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bstract

The mesoporous molecular sieve MCM-41 was synthesized by sol–gel method using tetraethyl orthosilicate (TEOS), cetyl trimethyl ammonium
romide (CTAB), aqueous NH3 and water. A series of sulfate modified MCM-41 was prepared by incipient wetness impregnation method using
2SO4 as sulfatising agent. The samples were characterized by BET surface area, X-ray diffraction, FT-IR and TG–DTA. The catalytic activity

f the samples was evaluated for nitration of phenol with nitric acid in dichloro ethane (DCE) medium, at room temperature. The effect of
eaction parameters, i.e. time, concentration of nitric acid and phenol/nitric acid ratio were also investigated. Modification with sulfate opened
ew opportunities to generate active Brønsted and Lewis acid sites in the stabilized nanostructure MCM-41. Among the catalysts screened, 4 wt.%
ulfated MCM-41 showed maximum activity (93%), with 90% selectivity towards ortho-nitrophenol.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Mesoporous molecular sieves designated as M41S have
ttracted the attention of many researchers since their discov-
ry at Mobile Oil Corporation in 1992 [1]. These materials
ossess well-defined mesopores the diameters of which can be
ailored to the desired value (18–100 Å) by the proper choice
f surfactants, auxiliary organics and synthesis parameter [2].
esoporous silica of the MCM-41 type is an important class of
hexagonal arrangement of cylindrical pores between which an
morphous SiO2 network is interposed [3,4]. The most inter-
sting feature of MCM-41 is its regular pore system, which
onsists of a hexagonal array of one-dimensional, hexagonally
haped pores. Other interesting physical properties of MCM-
1 include a highly specific surface area up to 1500 m2/g, a
pecific pore volume up to 1.3 ml/g and a high thermal stabil-
ty. All the above properties make it suitable for many catalytic
pplications.

Molecular sieves are widely used in acid catalyzed reactions

or the production of petrochemicals and fine chemicals. The
ctivity of these materials is attributed to their acidic character
herein Brønsted and Lewis acid sites are involved. The incor-
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oration of acidity in clays, ion-exchange resins, metal oxides
nd zeolites has attracted considerable attention [5].

Modified MCM-41 has opened new opportunities in order
o obtain new acid materials for catalytic applications. Some
roperties of a thermo stable mesophase of basic zirconium
ulfate with textural characteristics close to those of MCM-41
ave been reported [6]. The peculiarities of the catalytic behav-
or of the mesophase are related to its acidic properties. The

CM-41 nanostructured materials present ordered crystallo-
raphic channels and disordered atomic arrangement, similar to
hat of amorphous silica. The discovery offers the opportunity to
xtend shape selective catalysis beyond the micro pore domain
ypical of zeolite, allowing larger molecules to be transformed
ith large potential applications in the fine chemical industries.
owever studies showed that the thermal stability of MCM-41 is
function of textural properties that strongly depends upon the

ynthesis condition, such as the chemical composition, template
pplied and post treatment [7,8]. MCM-41 exhibits mild acidity,
hich is weaker than that of the micro porous zeolites [9]. The

cidity of MCM-41 desired to be increased by incorporation of
ulfate ions into the molecular sieves. The sulfated MCM-41 is
sed as an efficient catalyst for many acid catalyzed reactions. In

his work the synthesis of sulfated MCM-41 was studied using
he controlled impregnation method.

Nitration of aromatic substrates is a widely studied reaction of
reat industrial significance as many nitro aromatics are exten-
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ties of the XRD peaks, however, the lattice parameters (a0) are
not affected by functionalization. So the structure of sulfated
MCM-41 is still mesoporous and similar to that of MCM-41,
but poorly crystallized.
82 K.M. Parida, D. Rath / Journal of Molecu

ively utilized and act as chemical feed stocks for a wide range
f useful materials such as dyes, pharmaceuticals, perfumes and
lastics. A major problem associated with the earlier technol-
gy in the use of corrosive liquid phase nitric acid–sulfuric
cid mixture, responsible for the generation of large amounts
f wastes, which are very costly to treat. Over nitration, oxi-
ation of by-products and poor selectivity are other associated
roblems. So there is a need for such a catalyst, which can
vercome these difficulties. Sulfated MCM-41 can be used as
n efficient catalyst for nitration of phenol. Selectively ortho-
itrophenol, which is an important starting material used in
ulti step synthesis of valuable compounds, is formed as the
ajor product.

