
samples were characterized with regard torthEmental composition and textural, structugad acid—base properties, using a variety of
methods such ICP-AES, XRD, BET, NMR, FTIR, ahd and2’Al MAS NMR. The catalytic performance was correlated to acid—base and
textural properties of all the materials. Samples treated withy(dBiFg, according to a method developed in our laboratory, combined high
activity with excellent resistance to deactivation compared to the other examined materials.
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1. Introduction Besides the question of activity and selectivity the rapid
decline of catalytic activity due to the formation of carbona-
Due to its industrial relevance, the direct synthesis of ceous deposits is at least one major obstacle to the commer-

phenol starting from benzene and® over modified pen- cial application of this pomising catalyst systef@3]. Only

tasil zeolites has attracted the attention of numerous researcﬁﬁw St!“'dl'_els (e'?[ﬁl_i@ have addr essed t|h|s pmb'e”? an?
groups in the past 15 yeafs-14]. There is general agree- there Is little reliable data concerning catalyst properties. In

ment that the Na form and the Bransted acid hydrogen of addition different ideas abouhe deactivation mechanism
the material are moderately active, at best. Thus several2'® discussed. Kustov et al. realized higher resistance to ac-

(post)synthetic treatment methods have been applied to op—tiVity loss with higher pretreatment temperatas] and

timize the performance of the catalyst. These treatments"’ls‘signed this effect to a lower densjty of bridging hydr.o?<yl
include the addition of iron, during hydrothermal synthe- groups. Nott¢10] reported a synergism of Brgnsted acidity

sis[15], by aqueous exchange procedyt 17]and CVD anda-siting upon phenol formation, but also a disadvanta-

of FeCh [18—-20} high-temperature caihation, steam treat- ~ 980US effect of Brgnsted sites on the service time of the cat-
ment[6,21], and treatment with (Nk)2SiFs [22'] alyst. McGhee and Nott4] reported that the service time
e ' of the catalyst can be prolonged without affecting phenol

productivity by removal of detrimental aluminum species
* Corresponding author. Fax: +49 (0) 241 8022291. by an acid wash after a steanedtment. This is somewhat
E-mail address: hoelderich@rwth-aachen.d®V.F. Hoelderich). contradictory to the findings of Motz et 46] who assume
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that extraframework aluminum species formed by mild hy- Table 1
drothermal treatment as active sites for benzene hydroxy|a_EIemental composition of the basis materials, steamed- and acid-treated,
tion. McGhee[17] describes a favorable catalyst system in 2and iron-modified samples

terms of activity and prolonged service time, which is ob- Bulk chemical compositich

tained by postsynthetic introduction of iron and subsequent SiOy/Al03 Na/Al FeP (wi%)

treatment with a reducing agent and a mineral acid. lvanov gasis material A

et al. [26] found that the rate of phenol formation is cor-  A-550 30 <0.02 002

related to the density-sites on partially coked catalysts. A-650st-1 30 <0.02 002

Hence, it was concluded that catalyst deactivation proceeds #A-650st-1ac0.5NO3 31 <002 002

by blocking the active site itself and that pore blocking by A-stlte % <002 017
X ~ A-st-1-Fe-S204 30 09 Q13

coke is not a decisive factor. Recently, we reported that the  a_gt.1-Fe-S204ac 32 <002 Q12

deactivation rate is related to the density of Brgnsted acid Basis material B

sites and the rate of benzene hydroxylation is closely re- B-550 20 004 003

lated to the density of Lewis acid sites and to the meso- g-ggg:gacmos 22?5 ofg‘zl 882
. . . . . . - - < U.

porosity, wh|ch is created during dealumination of ZSM-5 B-550st.62010x ” 002 0015

by (NHg)2SiFs. Basis material FS

A common problem in heterogeneous catalysis is the lack  gs-550st-14 ~103 ~3 3

of comparability of materials prepared in different labora- ~a 5. crmined by ICP-AES.

tories and the catalytic performance studied under different b gased on Fg0s.

reaction conditions. To the best of our knowledge reliable

data on the influence of several dealumination methods on o o

the physicochemical properties and their catalytic perfor- Subsequent calcination at 530 in air. Samples B-550st-
mance in the benzene-to-phenol reaction have not yet beerPaC1NO3 and B-550st-6ac10x were derived from sample B-
published. Hence, it was the aim of this comparative study 550st-6 after acid treatment with 1 M HN@nd (COOHj}

to establish the above-noted correlations for a wider range ofat 70°C for 3 h and subsequent calcination at 380in

materials. air.
Sample A-st-1-Fe was obtained by the threefold aqueous

ion exchange of sample A-650st-1 with Fe(By@at 70°C

2. Experimental and subsequent calcination in air at 380 Sample A-st-1-
Fe-S204 was derived from sample A-st-1-Fe by the three-
2.1. Catalysts fold treatment with an aqueous solution of NaCl/N@$

(0.01 M) at 7C°C for 0.25 h and subsequent calcination
in air at 550°C. Sample A-st-1-Fe-S204ac was obtained
from sample A-st-1-Fe-®, by treatment with aqueous
HNO3/NH4NO3 (0.25 M) at 70°C and subsequent air cal-
cination at 550C.

