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Abstract

Mesoporous Al-MCM-41 (Si/Al = 55 and 104) and Al,Zn-MCM-41 (Si/(Al + Zn) = 52) molecular sieves were synthesized hydroth
mally. The materials were characterized by XRD, TGA, TPD (pyridine), ICP-AES, nitrogen sorption, and FT-IR techniques. The
performance of these materials was examined in the vapor phase alkylation ofm-cresol with isopropyl acetate. The products obtained w
thymol, isothymol, 2-isopropyl-5-methylphenyl acetate (2-I-5-MPA), and isopropyl-3-methylphenyl ether (I-3-MPE). The time-on-strea
study was carried out over Al-MCM-41(55) at 300◦C and WHSV 1.52 h−1 wherein optimum conversion ofm-cresol and selectivity to
thymol were obtained. The dependence ofactivity and selectivity on the acid sites andhydrophobic and hydrophilic properties of the cata
lysts is discussed.
 2004 Elsevier Inc. All rights reserved.
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1. Introduction

Isopropylation ofm-cresol continues to attract consi
erable attention, because oneof the alkylation products
thymol, leads to menthol on hydrogenation [1–3]. Ment
has a characteristic peppermint odor and is used as a
material for the production of antiseptic, local anesthe
antibacterial and antifungal agents, flavors, fragrances,
preservatives [4,5]. Thymol as such exhibits activity
protecting low-density lipoproteins [6] and as an antio
dant [7–9]. It also plays an important role as intermediat
perfumery. Isopropylation ofm-cresol with isopropyl alco
hol has been already reported over oxide catalysts [10]
calcined Mg–Al hydrotalcites [11] and with propylene ov
acidic catalysts [12]. Activated alumina [13],γ -Al2O3 [14],
Al(OC6H5)3, and ZnCl-HCl [1,2] have been used as ca
lysts in the liquid-phase isopropylation ofm-cresol. Y andβ
zeolites, ZSM-5, erionite and mordenite [15], and suppo
metal sulfates [1] were used in the vapor phase for such
actions. Synthetic silica–alumina and large-pore Y-type
alysts have yielded 4-isopropyl-3-methylphenol (isothym

* Corresponding author. Fax: +91-44-22200660.
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through isomerization and transalkylation reactions [16]
Mesoporous Al-MCM-41 molecular sieves have beco
catalysts in widespread use in recent years in many reac
of industrial importance. Their large pore diameter with l
diffusional constraint could discourage consecutive alk
tions and deactivation by coke formation. In addition, u
like zeolites, these materials could also permit simultane
entry of many reactant molecules into the pores, thus
mitting high conversion. Umamaheswari et al. [3] repor
vapor phase isopropylation ofm-cresol with isopropyl al-
cohol over mesoporous Al-MCM-41 molecular sieves. T
selectivity of thymol was higher than that of other alkylat
products.

There is a general problem in using alcohols as alkyla
agents. They readily cluster around the protonic sites w
out dissociation to isopropyl cation. To avoid this probl
esters can be substituted in the place of alcohols as rep
by Umamaheswari et al. [17]. It was inferred thattert-butyl
acetate is a better alkylating agent than the correspon
alcohol in the vapor phase reaction ofm-cresol. Adsorption
of ester through the steric free carbonyl group and su
quent liberation oftert-butyl cation are easily possible wit
ester as alkylating agent. These observations and infere
with MCM-41 have stimulated further interest in the stu
of the isopropylation ofm-cresol with isopropyl acetate a

http://www.elsevier.com/locate/jcat
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the alkylating agent. In the present work we have inve
gated this reaction using Al-MCM-41 (Si/Al = 55 and 104)
and Al,Zn-MCM-41 (Si/(Al + Zn) = 52) so that the influ
ence of hydrophilic and hydrophobic properties and den
of acid sites of the catalysts on conversion and produc
lectivity can be correlated.

2. Experimental

2.1. Preparation of catalysts

All reagents, viz., sodium metasilicate, aluminum sulfate
zinc sulfate, cetyltrimethylammoniumbromide (CTAB), s
furic acid, isopropyl acetate, andm-cresol were purchase
from Merck and used as such. Samples of Al-MCM-41 w
Si/Al = 55 and 104 and Al,Zn-MCM-41 with Si/(Al + Zn)

= 52 were synthesized hydrothermally using a gel co
position of SiO2:x Al2O3:0.2 CTAB:0.89 H2SO4:120 H2O
(x varies with Si/Al and Si/(Al + Zn) ratios). In a typical
synthesis, 10.6 g of sodium metasilicate in water was c
bined with an appropriate amount of aluminum sulfate
distilled water, and the pH of the solution was adjusted
10.5 using 1 M sulfuric acid with constant stirring to for
a gel. After 30 min, an aqueous solution of CTAB (stru
ture directing agent) was added and the mixture was st
for 1 h at room temperature. The resulting suspension
then autoclaved at 170◦C for about 12 h. After crystal
lization, Al-MCM-41 material was recovered by filtratio
washed with distilled water, and dried at 80◦C for 8 h.
Al,Zn-MCM-41 with Si/(Al + Zn) = 52 was also synthe
sized by following the same procedure using both alumin
sulfate and zinc sulfate during initial synthesis. Mesopor
Al-MCM-41 and Al,Zn-MCM-41 catalysts were obtained b
removing the occluded surfactant, which filled in the po
by calcining the samples at 550◦C in air for 6 h.

