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Abstract

New synthesis routes have been investigated for the production of dinitrotoluenes (DNTs) from toluene or an equimolar
mixture of 2-nitrotoluene (2-NT) and 4-nitrotoluene (4-NT) and nitric acid using solid acids as heterogeneous catalysts. The
main objective was the replacement of liquid sulphuric acid. A secondary goal was the increase of 4-NT and 2,4-DNT in the
product mixture, which are more valuable products. Particular consideration was given to the feasibility of future large-scale
process implementation. Continuous flow vapour phase reaction, and liquid phase reaction with simultaneous distillation
were investigated. DNT formation in the vapour phase reaction was negligible with all solid acids tested. Preshaped silica
impregnated with sulphuric acid was the most active catalyst but a continuous loss of sulphuric acid with time-on-stream was
observed. Zeolite beta provided a higher 4-NT to 2-NT ratio than ZSM-5, ZSM-12 and mordenite, but deactivated after 5-10 h
on-stream. Regeneration of beta was possible by thermal treatmenpafdaselectivity of mordenite could be improved
by the creation of a mesoporous system. In the reaction with simultaneous distillation, supported liquid acids exhibited true
catalytic behaviour for the conversion of NT to DNT, but a loss of the impregnated acid was observed. Zeolite beta was about
half as active as supported liquid acids and gave an exceptionally high 2,4-DNT selectivity of up to 94%, compared to 74-79%
obtained with all other solid acids. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction to nitrate toluene [2]. In this process a mixture of

nitric acid, sulphuric acid and water is used for the

Nitrotoluenes (NTs) and dinitrotoluenes (DNTs) nitration. The main purpose of sulphuric acid is the

find applications as intermediate products in the formation of nitronium ions by protonation of the
production of pharmaceutical compounds, dyes, per- nitric acid. Sulphuric acid acts additionally as water
fumes, explosives, polymers, pesticides and fertilisers binder and heat sink for the highly exothermic reac-
[1]. Thanks to a continued optimisation effort over tion [1]. The main drawback of the process by far is
the last decades, the mixed-acid process is still usedthe production of huge amounts of spent acid which

have to be regenerated because a simple neutralisa-

tion is inconceivable nowadays for environmental and
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catalysts from the products. In earlier work, we have are applied during the re-concentration of the diluted
demonstrated that the nitration of toluene to NT and nitric acid.
DNT can be carried out in the liquid phase at ambient  The third method for removal of the water is distilla-
temperature using silica-supported sulphuric acid and tion from the liquid reaction mixture in continuous or
65 wt.% nitric acid [4]. A high concentration of acid discontinuous operation. Othmer et al. first proposed
sites was concluded to be required for sustaining cat- to continuously nitrate benzene [25] and toluene [26]
alytic activity rendering most natural solid acids such in a distillation column with nitric acid only as ni-
as zeolites impracticable. In order to maintain an ac- trating agent and removing the water as an azeotropic
tive catalyst, the water must be continuously removed water-benzene or water—toluene mixture. A discon-
from the acid sites of any solid acid and from the tinuous procedure for the nitration of toluene with ni-
acid sites of zeolites, in particular. Various nitration tric acid and amberlite was proposed by Wright et al.
procedures have been described over the last yearqd27]. Using Nafion-H, Olah et al. [28] reached turnover
that make use of nitrating agents other than nitric acid numbers higher than one during the azeotropic nitra-
like NO2 (N2Og4), N2Os, molten nitrate salts, alkyl  tion of different aromatics with nitric acid. Consider-
and acylnitrates [5]. Although higpara-selectivity ing the strong exothermicity of the nitration reaction,
was achieved in some of these approaches, the usecontinuous distillation of the water may be even more
of nitric acid, preferably of azeotropic composition, attractive because it would make efficient use of the
is mandated for large-scale nitration processes on thereaction enthalpy and would permit good control of
basis of price, handling, and safety considerations. the reaction temperature. An adiabatic liquid phase ni-
One of the key issues pivots around the question how tration process is already in use on an industrial-scale
to remove the water from the reaction mixture. In for the mononitration of benzene [29,30]. Du Pont has
principle, there are three options for achieving this disclosed an azeotropic process for the mononitration
goal. of benzene in mixed acid [31] and described a method
The first one comprises raising the reaction tem- for removing water by passing an inert gas through
perature and thereby evaporating the water. Already the reaction mixture [32]. Bayer AG have recently dis-
in 1936, McKee and Wilhelm [6] studied the vapour closed a one-step process using classical mixed acid
phase nitration of benzene and toluene using nitro- for the preparation of DNT from toluene under adia-
gen dioxide as the nitrating agent and silica gel as batic conditions [33].
catalyst. The vapour phase nitration of benzene and Literature concerning the synthesis of DNT using
toluene either with nitrogen dioxide or with nitric  solid acids is very scarce. Waller et al. [34] recently
acid and different solid acid catalysts was a matter of proposed the use of lanthanide(lll) triflates, water tol-
further studies [7—-21]. None of these studies has led erant Lewis acids, as catalyst for the nitration of sim-
to a commercial process yet although the commercial ple arenes with 69% nitric acid in 1,2-dichloroethane.
viability has been claimed for benzene nitration [20]. No dinitrated products were obtained and the catalysts
Another method for removing the water by chem- had to be recycled through evaporation of the water
ical trapping with acetic anhydride was proposed by produced during the reaction. The use of hafnium(1V)
Smith et al. [22]. For large-scale production this route and zirconium(1V) triflates was later reported for the
is problematic because of the costs involved for the re- nitration of 2-NT to DNT [35]. The nitration of 2-NT
actant (acetic anhydride), the safety aspects (acetyl ni-with dinitrogen pentoxide in dichloromethane &0
trate needs special care during handling), and the needand zeolites as catalysts was proposed by Claridge et
to dispose or make other use of the reaction product al. [36]. Because of the use of chlorinated solvents,
acetic acid. However, this method proved to be very dinitrogen pentoxide and triflates, it is doubtful that
useful for studying the selective conversion of toluene these two routes will find application at industrial stage
into 4-NT and 2,4-DNT using zeolite beta under mild in the present form, except perhaps for smaller quan-
reaction conditions [23]. Binding the water could also tities of fine chemicals.
be achieved using other agents. In Olin Corporation’s  In this paper, we present results regarding the
nitration process based on nitric acid only [24], anhy- vapour phase nitration of toluene with different
drous nitrate salts such as zinc or magnesium nitrate solid acids, as well as the nitration combined with
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distillation (reactive distillation) of NT. In the reactive
distillation, we concentrated on the difficult nitration
step, namely the nitration of NT to DNT. These two
methods, especially the reactive distillation, are re-
garded potential routes for substituting the mixed acid
process in the nitration of aromatics.