. Experimental

.1. Synthesis of MCM-41

The original method of preparation of MCM-41 first pro-
osed by Beck and co-workers [10]. But our method is a modi-
ed one [11]. These modifications were done to conduct the syn-

hesis in mild conditions in terms of temperature and surfactant
mount. In a typical synthesis method 1.988 g of cetyl trimethyl
mmonium bromide (CTAB, 98%, S.D. fine chem.) was dis-
olved in 120 g of water at room temperature. After complete
issolution, 8 ml of aqueous NH3 (32% in water, Merck) was
dded to the above solution. Then 10 ml of tetraethyl orthosil-
cate (TEOS, 99%, Aldrich) was added to the solution under
igorous stirring (300 rpm).

The hydrolysis of TEOS takes place during the first 2 min
t room temperature (the solution becomes milky and slurry
orms) where as the condensation of the mesostructured hybrid
aterial is achieved after 1 h of reaction. The material was then
ltered and allowed to dry under static air at 80 ◦C for 12 h. The
esoporous material was finally obtained by calcination of the

ybrid structure at 550 ◦C for 5 h.

.2. Synthesis of sulfated MCM-41

A series of sulfated MCM-41 samples was prepared by wet
mpregnation method [12]. The sulfate ion was impregnated in
he form of H2SO4. About 1 g of calcined sample (MCM-41) was
reated with required amount of 0.25 M H2SO4 (98%, amount
f H2SO4 varies from 1 to 7 ml) at room temperature for 2 h and
eated at 70 ◦C until complete dryness. The sample was dried at
10 ◦C for 10 h, in an oven and subsequently calcined at 550 ◦C
or 5 h in a muffle furnace. The prepared samples are abbreviated
s xS/MCM-41 (x varies from 2 to 8 wt.%).

.3. Physico-chemical characters

The specific surface area, pore distribution and pore volume
ere determined by the Sorptomatic 1990. The samples were

egassed at 110 ◦C for 6 h.

The X-ray powdered diffraction pattern was recorded on a
iffractometer with a monochromatic Cu K� radiation with a
can rate of 2◦ min−1.
Scheme 1.

The surface acid sites of all the catalysts were determined
pectrophotometrically by irreversible adsorption of organic
ases such as pyridine and 2,6-dimethyl pyridine.

The FT-IR spectra of the samples were recorded using JASCO
TIR-5300 in KBr matrix in the range of 4000–400 cm−1.

TG–DTA of the samples was carried out in static air using a
himadzu DT-40 thermal analyzer in the temperature range of
0–1000 ◦C at a heating rate of 20 ◦C min−1.

.4. Catalytic reaction

Nitration of phenol was carried out with equimolar ratio of
henol to nitric acid using sulfated MCM-41 as a catalyst [13].
eaction was performed in a two-necked round bottom flask.
wo millimole of phenol was taken in a flask containing 3 ml
olvent (dichloro ethane) to which 0.05 g of catalyst and 2 mmol
f nitric acid (30%) were added. The reaction mixture was stirred
t room temperature for 2 h (Scheme 1), filtered and then the
eaction products were analyzed off-line by gas chromatography
GC-17A Shimadzu).