2.2. Physicochemical characterization

The powder X-ray diffraction patterns of all the samp
were recorded with a Siemens D5005 Stereoscan dif
tometer using nickel-filtered Cu-Kα radiation and a liquid
nitrogen-cooled germanium solid-state detector. The diff
tograms were recorded in the 2θ range of 0.8◦–10◦ in steps
of 0.02◦ with a count time of 10 s at each point. Al and Z
content of Al,Zn-MCM-41 and Al content of Al-MCM-41
were determined using inductively coupled plasma ato
emission spectroscopy (ICP-AES) with the Labtum Plas
8440 instrument.

Fourier transform infrared spectra of the materials w
recorded with a resolution of 2 cm−1 on a Nicolet (Avatar
360) instrument using the KBr pellet technique. Ab
15 mg of the sample was pressed (under a pressu
2 tons/cm2) into a self-supported wafer of 13-mm diam
ter. This pellet was used to record the infrared spectra in
range 4000–400 cm−1. The acidity of the calcined materia
f

was recorded on a Nicolet Avatar 360 FT-IR spectrop
tometer equipped with a high-temperature vacuum cham
Approximately 10 mg of the sample was taken in the s
ple holder and dehydrated at 500◦C for 6 h under vacuum
(10−5 mbar). The sample was then cooled to room temp
ture. Then pyridine was adsorbed at room temperature. Th
physically adsorbed pyridine was removed by heating
sample at 150◦C under vacuum (10−5 mbar) for 30 min, the
removed material was cooled to room temperature, and
spectrum was recorded. The acidity was calculated using th
extinction coefficients of the bands of Brønsted and Le
acid site adsorbed pyridine.

Surface area, pore volume, andpore size distribution o
the materials were measured by nitrogen adsorption at
with an ASAP-2010 porosimeter from Micromeritics Co
poration (Norcross, GA, USA). Before nitrogen adsorptio
desorption measurements, the samples was degass
623 K at 10−5 Torr and the specific area of the samp
was determined from the linear portion of the BET plo
Pore size distributions were calculated from the desorp
branch of N2 adsorption–desorption isotherms using
Barrett Joyner Halenda (BJH) algorithm (ASAP-2010 bu
in software from Micromeritics). Thermogravimetric ana
sis (TGA) and differential thermal analysis (DTA) of the m
terials were performed simultaneously on a high-resolu
Mettler TA 3000 thermogravimetric analyzer. The samp
were heated in air at a heating rate of 20◦C/min in the tem-
perature range 25–700◦C.

29Si MAS-NMR spectra were recorded in a DRX-500F
NMR spectrometer at a frequency of 59.64 MHz, spinn
speed of 8 KHz, pulse length of 2.50 µs (45◦ pulse), delay
time of 10 s, and spectral width of 335 ppm. Two thous
scans were acquired and processed with a line broa
ing of 50 Hz. The chemical shifts were reported with r
erence to trimethylsilylpropanesulfonic acid (TSP). So
state27Al MAS-NMR measurements were performed on
Bruker MSL 400 spectrometer equipped with a magic-an
spinning (MAS) unit. The27Al MAS-NMR spectra were
recorded at a frequency of 104.22 MHz, a spinning rat
8 KHz with a pulse length of 1.0 µs, a delay time of 0.2
and a spectral width of 330 ppm. The total scans were
and the line broadening was 50 Hz.27Al MAS-NMR chem-
ical shifts were reported in relation to the liquid solution
aluminum nitrate.

2.3. Catalytic performance: isopropylation of m-cresol

Isopropylation ofm-cresol with isopropyl acetate wa
carried out in a fixed-bed, vertical-flow-typereactor made
up of a borosil glass tube 40 cm in length and 2 cm in
ternal diameter. About 0.5 g of the catalyst was place
the middle of the reactor and supported on either side
a thin layer of quartz wool and ceramic beads. The re
tor was heated to the requisite temperature with the help
tubular furnace controlled by a digital temperature contro
cum indicator. Reactants werefed into the reactor using
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syringe infusion pump (SAGE instruments) that could be
erated at different flow rates. The reaction was carried o
atmospheric pressure. Thebottom of the reactor was con
nected to a coiled condenser and a receiver to collec
products. The products obtained in the first 10 min were
carded, and the product collected after 1 h was analyze
identification. After each catalytic run, the catalyst was re
generated by passing moisture- and carbon dioxide-fre
through the reactor for 6 h at 500◦C.