2. Experimental

2.1. Catalyst

Zeolites (ZSM-5, ZSM-12, beta and mordenite) as
well as non-zeolitic materials were used as catalysts.
Zeolite ZSM-5 (PZ2/40), beta (PB5) and mordenite
(PM22) were received from CU Chemie Uetikon.
ZSM-12 was synthesised in our group [37]. The
zeolites were first dried for 5 h at 120 and then cal-
cined at 500C (mordenite) or 550C (beta, ZSM-5,
ZSM-12) for 8h. The proton forms of the different
zeolites were prepared by a threefold 1h ion ex-
change of the parent Na-zeolites with a 1 M aqueous
NH4NO3 solution (10ml for 1g zeolite) at reflux
temperature. After washing with deionised water, the
zeolites were dried and calcined in the same way
as before the exchange. A modified dealuminated
mordenite was prepared in the following way: the
Na-form was ion exchanged first with 1M HCI and
then with 1 M NH;NO3. Subsequently it was calcined
for 2h at 750C and then extracted with 6 N HNO
to remove the extraframework aluminium.

Non-microporous solid acids like Nafion (Fluka),
Deloxan (a polysiloxane bearing alkylsulfonic acid
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Varian SpectrAA instrument after dissolution of the
zeolite in hydrofluoric acid. The structural integrity of
the zeolites after each modification was checked by
X-ray diffraction on a Siemens D5000 X-ray diffrac-
tometer using Cu K radiation. Nitrogen adsorption

at —196°C was carried out on a Micromeritics ASAP
2000M volumetric analyser. The catalysts were de-
gassed prior to analysis under vacuum at°4Dfor

at least 2h. The specific surface area was evaluated
using the BET method. The external surface area
is given as the difference between the BET surface
area and the micropore surface area, which was de-
termined according to théplot method [38]. The
average pore diameter of pores larger than 17 A was
estimated from the desorption branch of the isotherm
using the BJH method [39]. TGA measurements were
carried out on a Mettler Toledo TGA/SDTA8%%ys-
tem. The samples were heated under 50 ml/min of
flowing air at a rate of 10C/min from ambient tem-
perature to 80TC. The amount of sulphuric acid im-
pregnated on the silica was determined by acid—base
titration using 0.1 M NaOH after suspending and
vigorously stirring the supported acid in distilled wa-
ter. The corresponding weight of the silica carrier
was determined after calcination at 4@0in static

Solid-state?’Al and H MAS NMR spectra were
recorded on a Bruker AMX400 spectrometer at a
magnetic field of 9.4T. Chemical shifts are given
relative to 1M aqueous aluminium nitrate solution
(?’Al) and tetramethylsilanelH). 2’Al MAS NMR
spectra were recorded at a resonance frequency of

groups of Degussa) and preshaped silicas impreg'104.26 MHz, 2160 scans were acquired for each spec-
nated with sulphuric acid were used. Preshaped silicatrum and ro£ors were spun at 10kHH MAS NMR

spheres (Shell, 2 mm diameter) and tablets (Aerosil
300, Degussa 5 mrb mm) were first calcined in air
at 400C for 18 h and then cooled in a dessicator. An
excess of HSOy of various concentrations was then
added to the preshaped silica (1.8 g 70 wt.%&Bu/g
preshaped spheres; 1.04 g 8 wt.%3@x/g preshaped
spheres; 1.6 g 80wt.% 2$0Q4/g preshaped tablets).
After one day, the resulting supported acids were
decanted, dried at 12Q for 18 h and subsequently
stored in a dessicator under vacuum.

2.2. Characterisation

The Si and Al contents of the zeolites were de-
termined by atomic absorption spectrometry on a

spectra were recorded at a resonance frequency of
400.13MHz and 256 scans were acquired for each
spectrum.lH MAS NMR samples were dehydrated
under vacuump=0.1 Pa) at 350C for 6 h and sealed

in zirconia rotors prior to data acquisition.

