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Abstract

The nitration of toluene and 2-nitrotoluene with acetyl nitrate was investigated using several solid acid catalysts. In the nit
toluene, enhancedpara-selectivity was observed only with zeolite BEA. For the nitration of 2-nitrotoluene, all the catalysts displayed
para-selectivity, but only BEA led to high yields. The superior performance of BEA was due to the fact that only with this zeolite
heterogeneously catalyzed reaction compete successfully with the homogeneous nitration in the liquid phase. Geometrical con
showed that the highpara-selectivity of BEA was not caused by classical transition-state selectivity but was induced by the reactio
arene with a surface-bound acetyl nitrate complex. The existence of this complex was supported by NMR measurements, which s
its formation is a specific property of zeolite BEA.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The nitration of aromatics is one of the oldest and m
important processes in the chemical industry for the p
duction of intermediates. Extensive and well-documen
reviews have been published about the mechanism and
eral nitration systems as well as about nitration with h
erogeneous catalysts [1–5]. The typical product compos
obtained in the industrially applied mixed-acid nitration
toluene and nitrotoluene (NT) shows an excess of the
desirableortho-substituted products. Being an irreversib
reaction, nitration does not permit a shift in the product co
position by reequilibration of the products [6]. Because
the higher commercial value of thepara-products apara-
selective nitration reaction is desirable.

Several studies reported attempts to shift the pr
uct composition in favor of thepara-substituted products
4-nitrotoluene (4-NT) and 2,4-dinitrotoluene (2,4-DNT
with solid acids as catalysts. For the most part, zeo
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such as mordenite [7–10], ZSM-5 [7,8,10,11], ZSM-11 [1
beta [7,8,10,13], and Y [8–10,12] have been tested as c
lysts in different nitration systems and have led to goodpara-
selectivities. Clay-supported metal nitrates [14,15] as we
SiO2 and Al2O3 impregnated with H2SO4 and H3PO4 [16]
have been investigated. Our previous work has shown tha
the liquid-phase nitration with 65 wt% nitric acid as a nitr
ing agent at ambient temperature, zeolites are poor cata
because of the overwhelming mediating effect of water
the acidity of zeolites [17]. The majority of studies tried
overcome this by applying organic nitrating agents such
various acetyl nitrates [12,13] or alkyl nitrates [7,11]. So
studies on nitrogen dioxide (dinitrogen tetroxide) [7,18] a
dinitrogen pentoxide [9] have been carried out, and ni
acid in combination with water-tolerant catalysts or in
action regimes other than the liquid phase has also b
reported [10,12,16,19,20]. Thus far, nitric acid-based s
tems have shown comparably low activity in combinat
with reaction distillation, and nitration systems that are
based on nitric acid are hardly viable alternatives to lar
scale application.

The use of zeolites seems to be the most promi
route to obtainpara-selective nitration and the concept
shape selectivity has been commonly invoked to exp
the enhancedpara-selectivity [10–12]. Of particular inter
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est is the high regioselectivity obtained with zeolite beta
nitric acid/acetic anhydride reported initially by Smith
al. [13,21]. Beta, having 12-membered ring channels is
expected to induce shape selectivity in its classical sense
NMR studies suggested that the highpara-selectivity of
zeolite beta might be linked to steric hindrance of theor-
tho-position, induced by adsorption, rather than to class
transition-state selectivity [22].

In the present work we concentrate on the nitration w
a broad variety of beta zeolites with different characteris
The aim was to elucidate the reason for he exceptionally
selectivity observed exclusively with beta zeolites. For
sake of comparison other zeolites and solid acids were
tested.

2. Experimental

2.1. Catalysts

A variety of commercially available beta zeolites as w
as beta synthesized in our laboratory were used in this s
PB1, PB3, PB5, and PB13 are different batches obta
from CU Chemie Uetikon AG (PB3 and PB13 were in t
Na+ form with template, and PB1 and PB5 were in t
Na+ form without template). BEA-24 (Na+ form without
template) and BEA-150 (H+ form) were obtained from Süd
Chemie AG, PQ (in NH4+ form) from Zeolyst Internationa
and RAHB and RAMB (both in Na+ form with template)
from the Research Institute of Petroleum Processing (R
in Beijing. In the case of the Na+ zeolites, the proton form
were prepared by a threefold 1 h ion exchange of the pa
zeolites with a 1 M aqueous NH4NO3 solution (10 ml per
1 g zeolite) under reflux. The PQ zeolite was calcined
ion-exchanged only once. After washing with deionized
ter, the zeolites were dried and calcined in air at 550◦C for
8 h.

Pure silica beta was synthesized according to the
cedure of Camblor et al. [23]. Tetraethoxysilane (15.59
Fluka) was added to a mixture of 14.87 g 40% TEAO
(Fluka) and 4.55 g of distilled water. Ethanol was evapora
by stirring the mixture at ambient temperature for 6.5 h,
1.68 g 48% hydrofluoric acid (HF, Fluka) was added d
by drop. The obtained gel was heated in a Teflon-lined a
clave at 140◦C for 39 h and stirred at 60 rpm. The obtain
zeolite (referred to as Si-Beta) was washed until the filt
was neutral. Calcination for template removal was car
out as explained above.