. Results and discussion

The powder X-ray diffraction patterns of MCM-41 and sul-
ated MCM-41 are shown in Fig. 1. The XRD figures showed
very strong peak at 2θ = 2.2◦ due to (1 0 0) index. Other two
eak peaks below 5◦ suggest the hexagonal symmetry [10,14].
he modification with sulfate considerably reduces the intensi-
Fig. 1. XRD patterns of MCM-41 (a) and sulfated MCM-41 (b).
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Table 2
Acidity of sulfated MCM-41

Sample code Sulfate content (wt.%) Acidity (mol/g)

PY 2,6-DMPY

MCM-41 0 283 220
2S/MCM-41 2 327 256
3S/MCM-41 3 355 292
4S/MCM-41 4 453 335
5S/MCM-41 5 346 283
6S/MCM-41 6 310 267
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ig. 2. FT-IR spectra of uncalcined MCM-41 (a), calcined MCM-41 (b) and
ulfated MCM-41 (c).

The FT-IR spectra of MCM-41 and sulfated MCM-41 are
hown in Fig. 2. The spectra showed a broad band around
100–3600 cm−1, which is due to adsorbed water molecules.
he absorption band due to H–O–H bending vibration in
ater is at 1620–1640 cm−1. The absorption band around
087–1092 cm−1 is due to Si–O asymmetric stretching vibra-
ions of Si–O–Si bridges. The absorption band at 964 cm−1 is
ue to Si–OH group that vanished in the calcined samples.

The proposed structure for the sulfated MCM-41 is shown
n Scheme 2 [12]. Proposed structure for the sulfate containing

CM-41 material shows possible Brønsted acid sites (BA) and

ewis acid sites (LA).

In Scheme 2, it is shown that the sulfate group is covalently
onded to the silicon via oxygen atoms. The negative charge of
he oxygen is neutralized by one proton forming BA. Due to

T
d
o
[

able 1
urface properties of sulfated MCM-41

ample code Sulfate (wt.%) BET surface areaa (m2/g) Wall thickness (Å

CM-41 0 1380 24.1
S/MCM-41 2 1285 23.6
S/MCM-41 3 1227 22.5
S/MCM-41 4 1154 23.3
S/MCM-41 5 1093 24.2
S/MCM-41 6 1021 23.3
S/MCM-41 7 997 24.5
S/MCM-41 8 980 24.3

a Measured by nitrogen physisorption at liquid nitrogen temperature.
b Unit cell parameter = 2/

√
3 × 100d (from XRD).
S/MCM-41 7 307 258
S/MCM-41 8 305 245

he inductive effect of the sulfate group, a strong LA site can be
enerated on its surface.

From the BET method the surface area of MCM-41 was found
o be 1380 m2/g. It gradually decreased from 1380 to 980 m2/g
s the sulfate amount increased from 2 to 8 wt.%. This may be
ue to the blocking of pores of MCM-41 by sulfate. However
he specific pore volume, average pore diameter and unit cell
arameter remains practically the same (Table 1).

The total acid sites and Brønsted acid sites were measured
y irreversible adsorption of pyridine (PY) and 2,6-dimethyl
yridine (2,6-DMPY), respectively. The data is shown in Table 2.
oth the acid sites gradually increased with increase in sulfate
ontent up to 4 wt.% and thereafter decreased.

The initial increase in surface acidity with increase in sulfate
oading up to 4 wt.% may be due to sulfate monolayer formation.

he decrease in surface acidity at high sulfate content is probably
ue to the formation of poly sulfate, which decreased the number
f Brønsted acid sites and consequently that of total acid sites
15].

) Pore volume (cm3/g) Pore diameter (Å) Unit cell parameterb (Å)

1.28 37 46
1.26 39 45
1.23 40 44
1.19 41 45
1.17 42 44
1.18 46 42
1.21 48 45
1.2 48 43
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ig. 3. N2 adsorption–desorption isotherms of MCM-41 (�, adsorption branch;
, desorption branch).

The adsorption and desorption isotherms of nitrogen are
hown in Fig. 3. It showed that initially the adsorbed amount
ncreased gradually with an increase in relative pressure by

ultilayer adsorption. Then, a sudden uptake of adsorbed
mount was observed over a narrow range of relative pres-
ure (P/P0) between 0.25 and 0.35 is due to capillary
ondensation of nitrogen in the mesopores. The desorption
ranch of the isotherm coincides over the adsorption branch
16].