2.3. Catalytic tests

2.3.1. Vapour phase nitration

The catalytic tests were carried out in a fixed-bed
downflow reactor system at atmospheric pressure be-
tween 130 and 16@ over a period of 26 h on stream.
The long-term activity of sulphuric acid impregnated
silica was tested in reaction experiments up to 120 h
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on-stream. The reactor consisted of a stainless steel2.3.2. Reaction with simultaneous distillation

tube of 17 mm inner diameter fitted with a thermo- The reaction was carried out in a three-neck glass
couple. The zeolite powder was pressed at 44/and flask to which a thermometer, a dropping funnel, a dis-
subsequently crushed and sieved to particles betweertillation bridge with Dean-Stark trap, and a reflux con-
25 mesh (0.707 mm) and 45 mesh (0.354 mm) before denser were attached. The reaction vessel was stirred
being inserted in the reactor. An amount of 1.5g of with a magnetic stirring bar, heated with an oil bath,
catalyst was placed between two plugs of glasswool. and could be evacuated to about 70 mbar. The flask
SiC of 5cn? were put on top of the upper plug in or- was charged with 3.10 g of catalyst, previously dried
der to facilitate mixing and preheating of the reagents for at least 18 h at 13@, and 0.23 mol of a 1:1 molar
before reaction, whereas 15 &mvere put beneath the  mixture of 2-NT and 4-NT. To prevent attrition from
lower plug in order to prevent the condensation of the mechanical friction of the magnetic stirrer, the sil-
the products. Toluene was fed by means of a HPLC ica spheres were suspended in a teflon basket equipped
pump. Nitric acid (65wt.%) was supplied in a lig- with small holes and completely immersed in the re-
uid level gauge pressurised with nitrogen. The outlet action mixture. The system was stirred and heated at
of the level gauge was connected to a Brooks lig- 100°C under a reduced pressure of 70-80 mbar. An
uid mass-flow controller (Flomega 5881) exclusively equimolar amount of 65wt.% HNOwas then added
equipped with teflon seals. The liquid reactants were through a dropping funnel over a period of 2h at
each separately evaporated in a flowing streamof N an overall rate of 1.92 mol/min. After the addition
using heated SiC-packed vaporisers, and were com-of nitric acid had started, the temperature in the re-
bined shortly before the reactor to avoid reaction in action vessel rose to 130 and was kept at 13C

the heated feed lines. This arrangement provided reli- (= 5°C) throughout the whole reaction. The evap-
ably a constant flow of both reactants to the reaction orated water—nitric-acid mixture was condensed and
system. A HNQ/toluene molar feed ratio between 1 collected in a Dean-Stark trap. After complete addi-
and 2 and W/F between 4.7 andtg.h mol! based tion of the nitric acid the reaction mixture was allowed
on the total feed (reagents and inert) were applied. The to react for another 20 min after which it was rapidly
catalysts were pre-treated in flowing It 158 C for cooled to ambient temperature. The organic products
at least 1 h and then saturated with nitric acid vapour were analysed in the same way as in the vapour phase
for 0.5h before starting the reaction. The reactor ef- nitration. Titration of the collected aqueous phase was
fluent was collected for a period of 0.5 h in a jacketed, carried out in order to determine the nitric acid mass
cooled glass container (72@) containing a mixture  balance.

of water, dichloromethane and 1,3-dinitrobenzene
as external integration standard. After separation
from the aqueous solution, the organic layer was
analysed off-line by gas chromatography using a 3.1. Catalysts
HP 5890 gas chromatograph equipped with a HP-1

3. Results and discussion

fused silica capillary column. The HNQOconver- The characteristics of the zeolites are reported in
sion was determined by back-titration of the aqueous Table 1. Compared to the other zeolites, H-beta is
layer. characterised by a very large external surface area.
Table 1
Characteristics of the zeolites

Si/Al BET surface External surface Pore volume Average mesopore  Micropore

area (mM/g) area (mM/g) (cmPlg) diameter (&) volume (cni/g)

H-beta 115 690 199 0.90 102 0.21
H-ZSM-5 16.9 433 64 0.51 98 0.16
H-ZSM-12 47 355 20 0.20 38 0.15
H-mor(4.6) 4.6 544 6 0.27 64 0.22

H-mor(74) 74 512 38 0.31 57 0.20
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Table 2
Characteristics of the preshaped silica impregnated witSQ4
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Catalyst Carrier

8% HSOy/SHE
70% HSO4/SHE
80% HSO4/DEG

Preshaped silica (Shell)
Preshaped silica (Shell)
Preshaped silica (Degussa)

Shape 430, loading of the catalyst (%)
Sphere, diam. 2mm 6
Sphere, diam. 2mm 56

Tablet, 5x&mm 52

This is a sign of small crystallite size and/or the pres- 65% without a corresponding increase in the DNT
ence of mesopores. The proton-exchanged mordeniteyield. Raising the reaction temperature to 168

exhibited a small external surface of &fy, whereas
the dealuminated mordenite showed an external sur-
face of 38 d/g. The increase in the pore volume and
the shift of the maximum in the mesopore diameter
distribution to smaller values suggests that the ther-
mal treatment combined with the acid leaching cre-

ated a secondary mesoporous system in H-mordenite.

an activity increase was observed and initially a mi-

nor quantity of DNT was formed. The DNT yield
exceeded 5% when 70%,8BO04/SHE was used as
catalyst at a HN@'toluene reactant ratio of 2. At the
same reaction conditions, Deloxan showed a similar
NT vyield but a clearly lower activity to DNT (1.2%
DNT vyield). In all experiments, the 3-NT selectivity

A description of the silica-supported sulphuric acid was around 5% of the total amount of NT, slightly

samples and their actuabBOy loadings are given in
Table 2.