Zeolite ZSM-5 (PZ-2/40) and mordenite (PM22) we
purchased from CU Chemie Uetikon in the Na+ form, PZ-
2/40 with template. ZSM-5 was calcined and ion-exchan
in the same way as the commercial beta zeolites. Deal
nated mordenite was obtained after thermal treatment
subsequent acid leaching [24]. The Na+ form was ion-
exchanged once with 1 M HCl (10 ml for 1 g zeolite)
reflux temperature for 1 h and then twice with 1 M NH4NO3
.

.

t

(10 ml for 1 g zeolite) under the same conditions. The
tained zeolite is referred to as H-MOR(4.6). The result
ammonium form of the zeolite was calcined at 750◦C for 2 h
(heating rate: 1◦C/min) and then treated with 6 M HNO3
(10 ml for 1 g zeolite) for 16 h at reflux temperature
remove the extraframework aluminum. The modified z
lite (denominated H-MOR(74)) was finally calcined in air
500◦C for 8 h.

USY was prepared from a NaY received from C
Chemie Uetikon. NaY was subjected to a twofold ion
change with a 1 M NH4NO3 (5 ml/g) at 90◦C for 1 h prior
to each steaming treatment (6 h, 500◦C, 5 ml H2O/min).
The steaming treatment was repeated twice and then
sample was finally leached with 6 M HNO3 (10 ml/g) at
room temperature for 21 h.

ZSM-12 was synthesized according to the following p
cedure. To 87 g sodium silicate solution (Merck), dilu
with 40.20 g distilled water, was added under vigorous s
ring 17.81 g hexamethyleneimine (Fluka). The solution w
stirred for 15 min. Aluminum sulfate (2.05 g, Fluka) a
7.17 g sulfuric acid, diluted in 220 g distilled water, we
added drop by drop. After stirring for 2 h at ambient temp
ature the solution was heated in a Teflon-lined autoclav
150◦C for 88 h and stirred at 250 rpm. The obtained zeo
was washed with water and with ethanol and then calcine
750◦C for 6 h and subsequently ion-exchanged in the s
way as the commercial beta zeolites. An attempt was m
to dealuminate ZSM-12 by means of deep-bed calcina
in air at 1000◦C for 5 h with subsequent acid leaching in
similar way as for mordenite.

Amberlyst-15 (Fluka) and Nafion-SAC25 (DuPont),
nafion/silica nanocomposite, were used as purchased.

2.2. Characterization

The structural integrity of the zeolites after each m
ification was checked by X-ray diffraction on a Sieme
D5000 X-ray diffractometer using Cu-Kα radiation. The S
and Al contents of the zeolites were determined by ato
absorption spectrometry on a Varian SpectrAA instrum
after the zeolites were dissolved in HF. Nitrogen adso
tion was carried out at−196◦C on a Micromeritics ASAP
2000M volumetric analyzer. The catalysts were dega
prior to analysis under vacuum at 400◦C (120◦C in case
of Amberlyst 15 and 140◦C in case of Nafion-SAC25) for a
least 2 h. The specific surface area was evaluated usin
BET method. The external surface area is given as the d
ence between the BET surface area and the micropore
face area, which was determined by thet-plot method [25].
The average pore diameter of pores larger than 17 Å
estimated from the desorption branch of the isotherm
ing the BJH method [26]. TGA measurements were car
out on a Mettler Toledo TGA/SDTA851e system. The sam
ples were heated in a stream of air (50 ml/min) at a rate of
10◦C/min from ambient temperature to 800◦C. SEM im-
ages of the samples coated with a 5-nm-thick platinum la
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were taken on a Hitachi S-900 microscope (energy of
beam: 30 keV).

Solid-state27Al MAS NMR spectra were recorded o
fully hydrated zeolite samples using a Bruker AMX4
spectrometer at a magnetic field of 9.4 T. The spectra w
recorded at a resonance frequency of 104.26 MHz an
rotor-spinning rate of 10 kHz. For each spectrum, 9720 sc
were acquired using a 1.1-µs pulse length (flip angle of 1◦)
and a relaxation delay of 2 s. Chemical shifts are given r
tive to a 1 M aqueous aluminum nitrate solution.

2.3. Catalytic tests

Acetyl nitrate, the nitrating agent, was generated in
from 90 wt% nitric acid and acetic anhydride (Fluka). F
a typical reaction experiment 35 mmol 90 wt% nitric ac
and 1.0 g of dried catalyst (130◦C, overnight) were mixed
and stirred at 0◦C. Acetic anhydride (53 mmol) was adde
to convert nitric acid into acetyl nitrate and the water pres
in nitric acid into acetic acid (AcOH). Thirty-five millimole
of toluene or 3.5 mmol of 2-NT then added drop by drop
order to keep the temperature below 20◦C. After addition
of the substrate, the mixture was stirred at room tempera
for another 30 min to 16 h. The reaction was stopped by
tering the mixture and washing the catalysts with methyl
chloride. The organic products were separated by extrac
with methylene chloride and analyzed by gas chromato
phy using a HP 5890 gas chromatograph equipped wi
HP-1 fused silica capillary column and 1,3-dinitrobenze
as the integration standard.

