
S
t

E
J
a

b

c

d

a

A
R
R
1
A
A

K
M
S
S
t
M

1

e
f
l
P
t
U
e
m
e
t

s
u
[
t
T
s

0
h

Applied Catalysis A: General 450 (2013) 34– 41

Contents lists available at SciVerse ScienceDirect

Applied  Catalysis A:  General

jo ur n al homep age: www.elsev ier .com/ locate /apcata

ulfonic  acid  functionalized  MCM-41  as  solid  acid  catalyst  for
ert-butylation  of  hydroquinone  enhanced  by  microwave  heating

ng-Poh  Nga,∗,  Siti  Norbayu  Mohd  Subaria,  Olivier  Marieb,  Rino  R.  Mukti c,
oon-Ching  Juand

School of Chemical Sciences, Universiti Sains Malaysia, 11800 USM Penang, Malaysia
Laboratoire Catalyse & Spectrochimie, ENSICAEN, Université de Caen, 14000 Caen, France
Division of Inorganic and Physical Chemistry, Institut Teknologi Bandung, Jl Ganesha no. 10, Bandung 40132, West Java, Indonesia
Laboratory of Applied Catalysis and Environmental Technology, School of Science, Monash University, Bandar Sunway 46150, Malaysia

 r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 25 July 2012
eceived in revised form
2 September 2012
ccepted 30 September 2012
vailable online 3 November 2012

a  b  s  t  r  a  c  t

Covalently  linked  sulfonic  acid  ( SO3H)  modified  MCM-41  mesoporous  catalysts  was  prepared,  char-
acterized  and its catalytic  activity  under  microwave  irradiation  was  evaluated.  The  NH2-MCM-41  was
first  prepared  by  anchoring  (3-aminopropyl)triethoxysilane  (APTES)  on  Si-MCM-41  and  further  reacted
with 1,4-butane-sultone  to yield  the  desired  acid  catalyst.  The  mesophase  and  porosity  of  samples  were
determined  by  XRD,  TEM  and  N2 sorption  isotherm  analyses.  The  presence  of  sulfonic  acid  moiety  was
confirmed  by  FT-IR,  TG/DTA,  sulfur  elemental  analysis  and  in situ  IR study  of  pyridine  and  ammonia
eywords:
esoporous material

ulfonation
ulfonic acid
ert-Butylation

icrowave synthesis

adsorptions.  The  catalyst  showed  high  catalytic  activity  and  high  selectivity  in tert-butylation  of  hydro-
quinone  under  microwave  irradiation.  No  leaching  problem  was  observed  after  several  runs,  while  the
catalyst  can  be  recovered  and  reused  without  loss  of reactivity  under  the  described  reaction  conditions.

© 2012 Elsevier B.V. All rights reserved.
. Introduction

New developments in the chemical industries are driven by
nvironmental regulations, safety, energy efficiencies and the need
or improved performance. The increasingly environmental regu-
ations require the use of green technology in various areas [1,2].
articularly, catalysts are attractive in green technology because of
heir importance in petrochemicals and fine chemicals synthesis.
sually chemical syntheses involve homogeneous catalysts; how-
ver, using heterogeneous catalysts such as molecular sieves (e.g.
icroporous zeolites and mesoporous materials) could be more

nvironment-friendly and cost effective, allowing catalyst separa-
ion and reusability [3].

MCM-41 is a structurally well-ordered mesoporous solid, pos-
essing some fascinating properties such as high surface area,
niform pore size (20–100 Å) and relatively hydrophobic nature
4].  It is known that MCM-41 in pure silica form has no substan-

ial acidity and exhibits only weak hydrogen bonding sites [5,6].
he incorporation of metals (Al, Ti, Fe, etc.) in MCM-41 framework
tructure can be performed to generate acid properties [7–10]. On

∗ Corresponding author. Tel.: +60 4 653 4021.
E-mail address: epng@usm.my (E.-P. Ng).

926-860X/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.apcata.2012.09.055
the other side, functionalizing and supporting some acidic species
such as heteropolyacids (HPW) [11–13] and mineral acids (H3PO4,
H2SO4) [14–16] offer another promising solutions to generate the
acidity.

Recently, MCM-41 grafted with sulfonic acid (SO3H-MCM-41)
has been prepared to catalyze many organic reactions. The mod-
ified catalyst improves the solid acidity and at the same time,
high surface areas and tunable pore diameters are retained. For
instance, SO3H-MCM-41 is shown having excellent catalytic activ-
ity and selectivity in esterification [17–22],  Fischer indole synthesis
[23], Claisen–Schmidt condensation [24], Friedel–Crafts alkylation
[25,26], Fries and pinacol rearrangements [26], condensation of
2-methylfuran and acetone [27] and transesterification reactions
[28]. The results reveal that incorporation of sulfonic acid groups
on porous silica supports produces highly convenient solid acid
catalysts, exhibiting the advantages of homogeneous catalysts.