The experimental details of dealumination with (Nk
SiFg are given in detail elsewhefg2]. In brief, method (i)
consisted of an aqueous procedure in a buffered solution and
method (ii) was a solid-state procedure followed by thor-
ough washing with large amounts of hot deionized water
to give samples A-SiF6-100aq for method (i) and A-SiF6-
100S-aqg and for method (ii). Method (iii) consists of thermal
decomposition of fluoro species left over from the preceding
solid-state procedure leading to samples A-SiF6and B-
SiF6#S. n denotes the degree of theoretical exchange, i.e.,

The basis materials A-550 and B-550 were described
elsewhere in deta]R2]. Iron silicalite (FS) was obtained by
hydrothermal synthesis (11 days, 90 autogeneous pres-
sure), starting from a gel consisting of 122.7 g ${0udox,
HS40), 4.15 g FeSg) 9.16 g NaHCQ, and 83 g aqueous
TPAOH (20%). After filtration and washing with deionized
water the solid was dried at 10C for 18 h and calcined
in air at 450°C for 48 h. The NHt form was obtained
by eightfold ion exchange with an aqueous Nsblution
(0.1 M). The solid was recovered by filtration and dried at
100°C for 18 h. Subsequent calcination in air for 48 h at
450°C yielded the proton form. The elemental composition
of the basis materials is given Trable 1

Hydrothermal treatment took place in a thermostated

quartz tube at 550 and 68C at 500 mbar water partial pres- ) o .
sure in N\ for a given period of time. The sample names the .molar ratio of S'iEZ /framework alumlnum. Samples
are ATst+ for materials derived from the basis material ~-SiF6-100S and B-SiF6-100S were subjected to hydrother-

A-550 and BT'st-+ for materials derived from B-550. High- M@l treatment at 550C as described above for 3 and 6 h,
temperature calcination togiace for 6 h in a thermostated ~ '€SPectively, resulting in mateis A-SiF6-100S-st3 and B-
quartz tube in a steady flow of dry,NThe treatment temper- ~ SIF 6-100S-st6.
atures were 800, 900, and 10TD and resulted in samples
A-TT. T indicates the temperature of the treatment in both 2.2. Characterization
cases and its duration in the case of steam treatment.

Sample A-650st-1ac0.5NO3 was obtained by acid treat- The methods and equipment used for catalyst characteri-
ment of A-650st-1 with 0.5 M HN@at 70°C for 3 h and zation were described in det§2] elsewhere.
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2.3. Catalytic tests
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basis material A-650st-1 increased the iron content by one
order of magnitude comparedtioe parent material (A-st-1-

The experimental setup, the procedure, and the determi-Fe); however, complete exchange (Bé= 0.33) was by far

nation of activity and rate of deactivation are descrif2g].
Based on the definition given if30] a Weisz number

not reached due the large hydrate shell ot'Fm aqueous
solution and the thermodynamic equilibrium, which favors

of ~ 3 x 10~3 was calculated based on space—time yields the protic form of the zeolit§34]. The leaching procedure
of 1 Goheno/ (dcath) and an estimated macropore diameter with NaCl/NaSO4 leads to the selective removal of iron, in

within the catalyst pellet of 0.1 um. Thus, a possible limita-

accordance with the reports of Derouane ef28)] (A-st-1-

tion of the reaction rate by external mass transport and pelletFe-S204), whereas a acid leaching with HiN@duced both

diffusion can be safely ruled out. With a crystallite diameter
of 3to 5 um (vide infra) and an intracrystalline diffusivity of
benzene in silicalite o~ 10-12-10"11 m?/s (extrapolated
from values in31]) a Weisz number of 0.2-2 is obtained.

3. Resultsand discussion

3.1. Characterization

Elemental compositions of the basis materials, iron-

modified, and steam- and adickated materials are given
in Table 1 The aluminum content of both ZSM-5 sam-

aluminum and iron (A-st-1-Fe-S204ac).

Mild acid treatment (A-650st-1ac0.5NO3) hardly changed
the elemental composition, whereas treatment with 1 M
HNOs and (COOHj significantly reduced the amounts of
aluminum and iron on sample B-550st-6. Despite the weaker
strength compared to HN{ oxalic acid seems to be the
more efficient agent, probably because it acts both as a pro-
ton donor and as a complexing agent.

The location and intensity of the infrared bands due to
framework vibrations in the zeolites provide information
about crystallinity, structure, and density of the heteroatoms
([36] and references therein). In ZSM-5 zeolites, a corre-
lation between the framewor&luminum content and the

ples is close to the upper limit. For this reason a zoning location of the band maximum of the asymmetric T-O vi-

of framework aluminum (FAL) and, therefore, of acidity as
observed by several research groups, §32], is unlikely.

bration was established by Loeffler et [87]. Data on the
shift of the IR band at 1100 cnt (Table 2 clearly indicate