After filtration of the catalyst the analysis of the produ
composition inside of the pores was carried out dissolv
the zeolite in 48 wt% HF. The products were extracted w
methylene chloride and analyzed by gas chromatograph

2.4. 15N NMR experiments

For the solid-state NMR the zeolites were treated ov
night at 130◦C to remove adsorbed species. Each sam
was impregnated first with 90 wt% HNO3 (15N-enriched)
and then Ac2O was added to the resulting mixture. In o
der to keep the samples in the powder form, the loading
kept particularly low. The HNO3/Ac2O ratio was 0.69, no
taking into account the excess of Ac2O needed to react with
the water contained in the acid. The measurements were
ried out on a Bruker AMX 400 spectrometer at 9.40 T, wh
corresponds to a resonance frequency of 40.54 MHz for15N.
The spectra were collected using a 7.5 µs pulse and a
cle delay of 20 s, and 720 transients were averaged for
spectrum. Chemical shifts were referenced to15N-labeled
glycine (Cambridge Isotope Laboratories, Inc.), in which
main peak was fixed at−345.26 ppm.

3. Results

3.1. Catalysts

Table 1 lists the characteristics of the different beta
olites used in this work. The commercial beta zeolites
Chemie Uetikon, Süd Chemie, and Zeolyst (Figs. 1 and
are composed of crystallites, the sizes of which are a
0.03 to 0.1 µm and have a large external surface area bet
140 and 240 m2/g. The Si/Al ratio of these zeolites varie
from 9 to 15, with the exception of H-BEA-150 with a Si/Al
ratio of 74. The synthesized pure silicon beta zeolite c
sists of larger crystallites (5–8 µm Si-Beta, Fig. 2). Si-B
has the lowest surface area and the smallest micropore
ume of all the beta zeolites studied. The beta samples
RIPP (H-RAMB and H-RAHB) have intermediate crysta
lite dimensions (0.5–0.8 µm, Fig. 2) and higher Si/Al ratios
(39 and 142) than the other beta zeolites.

ZSM-5, ZSM-12, and mordenite (PM22) are charac
ized by smaller total and external surface areas compar
the commercial beta zeolites (Table 2 and Fig. 3). PM2
composed of 0.5 to 1 µm crystallites that form clusters o
to 5 µm. ZSM-12 crystallites were quite homogeneous w
dimensions of 2–3 µm× 0.4–0.8 µm. The thermal treatme
e
me
Table 1
Characteristics of the beta zeolites

Si/Al BET External Pore Average Micropor
surface area surface area volume mesopore diam. volu

(m2/g) (m2/g) (cm3/g) (Å) (cm3/g)

H-PB1 15 722 221 0.77 78 0.21
H-PB3 12 750 156 0.51 46 0.25
H-PB5 12 690 199 0.90 102 0.21
H-PB13 9 670 233 0.75 77 0.18
H-BEA-24 12 696 170 0.65 74 0.22
H-BEA-150 74 722 139 0.63 71 0.25
H-PQ 13 634 182 1.06 136 0.19
H-PQa 30 631 167 1.07 146 0.19
H-RAMB 39 614 44 0.42 68 0.24
H-RAHB 142 582 94 0.63 94 0.21
Si-Beta – 294 34 0.35 133 0.11

a After three nitration runs with subsequent calcinations at 550◦C.
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Fig. 1. SEM pictures of beta zeolites.
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with subsequent acid leaching of mordenite led to a struc
with a secondary mesoporous system, confirmed by th
crease in the external surface area and the pore volume
more severe thermal treatment of ZSM-12, however, ha
most no effect on the characteristics of the zeolite.

3.2. Nitration with acetyl nitrate

3.2.1. Nitration of toluene
Table 3 lists the results of the nitration experiments w

toluene and different catalysts. A considerable amoun
NT, with a product selectivity comparable to that of t
mixed acid nitration, was produced even without a cata
This was also the case when an excess of acetic anhy
was used. A 10-fold excess of nitric acid increased the
yield but not that of DNT. The GC analysis showed that s
ondary products, probably due to oxidation reactions,
present in negligible amounts, with the exception of
e

e

product of the side-chain nitration (α-NT), which was de-
tected in some of the nitration experiments.

Amberlyst-15 was the only catalyst that showed a not
able DNT yield together with a slightly higher 4-NT sele
tivity. The activity and selectivity of the nafion/silica com
posite did not significantly increase compared to nafion
as was claimed for other reactions [27]. None of the catal
shown in Table 3 exhibited a significantly enhanced se
tivity for 4-NT. The XRD patterns of the zeolites record
after the nitration indicated that their structural integrity w
maintained.