Basically, covalent anchoring of the sulfonic acid groups to
the mesoporous materials surface can be achieved either by
a direct synthesis route or by a post synthetic anchoring of
3-(mercaptopropyl)triethoxysilane (MPTES) followed by an oxi-

dation step to generate the sulfonic acid groups [17–22,28–30].
However, the use of strong oxidation agent in the oxidization of
MPTES tends to lower the ordering of the mesopores. In respect
to this, chlorosulfonic acid has recently been proposed as another

dx.doi.org/10.1016/j.apcata.2012.09.055
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.apcata.2012.09.055&domain=pdf
mailto:epng@usm.my
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romising sulfonating agent to immobilize sulfonic acid groups on
esopore walls [22,26].
Alkylsultones are cyclic sulfate esters. Basically, they are used

s main chemical intermediates for the synthesis of dyes, anionic
urfactants and secondary lithium ion solution [31]. In this work,
he use of alkylsultone was achieved to generate sulfonic acid
roups on MCM-41 solid via ring opening approach in an attempt
o obtain a heterogeneous acid catalyst. The mesoporous silica was
rst aminopropylated followed by sulfonation with alkylsultone.
he resulting solids were then characterized and their catalytic
ctivity was studied using microwave-assisted Friedel–Crafts tert-
utylation of hydroquinone as the probe reaction. This reaction was

nteresting as it can predict the nature of the acidic sites (weak, mild
r strong) present in the catalysts [32,33] which will be further
onfirmed by in situ IR study of pyridine and ammonia adsorptions
tudy. Furthermore, the monosubstituted product of this reaction
amely, 2-tert-butylhydroquinone, is a highly effective antioxidant
nd is widely used as a preservative for vegetable oils and edible
nimal fats [34,35].

. Experimental

.1. Preparation of Si-MCM-41 support

The mesoporous MCM-41 powder was synthesized from
n alkaline solution containing cetyltrimethylammonium bro-
ide (CTABr, 98%, Aldrich), sodium silicate solution (Na2O

.5–8.5%, SiO2 25.8–28.5%, Merck), sulfuric acid (98%, Merck),
nd deionized water. CTABr was first dissolved in distilled
ater under stirring before sodium silicate was introduced

nto the mixture to give the final composition mole ratio of
CTABr:1.76Na2O:6.14SiO2:335.23H2O. After 24 h of hydrothermal
reatment at 100 ◦C, the MCM-41 powder was filtered, washed until
H 7, and dried at 80 ◦C overnight before it was calcined in a furnace
nder a flow of air at 550 ◦C for 4 h with a heating rate of 1 ◦C/min
o remove the organic template.

.2. Preparation of (3-aminopropyl)triethylsilyl-MCM-41
NH2-MCM-41) via aminopropylation

Amine functionalization was achieved by aminopropylating
ctivated Si-MCM-41 (1.5 g, 100 ◦C, 4 h, Fig. 1a) under vacuum
ith (3-aminopropyl)triethoxysilane (3.5 g, APTES, 98%, Aldrich) in

oluene (10 ml)  under reflux for 5 h to form covalent linkages with
he mesoporous silica surface (Fig. 1b). The non-reacted amines
nd the solvent were removed by filtration and the amine modi-
ed MCM-41 was washed thoroughly with chloroform and diethyl
ther before drying at 80 ◦C overnight.

.3. Preparation of SO3H-MCM-41 via sulfonation

The NH2-MCM-41 (1.0 g) was preloaded with a solution of
oluene (10 ml)  containing 1,4-butane-sultone (3 g, Merck) fol-
owed by reflux for 5 h. The solid obtained was then purified with
hloroform and diethyl ether before drying at 80 ◦C overnight to
ive a yellow powder as final product (Fig. 1c).

.4. Characterization of catalysts

XRD patterns were recorded on a Siemens D5000 Kristalloflex
iffractometer. The surface physicochemical properties were ana-

yzed using a Micromeritics ASAP 2010 after degassing overnight

t 180 ◦C. The morphological features of MCM-41 samples were
xamined by transmission electron microscopy (TEM) using
HILIPS CM-12 microscope. For the quantitative determination of
ulfur content or SO3H density in the samples, the MCM-41 solids
: General 450 (2013) 34– 41 35

were measured with a KZDL-4 Sulfur Analyzer. The organic moi-
eties were determined based on Mettler TGA SDTA851 instrument
with a heating rate of 10 ◦C/min under nitrogen flow. The FTIR spec-
tra were recorded on a PerkinElmer spectrometer (System 2000)
using the KBr pellet technique (KBr: sample weight ratio = 150:1).

Pyridine and ammonia FTIR spectra were recorded using a Nico-
let 6700 FT-IR spectrometer. The MCM-41 samples were ground
and pressed to obtain a wafer (area 2 cm2, mass of 13 mg)  before
introduction in the IR cell. The samples were then pre-activated
under vacuum (10−6 mbar) at 200 ◦C for 3 h. The reference spectrum
was  first recorded after cooling and then a 1.33 mbar equilibrium
pressure of pyridine (or ammonia) was introduced to the sample
for 5 min. The spectrum was recorded with a 4 cm−1 resolution and
64 scans accumulation. The sample was then allowed to evacuate
at 25 and 100 ◦C to desorb pyridine (or ammonia) and the spectra
were recorded after each evacuation step.