3.2. Vapour phase nitration

Table 3 shows typical results obtained using sul-
phuric acid impregnated silica and Deloxan after 4h
on-stream, at a constant 20%min N, carrier flow,
3.84 or 7.68 g/h 65 wt.% HNg&and different reaction
conditions. At 132C using an equimolar reactant
feed ratio, the NT yield was around 50% with both
catalysts whereas only traces of DNT were detected.
The selectivity to 4-NT was only slightly higher than
that (36.5%) obtained with the mixed acid process
[1]. Using a twofold molar flow of nitric acid in case
of 70% H,SO4/SHE, the NT yield improved to about

Table 3

higher than the 4% obtained in the classical mixed
acid process [1]. We attribute the somewhat enhanced
formation of 3-NT to nitration following a radical
mechanism rather than to secondary isomerisation
of the products on the outer surface of zeolites as
suggested by Malysheva et al. [40].

An NT vyield of ca. 20% (Fig. 1) but no for-
mation of DNT (Table 4) was already reached in
vapour phase nitration reactions without solid acid at
158°C, 3.84g/h 65wt.% HN@, HNOs/toluene=1,
60.5 ml/min flowing nitrogen and W5 ghmol 1.
The HNG; conversion was 32-34%, whereas the
toluene conversion was slightly higher than the NT
yield. Phenylnitromethane <(1.0 mol%), benzalde-
hyde («0.5 mol%), and traces of benzylalcohol, 2- and
4-nitrobenzaldehyde were found as by-products. The

Vapour phase nitration of toluene with non-microporous solid &cfyiield after 4 h on-stream)

Catalyst Temperature€)  HNOs/toluen®  NT yield (mol%)  4-NT/SNT  3-NT/Y.NT  DNT yield® (mol%)
Deloxan 132 1 50.9 0.41 0.046 Traces

Deloxan 158 1 56.1 0.42 0.049 Traces

Deloxan 158 2 75.2 0.41 0.050 1.2

70% H,SOy/SHE 132 1 47.4 0.40 0.051 Traces

70% H,SOy/SHE 132 2 64.6 0.40 0.051 Traces

70% H,SO,/SHE 158 1 60.3 0.41 0.052 1.4

70% H,SOy/SHE 158 2 76.7 0.40 0.052 5.8

aBy-products: traces of benzaldehyde, benzylalcohol, 2-nitrobenzaldehyde, 4-nitrobenzaldehyde, phenylnitromethane.
bW/F=7.4ghmot?! in case of HNQ/toluene=1, W/F=4.7 ghmot? in case of HNQ/toluene=2.

€2,4-DNT and 2,6-DNT. 2,4-DNT>_ DNT=0.78-0.8.
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Fig. 1. Vapour phase nitration of toluene: blank experi-
ment and nitration with Deloxan. Reaction conditions: ¥58
HNOs/toluene=1, W/F=5gh motL. NT yield (mol%, left scale):
(A) without solid acid; £) with Deloxan, 4-NT to 2-NT ratio
(right scale): W) without solid acid; [d) with Deloxan.

higher conversion of nitric acid compared to toluene
is due to the disproportionation of part of the HNO
into NO,. A yellow-brown gas, the typical colour of
NO,, was actually present in the sample collectors.
Under the same reaction conditions Deloxan was
stable, showed a twofold NT vyield and did not lose
its activity over a period of 24 h. Thpara-to-ortho
ratio of the NT product was only slightly higher
than in the blank experiment. The HNY@onversion
was 69-73% and the same by-products but in some-
what higher amounts compared to the blank experi-
ment (phenylnitromethane 1.5 mol%, benzaldehyde
<1.0mol%) were detected, indicating a higher activ-
ity also towards side reactions and disproportionation
of nitric acid. Although the catalysts did not deactivate

Table 4
Vapour phase nitration of toluene: DNT yield and 3-NT selectivity
Catalyst DNT yield (mol%) 3-NT>_ NT

4h 24h 48h 4h 24h
Blank 0.0 0.0 0.049 0.049
Deloxan 0.2 0.2 0.049 0.049
70% H,SOy/SHE 1.4 0.3 0.0 0.050 0.050
80% H,SOy/DEG 1.2 05 0.1 0.049 0.047
H-mor(4.6) 0.02 0.0 0.050 0.050
H-mor(74) 1.9 0.1 0.048 0.048
H-beta 0.3 0.0 0.045 0.048
H-ZSM-5 0.0 0.0 0.050 0.050
H-ZSM-12 0.0 0.0 0.050 0.050
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substantially for 24 h on-stream, significant sintering
of the catalyst beads was observed after the recovery
of the spent catalyst.