The selectivity of the mordenite zeolite with a mes
porous system also did not show a substantial increas
4-NT selectivity. This is in contrast to nitration in the g
phase with 65 wt% HNO3, where the 4-NT-to-2-NT ratio
increased from 0.7 to more than 1 in the first 2 to 3 h
stream [28].
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Fig. 2. SEM pictures of beta zeolites.
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Most of the beta zeolites, however, exhibited an
hanced 4-NT selectivity (Table 4), as observed by Sm
et al. [13,21]. Notable differences in the product selec
ities were obtained depending on the beta batch used
the commercial beta zeolites showed a higher 4-NT se
tivity between 51 and 73%. The pure silicon BEA (Si-Bet
however, did not result in higher 4-NT selectivities; the b
zeolites with an intermediate crystallite size had a 4-NT
lectivity between that of the micro- and the Si-beta zeoli
The Si/Al ratio did not seem to govern the selectivity. For i
e
me
Table 2
Characteristics of other zeolites and solid acids

Si/Al BET External Pore Average Micropor
surface area surface area volume mesopore diam. volu

(m2/g) (m2/g) (cm3/g) (Å) (cm3/g)

H-ZSM-5 19 408 44 0.47 102 0.16
H-ZSM-12 47 250 12 0.15 52 0.10
H-ZSM-12a 42 259 13 0.16 55 0.10
USY 36 672 34 0.38 22 0.33
H-MOR(4.6) 4.6 529 7 0.26 61 0.22
H-MOR(74) 74 556 36 0.32 52 0.22
Amberlyst-15 – 41 21 0.36 246 0.01
Nafion-SAC25 – 78 50 0.51 202 0.01

a After thermal treatment at 1000◦C and acid leaching with 6 M HNO3.
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Fig. 3. SEM pictures of mordenite, ZSM-12, and ZSM-5.
if-
e
all

en-
lts
n
s
NT

on
e in
-NT
Table 3
Nitration of toluene using different catalysts (90 wt% HNO3, Ac2O,
toluene/HNO3 = 1, 30 min)

NT yield DNT yield S2-NT
c S4-NT

c

(mol%) (mol%) (mol%) (mol%)

Blank 76 0.0 59 38
Blanka 91 0.0 60 37
Blankb 82 0.0 60 37
Amberlyst-15 74 2.8 55 42
Nafion-SAC25 84 0.0 58 40
H-ZSM-5 81 0.04 58 40
H-ZSM-12 78 0.01 61 37
USY 77 0.0 59 38
H-MOR(4.6) 78 0.0 58 39
H-MOR(74) 82 0.04 57 43

a Toluene/HNO3 = 0.1.
b Double molar amount of acetic acid anhydride was used.
c S is defined as (2-NT/ΣNT) ∗ 100 and (4-NT/ΣNT) ∗ 100.

stance, H-BEA-150, with a Si/Al ratio of 74, exhibited the
highest 4-NT selectivity, and beta zeolites with clearly d
ferent Si/Al ratios (H-RAMB, H-PB1, and H-PB13) gav
similar 4-NT selectivities. Beta zeolites also gave a sm
yield of DNT, which seemed to be correlated with the
hancement in thepara-selectivity. Table 5 shows the resu
of the nitration reaction with H-PB5 with varying reactio
time and a toluene-HNO3 ratio of 0.1. Longer reaction time
led to an increase in the DNT yield and a decrease in the
yield, in line with the sequential nature of DNT formati
from NT. This was accompanied by an apparent increas
the 3-NT and 4-NT selectivities and a decrease in the 2
Table 4
Nitration of toluene using different beta zeolites (90 wt% HNO3, Ac2O,
toluene/HNO3 = 1, 30 min)

NT yield DNT yield S2-NT S4-NT
(mol%) (mol%) (mol%) (mol%)

H-PB1 84 0.4 36 61
H-PB3 83 1.0 37 61
H-PB5 76 1.4 26 72
H-PB13 80 0.9 37 61
H-BEA-24 81 1.1 31 66
H-BEA-150 81 2.9 24 74
H-PQ 75 2.2 25 72
H-PQa 81 1.0 24 73
H-PQb 77 2.3 22 75
H-RAMB 77 0.4 37 61
H-RAHB 74 0.2 46 57
Si-Beta 75 0.05 57 39

a 2nd Nitration run after regeneration at 550◦C during 10 h (1◦C/min
heating rate).

b 3rd Nitration run after regeneration at 550◦C during 10 h (1◦C/min
heating rate).

Table 5
Nitration of toluene using H-PB5 with 90 wt% HNO3, Ac2O, and toluene/
HNO3 = 0.1

Time NT yield DNT yield S2-NT S4-NT S2,4-DNT
a

(h) (mol%) (mol%) (mol%) (mol%) (mol%)

0.23 50 23 16 81 96
0.5 35 45 3 92 97

16.0 9.6 83 0 91 98

a S2,4-DNT is defined as (2,4-DNT/ΣDNT) ∗ 100.
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Table 6
Product composition analyzed by dissolving the zeolite in 48 wt% HF a
the reaction

S4-NT
(mol%)

BEA Poresa 69
Liquid phaseb 66

ZSM-5 Pores 38
Liquid phase 40

USY Pores 42
Liquid phase 38

H-MOR(4.6) Pores –c

Liquid phase 39
H-MOR(74) Pores 43

Liquid phase 43

a Products retained inside of the pores.
b Products in the reaction mixture.
c No products detected inside the pores.

selectivity, suggesting that 2-NT reacts faster to 2,4-D
than 4-NT.