2.5. Catalytic experiments

Friedel–Crafts reactions were performed with microwave irra-
diation assistance by modifying the synthesis condition [30]. Prior
to reaction, hydroquinone (Merck, 2.0 mmol), methyl tert-butyl
ether (MTBE, Merck, 2.0 mmol) and freshly activated SO3H-MCM-
41 catalyst (0.1 g, 100 ◦C, 3 h) were loaded into a reactor. The
reaction was  realized in an Anton Paar Synthos 3000 microwave
oven under magnetic stirring and 300 W microwave irradiation,
while the reaction temperature was  monitored by an infrared
pyrometer. The samples were withdrawn after the reaction and
the liquid phase was separated and analyzed using a gas chromato-
graph (Hewlett-Packard 5880) equipped with a Carbowax Equity 1
non-polar capillary column. The identity of the product was con-
firmed by GC–MS (Perkin-Elmer GC-IR 2000 system).

2.6. Leaching and reusability tests

The leaching and reusability tests were carried out as
follows: SO3H-MCM-41 solid was separated after the first
Friedel–Crafts (reaction temperature = 150 ◦C, HQ:MTBE = 1:1, MW
power = 300 W,  time = 8 min) run, further washed with diethyl
ether and finally activated (100 ◦C, 3 h) before use for the three sub-
sequent cycles of catalytic reaction. After the reaction, the solution
was  again separated and analyzed using GC.

3. Results and discussion

3.1. Characterization

Supported sulfonic acid catalysts in this work were prepared in
two  steps. In the initial step, APTES as a bridging agent was first
functionalized on MCM-41, giving (3-aminopropyl)trimethylsilyl-
MCM-41 (denoted as NH2-MCM-41). After this, the nucleophilic
attack of the amine group of NH2-MCM-41 on the cyclic sultone
opened the ring of 1,4-butane-sultone, leading to the formation of
a linear chain of sulfonic acid solid catalyst (Fig. 1c).

The preparation of SO3H-MCM-41 was monitored using FT-IR
spectroscopy via the KBr salt dilution technique. Fig. 2 shows the
infrared spectra of Si-MCM-41, NH2-MCM-41, and SO3H-MCM-41
solids. The spectrum shown in Fig. 2a displays several typical IR
vibration signals for Si-MCM-41: 3455 and 1642 cm−1 (H-bonded
hydroxyls �(OH) stretching and adsorbed water bending vibra-
tions), 1237 and 1085 cm−1 (asymmetric stretching vibrations of
Si–O–Si), 800 and 584 cm−1 (symmetric stretching vibrations of

Si–O–Si), 962 cm−1 (bending mode of Si–OH) and 464 cm−1 (bend-
ing vibration of Si–O–Si) [15]. After aminopropylation, the band at
962 cm−1 almost completely disappeared and several new vibra-
tion bands including those corresponding to C–H groups (2934,
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Fig. 1. Anchoring of sulfonic acid 

854 cm−1) emerged, showing that the APTES has been success-
ully reacted with surface silanol groups and covalently attached
o the MCM-41 (Fig. 2b). In addition, the appearance of two  N–H
tretching vibrations at 3560 and 3491 cm−1, and two N–H bend-
ng vibrations at 1623 and 1569 cm−1 can also be considered as an
vidence for the presence of APTES on the surface of the grafted
aterials [36]. These four peaks, however, completely vanished

pon the sulfonation treatment (Fig. 2c).
The existence of sulfonic acid group ( SO3H) in the samples

as further confirmed by the presence of an intense and broad
bsorption band at 3428 cm−1 which corresponds to S–OH stretch-
ng vibration, and the most intense signals at 1160 and 1080 cm−1

hich refers to the asymmetric vibration of S O and symmetric
tretching vibration of SO3H group, respectively [37]. In addition,
wo vibration bands at 1220 and 1348 cm−1, respectively assign
o the symmetric and asymmetric SO2 stretching modes were also
bserved [38]. Thus, all these results reveal that the ring opening of
,4-butane-sultone occurred and the sulfonic acid functional group
as successfully anchored on the walls of MCM-41.