Intentional addition of Fe to the basis materials did not take that framework dealumination takes place upon thermal and
place; the iron contents in basis material A-550 and B-550 hydrothermal treatment.
are 0.02 and 0.03 wt%, respectively. These levels are in a The?’Al MAS NMR (not shown) provided information

range of the linear relation beeen catalytic activity and
iron content observed by other research groups (88]).
Only trace amounts of aluminum were found on the iron
silicalite sample (FS-550st-14) and the/BSe ratio is 40,
i.e., the range in which Pirutko et gB3] found the high-
est activity for borosilicalite and titanosilicalite with iron
admixtures and Kharitanov et 4l5] for ferrisilicalite, re-

concerning the coordination sphere of aluminum. The basis
material before use showed a peak exclusively due to tetra-
hedrally coordinated aluminum, implying that all the NMR-
visible aluminum is built into the zeolite framework or in
an amorphous SigdAl,O3 phase. A second peak at around
0 ppm is observed after catalytic testing, giving rise to the as-
sumption that dealumination/dehydroxylation probably took

spectively. Threefold aqueous ion exchange of the steamedplace during regeneration at 550. Dealumination under

Table 2
NMR and FTIR data of the (hydro)thermally treated materials

NMR PYFTIR FTIR

Algy? (u.c.) Alr® (u.c.) Agr, spec Ale, speéj ALe/ABr (ABr + ALe)spec Ave cm1)
A-550 6.4 6.4 0.127 0023 Q18 0150 0
A-800T 43 25 0.058 Q035 Q060 0089 27
A-900T 39 23 0.034 Q041 121 0077 48
A-1000T 29 11 0.019 Q0031 164 0048 54
A-1080T 31 n.d. Q008 Q008 1 0016 57
A-650st-1 53 33 0.064 Q035 Q55 0099 08
A-550st-3 38 20 0.048 0029 Q060 0077 48
A-550st-6 45 14 0.043 Q0032 Q73 0075 48
A-550st-14 45 09 0.030 Q0022 Q73 0052 48
B-550 83 0.176 Q033 Q18 0209 0
B-550st-6 57 0.032 0024 Q76 0056 63

a From?27Al MAS NMR.
FromIH MAS NMR.
Band area of Brgnsted-bonded pyridine at 160-elated to the band area

™ Q 0o T

of the structural vibration.

Band area of Lewis-bonded pyridine at 18D related to the band area of the structural vibration.
Shift in the band maximum of the asymmetric T-O—T stretching vibration 5100 cni .,
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Table 3
NMR and FTIR data of hydrothermally andissequently acid-treated materials
NMR PYFTIR FTIR
Alth? (u.c.) Apr, specb Ale, spe€ ALe/ABr (ABr + ALe)spec Avd em1)
A-550 64 0.127 Q023 Q18 0150 0
A-650st-1 53 0.064 Q035 Q055 0099 08
A-650st-1ac0.5NO3 5 0.068 Q035 Q51 0103 12
B-550 83 0.176 Q033 Q18 0209 0
B-550-st6 57 0.032 Q024 Q76 0056 63
B-550-st6ac1NO3 4 0.049 0019 Q40 0068 71
B-550-st6ac10x 2 0.037 Q023 Q62 0059 69

a From27AI NMR.

b Band area of Bransted-bonded pyridine at 16elated to the band area of the structural vibration.
€ Band area of Lewis-bonded pyridine at 13D related to the band area of the structural vibration.

d ghift in the band maximum of the asymmetric T-OT stretching vibration 5100 cntL.

relatively mild conditions has also been reported by other re-

search groups. Milller et 4B8] lost 50% of FAL during the 0.2
shallow-bed calcination of a HZSM-5 at 550 at ambient _ \
humidity and about the same percentage when the templates A-1000T

of a NaBEA sample was removed under deep-bed condi-
tions[39]. The intensity of the signal attributed to tetrahedral

u

rbance/a

; . 5 A-900T
aluminum decreased when the material was exposed to moreg

severe dealumination conditions. This effect has been stud-<

ied quantitatively Table 2. Moreover the signal at 0—-2 ppm A-800T
gains intensity and a new signal with a chemical shift of 30—

33 ppm is observed, generallgsagned to penta-coordinated . . . A-550
[40—43]0r distorted tetrahEdrM4—46]aluminUm SpeCieS. 3800 3700 3600 3500 3400

Interestingly, the?’Al NMR spectra of tempered and
steamed samples seem to be qualitatively more or less the
same Table 3. Even though it is well known that alu-  Fig. 1. FTIR spectra of the hydroxyl region of the basis material (A-550)
minum can be invisible to NMR, when present in a highly and the calcined samples (A-800T, A-900T, A-1000T). Samples derived
distorted coordination sphere (e.[89]), this fact does not  from basis material A-550.
support the idea of the formation of distinctly different kinds
of Lewis acidity (LA), explicitally trigonally FAL, when

Wavenumber/cm”™”

pretreated under dry conditignand octahedrally coordi- 0.2
nated extraframework aluminum (EFAL), when pretreat-
ment occurrs in a water-containing atmosphere as proposeds A-550st-14
by Kazansky[47] based on a DRIFT study of chemisorbed 3
hydrogen. Also modification & Al NMR spectra upon acid < A-550st-6
treatment can hardly be observed, indicating that a selectiveg
removal of EFAL does not take place. 2 A-550st-3