The percent conversion ofm-cresol was analyzed in
gas chromatograph (Shimadzu GC-17A) with a flame i
ization detector equipped with a 25-m capillary colum
(crosslinked 5% phenylmethyl polysiloxane). The liqu
products were analyzed using a Perkin Elmer Auto S
tem XL gas chromatograph withTurbo Mass Spectromete
with helium as carrier gas (1 ml/h). As the percentage con
version ofm-cresol was higher with Al-MCM-41(55), a
other experiments concerning evaluation of the performa
of the catalyst were carried out only with Al-MCM-41(55
(WHSV)−1 was calculated using the expression

(WHSV)−1 = W

F
= weight of catalyst

weight of flow rate
.

Flow rate of the reactant is varied to maintain const
(WHSV)−1 during the reaction. Selectivity to products
defined as weight of each product obtained divided
the weight of starting materials consumed, normalized
100%. Conversion is the weight of starting material c
sumed divided by weight of starting material normaliz
to 100%.

3. Results and discussion

3.1. Characterization

XRD powder diffraction patterns of as-synthesized a
calcined mesoporous Al-MCM-41 (Si/Al = 55 and 104) and
Al,Zn-MCM-41 (Si/(Al + Zn) = 52) molecular sieves ar
shown in Fig. 1. The XRD patterns, taken before and
ter calcination, confirmed the hexagonal MCM-41 phas
the sample. After calcination,the intense peak was shifte
to higher 2θ values due to pore size contraction. As d
played in the figure, as-synthesized and calcined sam
exhibit an intense signal at about 1.8◦ due to [100] plane and
weak broad signals between 2.5◦ and 4◦ (2θ ) due to [110],
[200], and [210] planes. These peaks confirm the hexag
mesophase of the material. Thed100spacing and lattice para
meter (a0) calculated as per the literature procedure are s
marized in Table 1. These XRD patterns coincide with
data already reported in the literature for mesoporous alu
nosilicate molecular sieves [18,19]. From ICP-AES ana
sis the aluminum and zinc content of Al,Zn-MCM-41(5
were found to be 0.053 and 0.057 g, respectively. The
minum content of Al-MCM-41(55) and Al-MCM-41(104
were found to be 0.097 and 0.051 g, respectively. Under
l

synthesis conditions used, the crystallization reaction
nonstoichiometric and a higher Si/Al ratio was noted in the
crystal [20].

Specific surface area, specific pore volume, and pore
ameter (BJH method) for calcined materials are prese
in Table 1. The isotherms of nitrogen adsorption for c
cined materials were measured at liquid nitrogen tem
ature (77 K). The isotherms show well-defined stages
they coincide with those already reported in the lite
ture [21]. It is evident from these isotherms (Figs. 2a–2c)
good mesoporous structural ordering and narrow pore
distribution are well exhibited. The surface area of the c
lysts decreases in the order Al-MCM-41(104)> Al-MCM-
41(55) > Al,Zn-MCM-41(52). Similarly pore volume de
creases in the same order due to the presence of tex
mesoporosity [22].

FT-IR spectra of the as-synthesized and calcined
MCM-41 (Si/Al = 55 and 104) and Al,Zn-MCM-41 (Si/

(Al + Zn) = 52) molecular sieves are presented in Fig
The broad envelope around 3500 cm−1 is due to O–H
stretching of water, surface hydroxyl groups, and brid
hydroxyl groups. There are less intense peaks in the sp
of the as-synthesized samples just below 3000 cm−1 which
are assigned to symmetric and asymmetric stretching m
of the –CH2 group of the locked-in template. Their co
responding bending mode is observed at 1400 cm−1. The
peaks between 500 and 1200 cm−1 are assigned to frame
work vibrations. The intense peak at 1123 cm−1 is attributed
to the asymmetric stretching of T–O–T groups. The symm
ric stretching modes of T–O–T groups are observed aro
800 cm−1, and the peak at 460 cm−1 is due to the bend
ing mode of T–O–T. The peak at 963 cm−1 is assigned to
the presence of defective Si–OH groups. The symmetric
asymmetric stretching modes of the –CH2 group of the tem-
plate are absent in the spectra of calcined samples. Thes
spectral features resemble those reported by previous w
ers [23,24].

The results of TGA of Al-MCM-41 (Si/Al = 55 and
104) and Al,Zn-MCM-41 (Si/(Al + Zn) = 52) are illus-
trated in Fig. 4. DTA traces are shown in the same figu
In all three thermograms, there is an initial weight loss
about 5% below 100◦C due to desorption of water. Th
second weight loss due to decomposition and desorp
of template occurs between 180 and 300◦C. The percent-
age weight loss is found to 29.7, 41.0, and 35.1% for
MCM-41(104), Al-MCM-41(55), and Al,Zn-MCM-41(52)
respectively. This clearly demonstrates that a larger am
of aluminum is planted on the channel surface in Al-MC
41(55) than in Al-MCM-41(104). The weight loss for Al,Zn
MCM-41(52) should be high compared with that Al-MCM
41(55), but the value is smaller. Such a smaller value
also observed for Cu-MCM-41 compared with Si-MCM-
by Wang et al. [25]. If Zn2+ ions are entirely buried insid
the framework, the weight loss should be nearly equal to
MCM-41(104). But the percentage weight loss is high a
hence zinc is not entirely buried inside the mesopore wa
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Fig. 1. XRD patterns of as-synthesized and calcined mesoporous Al-MCM-41 molecular sieves: (a) Si/Al = 104, (b) Si/Al = 55, (c) Si/(Al + Zn) = 52.