Long-term experiments at 158 (Fig. 2) with im-
pregnated silica using two different silica carriers (De-
gussa silica tablets and Shell preformed silica beads)
gave comparable results regarding activity and selec-
tivity (the bigger tablets were only slightly more se-
lective to 4-NT than the smaller beads) but differences
in the time-on-stream behaviour were observed. NT
yields of >50% in the first two days on-stream were
reached, whereas a clearly higher HNEbnversion
(78-81% in case of 80%4504/DEG and 72—75% in
case of 70% KHSOy/SHE) points towards dispropor-
tionation of part of the HN@ into NO,. After 50 h
on-stream the activity of 70% 3$O4/SHE began to
drop substantially, whereas the 80%304/DEG cat-
alyst retained a constant activity until 100 h on-stream
when the NT yield began to decrease only slightly.
The faster deactivation of 70%80,/SHE can be at-
tributed to the longer contact time as well as to the
smaller particle size. The 70%,80:/SHE catalyst
exhibited a similar activity after 96 h on-stream as the
8% H,SOy/SHE catalyst, a preshaped silica with a
significantly smaller initial HSO4 loading (Fig. 2).

The results of the analysis of the acid content of the
impregnated silicas before and after reaction are given
in Table 5. It is evident that all supported solid acids
lose sulphuric acid with time-on-stream except for the

80
= 6OJ%
—g * Boﬁ ORy ] - -
~ ° - Ll
E 40 .
= A ©o
Z.

204

0 T ; T r T

0 24 48 72 96 120 144

Time-on-stream/ h

Fig. 2. Long-term experiment over preshaped silica impreg-
nated with HSQO,. Reaction conditions: 15&, HNOs/toluene=1,
W/F=7.4ghmot in case of 70% KHSOy/SHE, W/F=5 gh mol!

in case of 80% KHSOy/DEG and 8% HSO4/SHE. NT yield
(mol%): (M) 80% H,SO4/DEG; (O) 70% HSOy/SHE; (A) 8%
H,SO4/SHE.
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Table 5
Sulphuric acid content of preshaped silica before and after nitration
Catalyst Temperature ) HNO;3 /toluene Reaction time (h) 180, loading (%)
Before reaction After reaction
70% H,SO4/SHE 125 a 18 56 51
70% H,SO4/SHE 132 1 26 56 37
70% H,SO4/SHE 132 2 26 56 34
70% H,SO4/SHE 158 1 96 56 8
70% H,SO4/SHE 158 2 26 56 32
80% HSO4/DEG 158 1 145 52 18
8% HSOs/SHE 158 1 32 6 6

aCatalyst was treated in 20 ml/min flowingzNonly.

8% HySOu/SHE catalyst after 32 h on-stream. A slight Soxhlet extraction of the zeolite with CH§}lecovered
decrease in the #8504 loading is found even after pro-  only NT. Also, no DNT was found when the zeolite
longed heating of the supported sulphuric acid at a was destroyed using aqueous HF and subsequently
temperature as low as 125 in flowing N, only. The extracted with CHCI,. A detailed analysis of the ze-
activity loss in the long-term experiment presented in olite recovered after the nitration reaction suggested
Fig. 2 is clearly related to this loss in acidity. Sato that oxidative by-products were the major reason for
et al. [20] also showed a sudden loss of activity af- the deactivation in vapour phase flow nitration [21].

ter extended hours on-stream in the vapour phase ni- H-ZSM-5 showed only a slight increase in the
tration of benzene over supported sulphuric acid on 4-NT to 2-NT ratio (Fig. 3) compared with the
silica. They attributed this deactivation behaviour to blank experiment. The ZSM-5 structure consists of
the complete effusion of the sulphuric acid from the a three-dimensional channel system with relatively
carrier. The HSO, loading of 70% HSOs/SHE after large channel intersections and pore openings limited
96 h was similar to that of 8% ¥5Os/SHE. The NT by 10-membered rings. The dimension of the channels
yield was also comparable. It seems that after reach- (5.3 Ax5.6 A and 5.1 A&5.5A) should be ideal for

ing a bSO, loading of 7-8% the deactivation stops the para-selective nitration of toluene to NT (kinetic

or at least slows down substantially. No deactivation diameter of 2-NT: 6.7 A; 4-NT: 5.2 A [41]). We have
was actually observed with 8%2804/SHE for 32 h
on-stream.

Fig. 3 shows the results obtained with zeolites 100 . 2
H-beta, H-ZSM-5 and H-ZSM-12. The activities of 80. . 11.0
the zeolites (studied at 158 only) were lower than < fog, DD:" T P
those of the other solid acids and practically no for- £ 60- * o e o oo Z
mation of DNT was observed (Table 4). Only slightly = 10.6 g
higher NT yields compared with the blank experiment & 404 loa 5
(Fig. 1) were observed, whereas nitric acid conver- £ ‘94 o '
sions were similar to that in the blank experiment. 204 A8Fadnass a@ aoaly,
H-beta showed an enhancedra-selectivity during o 0.0

the initial reaction periods. A 4-NT to 2-NT ratio of 0 5 10 15 20 25 30
>1 could be reached in the first hours on-stream. Both
activity and selectivity decreased over a period of
about 5—10h on-stream. We attributed this decreaseFig. 3. Vapour phase nitration of toluene with H-beta, H-ZSM-12

he formation of ronal n r and H-ZSM-5. Reaction conditions: 188, HNOs/toluene=1,
to the formation of strongly bound (by)p oducts W/F=5ghmotL. NT yield (mol%, left scale): A) H-beta; @)

blocking the micropore system of H-beta [21] and we H-ZSM-5; (O) H-ZSM-12, 4-NT to 2-NT ratio (right scale)ilf)
also showed that the deactivation was reversible. A y.peta; (0) H-ZSM-5; (@) H-ZSM-12.