FTIR spectra of the dehydrated thermally treated and hy-
drothermally treated materials are shownFigs. 1 and 2 A-650t-1
respectively. Bands at 3740, 3670-3640, and 3610%cm
are seen observed on all the materials. For both meth- A-550
ods, steaming and calcining, the band of bridged hydrox- ' ' '

3800 3700 3600 3500 3400

yls at 3610 cm! decreases with increasing severity of

the treatment due to dehydroxylation/framework dealumi-

nation and/or the formation of cationic EFAL, which re- Fig. 2. FTIR spectra of the hydroxyl region of the basis material (A-550)

p|aces protons as Charge Compensation_ However, the highand the hydrothermally trgated sampleg (A-65QSt-l, A-550st-3, A-550st-6,

temperature treatment unddretapplied conditions seems A-590st-14). Samples derived from basis material A-550.

to be the more efficient way to reduce the density of the

BA sites. This is supported by the band area of chemisorbeddine (not shown); this band is not observed on calcining

pyridine on the BA sitesTable 2. or on steaming at 650C. Some authors attribute this band
In the case of exposure to steam at B60 a band at  to transient aluminum specig§48,49] others to hydroxyl

3780 cn! appears and vanishes upon interaction with pyri- groups on EFAL[50]; all authors reported an interaction

Wavenumber/cm™
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A-550

A-800T

A-900T
A-1000T

Fig. 3.1H MAS NMR spectra of the basis material (A-550) and calcined
samples (A-800T, A-900T, A-1000T). Samples derived from basis material
A-550.

A-550

A-650st-1
A-550st-3

A-550st-6
A-550st-14

Fig. 4.1H MAS NMR spectra of the basis material A-550 and hydrother-
mally treated samples (A-650st-1, A-550st-3, A-550st-6, A-550st-14).
Samples derived from basis material A-550.

with basic probe molecules. Loeffler et 0] reported ther-
mostability of this band up to 75@. The fact that it is
not observed on A-800T may indicate that another mech-
anism of dealumination is effective at higher temperatures.
The band at 3665 cnt is not clearly assigned either. Some
authors propose OH groups on EFf37,48], others OH on
transient aluminunib0,51]. All authors have reported slight

acidity, which has also been observed in the present work.

The band gains intensity dugnsteaming but it decreases

F. Kollmer et al. / Journal of Catalysis 227 (2004) 408-418

show the VHF band in the infrared spectrum (3780¢jn

and are also the only samples which show a weak NMR band
at a chemical shift of- 0.8 ppm, giving rise to the assump-
tion that the same species is responsible for those signals.
Signals with a chemical shift of 0-0.7 ppm were previously
assigned to unperturbed Al-OH, i.e., AI-OH which does not
interact by hydrogen bonds2,53].

For the signals of the bridged Si(OH)AI groups there is
also a parallel trend iAH NMR (8, ~ 3.9 ppm) and FTIR
(v ~ 3610 cntl). However, the amount of tetrahedrally co-
ordinated aluminum, calculated frofhAl NMR, always ex-
ceeds in all cases the amount of BA protons, indicating that
not all the species giving rise to the signabat ~ 55 ppm
bear a proton but may instead bear cationic EFAL as charge
compensationTable 2.

Both high temperature and steam treatment lead to a
shift in the acidity spectrum from Brgnsted to Lewis acidity.
Whereas the density of bridged hydroxyl groups decreases
monotonously with increasing severity of the treatment, the
density of the Lewis acid sites goes through a maximum dur-
ing calcination and during steam treatment. Such a decrease
under more severe treatment conditions can be attributed to
the oligomerization and polymerization of EFAL and has
also been observed by other gro(ip$4-58] This is con-
sistent with the fact that theum of the specific band areas
decreases with increasinewrity of the treatmenfable 2,
if one is assuming a constant ratio afe/¢g; for the ab-
sorbance coefficients of pyridine on LA and BA sites of
1.2-1.5[59-63] In other words, the eéeper the dealumina-
tion, the lower the ratio of aluminum contributing to any kind
of acidity, regardless of whether steam or high-temperature
treatment is applied. Roughly the same stoichiometry for
the formation of LA from BA sites is found for both meth-
ods (Table 3. However, to create a high density of LA
sites high-temperature calcination seems to be more effi-
cient than steam treatmeaple 9. This is explained by the
higher mobility of extraframe&ork species under hydrother-
mal conditions, leading to a higher rate of polymerization
of EFAL. For subsequently acid-treated samples, a slight in-
crease in the density of Brgnsted sit€alfle 3 is attributed
to the ion exchange of cationic EFAL species with protons.

after prolonged treatment and at higher temperatures, in lineBut the shift of the T-O vibration indicates further frame-

with both possibilities. However the band is also present in

work dealumination. The limited solubility of Lewis acid

the basis material which can be either due to uncrystallized extraframework species is in agreement with previous re-

material from synthesis or to crystalline changes during sam-
ple preparation (template removal, calcination procedures,

evacuation prior to FTIR measurement). Partial dehydrox-
ylation would also explain the comparably high fraction of
LA already in the basis materialgble 2.

These findings for the hydroxyl groups are supported by
1H MAS NMR spectraFigs. 3 and % There is an apprecia-
ble amount of OH groups bonded to EFA&,(~ 2.6 ppm)

ports by Brunner et a[64].