The species providing active sites in SO3H-MCM-41 was  further

nvestigated using infrared spectroscopy. It is known that the use of
yclic sultone in the present organic synthesis tends to give ammo-
ium sulfate as the product [39]. In order to confirm whether the
ctive site of SO3H-MCM-41 is ammonium sulfonate or sulfonic

ig. 2. KBr diluted IR spectra of (a) Si-MCM-41, (b) NH2-MCM-41, and (c) SO3H-
CM-41.
onal groups on MCM-41 support.

acid bound to APTES, a careful investigation of the N–H bend-
ing vibration peaks was performed. From the infrared spectrum
in Fig. 2c, the vibration band corresponding to the N–H bending
modes of alkyl ammonium cation at 1487 and 1464 cm−1 were not
observed and thus excluding the existence of ammonium sulfonate
in SO3H-MCM-41 [40]. Instead, two IR bands were detected at 1545
and 1469 cm−1 which can be assigned to the bending vibration of
primary amine [41]. Thus, the IR spectroscopy suggested that the
active site of SO3H-MCM-41 rather originates from sulfonic acid
bound to amine group.

The ordered mesoporosity of MCM-41 solids was determined by
XRD analysis. The XRD pattern of calcined Si-MCM-41 exhibits an
intense signal at 2� = 2.2◦ corresponding to (1 0 0) plane and three
small signals between 3.5◦ and 6.0◦ due to (1 1 0), (2 0 0) and (2 1 0)
planes which confirms the presence of well-defined hexagonal
MCM-41 (Fig. 3a) [4]. As aminopropylation and sulfonation mod-
ifications took place, the signals shifted toward higher diffraction
angles (Fig. 3b, c). This shift can be explained by a slight decrease
in the pore size resulting from the insertion of APTES and linear
sulfonic acid into the MCM-41 pores [42]. In addition, less intense
and broadened diffraction peaks were also observed for both NH2-
MCM-41 and SO H-MCM-41, showing that the structural integrity
3
in MCM-41 was slightly degraded upon surface modification. Nev-
ertheless, the characteristic diffraction peaks of both samples were

Fig. 3. XRD patterns of (a) Si-MCM-41, (b) NH2-MCM-41, and (c) SO3H-MCM-41.
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reveals the presence of a broad band at 1535 cm−1 and a doublet
at 1469–1446 cm−1. The former band possibly is attributed to the
Fig. 4. TEM images of (a) Si-MCM-41

etained indicating that the long-range order of mesoporous hexag-
nal channels was still preserved after modification.

The XRD results were further confirmed by TEM analysis. The
exagonal periodicity of the mesophase of Si-MCM-41 and NH2-
CM-41 was basically maintained, as displayed in the TEM images

Fig. 4a, b). However, the channels in SO3H-MCM-41 partially
ollapsed, in some degree, into disordered and wormhole-like
ackings (Fig. 4c). These observations are fully in line with the XRD
ata.

The SO3H density of SO3H-MCM-41 was then investigated with
ulfur elemental analysis. No sulfur element was detected in both
i-MCM-41 and NH2-MCM-41. After sulfonation modification and
roper washing, the SO3H-MCM-41 sample contained 2.069% of
ulfur or equivalent to 0.647 mmol/g of sulfur or SO3H group.

The existence of APTES and linear butyl sulfonic acid was  further
roven based on TG/DTA and sulfur analyses. In Fig. 5, the TG/DTA-
urves of MCM-41 samples are given. A one-step weight loss at
50 ◦C was observed for Si-MCM-41 which is due to water desorp-
ion (Fig. 5a). After aminopropylation, two additional weight losses
ppeared at 150–350 ◦C (3.5 wt.%) and 350–650 ◦C (18.4 wt.%) with
n endothermic DTA signal at 500 ◦C, showing that the APTES has
een successfully functionalized onto MCM-41 surface (Fig. 5b).
his APTES group was strongly bonded to the MCM-41 via covalent
onding and did not easily detach from the siloxane surface under
ild functionalization condition (e.g. 110 ◦C, 5 h) [43,44].  For SO3H-
CM-41, three weight loss stages were detected, but the TGA curve

attern was totally different from that of the NH2-MCM-41 (Fig. 5c).
urthermore, an additional strong and sharp endothermic DTA sig-
al was observed at 400 ◦C which could be due to the decomposition
f sulfonic acid compound [45] (inset of Fig. 5c). The differences of

G/DTA profiles between NH2-MCM-41 and SO3H-MCM-41 agree
ith the IR spectroscopy results and clearly evidence the successful

nchoring of sulfonic acid group on the MCM-41 surface.

ig. 5. TG curves of (a) Si-MCM-41, (b) NH2-MCM-41, and (c) SO3H-MCM-41. Inset:
TA  curves of (a) Si-MCM-41, (b) NH2-MCM-41, and (c) SO3H-MCM-41.
H2-MCM-41, and (c) SO3H-MCM-41.

The textural properties of Si-MCM-41, NH2-MCM-41 and SO3H-
MCM-41 were further investigated using N2 sorption analysis.
All solids exhibited type IV isotherms with H1 hysteresis loops
[46] (Fig. 6). Upon functionalization of the parent material with
APTES and linear butyl sulfonic acid, changes in the N2 sorption
isotherm curves and consequently decreases in the gas uptake were
observed. This could be attributed to the attachment and occupa-
tion of organic molecules onto the surface of the inner pores (Fig. 6;
Table 1). Interestingly, a shrinkage in the pore diameter from the
initial value of 2.60 nm (Si-MCM-41) to 1.28 nm (SO3H-MCM-41)
was  also observed and confirmed the presence of sulfonic acid
compounds on the parent MCM-41 (Fig. 6; Table 1).