Table 1
Physical properties of the catalysts

Catalysta Si/Al d100

(Å)

a0

(Å)

BET surface area

(m2/g)

Pore volume

(cm3/g)

Pore diameter
(nm)

Wall thickness

(Å)

27Al MAS-NMR

Gel ratio ICP AlT/AlO
b

1 50 55 41.7 48.2 979 0.68 2.79 20.3 4.1
2 50c 52c 37.5 43.3 930 0.66 2.57 17.6 7.4
3 100 104 40.6 46.9 1044 0.66 2.83 18.6 ∞

a (1) Al-MCM-41(55), (2) Al,Zn-MCM-41(52), (3) Al-MCM-41(104).
b 27Al MAS-NMR spectra: ratio of the intensities of 4- and 6-coordinated aluminum in the calcined catalysts.
c Si/(Al + Zn) ratio.
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29Si MAS-NMR spectra of the calcined Al-MCM-4
materials are shown in Fig. 5. The partly resolved s
nal at −92 ppm is assigned to Q2 species. This signa
is less intense for Al-MCM-41(104) and more intense
Al-MCM-41(55) and Al,Zn-MCM-41(52). The other signa
at −101 (Q3) and−106,−110 (Q4) appear similar to thos
reported in the literature [26–28].27Al MAS-NMR spec-
tra of the samples are shown in Fig. 6, and the ratio
the intensities of 4- and 6-coordinated aluminum was
culated and is given in Table 1. The peak at 53 ppm in
spectra is assigned to tetrahedrally coordinated framew
aluminum, and the peak at 0 ppm is assigned to oct
dral nonframework aluminum species [24,25]. Al-MCM
41(104) is devoid of any nonframework Al3+ (Al2O3) as
there is no signal at 0 ppm. But Al-MCM-41(55) and Al,Z
MCM-41(52) have such species as there is a broad s
at 0 ppm. Generally, materials with high aluminum cont
are susceptible to framework leaching of aluminum dur
calcination [28]. In the present study, calcination of the
synthesized materials was done in air directly without us
nitrogen in the beginning. This would also aid framew
leaching. Even for those materials of high aluminum con
tent this problem can be avoided by calcining in a nitro
l

atmosphere. The absence of octahedral Al3+ in Al-MCM-
41(104) and the presence of the same in Al-MCM-41(
are attributed to the high aluminum content of the latter
alyst. But Al,Zn-MCM-41(52) has nearly same Si/Al ratio
as Al-MCM-41(104). Hence the peak due to octahedral
minum in the former cannot be explained on the basi
aluminum content. Reddy et al. [29] have reported prep
tion of Al-MCM-41 (Si/Al = 104 and 50) materials with
out any nonframework aluminum using aluminum sulfate
the source. But they reported calcination of the mater
in nitrogen prior to air. Hence calcination of the materi
exclusively in air and zinc substitution may cause the fra
work leaching in Al,Zn-MCM-41(52). Chakraborty et a
[30] reported that water-coordinated framework alumin
could also produce the peak at 0 ppm. Van Hooff and
workers [31] also reported synthesis and characterizatio
of Al-MCM-41, wherein incorporation of an excess of a
minum formed an impure crystal-phase tridimite, and
Lewis acid site prevailed because of the octahedral n
framework aluminum, accompanied by collapse of the st
ture. As Al-MCM-41(104) contains less aluminum conte
the nonframework species is not observed. Al-MCM-41(
contains more aluminum than Al-MCM-41(104) and Al,Z



K. Shanmugapriya et al. / Journal of Catalysis 224 (2004) 347–357 351
Fig. 2. Adsorption isotherms of Al-MCM-41 molecular sieves: (a) Si/Al = 104, (b) Si/Al = 55, (c) Si/(Al + Zn) = 52.
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Fig. 3. FTIR spectra of as-synthesized and calcined mesoporous Al-MCM-41 molecular sieves: (a) Si/Al = 104, (b) Si/Al = 55, (c) Si/(Al + Zn) = 52.
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Fig. 4. TGA/DTA analysis of Al-MCM-41 molecular sieves: (a) Si/Al
= 104, (b) Si/Al = 55, (c) Si/(Al + Zn) = 52.

MCM-41(52), and produces a peak due to the octahedra
minum it contains. The less intense peak at 0 ppm in Al,
MCM-41(52) spectra is due to water-coordinated framew
aluminum [30].

The acidity of the calcined materials was measured
FT-IR spectroscopy using pyridine as probe (Fig. 7). T
samples give the expected bands due to Lewis acid-b
(1450, 1575, and 1623 cm−1), Brønsted acid-bound (154
and 1640 cm−1) and both Lewis and Brønsted acid-bou
Fig. 5. 29Si MAS-NMR spectra of Al-MCM-41 molecular sieve
(a) Si/Al = 104, (b) Si/Al = 55, (c) Si/(Al + Zn) = 52.