Temperature-programmed desorption of pyridine
(PyTPD) yields information about the strength of the acid
sites Fig. 5). A significant differexce between calcined and
steamed material is not found, indicating that the materials
are indeed very similar with respect to their acid—base prop-
erties. In the case of Bransted acidity NMR confirms this
finding as the shift of the signal for bridged Si(OH)AI does

already present in the basis material, which had been de-not indicate a change in acid strength upon dealumination
hydrated in a similar manner for the NMR and FTIR mea- with either method. However, on both materials adsorption
surements. The signal at 2.6 ppm follows the same trend asof pyridine on Brgnsted sites is significantly weaker than on
the infrared band at 3665 crh. Samples steamed at 550 Lewis sites. This may explain the high-temperature peak fre-
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OLA A-550st-14
<© LA A-1000T 2
W BA A-550st-14

0.03
\ * BA A-1000T

FS-550st-14

Absorbance/a.u.

L

Specific Area of 1450 cm™" and 1550 cm’" Band/-

0.02 A-st-1-Fe-S204ac
A-st-1-Fe-S204

0.01
A-st-1-Fe

¢ A-650st-1
0.00 : 4+
3800 3700 3600 3500 3400
100 200 300 400

-1
Temperature/°C Wavenumber/cm

Fig. 5. Specific band areas of Brgnsted- and Lewis-adsorbed pyridine as agféteg‘ fei:;ls?icaslﬁgm(rss-ggot;-el 4;;’3}({]' drr((e)gt];(:e?m;fl h;/r(]jgot: e(;?;‘;:gr_
function of temperature (samples A-1000T and A-550st-14). Y Y Y

mally + iron-modified samples (A-650st-1A-st-1-Fe, A-st-1-Fe-S204,

A-st-1-Fe-S204ac).

quently reported in NBITPD of dealuminated materials and

attributed to the superacidity in zeolits5,66] up to 9% {Table ). As a consequence the infrared band at
Infrared spectra of the hydroxyl region of steamed iron 3610 cnt?, due to bridging hydroxyls, and the specific band

silicalite is depicted inFig. 6. Hydrothermal treatment of  for Bransted-bonded pyridind4ble 1 lose intensity. Both

ferrisilicalite results in deep demetallation, as seen from the bands are restored after removal offN#pon acid treatment

complete absence of the band at 3650 ¢ncharacteris-  (A-st-1-Fe-S204ac). Neither the hydroxyl groups on EFAL

tic of bridging Si(OH)Fe group$67], and from the low nor the level of the Lewis acid sites are affected substan-

level of Brgnsted-bonded pyridin&dble 4. The lower hy- tially by the different treatments, as can be seen from the
drothermal stability of iron silicalite compared to HZSM-5 band at 3665 cm' in the infrared spectraF{g. 6) and the
has also been reported by other researcf@kand is at- specific band area of the Lewis-bonded pyridifiak(e 4.
tributed to the greater ionic radius offecompared to At 2TAl NMR spectra (not shown) support these observations,

[69]. The density of the defect sites due to extraction of iron since the state of the Al nuclei hardly changes upon the post-
out of the zeolite lattice is higher compared to aluminum- synthetic introduction of Fe and subsequent treatments. The
containing materials as seen by the shoulder at 3720-373Gignals lose intensity upon irdaading and are successively
cm~! and the broad peak at 3500 cnt. However, Lewis restored after the subsequent leaching procediisdsd 4.
acidity (Table 4 is also much lower compared to the steamed This is due to the paramagnetism of the Fe nuclei and has
ZSM-5, indicating a high mobility of the extraframework been reported by other auth¢v®].
iron species under hydrothermal conditions. Despite the ef- The impacts of the differérdealumination and modifi-
fective removal of framework iron, the integrity of the silica cation methods on the pore structure can be assessed based
backbone is preserved, as seen from the XRD diffractionson the N physisorption data ifFig. 7. With conventional
(not shown) and the high microporous volume determined methods, i.e., high temperature, steam, steam and acid treat-
by physisorption of M (Viicro = 0.14 mig™1). ments, and (NHkf)2SiFs in aqueous solution and solid state,
FTIR spectra of the hydroxyl regiorig. 6) and pyri- a considerable downgrade of Brgnsted acid80%) sites
dine adsorption datarable 4 show a slight decrease in the s easily achieved without significant loss in microporosity,
level of the BA sites after Fe loading, in accordance with i.e., crystallinity. However, a further decrease in Brgnsted
the ion exchange of Brgnsted protons. The subsequent treatacidity with conventional methods, such as high-temperature
ment with $042~ led to partial exchange of sodium ions calcination at 1080C (A-1080T), leads to a substantial loss

Table 4
NMR and FTIR data of iroreontaining materials

NMR PYFTIR

Algy? (u.c.) Apr, specb ALe, spe€ ALe/ABr (ABr + ALe)spec
FS-550st-14 - 002 Q005 2121 Q007
A-650st-F 53 0.064 Q035 Q55 0099
A-st-1-Fe 39 0.057 0028 Q049 0084
A-st-1-Fe-S204 4 0.056 0029 051 0086
A-st-1-Fe-S204ac 8 0.067 0031 Q045 0098

a pDetermined by?’Al NMR.
b Band area of Brgnsted-bonded pyridine at 160related to the band area of the structural vibration.
¢ Band area of Lewis-bonded pyridine at 8D related to the band area of the structural vibration.
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Microporosity