Time-on-stream / h
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Fig. 4. Vapour phase nitration of toluene with mordenite. Reaction
conditions: 158C, HNOs/toluene=1, W/F=5ghmol . NT yield
(mol%, left scale): &) H-mor(74); () H-mor(4.6), 4-NT to 2-NT
ratio (right scale): @) H-mor(74); (J) H-mor(4.6).

shown through in situ IR adsorption experiments that
4-NT can diffuse into the pore system of H-ZSM-5,
but diffusion of 2-NT is severely restricted [42]. The
rapid deactivation of H-ZSM-5 might therefore be
related to the formation of 2-NT in the channel inter-
sections. 2-NT would be too bulky to leave the pore
system of H-ZSM-5 thereby completely blocking the
latter.

The enhanced selectivity to 4-NT of H-beta is prob-
ably linked to steric hindrance induced by adsorption

D. Vassena et al./Catalysis Today 60 (2000) 275-287

trend was also observed in mordenite (Fig. 4) where
the proton-exchanged sample with an external sur-
face area of 6/Ig shows practically no enhanced
para-selectivity. An improvement of the 4-NT to
2-NT ratio was observed when the H-exchanged mor-
denite was exposed to a thermal treatment combined
with acid leaching that increases the external surface
to 38 /g by the formation of a mesoporous system.
Also, in this case the catalyst deactivates after 5-10h
on-stream. H-mor(74) and H-beta were the only ze-
olites tested that gave a small DNT vyield (Table 4).
H-ZSM-12 with a mono-dimensional channel system
with pore dimensions of 5.545.9 A showed an even
lower para-selectivity than H-ZSM-5 (Fig. 3). This
zeolite should have been highly selective for 4-NT if
transition-state selectivity was responsible for the se-
lectivity enhancement. An attempt to introduce meso-
porosity into ZSM-12 by subjecting it to the same
treatment as mordenite failed because even a thermal
treatment at 100@ (after which the crystallinity of
the zeolite was still intact) was insufficient.

The structural integrity of the zeolites after nitration
was confirmed by XRD measurements (not shown).
A small decrease in surface area and pore volume
(Table 6) after calcination at 55Q (heating rate
1°C/min) of the zeolites used for the nitration was ob-
served. This might be due to the incomplete removal

rather than to shape selectivity in the classical sense of the (by)products in the pore system of the zeolite
[23] because both 2-NT and 4-NT can easily diffuse or a slight degradation of the zeolite structure during
in the pore system of H-beta [42]. The H-beta used the combustion of the (by)producAl MAS NMR

in the present work is characterised by a large exter- of H-beta before and after nitration with subsequent
nal surface and small crystallites. Experiments with regeneration at 55€ showed no additional forma-
acetyl nitrate as nitrating agent under mild reaction tion of extraframework aluminium (Fig. 5). The bulk
conditions had shown that the selectivity patterns Si/Al ratio after nitration was determined to be 12.0,
of H-beta were strongly dependent upon the crys- practically the same as before the nitration consider-
tallite size and the external surface area [43]. This ing the experimental error of AASSH MAS NMR

Table 6
Characteristics of the zeolites after nitration in the vapour phase and regeneratior? @tf666 h (heating rate “IC/min)
BET surface External surface Pore volume Average mesopore Micropore
area (mM/g) area (mM/g) (cmPlg) diameter (A) volume (cn¥/g)
H-beta 645 198 0.87 102 0.19
H-ZSM-5 423 68 0.50 93 0.15
H-ZSM-12 341 14 0.19 37 0.14
H-mor(4.6) 491 7 0.25 64 0.20
H-mor(74) 498 36 0.32 64 0.19
H-betd 665 222 0.93 105 0.20

a After threefold nitration with simultaneous distillation.
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Fig. 5.27Al MAS NMR spectra of H-beta: (a) before nitration and
(b) after nitration in the vapour phase and regeneration atG50
for 5h.

before and after nitration showed very similar spectra
(Fig. 6). A small decrease of the peak at 2.6 ppm,
which is attributed to hydroxyl groups of extraframe-

work aluminium, indicates that some extraframework
aluminium was removed from the pores of the zeo-
lites during the continuous nitration. TGA in flowing

air confirmed the accumulation of (by)products in the
pores of the zeolites and also on Deloxan after the
nitration (Table 7). In the case of H-beta, discoloured
brown materials were obtained and an accumulation
of about 61% based on the weight of the fresh cata-

6 4
(ppmy

Fig. 6. 'H MAS NMR spectra of H-beta: (a) before nitration and
(b) after nitration in the vapour phase and regeneration atG50
for 5h.
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Table 7

Relative wt.% of the catalyst at ambient temperature {dx@ed
catalyst at 808C) determined by TGA in flowing air at 2C/min,
before and after nitration in the vapour phase

Catalyst  Before After Colour of the
nitration nitratior? catalyst after nitration