Since high yields were observed even without a solid a
catalyst and after a short reaction time (5 min), a signific
contribution of the nonselective homogeneous reaction m
be considered when interpreting the results with solid
alysts. This can mask the actual behavior of the solid a
and the intrinsic 4-NT selectivity of the zeolite-catalyzed
tration might be much higher. In order to clarify this po
the catalysts recovered after the reactions were treated
48 wt% HF to destroy the zeolite framework and the pr
ucts retained inside of the pores were analyzed. The re
of the analysis (Table 6) show that, in the case of BE
ZSM-5, and USY, the product composition is the same
in the liquid phase meaning that the products can easily
fuse through the pores. A notable difference in the prod
composition was observed for the two mordenite samp
no products were found inside the pores of H-MOR(4
whereas in the dealuminated sample H-MOR(74) prod
were observed inside the pores and the selectivity was
same both inside and outside the pores. This suggests
diffusion is very difficult in the untreated samples, prob
bly due to the 1-dimensionality of the channel system, w
after the thermal treatment and subsequent formation
secondary mesoporous system toluene and nitrotoluen
freely diffuse inside the pores. Only BEA, however, displa
an enhancedpara-selectivity both in the liquid phase an
inside the pores, suggesting a higher contribution of the
erogeneous catalyzed nitration over the homogeneous n
elective reaction. This idea is supported by the fact that in
blank reaction and in the reaction carried out with ZSM
USY, and mordenite, a considerable amount (0.5–1%
α-NT was detected, while this was not the case with BE
The absence of this typical by-product of the homogene
reaction in the case of BEA suggests that the heterogen
catalyzed reaction dominates over the homogeneous
tion. For the other three zeolites, however, the heterogen
t

n

-

s
-
s

Table 7
Nitration of 2-NT using different catalysts (90 wt% HNO3, Ac2O, NT/

HNO3 = 0.1)

DNT yield (mol %) S2,4-DNT
a (mol%)

30 min 16 h 30 min 16 h

Blank 0.2 3.4 b 56
H-PB1 41 94 93 93
H-PB5 90 100 94 94
H-PB13 29 100 93 94
H-BEA-24 34 96 93 93
H-BEA-150 38 96 95 94
H-PQ 85 98 94 94
H-RAMB 20 90 94 93
H-RAHB 12 70 90 91
H-MC-Beta 3.4 24 80 81
H-ZSM-5 1 7 60 61
H-ZSM-12 – 14 – 64
H-MOR(4.6) 1 9 57 61
H-MOR(74) 9 25 78 79

a Mixed acid process:S2,4-DNT (from 2-NT)= 67%.
b Too low amounts for a reliable value.

reaction seems to be too slow to compete with the unse
tive homogeneous nitration.

3.2.2. Nitration of 2-nitrotoluene
Nitration of 2-NT was carried out under the same exp

mental conditions as for toluene. The results in Table 7 s
that 2-NT reacted with a high selectivity to 2,4-DNT on
the beta zeolites and that the reaction did not end after 30
(same time as for the nitration of toluene). After 16 h re
tion time, the DNT yield increased substantially, while t
2,4-DNT selectivity remained essentially constant. The
tration of 2-NT was also carried out without a catalyst.
this case we observed low DNT yields, which means tha
contribution of the homogeneous reaction is very small.
same trends in selectivity that were found in the nitration
toluene were also observed for the nitration of 2-NT. H-P
and H-PQ were the most active catalysts with a 2,4-DNT
lectivity of 94%. Zeolites other than beta were only sligh
active and notpara-selective [29]. H-ZSM-12 gave a DN
yield of 14 mol% after 16 h nitration with a 2,4-DNT sele
tivity of 64%.

3.3. Stability of H-BEA

The stability of the beta zeolites was tested by means
threefold nitration with intermediate regeneration in air
550◦C (Table 4). Thepara-selectivity, which is more in-
dicative of the contribution of the zeolite than the activi
increased slightly in the subsequent runs.27Al solid-state
MAS NMR showed a decrease in the octahedral extrafra
work aluminum after the subsequent runs (Table 8). Alm
no extraframework aluminum was found after the three
tration runs. The bulk Si/Al ratio determined by AAS in-
creased from 13 before nitration to 30 after the three n
tion steps with intermediate regeneration. Quantitative27Al
MAS NMR showed that not only the extraframework
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Table 8
Al content of H-PQ before and after nitration (F, framework; EF, ex
framework; Albulk = 3.3%)

Before nitration After 1 nitration After 3 nitration

AlFa (mmol/g) 0.99 1.09 0.55
AlEF

a (mmol/g) 0.23 0.13 0
(Si/Al)bulk

b 13 – 30
(Si/Al)F

c 16 – 30
(Si/Al)F

d 16 18 25

a From27Al MAS NMR.
b From AAS.
c From combination of AAS and27Al MAS NMR.
d From quantitative27Al MAS NMR, using H-PQ before nitration a

reference.