# Basis+method(i)

B Thermal

A Steam/Steam+ac
X Fe modified

= Method(ii)

® Method(iii)/+steam

LR S oo XA

0.1 4

Mesoporosity

< Basis+method(i)
OThermal

A Steam/steam+ac
+ Fe modified

X Method(ii)

O Method(iii)/+steam

0.05 -

Pore Volume from N, Physisorption/ml/g

20 40 60 80
Degree of Framework Dealumination/%

100

Fig. 7. Specific pore volumes of basiatarial (A-550), calcined (A-800T,
A-900T, A-1000T, A-1080T), steamed (A-650st-1, A-550st-3, A-550st-6,
A-550-st-14), steamed acid treated (A-650st-1ac0.5NO3), (N}ISiFg
dealuminated (A-SiF6-100ag, A-SiA®0S-aq, A-SiF6-20S, A-SiF6-40S,
A-SiF6-60S, A-SiF6-100S, A-SiF6-10e83), and iron-modified materials
(A-st-1-Fe, A-st-1-Fe-S204, A-stffe-S204ac) as a function of the degree
of dealumination. Samples derived from basis material A-550.

of crystallinity and, thus, to a decrease of the catalytically ac-
tive volume of the zeolite. Treatment with (M} SiFgs with
method (iii), however, enables the deepest dealumination of
all the methods while preserving the structural integrity.

In contrast to high-temperature calcination and agueous
treatment with (NH)2SiFs (method (i)), steaming, steam-
ing followed by acid leacimg, and dealumination with
(NH4)2SiFs according to methods (ii) and (iii) result in an

increase in the mesoporous volume, generally associatec

with the formation of a secondary pore structure. This ef-

fect is frequently reported as consequence of steam and

steam/acid treatment and is explained by a certain mobil-
ity of the silicon species from the amorphous material or
heavily damaged zones that can refill framework defects
formed upon removal of framework aluminum (see, e.g.,
[34] and references therein). Angilar mechanism is for ma-
terials modified according to method (iii), since itis assumed
that thermal decomposition of hexafluoro complexes after
solid-state substitution leads to volatile, very mobile silicon
species, such as SiFThis has been recently supported by
the characterization of such materig®2]. This effect in
combination with the deepesedlumination leads to mate-
rials with the highest mesoporosity of all the methods un-
der consideration. For calcined materials the texture hardly
changes up to treatment temperatures of F@Amplying

that mobility of extraframework species is rather limited un-
der dry conditions. This is in line with the high concentration

of Lewis acid sites on calcined compared to steamed samples

(Table 2, indicating a higher dispersion and thus a slower
oligomerization and polymerization of the EFAL species.

3.2. Catalysis

Figs. 8-10give the rate constant of deactivatibm and
the density of the Brgnsted acid sites at different reaction
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Fig. 8. Deactivation rate constamky as function of Brgnsted acidity.
W/F = 20 Kkgggts/mol, CsHg/N20O/N2 = 4/2/1 (molar), S > 95%,
400°C. Parameter is the modification method (filled symbols, samples de-
rived from basis material A-550; open symbols, samples derived from basis
material B-550).
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Fig. 9. Deactivation rate constamky as function of Brgnsted acidity.
W/F = 20 kgggts/mol, CsHg/N20O/N2 = 4/2/1 (molar), S > 95%,
425°C. Parameter is the modification method (filled symbols, samples de-
rived from basis material A-550; open symbols, samples derived from basis
material B-550).
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Fig. 10. Deactivation rate constaky as function of Brensted acid-

ity. W/F = 20 kg.ats/mol, CsHg/N20O/No = 4/2/1 (molar), S > 95%,
450°C. Parameter is the modification method (filled symbols, samples de-
rived from basis material A-550; open symbols, samples derived from basis

temperatures. In all cases, a clear correlation is found overmaterial B-550).
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dealuminated ZSM-5 deriveflom two different basis ma-
terials regardless of the method. For a comparable level
of Bragnsted acidity, deactivation occurs faster on materi-
als with the intentional addition of iron no matter whether
the iron was introduced during hydrothermal synthesis (FS-
550st-14) or by means of postsynthesis methods (A-st-1- Fe,s
A-st-1-Fe-S204, A-st-1-Fe-S204ac). This is somewhat sur-
prising, because it is generalgreed that Brgnsted acidity
originating from tetrahedrally coordinated iron, e.g., in fer-
risilicalite, is supposed to be weaker than originating from
framework aluminum in zeolitic systems (e.[f9] and ref-
erences therein).