The thermo gravimetric curve of as-synthesized MCM-41 is
hown in Fig. 4. The weight loss below 150 ◦C corresponds to the
esorption of physisorbed water in the voids formed in the meso-
ores. Weight losses in the temperature range of 150–310 ◦C
re due to the decomposition and removal of occluded organics
17].

The DTA curve is shown in Fig. 5. From the figure it is clear
hat there is almost no exothermal peak after 550 ◦C, which indi-
ated the complete removal of surfactant.

.1. Catalytic activity

The results of nitration of phenol using nitric acid over dif-

erent wt.% of sulfated MCM-41 catalyst are given in Table 3.
mong the catalysts studied, 4 wt.% S/MCM-41 showed highest

onversion (93%) and selectivity (90%) for ortho-nitrophenol.
he conversion as well as the selectivity to ortho isomer gradu-

Fig. 4. Thermo gravimetric analysis curve of MCM-41.
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Fig. 5. Differential thermal analysis curve of MCM-41.

lly increases with increase in the sulfate amount up to 4 wt.%
hen after it decreases. The increase in activity as well as selec-
ivity of the catalysts with the increase in sulfate amount might
e due to an increase in the number of Brønsted acid sites. The
ecrease in conversion at high sulfate loading is probably due
o formation of poly sulfate, which decreased the number of
rønsted acid sites.

When the reaction was carried out with MCM-41 (without
ulfate) the conversion was only 31% with nearly equal ortho
nd para isomers, suggesting the influence of solid acid catalyst
n the conversion and selectivity.

A number of different substrates were subjected to the nitra-
ion reaction and the results are summarized in Table 4. The
esults show that introduction of an electron withdrawing group
e.g. –NO2 group) on phenol substantially decreases the per-
entage of conversion while an electron donating group (e.g.
CH3 group) increases it. Activated substrates such as toluene
nd anisole gave 74% and 96% conversions, respectively. This
s due to the ring activating nature of the substituents attached

o the benzene ring. But under similar conditions chloroben-
ene gave only 19% conversion due to the deactivating nature
f chloride group.

able 3
ffect of sulfated MCM-41 on nitration of phenol

ample code Conversion (%) Selectivity (%) O/P ratio

oNP pNP BEZ

CM-41 31 52 48 – 1.08
S/MCM-41 65 68 31 1 2.19
S/MCM-41 71 82 16 2 5.10
S/MCM-41 93 90 8 2 11.25
S/MCM-41 86 75 23 2 3.26
S/MCM-41 82 61 38 1 1.60
S/MCM-41 75 58 40 2 1.45
S/MCM-41 60 55 44 1 1.25

henol/HNO3, 1; catalyst, 0.05 g; temperature, RT; HNO3, 30%; solvent, DCE;
eaction time, 2 h.
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Table 4
Nitration of various substrates over sulfated MCM-41 catalyst

Substrate Conversion (%) Selectivity (%)

Ortho product Para product

93 90 8

48 12 86

96 11 88

19 16 82

74 60 39

96 22 76
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4
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with increase in nitric acid concentration up to 30% and then
decreased with further rise in nitric acid concentration up to
70%. When nitric acid is diluted with water to 30%, the reaction
medium is a three-phase system, i.e. solid acid catalyst, organic
ubstrate:HNO3, 1:1; catalyst, 0.05 g; temperature, RT; HNO3, 30%; solvent,
CE; reaction time, 2 h.

The mechanism that may be proposed for the reaction is given
n Scheme 3:

NO3 + HA ⇔ H2NO3
+ + A−
2NO3
+ ⇔ NO2

+ + H2O

Similarly when the attack of nitronium ion is at para position,
ara-nitrophenol is formed.

F
C
n

Scheme 3.

Here the reaction takes place between nitric acid and the
rønsted acid sites of the catalyst forming nitronium ion. Then
lectrophilic attack of nitronium ion on phenol takes place result-
ng in the formation of ortho- and para-nitrophenol. The varia-
ion of different reaction parameters was studied on 4S/MCM-
1.