Table 9
Approximate smallest dimension (MIN-1) and second smallest dimen
(MIN-2) of 2-NT, 4-NT, 2,4-DNT, 2,6-DNT, and their Wheland intermed
ates

Molecules MIN-1 (Å) MIN-2 (Å)

2-NT (Wheland intermediate) 5.9 8.0
2-NT 4.2 7.8
4-NT (Wheland intermediate) 5.7 6.8
4-NT 4.2 6.7
2,4-DNT (Wheland intermediate) 5.9 8.0
2,4-DNT 4.2 7.8
2,6-DNT (Wheland intermediate) 5.9 8.3
2,6-DNT 4.2 8.3

was removed during the nitration, but also that the fra
work Al content decreased. After three nitration steps o
64% of the original framework Al was found. The fram
work Si/Al ratio of 25, calculated from the quantitative27Al
MAS NMR of the sample after three nitration steps, is
reasonable agreement with that determined by AAS.

3.4. Molecular dimensions

According to Webster et al. [30,31] a molecule can en
a cylindrical pore if the smaller dimension of the molec
(MIN-1) and the second smaller dimension of the molec
perpendicular to MIN-1 (MIN-2) are equal to or smaller th
the pore diameter. Table 9 lists the approximate value
MIN-1 and MIN-2 of 2-NT, 4-NT, and 2,6-DNT and the
corresponding Wheland intermediates calculated with
perChem 5.01 using the semiempirical PM3/UHF meth
These are approximate values because the minimal dista
between the atoms (and not of the molecule) were ca
lated (including the van der Waals radii of the atoms, 1.
for H and 1.4 Å for O [32]). The values slightly overes
mate the minimal dimensions of the molecules. Due to
similar geometrical arrangement, the minimal dimension
2,4-DNT were assumed to be equal to those of 2-NT.

3.5. 15N NMR experiments

The results of the15N NMR experiments carried out o
the impregnated zeolite samples are summarized in Tabl
s

.

Table 10
15N NMR—Linewidth (Hz) of the peaks after MAS and static experime

BEA H-MOR(74) ZSM-5 Liquid
mixture

MAS (HNO3) 48 26 30 –
Static (HNO3) 102 80 78 75
MAS (AcONO2) 40 26 36 –
Static (AcONO2) 110 76 68 24

Fig. 4. 15N NMR spectrum of a 90 wt% HNO3–Ac2O mixture with
HNO3/Ac2O ratio of 0.69.

Right after the sample was prepared a MAS experiment
carried out at 5 kHz. After this first experiment, a sta
NMR experiment was run under the same experimental
ditions. For the sake of comparison, a spectrum of a mix
of HNO3 and Ac2O (HNO3/Ac2O = 0.69) without a cata
lyst was also recorded (Fig. 4). In the liquid-state spect
three peaks were observed at−65.2,−44.7, and−38.9 ppm,
corresponding to acetyl nitrate, tetranitromethane (ari
from the decomposition of AcONO2), and nitric acid respec
tively [22].

In the static spectra of impregnated HNO3, a linewidth
of ∼80 Hz was observed for dealuminated morde
(H-MOR(74)) and ZSM-5. This value is comparable to t
measured in the liquid state (75 Hz). However, in case
BEA the observed linewidth was larger, which may in
cate that the interaction of HNO3 with the zeolite lattice is
stronger.

For the acetyl nitrate we noticed that the reduction of
linewidth upon spinning and also the absolute width of
static spectra follow the order BEA> MOR > ZSM-5. This
confirms the above conclusion, that BEA has a higher f
tion of surface-bound species.

4. Discussion

The nitration of toluene with acetyl nitrate is a go
model system for studying the enhancedpara-selectivity
of beta zeolites. It permits the use of mild reaction con
tions without having to consider mediating effects of wa
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or thermally induced deactivation of the catalyst, as occ
during the vapor-phase nitration. One of the shortcomin
however, is the occurrence of the homogeneously catal
nitration, as is apparent from the high NT yields in t
blank experiments. Therefore, the competition of the ho
geneously catalyzed reaction for the formation of NT ma
yields less meaningful. The 4-NT selectivities, however,
flect the relative contribution of the solid acid-catalyzed
action to the formation of NT. For the more demand
conversion of NT to DNT, where very limited activity wa
observed in the experiments without catalyst, yields are a
rect indication of the heterogeneous catalyzed nitration.

The enhanced 4-NT selectivity during toluene nitration
a unique property of BEA zeolites since none of the ot
catalysts showed a substantial increase in the formatio
4-NT. This trend was also observed in the case of the n
tion of 2-NT (Table 7). In earlier experiments, a high yie
of DNT was obtained when the nitration of toluene w
carried out with varying excess of nitric acid [8], with th
main product being 2,4-DNT. During these experiment
was observed that the selectivity to the intermediate pro
4-NT increased with increasing HNO3/toluene ratio, which
indicated the preferential reaction of the intermediate 2-
to DNT. The results of the time-on-stream study (Table
give a similar picture. Using the 2,4-DNT and 2,6-DNT s
lectivities obtained in the nitration of 2-NT (Table 7), w
determined the amount of DNT that originates from 2-
and 4-NT in the dinitration of toluene. Since 2,6-DNT c
only be formed by nitration of 2-NT and the selectivity
2,4-DNT vs 2,6-DNT in the nitration of 2-NT is known (Ta
ble 6), the amount of DNT formed from 2-NT ((DNT)2-NT)
can be calculated by (DNT)2-NT = 2,6-DNT/(1−S2,4-DNT).
The amount of DNT formed from 4-NT ((DNT)4-NT) is then
simply obtained by (DNT)4-NT = (DNT)tot − (DNT)2-NT.
The results are shown in Fig. 5. The total 4-NT/2-NT prod-
uct ratio did not change with reaction time and was ident
to that obtained in experiments with a HNO3/toluene ratio

Fig. 5. Nitration of toluene with H-PB5 (T/HNO3 = 0.1). Total amount of
2-NT (Q) and of 4-NT (P), amount of 2-NT (") and 4-NT (!) that was
observed as isolable product and amount of 2-NT (2) and 4-NT (1) that
had reacted to DNT.
of 1. This suggests that the selectivity in the first nitrat
step is an intrinsic property of beta zeolites.