(1490 cm−1) pyridine. These data coincide with those
ported by Climent et al. [32]. The acidity of the cataly
was calculated using the extinction coefficients of the ba
of Brønsted and Lewis acid site adsorbed pyridine [33]
the results are summarized in Table 2. The data indicat
presence of both Brønsted and Lewis acid sites in Al-MC
41(55) and Al,Zn-MCM-41(52). These data also coinc
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Fig. 6. 27Al MAS-NMR spectra of Al-MCM-41: (a) Si/Al = 104,
(b) Si/Al = 55, (c) Si/(Al + Zn) = 52.

Fig. 7. Brønsted and Lewis acidity of Al-MCM-41: (a) Si/Al = 104,
(b) Si/Al = 55, (c) Si/(Al + Zn) = 52.

Table 2
Brønsted and Lewis acidity values for mesoporous molecular sieves

Catalyst 423 K

B.A.a L.A.a

Al-MCM-41(55) 7.1 9.0
Al,Zn-MCM-41(52) 8.2 9.5
Al-MCM-41(104) 3.7 1.1

a Acidity (µmol py/g catalyst).

with the 27Al-MAS-NMR spectra ofthe catalysts, which
indicate the presence of both octahedral and tetrahedral al
minum in Al-MCM-41(55) and Al,Zn-MCM-41(52), bu
only octahedral aluminum in Al-MCM-41(104). Althoug
the signal due to octahedral aluminum is not observed
Al-MCM-41(104) in 27Al-MAS-NMR (Fig. 6), a slightly
smaller amount of Lewis acidity (Table 2) is also observ
as reported by Umamaheswari et al. [3].

3.2. Isopropylation of m-cresol

Isopropylation ofm-cresol with isopropyl acetate wa
investigated over Al-MCM-41(55), Al-MCM-41(104), an
Al,Zn-MCM-41(52) in the vapor phase. The effects of
action temperature, feed ratio, WHSV, and time-on-stream
were studied to optimize the parameters for better con
sion and selectivity of products.

3.3. Effect of temperature

The influence of reaction temperature on conversion
selectivity was studied at 200, 250, 300, 350, and 400◦C.
The reactant feed ratio (m-cresol:isopropyl acetate) wa
maintained at 1:3 and WHSV 1.52 h−1. The products are
thymol, isothymol, 2-I-5-MPA, and I-3-MPE (Scheme 1
m-Cresol conversion and selectivity of the products at v
ious temperatures are summarized in Table 3. An incre
in conversion is observed between 200 and 300◦C. The per-
centage conversion decreases significantly above 300◦C for
all catalysts.

Thymol is formed more selectively than other produ
at all temperatures studied. The high selectivity of thym
is due to chemisorption ofm-cresol on the Brønsted ac
sites through its –OH group, favoring onlyortho carbons for
reaction with isopropyl cation. As the second and fourth c
bons have steric hindrance due to a methyl group, isopr
cation selectively attacks thesixth carbon to yield thymol
Formation of thymol requires chemisorption ofm-cresol, but
for higherm-cresol conversion greater chemisorption of i
propyl acetate is required. The greater than 50%m-cresol
conversion at all temperatures studied reveals the great
adsorption of isopropyl acetate. Selectivity to isothymo
higher at lower temperatures than at higher temperatu
The formation of isothymol is due to the different configu
tion of the aromatic ring on the catalyst surface as propo
by Taylor and Ludlum [34]. Isothymol could also be form
via isomerization of thymol over strong acid sites. Th
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Scheme 1. Reaction ofm-cresol with isopropyl acetate.

Table 3
Effect of temperature onm-cresol conversion and product selectivitya

Catalyst Temperature m-Cresol conversion Selectivity of product (%)

(◦C) (%) Thymol Isothymol 2-I-5-MPA I-3-MPE

Al-MCM-41(55) 200 68.6 71.7 9.5 3.6 15.2
250 75.1 76.1 8.5 4.2 11.2
300 80.9 83.7 4.5 7.9 3.9
350 70.3 87.9 3.2 5.4 3.5
400 60.2 91.6 2.0 3.4 3.0

Al,Zn-MCM-41(52) 200 60.1 63.9 9.8 10.7 15.6
250 65.9 67.6 7.6 11.9 12.9
300 70.1 70.2 6.6 14.3 8.9
350 58.6 76.9 5.7 9.2 8.2
400 50.0 82.4 4.8 5.9 6.9

Al-MCM-41(104) 200 53.7 57.6 13.3 12.7 16.4
250 56.7 61.2 9.7 14.2 14.9
300 62.9 63.2 9.0 16.9 10.9
350 57.9 67.9 8.3 13.2 10.6
400 49.3 71.9 7.8 11.9 8.4

a m-Cresol:isopropyl acetate (feed ratio)= 1:3. WHSV= 1.52 h−1.
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there are two routes by which isothymol could be forme
this reaction. Isomerization of thymol to isothymol is grea
at low temperature (≈200◦C) than at 400◦C as reported by
earlier workers [10]. Although isomerization of thymol c
occur on the same acid sites that catalyze the formatio
thymol, the selectivity to isothymol is low. This suggests t
the sites are not acidic enough for isomerization.