The presence of acid sites on the surface of the SO3H-MCM-41
catalyst was investigated with pyridine and ammonia adsorp-
tions monitored by FT-IR spectroscopy. The pyridine and ammonia
adsorptions were performed at room temperature and followed by
evacuation at increasing temperatures. The positions and intensi-
ties of the IR bands were then monitored. It is worth noting that
bands pre-existing on the bare sample may shift upon interac-
tion with adsorbed species. Consequently, a preliminary look at the
spectrum obtained after the thermal activation of SO3H-MCM-41 at
200 ◦C under a vacuum (Fig. 7a) appears necessary. At such a tem-
perature, the TG analysis (Fig. 5) showed that most of the adsorbed
water is removed and this may  explain the shift of certain bands
(1645 → 1655 cm−1 and 1348 → 1410 cm−1) when compared with
their position observed with the KBr salt dilution method (Fig. 2)
for which the powder was  characterized in the hydrated state.
More precisely, the detailed analysis of the 1700–1400 cm−1 region
partially substituted APTES, while the two  later would stand for
distinct ı(CH) bending modes of APTES and butyl sulfonic acid.

Fig. 6. Nitrogen adsorption (closed symbol) and desorption (open symbol)
isotherms of (a) Si-MCM-41, (b) NH2-MCM-41 and (c) SO3H-MCM-41. Inset: Pore
size distributions derived from nitrogen adsorption analysis.
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Table  1
Textural properties of the MCM-41 samples.

Samples d100 spacing (nm) Unit cell, a0 (nm)a Pore size (nm)b Surface area, SBET (m2/g) Pore volume, Vtotal (cm3/g)

Si-MCM-41 4.42 51.12 2.60 938 0.61
NH2-MCM-41 4.31 49.71 1.81 508 0.43
SO H-MCM-41 4.16 48.02 1.28 475 0.38
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√

3.
b Average pore diameter by BJH.

owever, the broadness of the later bands could also indicate the
resence of an intramolecular H-bond between the SO3H and the
H groups (Fig. 7, inset without the Py molecule). Upon pyridine

ntroduction at 25 ◦C, new bands emerge as reported in Fig. 7b.
he interaction of pyridine via the nitrogen lone-pair electrons,
ith aprotic (Lewis) and protonic (Brönsted) acid sites, can be
etected by monitoring the ring vibration modes 8a, 8b, 19a, and
9b, named according to the nomenclature introduced by Wilson
47]. These modes, which appear at 1598 cm−1 (8a), 1580 cm−1

8b), 1483 cm−1 (19a), and 1437 cm−1 (19b) in the IR spectrum of
iquid pyridine, undergo upward frequency shifts upon coordina-
ion of the probe molecule to either type of acid sites. The Brönsted
cidity which is expected in the present case can be tested by
he formation of pyridinium (PyH+) species, characterized by the
ands at about 1640 and 1545 cm−1 [48–50].  Here, the main new
ands at 1595, 1580, 1478, 1444 and 1437 cm−1 reveal physisorbed
yridine molecules together with Py species linked to acidic sur-
ace groups through H-bonding. For sure, the bands at 1547 and
640 cm−1 are also detected, but several data allow excluding the
ypothesis they characterize PyH+ species. First, the intrinsic shape
f the 1547 cm−1 component (FWHM = 40 cm−1) observed upon
nteraction of pyridine with SO3H-MCM-41 does not match with
hat expected for PyH+. Fig. 7e indeed represents, for comparison
urpose, the typical spectrum obtained after pyridine protonation
pon interaction with an acidic H-MOR zeolite. In that case, the

−1 −1
544 cm component is much sharper (FWHM = 10 cm ). Sec-
ndly, the 1595:1547 cm−1 band intensity ratio does not match
either. Finally, no band typical for physisorbed Py species is
xpected below 1420 cm−1, while a rather intense and broad band

ig. 7. FTIR spectra of SO3H-MCM-41. (a) After thermal activation under a vacuum
t  200 ◦C (used as the reference spectrum), (b) after pyridine adsorption at 25 ◦C
1.33 mbar at equilibrium for 5 min), (c) followed by evacuation at 25 ◦C, (d) evac-
ation at 100 ◦C, (e) IR spectrum relative to pyridine adsorption over H-MOR for
omparison purpose and (f) IR spectrum relative to ammonia adsorption over SO3H-
CM-41 at 25 ◦C (1.33 mbar for 5 min). Spectra labeled with (*) were multiplied by

.025 and spectra (b), (c), (d) and (f) are corrected from the (a) reference spec-
rum. Inset: Possible way of interaction between pyridine and Brönsted acid site of
O3H-MCM-41 catalyst perturbed by neighboring species.
is detected at 1410 cm−1 upon interaction with SO3H-MCM-41.
As such a band already exists on the bare support with a much
higher intensity (reference spectrum Fig. 7a was divided by a fac-
tor 40), one may  suggest that it characterizes an intrinsic vibration
of the catalyst perturbed by neighboring species, i.e. the higher
the amount of perturbing species (upon adsorption), the higher
the band intensity (inset of Fig. 7 illustrates the situation when
a proton form the sulfonic group is shared between three bases:
SO3

−, R1R2NH and Py). A similar explanation would be valid for the
increasing broad bands at 1655 and 1547 cm−1 (accompanied by
an upward shift for the later one 1535 → 1547 cm−1).