In situ infrared measurements of the adsorption of 2-
and 4-NT showed that all the acid sites were rapidly cove
after the exposure of H-beta to 10 Pa NT [29]. This c
firmed that this zeolite, having pore openings of 7.6×6.4 Å,
will not impose steric restrictions to the penetration of nit
toluenes.

The analysis of the products retained inside the po
performed by dissolving the zeolite with 48 wt% HF, r
vealed that, in case of USY, ZSM-5, and BEA, the pro
ucts easily diffuse through the pores, suggesting the abs
of diffusion limitations. The quantification and comparis
of the product composition (Table 6) showed that, in
case of BEA, an increased selectivity is observed both
side the pores and in the liquid phase, indicating that
heterogeneous catalyzed nitration dominates over the ho
geneous reaction. This result is confirmed by the fact
α-NT, which is observed in the reaction without a catal
and is therefore assumed to arise from the homogen
reaction, was not detected in the reaction carried out w
BEA. On the other hand, for USY, ZSM-5, and the dealu
nated MOR, thepara-selectivity inside the pores is simila
to that observed in the liquid phase. This suggested
possible explanations: (1) the reaction does not take p
inside the pores and (2) the heterogeneous reaction in
the pores does not induce an enhancedpara-selectivity. The
latter interpretation was ruled out by the fact that, in the
action with these zeolites, the secondary productα-NT was
observed in the same amounts as in the blank reaction,
cating that the heterogeneous reaction is not fast enou
compete with the homogeneous reaction.

Nitration is an irreversible reaction; thus, reequilibrat
of 2-NT to 4-NT cannot be the cause for the enhanced
lectivity observed [6]. This leads to the obvious sugges
that transition-state selectivity may be invoked to expl
the high para-selectivity. From Table 9 it is inferred tha
the critical transition state, i.e., the Wheland intermedi
is comparable in size to the product molecules. Therefo
severe restriction of the formation of the Wheland interm
diate, which leads to the formation of 2-NT, should also
manifested in a consequential blockage of the adsorptio
2-NT. This was, however, not the case [29]. The steric
quirements for the nitration of toluene and for the nitrat
of 2-NT are considerably different. Thus, if transition-st
selectivity governed the enhanced formation of 4-NT fr
toluene, further nitration to DNT would not be possible. I
therefore concluded that classical transition-state select
does not explain the observed results.

In recent communications, NMR measurements pro
the contribution of the surface-catalyzed reaction on beta
olites to the enhancedpara-selectivity and linked it to the
presence of flexible lattice aluminum species, that cha
coordination upon HNO3 adsorption [22,33]. It was pro
posed that the arene reacts with a preadsorbed reactiv
trating species (acetyl nitrate) and forms the sterically le
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hindered Wheland intermediate, and that the reaction p
ucts finally desorb. In the case of toluene adsorption,
Wheland intermediate leading to 4-NT should form pre
entially because the methyl group would point toward
zeolite cavity and would be repelled by the zeolite lattice
a lesser extent. In the case of 2-NT adsorption, the Whe
intermediate, which leads to 2,4-DNT, should form prefer
tially because this will orient the methyl and the nitro gro
toward the zeolite cavity. On the other hand, adsorptio
4-NT on the preadsorbed reactive nitrating species will
ways result in a less favorable arrangement for the Whe
intermediate due to the methyl group being close to the
lite lattice. This is in line with the higher reactivity of 2-N
compared to 4-NT for further nitration and with the hi
2,4-DNT selectivity observed. The model also explains
absence ofpara-selectivity in the case of Si-Beta, where t
nitrating agent cannot coordinate to the zeolite framewo

To test the validity of the proposed model and to as
tain whether AcONO2 is bound to the surface to a differe
extent, depending on the zeolite used, the15N NMR of a
mixture of nitric acid and acetic anhydride adsorbed on
catalysts in MAS, and static conditions was measured.
experiment was carried out using three different cataly
BEA, dealuminated MOR (H-MOR(74)), and ZSM-5. It
known that the NMR spectra of solids suffer from broa
ening due to dipole–dipole interaction and chemical-s
anisotropy [34].

In the case of adsorbed acetyl nitrate, a dipolar interac
(direct coupling of two spins, magnetic dipoles) is poss
with the Al to which AcONO2 is bound. The next proton i
quite far; dipolar coupling should therefore be weak. T
argument was confirmed by our previous work [22], wh
15N{ 1H} CP-MAS failed to reveal any signals, indicatin
that an efficient cross-polarization from proton to nitrog
did not occur. Due to the angular dependence (3 cos2 θ − 1),
the line broadening caused by dipolar interactions is redu
to zero by magic-angle spinning (cosθ = 1/

√
3).