Selectivity to 2-I-5-MPA increases up to 300◦C and then
decreases. Sakthivel et al. [35] reported the distributio
weak, moderate, and strong acid sites for Al-MCM-41. T
weak acid sites were assigned to surface hydroxyls,
the moderate and strong acid sites, to briged hydrox
O-Acylation was observed in this study, not C-acylati
O-Acylation is generally considered to occur on defectiv
sites which are less effective for adsorption ofm-cresol com-
pared with bridged hydroxyl groups. These defective
droxyl groups can adsorb ester by increasing the polariza
of the carbonyl group by weak protonation. The polariza
of ester is not sufficient to yield isopropyl cation, but su
cient enough for nucleophilic attack bym-cresol diffusing
close to it. To verify that O-acylation ofm-cresol occurs
mostly on defective sites of the catalysts, the reaction
studied with Si-MCM-41, which has only defective ac
sites. At 300◦C with a feed ratio of 1:3 and a flow rate
1.5 ml/h, the conversion ofm-cresol is 47.9%, with the for
mation of only 2-I-5-MPA thus supporting our view.

To establish that O-acylation is due to partly pro
nated ester and not acetic acid, which is a by-prod
formed during the reaction, the study was repeated
acetic acid as one of the reactants with the feed r
1:3:1 (m-cresol:isopropyl acetate:acetic acid) under si
lar conditions. The selectivity to 2-I-5-MPA did not va
significantly, thus confirming that it is only the ester th
gives O-acylation. The reaction was also studied w
acetic acid alone as acylating agent with the feed ratio
(m-cresol:acetic acid) under the same experimental co
tions. Selectivity to O-acylation was only 15.8%, sugges
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that acetic acid is a weak acylating agent as reported in
literature [36].

Selectivity to I-3-MPE increases at lower temperature
and gradually decreases with increase in temperature. A
200◦C, the maximum selectivity was found to be only 15
This again confirms the chemisorbed state ofm-cresol on
the catalyst surface at the 1:3 feed ratio. The more ap
priate route for the formation of I-3-MPE is the reacti
betweenm-cresol in the vapor phase and isopropyl cat
on the catalyst surface. The possibility of conversion of I
MPE to thymol is also ruled out as its selectivity is less, e
at 200◦C.

The activity of the catalysts follows the order Al-MCM
41(55) > Al,Zn-MCM-41(52) > Al-MCM-41(104). But
their acidity follows the order Al,Zn-MCM-41(52)> Al-
MCM-41(55)> Al-MCM-41(104) as each zinc site plan
two protons on the catalyst surface, in comparison to o
one proton for each aluminum site. The collapse of this acid
ity order toward activity indirectly discloses the fact th
acidity is not the only factor controlling the activity of th
catalysts. In the previous report on alkylation ofm-cresol
with isopropyl alcohol, Umamaheswari et al. [3] cons
ered the hydrophilic and hydrophobic properties of the ch
nel surface of Al-MCM-41 molecular sieves to account
the nearly similar conversions ofm-cresol over Al-MCM-
41(55) and Al-MCM-41(104) catalysts. Similarly, Clime
et al. [32] also considered these properties to account fo
activity of the catalysts in the acetalization reaction. Ba
on these reports it is suggested that Al,Zn-MCM-41(52
more hydrophilic than Al-MCM-41(55) due to close po
tioning of Brønsted acid sites. Hence, isopropyl acetate
its hydrophobic properties can diffuse through the pore
Al,Zn-MCM-41(52) away from the inner surface in the a
sence of any external force. This accounts for the low c
version over Al,Zn-MCM-41(52) compared with Al-MCM
41(55). In a similar way, one can expect higher convers
over Al-MCM-41(104) as it is more hydrophobic than t
others. But the conversion is less, which is attributed to
lower density of the acid sites in the catalyst. Even if i
propyl acetate can diffuse through the pores close to
inner surface,m-cresol can also compete significantly f
chemisorption on the Brønsted acid sites of the catalyst.

As m-cresol conversion increases from 200 to 300◦C,
there might be an increase in the chemisorption of isopro
acetate on the Brønsted acid sites with increase in tem
ature. The lowm-cresol conversion at 200◦C indicates less
adsorption of isopropyl acetate thanm-cresol. The slow de
crease in conversion with increase in temperature coul
attributed to the scattered distribution of acid sites of the
alyst that avoids multialkylation leading to coke formatio
However, the decrease in conversion above 300◦C is due to
blocking of active sites by coke. The catalyst becomes bla
above 300◦C. But compared with zeolites, the large po
diameter of the catalyst under investigation facilitates ra
diffusion of the reactants and products and thereby m
tains higher conversion. From Table 3 it can be inferred
-

selectivity to thymol is higher with all the catalysts, but t
selectivity to other products is low with Al-MCM-41(55
compared with the other twocatalysts. Based on these o
servations Al-MCM-41(55) is selected as a suitable cata
for the reaction ofm-cresol with isopropyl acetate in the v
por phase.