H-beta 114.4 161.2 Brown

H-ZSM-5 108.1 124.0 Light brown
H-ZSM-12 105.0 112.6 Off-white
H-mor(4.6) 116.2 119.6 Off-white
H-mor(74) 104.0 125.4 Light brown
Deloxan  127.3 259.2 Brown

a8Reaction conditions: 15&, HNOs/toluene=1, W/F=5gh
mol~1.

lyst was observed. H-mor(4.6) was off-white and its
weight had increased by only 19.6%. H-mor(74) was
light brown and its weight had increased by 25.4%,
a value higher than that of the mordenite without
mesopores. H-ZSM-5 had a similar colour and almost
the same amount of combustible residues (24.0%).
The accumulation of (by)products on H-ZSM-12 was
significantly smaller at 12.6% and the catalyst had an
off-white colour. The accumulation of (by)products,
the colour of the zeolite after the nitration, the pore
volume and the external surface of the fresh zeolite
(Table 1) are correlated with the 4-NT to 2-NT ra-
tio obtained during the first hours on-stream of the
vapour phase reaction. The higher the external sur-
face area and pore volume, the higher the selectivity
to 4-NT that can be attained. The accumulation of
(by)products in the pore system of the zeolite paral-
leled the extent of discoloration. We conclude that a
secondary mesopore system improves the diffusion
of the reagents and the products in the zeolite crys-
tallites. Similar findings were reported for the vapour
phase nitration of benzene [14].

3.3. Reaction with simultaneous distillation

In separate experiments using silica-supported sul-
phuric acid as catalyst it was found that quick removal
of the water from the reaction mixture was crucial for
sustaining catalyst activity. The combination of vac-
uum (70-80 mbar) and elevated temperature {C€30
was found to be optimal. Under these conditions, the
NT reactants do not evaporate at a significant rate, the
DNT products are liquid, and nitric acid and water
are evaporating rapidly. As a matter of fact aqueous
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Table 8

Nitration® with simultaneous distillation of a 1:1 mixture 2-NT/4-NT

Catalyst HNGQ/NT DNT vyield (mol%) 2,4-DNT/(2,4-DNH-2,6-DNT)
Blank 1 0.0 —
70% H,SO4/SHE 1 46.1 0.79
Deloxan 1 0.9 0.77
Nafion 1 14.0 0.74
H-mor(4.6) 1 0.0 -
H-beta 1 20.1 0.94
H-beta reused 1 11.6 0.94
H-beta regeneratéd 1 19.3 0.93
H-beta 2 315 0.94
H-betd 1 19.4 0.90

aReaction conditions: 3.1g catalyst, 0.23 mol 1:1 mixture 2-NT/4-NT,C3070-80 mbar, HN@ feed rate=1.92 mmol/min.
b After previous reaction H-beta was dried at 180for 18 h and then reused.

¢ After previous reaction H-beta was regenerated (3h°@€2® h 550C, heating rate 4C/min) and then reused.

d0Only 2-NT as reagent.

nitric acid evaporates instantaneously under these tivity were reached. The selectivity to 2,4-DNT based
reaction conditions upon introduction into the reac- on the total amount of DNT formed was 79%, simi-
tor. Therefore it has to be expected that some nitric lar to the value of 83% in the mixed acid process [1].
acid will also distil over rather than react. In a true The sulphuric acid on silica catalyst, however, turned
reaction—distillation column with catalyst packing this out to be unstable under these reaction conditions as
problem could be overcome by a counter-current flow can be seen from the lower amount of the acid loading
of nitric acid and NT. Our feasibility approach there- after reaction (Table 9). This was related to the con-
fore only simulates one plate in such a column without comitant slow evaporation of sulphuric acid and was
trying to attain optimum fluid—catalyst contact. dependent on the nitric acid feed rate, the total reac-
Table 8 shows the results for the nitration of NT tion time, and the reaction temperature. Nafion was
using different solid acids. In these experiments, the less active than the impregnated preshaped silica. Al-
reaction was stopped after the addition of one equiva- though the acid strength of the acid groups in Nafion
lent of nitric acid (65 wt.%) on a molar basis. No con- is similar to 100% sulphuric acid [44], a large fraction
version to DNT was obtained when the reaction was of the active sites is not accessible to the reagents. De-
carried out in the absence of solid acids (blank exper- loxan, characterised by a milder acidity than Nafion,
iment) but the formation of N@(yellow-brown gas) showed almost no activity.
was observed. Preshaped silica impregnated with sul- Zeolite H-beta performed best among the tested ze-
phuric acid turned out to be the most active catalyst. olites. It is furthermore remarkable that the 2,4-DNT
DNT yields as high as 46.1% with 99% DNT selec- selectivity was 94% as compared to 79% obtained with

Table 9
Nitration with simultaneous distillation using 70%80y/SHE as cataly8t(influence of reaction parameters on the sulphuric acid content
of preshaped silica before and after nitration)