Fig. 6 explains the conversion of phenol with variation of
olar ratio of phenol to nitric acid. Varying the molar ratio

f phenol to nitric acid from 1 to 3, the percentage of con-
ersion decreased but the selectivity towards para-nitrophenol
ncreased. Similar results obtained by Degade et al. [13].

The influence of time on phenol nitration using 4S/MCM-
1 is shown in Fig. 7. It was found that as the time increased
rom 0.5 to 2 h, the conversion of phenol to mono nitrophenol
ncreased from 65% to 93% in 2 h then it remains constant,
uggesting the influence of time on conversion. The selectivity
owards ortho-nitrophenol does not affect significantly.

Fig. 8 shows the effect of nitric acid concentration on nitration
f phenol over 4S/MCM-41. The phenol conversion increased
ig. 6. Influence of phenol/nitric acid molar ratio on conversion of phenol.
atalyst, 0.05 g; temperature, RT; solvent, DCE; reaction time, 2 h; oNP, ortho-
itrophenol; pNP, para-nitrophenol.
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Table 5
Effect of various catalysts on nitration of phenol

Catalyst Conversion of phenol (%) Selectivity O/P ratio

oNP pNP BEZ tNP

4S/MCM-41 93 90 8 2 – 11.25
H-ZSM-5 60 57 37 8 – 1.48
H-Y 60 60
Sulfated titania 85.6 92.4

tNP, 2,4,6-trinitrophenol.
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ig. 7. Influence of time on conversion of phenol. Phenol/HNO3, 1; catalyst,
.05 g; temperature, RT; solvent, DCE.

olvent and aqueous phase. This triphasic system may be more
ctive in nitration of phenol. At higher dilution (10–20%) of sul-
uric acid the activity of HNO3 is low leading to lower conversion
uggesting 30% HNO3 is suitable for nitration of phenol.

Formation of dinitrophenol was observed when the reaction
as carried out using 70% nitric acid. Degade et al. [13] reported

imilar observation with higher concentration of nitric acid using
odified zeolite as solid acid catalyst.
In similar reaction conditions, Degade et al. [13] reported

0% conversion using H-ZSM-5 and H-Y as solid acid catalysts.
hey found the selectivity ratio (oNP/pNP) is 1.48 and 2.0 for

-ZSM-5 and H-Y, respectively. Similarly, the results obtained
y Sunajadevi and Sugunan [18] using sulfated titania as catalyst
ave been compared with the present work (Table 5).

ig. 8. Influence of concentration of nitric acid on conversion of phenol.
henol/HNO3, 1; catalyst, 0.05 g; temperature, RT; solvent, DCE; reaction time,
h; oNP, ortho-nitrophenol; pNP, para-nitrophenol.
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30 10 – 2.0
3.9 – 1.4 23.6

.2. Reusability of the catalyst

The reusability of the catalyst was studied by using 4S/MCM-
1 in recycling experiments. In order to regenerate the catalyst,
fter 2 h of reaction, it was separated by filtration, washed several
imes with conductivity water, dried and calcined at 550 ◦C and
sed in the nitration reaction with a fresh reaction mixture. In
he regenerated sample after three cycles, the yield decreased by
%.

. Conclusions

1) From the fore going discussion it is concluded that, the
nanostructured MCM-41, synthesized by sol–gel method
presents good stability according to various physico-
chemical characterizations.

2) Modification of MCM-41 with H2SO4 generated active
Brønsted and Lewis acid sites in MCM-41. The 4 wt.% sul-
fated MCM-41 showed the maximum acidity.

3) From the BET surface area and XRD study, the samples are
found to be mesoporous. The BET surface area gradually
decreased with increase in sulfate loading, where as the pore
volume and pore diameter remain practically the same.

4) The 4S/MCM-41 showed maximum conversion (93%) and
selectivity (90%) towards nitration of phenol.
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