3.4. Effect of feed ratio

The effect of feed ratio (m-cresol:isopropyl acetate) o
m-cresol conversion and product selectivity was investiga
over Al-MCM-41(55) with the feed ratios 1:1, 1:2, 1:
and 1:4 at 300◦C and the results are presented in Table
m-Cresol conversion is found to be less than 30% at a
feed ratio. This reveals that at low feed ratio onlym-cresol
is more highly adsorbed on the acid sites of the catalyst
isopropyl acetate. The conversion increases with an incr
in isopropyl acetate content in the feed and reaches a m
mum at a 1:3 feed ratio. The smaller selectivity to thymo
the 1:1 feed ratio compared with other feed ratios is du
isomerization of thymol, as more protonic sites are availa
for chemisorption. Isothymol selectivity gradually decrea
with the increase in isopropyl acetate content in the feed

The effect of feed ratio on conversion and product se
tivity over Al-MCM-41(55) was studied by increasing th
m-cresol content of the feed. The ratio was varied from
to 4:1 to 6:1 and the temperature was maintained at 30◦C
with a feed rate of 1 ml/h (Table 4). Conversion was almo
the same for the 1:1 and 2:1 ratios, but decreased for the 4
and 6:1 feed ratios. The nearly identical levels of conversio
for the 1:1 and 2:1 feed ratios illustrates the availability
an adequate amount of isopropyl cation. Hence at feed
tios 1:1 and 2:1, the adsorption of isopropyl acetate m
not be reduced bym-cresol as it is more prone to chemisor
tion on the catalyst surface thanm-cresol. But at 4:1 and
6:1, the decrease might be due to preferential adsorp
of m-cresol over ester. The selectivity to thymol decrea
whereas the selectivity to isothymol increases, with an in
crease inm-cresol content in the feed.

For the feed ratios 1:1, 1:2, 1:3, and 1:4, the selecti
to thymol increases but that of isothymol decreases. Bu
feed ratios 2:1, 4:1, and 6:1 the reverse trend of a decrea
selectivity to thymol and increase in selectivity to isothym

Table 4
Effect of feed ratio onm-cresol conversion and product selectivitya

Feed
ratio

m-Cresol
conversion (%)

Selectivity of product (%)

Thymol Isothymol 2-I-5-MPA I-3-MPE

1:1 28.9 60.2 21.6 18.2 –
1:2 56.8 64.5 18.7 16.0 0.8
1:3 80.9 68.7 14.5 12.9 3.9
1:4 73.2 70.9 9.4 8.7 11.0
2:1 27.4 67.3 16.1 7.1 9.5
4:1 12.9 58.5 28.6 – 12.9
6:1 11.9 45.8 36.2 – 18.0

a Al-MCM-41(55). Temperature= 300◦C. Feed ratio= m-cresol:iso-
propyl acetate.
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is observed. It is suggested that the formation of isothy
is due to chemisorption ofm-cresol on the strong acid site
of the catalysts, which leads to ring deactivation, favoring
directmeta substitution with respect to the –OH group. Su
ring deactivation that facilitatesmeta-substitution has bee
reported previously [37].

The selectivity to 2-I-5-MPA decreases when the feed
tio changes from 1:1 to 2:1 and disappears at feed ratio
and 6:1, as its formation requires two consecutive proce
of alkylation and acylation. The prevention by the hi
m-cresol content in the feed of two successive processe
a single molecule in different regions of acidity is not eas
envisaged. The selectivity to I-3-MPE increases with an
crease in the isopropyl acetate content of the feed. The
trend is also observed for feed ratios 2:1, 4:1, and 6:1
which isopropyl acetate content decreases. The formatio
ether requires reaction between chemisorbed isopropy
etate and freem-cresol in the vapor phase. When the fe
ratio is changed from 1:1 to 1:2, 1:3, and 1:4, there co
be preferential adsorption of isopropyl acetate, thus lea
morem-cresol in the vapor phase which aids the format
of ether. The increase in ether selectivity with feed ratios
4:1, and 6:1 illustrates that even with these feed ratios
preferential adsorption of isopropyl acetate is not avoi
by the high content ofm-cresol, thus giving more selectiv
ity to ether. Hence this study clearly demonstrates that a
feed ratio of 1:3, isopropyl acetate has a greater tenden
be chemisorbed on the catalyst surface than doesm-cresol,
and therefore it could be better exploited for both alkylat
and acylation.