The chemical-shift anisotropy is caused by the nonc
trosymmetric shielding effect of the surrounding electr
and is described by

(1)σzz = σ + 1
2δCS

[(
3 cos2 θ − 1

) + ηCS
(
sin2 θ cos2φ

)]
,

whereσ is the chemical shielding (σzz = zz component)
δCS the anisotropy parameter, andηCS the asymmetry para
meter.

(2)σ = 1
3

(
σxx + σyy + σzz

)
,

(3)δCS= σzz − σ,

(4)ηCS = σxx − σyy

σzz − σ
.

If ηCS = 0, then the chemical-shift anisotropy is also av
aged by magic-angle spinning. In the case of acetyl nitr
there is a symmetry axis and the chemical-shift anisotr
should therefore be removed. However, ifηCS 	= 0, then a
time-dependent part remains in the Hamiltonian, whic
only averaged at fast spinning rates, i.e., when the spin
is much faster than the line broadening. The spinning
quency in our experiment was only 5 kHz, which is proba
not sufficient to average out the time-dependent part.

Table 10 shows the linewidth of the peaks of HN3
and AcONO2 of the three zeolites and of a liquid mixtu
of HNO3 and Ac2O. In the static spectra of HNO3, the
linewidth was 80 Hz for MOR and ZSM-5, whereas it w
100 Hz for BEA. The linewidth observed in the liquid spe
trum was comparable to the values of MOR and ZSM
suggesting that HNO3 is essentially in a liquid state. Th
quite high value for the linewidth measured even in the
uid sample may be due to a distribution of the chem
shifts of HNO3 caused by the strong hydrogen bond O2N–
OH· · ·O2N–OH. Hydrogen bonding affects the shielding
the nitrogen nucleus and, thus, its chemical shift. The gre
linewidth of BEA may indicate that, in this case, an inter
tion of HNO3 with the zeolite lattice occurred.

Acetyl nitrate has a lower tendency to form hyd
gen bonds than HNO3. This explains why the linewidth
of AcONO2 in the liquid spectrum was smaller than th
of HNO3. In all three zeolites, however, the linewidth
AcONO2 increased strongly compared to the liquid pha
Three factors contribute to this line broadening: (i) a d
tribution of the chemical shift caused by interaction of
–NO2 group with lattice aluminum, (ii) dipolar interaction
with lattice aluminum, and (iii) the chemical-shift anisotro
of surface-bound AcONO2, which cannot be averaged o
by molecular motions any more. The linewidth of the sta
spectrum can, therefore, be taken as a measure of the d
of interaction of the AcONO2 with the zeolite lattice. It in-
creased in the order ZSM-5< MOR < BEA. Magic-angle
spinning removes the contribution of dipolar interactions
of chemical-shift anisotropy to the linewidth (vide supr
The decrease in linewidth, caused by magic-angle spinn
is a second indicator of the portion of surface-bound spe
It followed the same order as the absolute linewidth of
static spectrum, i.e., ZSM-5< MOR < BEA.

The residual linewidth of the MAS spectrum is d
mainly to chemical-shift distributions induced by the int
action of AcONO2 with the lattice aluminum. Furthermor
the line broadening due to chemical-shift anisotropy rem
in the MAS spectrum if the symmetry of the –ONO2 group
is distorted (ηCS > 0). Asymmetry in the –ONO2 group can
be induced by interaction with the pore, for example, i
surface-bound complex as shown in Fig. 6. The relativ
strong interaction of BEA with AcONO2 is, thus, also re
sponsible for the large residual linewidth in the MAS sp
trum.

A large residual linewidth was also found in the MA
spectrum of ZSM-5, in contrast to our assumption t
ZSM-5 hardly interacts with AcONO2. The effect is as
cribed to the spatial constraints induced by the 10-memb
ring pores of AcONO2, which may cause a distortion of th
AcONO2 molecules and renderηCS > 0.
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Fig. 6. Scheme for the proposed distortion of the NO2 group caused by the
interaction with the zeolite lattice.

5. Conclusion

The nitration of toluene in the liquid phase with acetic a
hydride and nitric acid demonstrated that, when an equi
lar amount of the nitrating agent is used, a high selecti
to 4-NT can be obtained only with zeolite beta. The res
of this study show that the reaction takes place inside
pores of BEA. Only with beta zeolite the heterogeneous
alyzed nitration competes effectively with the homogene
reaction. Using 2-NT as the reactant, the selectivity tow
2,4-DNT was exceptionally high.

Semiempirical calculations of the sizes of the transit
states (the Wheland intermediates) showed that they
about the same size as the reaction products. These an
lier results of in situ IR adsorption experiments suggest
the highpara-selectivity of BEA is not caused by classic
transition-state selectivity, i.e., spatial constrictions wit
the zeolite cage. The reaction with a surface-bound ac
nitrate complex induces steric hindrance and directs the
mation of the Wheland intermediate.

Our 15N NMR studies show that a large portion of th
surface-bound acetyl nitrate is present only on zeolite B
and explain why a highpara-selectivity is found exclusively
with this zeolite.
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