These results strongly imply that the level of Brgnsted
acidity is the key factor in catalyst deactivation. However,
based on the results obtained by now, we cannot yet con-
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Fig. 11. Initial conversion of benzene as a function of Lewis acidity.
Parameter: mesoporous volum®,/F = 20 Kg.gis/mol, CsHg/N2O/
N2 ~ 4/2/1 (molar), S > 95%, 425°C (filled symbols, samples derived

clude whether it is the only determining factor. The trends from basis material A-550; open symbols, samples derived from basis ma-

depicted inFigs. 8-10show some scattering of the val-

ues, which increase with increasing reaction temperature.

Itis seen, however, that materials modified with &iFin
better than conventional materials.

Moreover, due to the dispersion of the experimental val-
ues itis difficult to say, whether the trend can be extrapolated
exactly to the origin, i.e., that in the case of the absence of
Brgnsted acidity, the catalysemains active on a constant
level throughout the redion time. For a reaction tempera-
ture of 400°C the trend seems to have an intercept for zero
Brgnsted acidity Kig. 8), whereas at elevated temperatures
(425 and 450C) this intercept is substantially smaller if
not even zeroKigs. 9 and 1R If the intercept has a value
unequal to zero, this would imply, that there is a second de-

terial B-550).

chemical conversion. This applies above all to fast chemi-
cal reactions, such as oxidations, which take place over a
porous catalyst. If the characteristic time constant of diffu-
sion (giff = L2/D) is much higher than the characteristic
time constant of the chemical reactian £ k|, l) concentra-
tion gradients of the reactantdse within the catalyst parti-
cle and also between the particle surface and the surrounding
gas phase; i.e., mass transport is the rate-limiting step of the
overall procedure (e.d.72]). This can lead to decreasing se-
lectivity of reaction intermediates due to extended residence
time on the catalyst and to lower conversion due to restricted
accessibility of the active site.

The dimensionless groupk, proposed by Weis§73],

activation mechanism, possyltaused by strong adsorption  should be< 0.3-1 in order to ensure an effectiveness fac-
of phenol on the active site. This desorption limitation can tor of n = ky app/ kr; > 95%. However, it has been estimated
then be overcome by increasing the reaction temperature, into values ot~ 0.2—2 based on data of the catalytic materials
agreement with theesults in the figures above. Such find- determined in the present work and micropore diffusion of

ings were reported previously by Burch and HowWib],
who distinguished between “soft” coke, removable by treat-
ment with Nb at 500°C, and “hard” coke on BA sites, only
removable by oxidation.

Fig. 11shows the initial conversion of benzene as a func-
tion of the density of the Lewis acid sites. Since it was ob-
served that mesoporosity, created during dealumin§2idf
and crystallite sizg71] might play a decisive role in the

benzene. This value is in the vicinity to the one estimated
by Louis et al.[8]. Bearing in mind the large discrepan-
cies of diffusivities of hydrocarbons in zeolites reported in
the literature (see, e.g31] and references therein), usually
under conditions much different than those of the chem-
ical reactions anyway, it is reasonable to assume that the
reaction takes place in a transition regime, in which only
active sites located in the outer shell of the zeolite crystal-

direct hydroxylation of aromatics, the materials have been lite take part. Thus, an increase in mesoporous volume upon
grouped according to the mesoporous volumes derived bydealumination, related to the formation of a secondary pore
N> physisorption. There are reasonable correlations betweensystem, provides better access to the active site by shorten-
Lewis acidity and the activity of the dealuminated materials, ing the characteristic length of diffusidtyt. Therefore for
derived from both basis materials A and B, regardless of the a comparable level of Lewis acidity, materials with higher
treatment. mesoporosity show higher initial activity. A synergetic effect
Hydrothermally treated ferrisilicalite also fits this pattern of Brgnsted acidity on activity, as postulated by Ndtt6],
(Fig. 12), whereas postsynthetically modified ZSM-5 dis- is not supported by the results of the present work. On
plays a higher initial activity as expected from its level of the contrary, materials with the lowest levels of BA, such
Lewis acidity and its mesoporous volume. This peculiarity as those treated with (NhbSiFs according to method (iii)
will be discussed in detail below. and subsequently steamed, are among the most active cat-
It is commonly experienced in heterogeneous catalysis alysts. Notté based his assumption on a study of steamed
that mass and heat transport affect the overall rate of theZSM-5 catalysts, which were subsequently ion exchanged
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with Na. The most effective ion exchange was achieved by
applying a basic buffer solution. Catalytic activity and the
density of thea-sites, determined by stoichiometric,®
decomposition, decreased wititreasing ion-exchange de-
gree, whereas the equilibrium sorption capacity for benzene 2
remained constant. Hence, it was assumed that the removaE
of BA was selective; i.e., neither Lewis acidity nor the trans-
port properties were affected by ion exchange. But this might
be too simple an explanation. Experimental evidence is nec-
essary, since extraframework aluminum and iron species can 5 ;
be in charge-compensating positions and can be removed by 5 4 5
aqueous ion exchange. If this procedure occurrs in a slightly TOS/h
basic medium’ reinsertion of EFAZ4] and reverSibi.“ty of Fig. 12. Semilogarithmic plot of conversion of benzene as a function of
dehy,deylatlon a':e al§0 rgport@?B], thus decreasing the TOS for hydrothermally and hydrothermally iron-modified ZSM-5 zeo-
density of the Lewis acid sites. lites. W/ F = 20 kgsaS/mol, GgHg/N2O/Np ~ 4/2/1 (molar), S > 95%,
Furthermore, since the kinetic diameter of an aromatic 425°C (values in brackets not taken into account for regression).
ring is in close vicinity of the channel diameter of MFI, it is
expected that the mobility of &reactants in the micropores tpe 5

is greatly affected by introducing bulky cations such a$Na  Data on catalytic performance of pogthetically iron-modified materiafs