3.5. Effect of WHSV

The effect of WHSV on conversion and product sel
tivity was studied at 1.01, 1.52, and 2.02 h−1 with the feed
ratio 1:3 at 300◦C, and the results are summarized in
ble 5. The conversion decreases with increase in WH
However, the decrease is only about 10% when the WH
is increased from 1.01 to 1.52 h−1, whereas the decrease
more than 40% at 2.02 h−1. The drastic decrease in conve
sion at 2.02 h−1, is due to fast diffusion ofm-cresol, which is
largely retained in the vaporphase by isopropyl acetate. T
higher selectivity to thymol was attained at WHSV 2.02 h−1.
As isothymol is formed by isomerization of thymol, which
a time-dependent process, its selectivity is high at 1.01−1,
and then decreases gradually with the increase in WH
A similar decrease in selectivity with increase in WHSV

Table 5
Effect of WHSV onm-cresol conversion and product selectivitya

WHSV

(h−1)

m-Cresol
conversion (%)

Selectivity of product (%)

Thymol Isothymol 2-I-5-MPA I-3-MPE

1.01 89.7 60.9 18.4 14.4 6.3
1.52 80.9 68.7 14.5 12.9 3.9
2.02 40.2 80.5 7.7 9.3 2.5

a Al-MCM-41(55). Temperature= 300◦C.
s

r

e

f
-

also observed for 2-I-5-MPA and I-3-MPE. Asm-cresol con-
version and selectivity to thymol are optimum at 1.52 h−1,
the time-on-stream study was carried out at this WHSV.

3.6. Effect of time-on-stream

The effect of time-on-stream was studied for 5 h o
Al-MCM-41(55) at 300◦C with a feed ratio of 1:3 and a
WHSV 1.52 h−1 (Fig. 8a). There is a rapid decrease in c
version in the first 2 h, which is followed by a slow decrea
thereafter. In the beginning of the stream all the sites
free, and hence multialkylation ofm-cresol leading to cok
formation is rapid. But after 2 h on stream, a smaller nu
ber of sites are available for activity, and further blocking
the active sites is reduced. Hence there is a slow decrea
in conversion. The selectivityto thymol increases with in
crease in the stream, and the reverse trend in the selec
to isothymol is observed. At the end of the fourth hour
stream, 2-I-5-MPA and I-3-MPE are not observed. The tim
on-stream study also illustrates disappearance of acy
products after 3 h. Acetic acid is a by-product in the
of isopropyl acetate as alkylating agent. Because the pre

(a)

(b)

Fig. 8. (a) Study of time-on-stream over Al-MCM-41(55). Feed ratio=
1:3 (m-cresol:isopropyl acetate), temperature= 300◦C, and WHSV=
1.52 h−1. (b) Study of time-on-stream over Al-MCM-41(55). Feed ra
= 1:3 (m-cresol:isopropyl alcohol), temperature= 300◦C, and WHSV=
1.52 h−1.
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investigation involves the use of mesoporous materials
acetic acid formed in the vapor state easily diffuses out,
hence its tendency to promote coke formation is not as g
as that of microporous zeolites.

To compare the activity of isopropyl acetate and isopro
alcohol in the isopropylation ofm-cresol, the reaction wa
also studied with the latter at 300◦C with a feed ratio of
1:3 and a flow rate of 1.5 ml/h. m-Cresol conversion is
found to be 51% at 1 h, which is about 29% less than
of isopropyl acetate. This observation proves that isopro
acetate is a better alkylating agent than isopropyl alcoho
As discussed previously the ease of adsorption at the s
free carbonyl group of the ester might be the reason
the enhanced conversion. The effect of time-on-stream
isopropyl alcohol was also studied, and the results are i
trated in Fig. 8b. Conversion decreases with stream in
first 3 h and remains almost constant thereafter, whereas th
time-on-stream study with isopropyl acetate indicates a r
decrease in conversion in the first 3 h on stream, followed
a slow decrease afterward. Although the conversion is b
with isopropyl acetate than isopropyl alcohol, the selectiv
ity to thymol is better with isopropyl alcohol than isoprop
acetate. At the end of 3 h on stream, 100% selectivity
thymol is obtained with 25%m-cresol conversion with iso
propyl alcohol. But isopropylacetate gives 85.9% selectivi
to thymol with 51.3%m-cresol conversion. Though there
a marginally higher selectivity to thymol with isopropyl a
cohol, the conversion ofm-cresol is more than doubled wit
isopropyl acetate. The major component that increases
mol selectivity with isopropyl alcohol is due to the formati
of by-product water, which may deactivate the Brønsted ac
sites of the catalysts, thus preventing isomerization of
mol to isothymol.

4. Conclusion

The reaction results allow us to conclude that convers
and selectivity to thymol are greater at higher temperatu
Moderate and strong acid sites promote alkylation, w
weak acid sites and silanol defects favor O-acylation.
though acetic acid is one of the by-products, it is not
reactive as ester for acylation. The reaction depends
only on the acid sites of the catalysts; their hydrophilic a
hydrophobic properties also play an important role. Al,Z
MCM-41(52), with a greater density of acid sites than A
MCM-41(55), is less active due to its more hydrophilic n
ture. The study reveals that isopropyl acetate can be use
convenient alkylating agent in the isopropylation ofm-cresol
in the vapor phase over Al-MCM-41 molecular sieves.
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