Temperature°C) HNO3/NT HNOs feed rate (mmol/min) DNT yield (mol%) $80Oy loading (%)
Before reaction After reaction
130 1 1.84 45.2 56 39
130 1 3.07 36.8 56 30
120 2 4.19 23.0 56 47
120 3 1.75 58.3 56 32

aReaction conditions: 3.1g catalyst, 0.23mol 1:1 mixture 2-NT/4-NT, 70-80 mbar.
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the impregnated preshaped silica. This is not an effect
of preferential adsorption and reaction of 4-NT be-

cause in a separate experiment using 2-NT as the only

reactant we obtained a 2,4-DNT selectivity of 90% in-
stead of the expected 67% with the same overall DNT
yield. H-mordenite was totally inactive under those
conditions. A 50% improvement in the DNT yield with
H-beta was reached when two equivalents of nitric acid
(65wt.%) were added. When H-beta was recovered
after the reaction, dried at 130 for 18 h and reused
under identical conditions, a decrease in the activity
was observed. These last two experiments indicate a
slow deactivation of H-beta during reaction, although
the selectivity towards 2,4-DNT was still high. A sub-
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Fig. 8. TGA of H-mor(4.6): (a) before the reactive distillation, (b)
after the reaction with 2-NT/4-NT and HNENT=1.

sequent regeneration of the sample already used twice,

through a thermal treatment at 58Dfor 5 h (heating
rate: PC/min with previous drying at 12@ for 3 h)
fully restored activity and selectivity, indicating that
the deactivation was reversible. In all reactions, H-beta
was brown after the nitration, while H-mordenite was
only slightly yellow.

XRD measurements (not shown) confirmed the
structural integrity of H-beta after the nitration. Sur-
face area and pore volume (Table 6) after calcination
at 550C (heating rate 4C/min) of the H-beta after
three nitration reactions was similar to the parent
zeolite. Both zeolites exhibited a similar weight loss
during TGA (see Figs. 7 and 8) when analysed af-
ter nitration under the same reaction conditions. The
residual weight after completed TGA up to 8@
is 82.8% in the case of H-beta and 79.4% in the

100
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o 801
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Fig. 7. TGA of H-beta (11.5): (a) before the reactive distillation,
(b) after the reaction with 2-NT/4-NT and HNONT=1, (c) after
the reaction with 2-NT/4-NT and HN§INT=2, (d) after reuse of
the catalyst in (b), (e) after the reaction only with 2-NT.

case of H-mordenite. In contrast to H-mordenite,
the colour of H-beta hints at the presence of nitro-
and dinitro-compounds. The weight loss observed
on H-mordenite after the reaction was mainly due to
water and nitric acid present in the pore system. The
mono-dimensional channel system of H-mordenite is
therefore less suitable for the nitration and the aro-
matics probably do not manage to diffuse into the
pores at a sufficiently high rate explaining the negli-
gible activity of this catalyst. H-beta used with two
equivalents of nitric acid and H-beta reused after one
experiment showed an increased weight loss (residual
weight: 73.4 and 72.9%) during TGA. That confirmed
the deactivation of the catalyst with time, due to the
formation of strongly bound (by)products blocking
the micropore system. A significantly higher weight
loss during TGA (residual weight: 52.4%) of H-beta
after reaction with 2-NT as the only reagent was ob-
served. Only 2,4-DNT is formed from 4-NT, whereas
both 2,4-DNT and 2,6-DNT are formed from 2-NT.
Probably, the diffusion of 2,6-DNT out of the zeolite
pores is slower than that of 2,4-DNT. The concept
that theortho position is sterically hindered for elec-
trophilic substitution in the pore system of H-beta
was confirmed [23].

4. Conclusions

One of the key issues in the successful application
of solid acids in the nitration of toluene and NT to
DNT is the handling of the water in the reaction mix-
ture. In liquid phase nitration at ambient temperature
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DNT can only be produced by binding the water us- with Dr. John N. Armor throughout the course of this
ing solid acids with a substantially high acid site den- work and the assistance in publishing this manuscript.

sity such as silica impregnated with sulphuric acid.
By carrying out the reaction in the vapour phase be-
tween 120 and 16@, NT was observed as a reac-
tion product. The formation of DNT was negligible,
however, with all solid acids tested. Preshaped silica
impregnated with sulphuric acid was the most active
catalyst but a continuous loss of sulphuric acid with
time-on-stream occurred. Deloxan, showing relatively
good activity and stability, seems to be more promising
although the loss of nitric acid through disproportion-
ation to NQ was not negligible. H-beta was stable in
the highly acidic reaction medium used and provided
a higherparato-ortho ratio than other zeolites such
as ZSM-5, ZSM-12 and mordenite. The decrease in
activity andpara-selectivity with time-on-stream was
reversible and was linked to the formation of strongly
bound (by)products blocking the micropore system.
The vapour phase nitration may become interesting
for the production of NT if the higlpara-selectivity

of H-beta is desired and if deactivation of the catalysts
can be better controlled.

The reaction with simultaneous distillation was the
only case where we observed true catalytic formation
of DNT using classical natural solid acids and 65 wt.%
nitric acid as only reactant. Supported liquid acids gave
real catalytic behaviour for the conversion of NT to
DNT. They were, however, not stable under those reac-
tion conditions and a loss of the impregnated acid was
observed. Zeolite beta turned out to be relatively stable

under those conditions and about half as active as sup-

ported liquid acids. Regeneration of beta was possible
by thermal treatment. An exceptionally high 2,4-DNT
selectivity (up to 94%) was obtained with beta zeo-
lite, compared to 74—79% obtained with all other solid
acids. Regarding potential process implementations,
significant advantages would arise from using a con-
tinuous mode reaction in a reaction—distillation col-
umn rather than the batch mode.
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