After an evacuation at 25 ◦C consecutive to the Py adsorption,
the bands at 1580 and 1437 cm−1 completely vanished (Fig. 7c)
which confirm their assignment to physisorbed (pseudo liquid)
species. On the contrary, bands at 1595, 1478 and 1444 cm−1

resist to a similar evacuation and measurable intensities even
remain after an evacuation at 100 ◦C (Fig. 7d). These three later
bands are thus assigned to pyridine interacting via H-bond with
weak to mild Brönsted acidic sites from the SO3H-MCM-41 cat-
alyst (inset of Fig. 7). In order to confirm the presence of weak
Brönsted acidic sites, ammonia, which is a harder and more basic
probe molecule, was also adsorbed. The resulting spectrum (Fig. 7f)
clearly illustrates the appearance of two  broad multi-component
bands centered at 1465 and 1640 cm−1 which can confidently be
assigned to the ıa(N–H) and ıs(N–H) bending modes of the NH4

+

species [51]. The proton transfer from the acidic SO3H-MCM-41 to
the more basic ammonia then effectively proceeds [as confirmed
by the appearance of corresponding �(N–H) stretching bands (not
shown)]. Thus, the whole presented results reveal that Brönsted
acidity exists in the SO3H-MCM-41 and that the corresponding
strength ranges from weak to mild.

3.2. Catalytic study

3.2.1. Effect of catalyst and reaction time
SO3H-MCM-41 solid was  applied as catalyst for tert-butylation

of hydroquinone at 150 ◦C under microwave irradiation. In the
absence of SO3H-MCM-41 catalyst, the conversion rate of tert-
butylation was  slow and small conversion (<8%) was observed after
8 min  of microwave treatment, showing that microwaves were cat-
alytically inactive. When SO3H-MCM-41 was  introduced into the
reactant mixture, a remarkable catalytic activity was observed. The
high catalytic performance of SO3H-MCM-41 was  clearly demon-
strated since a high hydroquinone conversion (88.0%) with a
high selectivity (93.1%) to 2-tert-butylhydroquinone (2-TBHQ) was
achieved after 8 min  (Fig. 8A, B). In addition, only small quan-
tity of 2,6-di-tert-butylhydroquinone (2,6-DTBHQ, 4.0%) and other
byproducts (2.9%) was observed in the reaction. This result reveals
that a molecular sieving effect takes place in the internal mesopores
of the catalyst, which favors only the formation of monosubstituted
tert-butyl product. At the same time, the formation of di-tert-
butylated product was successfully restricted which should be also

associated with the use of a low MTBE concentration during alkyl-
ation reaction and the use of weak to mild acidic SO3H-MCM-41
catalyst. According to Ng et al. [16], mono-alkylated product is
highly favored in Friedel–Crafts alkylation reaction especially in
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Fig. 8. (A) Conversion of hydroquinone at 135 ◦C (squares), 150 ◦C (circles) and 165 ◦C (tri
of  tert-butylated products. Catalyst = 0.1 g, HQ:MTBE = 1:1, solvent = nitrobenzene, MW po

Table 2
Effect of catalyst loadings on the hydroquinone conversion and product selectivity.a

Loading (g) Conversion (%) 2-TBHQ (%) 2,6-DTBHQ (%) Othersb (%)

0.05 45.2 98.6 0 1.4
0.10 88.0 93.1 4.0 2.9
0.20 96.0 85.4 7.6 7.0
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a Reaction temperature = 150 ◦C, HQ:MTBE = 1:1, solvent = nitrobenzene, MW
ower = 300 W,  time = 8 min.
b 4-tert-Butoxyphenol, 2,5-di-tert-butylhydroquinone.

he presence of low amount of MTBE and the use of mild Brönsted
cid catalyst.

.2.2. Effect of temperature
The effect of temperature on tert-butylation reaction was  inves-

igated at 135, 150 and 165 ◦C (Fig. 8A). At 135 ◦C, 100% selectivity
o 2-tert-butylhydroquinone was achieved at a 58% conversion
evel. As expected, the conversion rate increased steadily as the
emperature was raised from 135 to 165 ◦C. However, higher tem-
erature under microwave irradiation led to lower selectivity to
-tert-butylhydroquinone (Fig. 8B). Based on the obtained results,
he optimum catalytic performance (best conversion and selectiv-
ty to 2-tert-butylhydroquinone) was achieved at 150 ◦C.