& A-650st-1
OA-st-1Fe

A A-st-1Fe-S204

O A-st-1Fe-S204ac
X FS-550st-14

with an ionic radius of 02 x 10-1% m [76]. Sorption prop- 200°C 425°C 450°C

erties are also significantly enhanced by the introduction of ka Xo kg Xo kg X
Na*, resulting in Henry constants for benzene and phenol (Y % (h %)l (%)
of one order of magnitude higher than in the protic form, A gs0si1 023 6 029 7 039 8
as demonstrated by Klemm et fit7]. It has been observed  A-st-1-Fe 031 10 043 11 061 16

that the type of catiofir8] and the presence of chemisorbed A-st-1-Fe-S204 @3 11 056 14 Q77 17
moleculeg31,79]can have a significantimpact on intracrys- A-st1-Fe-S204ac .60 11 037 13 055 17
talline diffusivities. Moreover, in order to explain the essen- 2 Reaction conditionsW/F = 20 kg.;S/mol, CsHg/N20/Np ~ 4/2/1
tial role of BA, it was argued that addition of trace amounts (molar), S > 95%.

of NH3 to the feed also had a strong, but reversible impact on

phenol productivity. But it has been shown previoudg] the activity of iron-containing material compared to steamed
and in the present work that chemisorption of N bases suchZSM-5 has also been observed by Zhu ef20].

as pyridine is even stronger on Lewis sites than on Brgnsted

sites Fig. 5). Hence, from this observation it can only be

concluded that the reaction mechanism is not exclusively a4. Conclusion

redox type, but also involves acid—base interactions, what-

ever their nature. For a wide variety of dealumination methods, the cat-
Semilogarithmic plots of conversion as a function of time alytic performance of two HZSM-5 zeolites with slightly
on stream of iron-containing materials are showfim 12 different Fe contents for the direct hydroxylation of benzene

In contrast to dealuminated HZSM-5 (e.g., A-650st-1), ma- with N2O is described on the basis of the physicochemical
terials with intentional introduction of Fe do not obey a first properties of the resulting materials. Brgnsted acidity was
order deactivation rate—time law as seen from the concaveidentified as the key factor of deactivation rate. Under the
shape of the curves. Togetheith the fact that activity and  reaction conditions studied it seems realistic to obtain cat-
deactivation rate of iron-modified materials can hardly be alysts nearly free of activity loss, if even lower levels of
correlated with the acid properties and textural properties Brgnsted acidity could be aved. In accordance with the
(see above), this observation may indicate that on these maideas of Motz et al[6] and Kustov et al[9], catalytic ac-
terials the reaction is catalyzed by different active sites at tivity can be described by the level of Lewis acidity created
different rates of the elementary steps, maybe even with aupon dealumination, when taking into account that the reac-
different reaction mechanism. It should be noted that for tion is limited by micropore diffusion; thus the formation of
reasons of comparability curves of the iron-modified sam- mesopores is a crucial step in order to enable access to these
ples were evaluated by linear regression. Due to the concavesites. The results of the present study also corroborate the re-
shape, i.e., quicker activity loss at higher activity than for or- cent findings of Hensen et §l.4], who proposed Lewis acid
dinary materials with linear shaped curves, the introduction extraframework Al-O—Fe entities as active species.
of Fe leads to poorer materials. Materials with intentional addition of Fe, either dur-
Under identical reaction conditions, postsynthetically ing hydrothermal synthesis or in a postsynthetic modifica-
modified materials suffer quicker activity loss than the tion step, hardly fit this pattern. Together with the different
steamed staring material A-650st-1. Such a rapid decrease irshapes of deactivation curves it is assumed that catalysis



F. Kollmer et al. / Journal of Catalysis 227 (2004) 408-418

417

and loss of activity on these materials proceed via different [34] G. Kuehl, in: J. Weitkamp, L. Puppe (Eds.), Catalysis and Zeolites—

mechanisms.

The most favorable catalyst in the present study was ob-

tained by solid-state isomorphous substitution of FAL by

(NH4)2SiFs and subsequent thermal treatment. The removal

Fundamentals and ApplicationSpringer, Berlin, 1999, p. 81.
[35] E. Derouane, M. Mestdagh, L. Vielvoye, J. Catal. 33 (1974) 169.
[36] H. Karge, M. Hunger, H.K. Beyer, in: J. Weitkamp, L. Puppe (Eds.),
Catalysis and Zeolites—Fundamaist and Applications, Springer,
Berlin, 1999, p. 198.

of Brgnsted acid sites is most efficient and simultaneously a[37] E. Loeffler, C. Peuker, H.G. Jerschkewitz, Catal. Today 3 (1988) 415.

substantial level of Lewis acidity and mesoporosity can be
created.
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