.2.3. Effect of catalyst loading
The catalytic performance is also influenced by the catalyst load-

ng. In the present study, the SO3H-MCM-41 amount was varied
ithin the 0.05–0.20 g range and the catalytic results are shown in

able 2. After a similar reaction time (8 min), the reactant conver-
ion increased with the catalyst amount. This can be explained by an
ncrease in the number of Brönsted acid sites. Beyond 0.2 g, the cat-
lytic conversion was found to be almost constant with decreasing
he selective yield to 2-tert-butylhydroquinone.

.2.4. Effect of mole ratio of reactants
The mole ratio of hydroquinone to MTBE was tuned from 1:1

o 1:6 with 0.1 g of catalyst at 150 ◦C and the results obtained

fter similar reaction times (8 min) are summarized in Table 3. This
tudy reveals that the hydroquinone conversion is enhanced with
n increase in the MTBE concentration. The conversion increment
hus indicates a positive reaction order with respect to MTBE. The

able 3
ffect of reactant ratios on the hydroquinone conversion and product selectivity.a

HQ:MTBE ratio Conversion (%) 2-TBHQ (%) 2,6-DTBHQ (%) Othersb (%)

1:1 88.0 93.1 4.0 2.9
1:3 92.7 83.1 11.4 5.5
1:6 95.3 75.6 14.3 10.1

a Reaction temperature = 150 ◦C, catalyst loading = 0.10 g, solvent = nitrobenzene,
W  power = 300 W,  time = 8 min.
b 4-tert-Butoxyphenol, 2,5-di-tert-butylhydroquinone.
angles) using SO3H-MCM-41 as catalyst. (B) Effect of temperature on the selectivity
wer = 300 W,  time = 10 min.

higher its concentration, the higher is the chance for MTBE to react
with hydroquinone in the presence of SO3H-MCM-41 to yield the
products. An increase in the molar ratio of hydroquinone:MTBE
from 1:3 to 1:6, however, leads to a decrease in the selectivity to
the desired product (monosubstituted 2-tert-butylhydroquinone)
and to a slightly increased formation of disubstituted 2,6-di-tert-
butylhydroquinone byproduct. As expected, high probability of
multi-substitutions at hydroquinone is enhanced when MTBE is
used in large excess, thus increasing the formation of disubstituted
and other products.

3.2.5. Effect of solvents
The effect of solvents on the activity for the hydroquinone tert-

butylation reaction was investigated. Four solvents with different
polarity (ET

N) and microwave loss factor (tan ı), namely n-hexane
(ET

N = 0.009, tan ı = 0.020), acetonitrile (ET
N = 0.460, tan ı = 0.062),

chlorobenzene (ET
N = 0.188, tan ı = 0.101) and nitrobenzene (ET

N =
0.324, tan ı = 0.589) [52,53] were chosen in this study. The results
from Table 4 indicate that the microwave loss factor plays a more
significant role than the solvent polarity for the catalytic reac-
tion. Nitrobenzene solvent with a high microwave loss factor
gives the highest conversion rate and highest yield to 2-tert-
butylhydroquinone, whereas n-hexane with the lowest microwave
loss factor shows the lowest conversion rate. This observation can
be attributed to the ability of a solvent to convert electromagnetic
microwave energy into heat [54]. As the microwave loss factor is
getting higher, the efficiency of the solvent to absorb and convert
microwave into heat rises. Thus, a reaction medium with a high
microwave loss factor value offers better efficient energy absorp-
tion and, consequently, leads to a rapid and homogeneous heating
providing a faster reactant conversion.

3.2.6. Effect of the catalysts
The effect of various types of catalysts was also investigated in

microwave-assisted tert-butylation of hydroquinone. The catalytic
performances of H2SO4, para-toluenesulfonic acid (p-TSA), SO3H-
MCM-41 and H-AlMCM-41 were compared. The results presented
in Table 5 show that homogeneous catalysts such as H2SO4 (35 �l,
98%, 0.644 mmol) and p-TSA (0.126 g, 0.662 mmol) give rather
high hydroquinone conversion (83.8 and 71.4%, respectively) but
show rather ‘poor’ selectivity to 2-tert-butylhydroquinone (73.0
and 78.6%, respectively). On the other hand, mesoporous materi-
als such as SO3H-MCM-41 and H-AlMCM-41 containing weak and
mild acidities are beneficial in catalyzing this reaction. More pre-
cisely, both heterogeneous catalysts possess practically identical
activities, giving comparable hydroquinone conversion (88.0 and
91.6%, respectively). Compared to H-AlMCM-41, SO3H-MCM-41

obviously presents a better selectivity to 2-tert-butylhydroquinone
(93.1%). This observation can be correlated with the smaller
pore size of SO3H-MCM-41 generated from the functionalization
of APTES and butyl sulfonic acid in comparison with the bare
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Table  4
Effect of solvents on the hydroquinone conversion and product selectivity.a

Solvents Dielectric
permittivity, ε

Conversion (%) 2-TBHQ (%) 2,6-DTBHQ (%) Othersb (%)

n-Hexane 0.020 30.8 100 0 0
Acetonitrile 0.062 42.3 96.5 1.3 2.2
Chlorobenzene 0.101 61.4 95.8 1.2 3.0
Nitrobenzene 0.589 88.0 93.1 4.0 2.9

a Reaction temperature = 150 ◦C, HQ:MTBE = 1:1, catalyst loading = 0.10 g, MW power = 

b 4-tert-Butoxyphenol, 2,5-di-tert-butylhydroquinone.

Table 5
Effect of catalysts on the hydroquinone conversion and product selectivity.a

Catalysts Conversion 2-TBHQ 2,6-DTBHQ Othersg

H2SO4
b 83.8 73.0 10.6 16.4

p-TSAc 71.4 78.6 13.4 8.0
SO3H-MCM-41d 88.0 93.1 4.0 2.9
H-AlMCM-41e 91.6 82.2 12.7 5.1
SO3H-MCM-41f 98.2 87.5 9.4 3.1

a Reaction temperature = 150 ◦C, HQ:MTBE = 1:1, solvent = nitrobenzene, MW
power = 300 W,  time = 8 min.

b 97%, loading = 35 �l (0.644 mmol).
c para-Toluenesulfonic acid monohydrate, loading = 0.126 g (0.662 mmol).
d Loading = 0.1 g.
e Loading = 0.1 g, SiO2/Al2O3 = 15.
f The preparation procedure and sample characterization can be found in the

S
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upplementary Information.
g 4-tert-Butoxyphenol, 2,5-di-tert-butylhydroquinone.

-AlMCM-41. Thus, the catalytic study suggests that the acid
trength and pore size in SO3H-MCM-41 plays a crucial role for
he enhanced tert-butylation of hydroquinone under microwave
rradiation. Furthermore, the catalytic performance of our SO3H-

CM-41 catalyst was also compared with the conventional
O3H-MCM-41 prepared via post synthetic anchoring of 3-
mercaptopropyl)triethoxysilane (MPTES) followed by oxidation
ith H2O2 (the preparation procedure and characterization of

his catalyst can be found in Supplementary Information). The
esults showed that a high conversion (98.2%) was  achieved by
onventional SO3H-MCM-41, where a yield of 87.5% of mono-
ubstituted 2-TBHQ and 9.4% of disubstituted 2,6-DTBHQ was
btained, showing that this catalyst is more acidic and stronger
han our SO3H-MCM-41 (Table 5). The different catalytic perfor-
ance between both catalysts can be explained by the presence of
eighboring amine group in our catalyst that perturbs and weak-
ns the acid strength of sulfonic acid (inset of Figure 7), and this

ig. 9. Product conversion and selectivity from recyclability test. The reaction was
arried out at 150 ◦C, catalyst = 0.1 g, HQ:MTBE = 1:1, solvent = nitrobenzene, MW
ower = 300 W,  time = 10 min.
300 W,  time = 8 min.

weak-to-mild catalyst is highly beneficial for selectively producing
monosubstituted Friedel–Crafts product.

3.2.7. Leaching and reusability test
Leaching is a major problem for solid catalysts in liquid phase

reaction. Therefore, a reusability test for SO3H-MCM-41 was thus
performed and it was found that the reactivity of the recovered
SO3H-MCM-41 was preserved after the second, third and fourth
runs (conversion ≈87% and selectivity to 2-tert-butylhydroquinone
≈92%, respectively; Fig. 9). This strongly suggests that little to
no leaching took place as the sulfonic acid groups are covalently
bonded to the mesoporous support. This is consistent with the
results obtained from both thermogravimetry and IR spectroscopy
analyses.

4. Conclusions

In conclusion, the current work highlights the preparation of
covalently anchored sulfonic acid onto the surface of MCM-41 solid
via a cyclic sulfate ester ring opening approach. The catalyst was
systematically characterized and IR, TG/DTA together with XRD
studies evidenced the successful attachment of sulfonic acid group
to the walls of MCM-41. The catalytic tert-butylation of hydro-
quinone over SO3H-MCM-41 under microwave irradiation was
also successfully investigated. The solid is catalytically active and
shows high selectivity to 2-tert-butylhydroquinone. Furthermore,
the yield of monosubstituted 2-tert-butylhydroquinone was  found
to increase with temperature and catalyst loading, with stoichio-
metric MTBE concentration and with the use of solvent with high
microwave loss factor (tan ı). No leaching problem was  observed
for covalently linked sulfonic acid ( SO3H) modified MCM-41 and
the catalyst can be reused without any reactivity loss. SO3H-MCM-
41 thus offers another environmentally friendly replacement for
conventional acidic catalyst.
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