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Abstract

Mesoporous AI-MCM-41 molecular sieve materials with three differenbB\3 O3 ratios were used as catalysts for phenol
methylation with methanol as the alkylating agent. Reaction conditions such as temperature, feed flow rate, the reactant
mole ratio and the catalyst SiAl,O3 ratio have significant influence on the distribution of products. The formation of the
predominant produat-cresol was enhanced by lower temperature, less amount of alkylating agent in the feed and lower acidity
of the catalyst with an optimum WHSV value of 1.78" Higher acidity favoured the formation of C-alkylated products,
while O-alkylation required lower acid strength of the catalyst. Formation of double alkylated products was associated with
higher temperature, large contact time, excess of methanol in the feed and higher acid strength of the catalyst.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction 1992. One of the members of this family, MCM-41,
has attracted considerable interest due to its peri-
The use of zeolites as solid acid catalysts in various odic framework of regular mesopores, large surface
processes of refining and in production of petrochem- area and good thermal stabilif$—5]. The acidity of
icals and fine chemicals has grown over the last few MCM-41 was low, comparable to that of zeolites due
decades because of their remarkable shape selectivityto the disordered wall structufg—8]. Incorporation of
durability and reusability[1,2]. However, the small  Al-atoms into the MCM-41 structure has been known
size of their cages and pore apertures has become &0 impart acidity with Bronsted acid sites correspond-
drawback in the treatment of heavy feeds or in the ing to framework Al-atoms and both framework and
diffusion of large reactant and product molecules. non-framework Al-atoms contributing to Lewis acid
Extensive efforts to synthesise mesoporous materi- Sites[9]. AI-MCM-41 has already been proposed as
als with regular, well-defined channel systems were an alkylation catalysfL0] in replacement of the envi-
rewarded when the Mobil Research and Develop- ronmentally hazardous Friedel-Craft catalysts A|CI
ment Corporation (USA) announced the synthesis of HF, H,SOy, etc.[11]. The combination of large pores
a family of mesoporous molecular sieves, M41S, in and mild acidity in AI-MCM-41 has been exploited
to carry out Friedel-Craft alkylation and acylation
"+ Corresponding author. Tek+91-361-571529: successfull;_{lZ—ZO} The activity of MCM-41 in t_hg
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their comparable acidities. However, MCM-41 gives hydroxide solution. 0.3617 g of sodium aluminate was
much better results for the transformation of bulky dissolved in the above solution of hexadecyltrimethy-
molecules, e.g. cracking and hydrocracking of gas oil lammonium hydroxide. The resulting solution was
[1]. combined with 4.6g of tetramethylammonium hy-
Medinavaltierra et al[21] developed MCM-41- droxide pentahydrate (TMAOHBH,O, Fluka), 309
Al>,0O3 catalysts that contained mainly Lewis acid of tetramethylammonium silicate solution (assay >
sites and reported successful para-selective alkyla-99.99% in water, Fluka) and 7.5g of fumed $iO
tion of toluene with isopropanol. The heteropolyacid (Sigma) under stirring. The composition of the fi-
(HPA)-supported MCM-41 was found to be more nal gel mixture in mole ratio was: 1.00 AD3:76.02
active than the bulk HPA and4$0, in liquid phase Si0p:2.39  (GTMA)20:5.76 (TMA)0:1230.75
alkylation of 44ert-butylphenol with isobutene and H20. The pH of the gel was 11.6. The reaction mix-
styrene, which require strong acid sifé9,22—-24] In ture was transferred into a teflon-lined autoclave and
the alkylation of benzene with tetradecene, heteropoly- was statically heated at 343, 363, 383K and finally
acid (i.e. HBPW;2040)-loaded MCM-41 afforded  at 423K for 80 h. The resulting solid products were
higher benzene conversion and mono-alkylate selec-recovered by centrifugation, washed with deionised
tivity than silica-alumina and H-MCM-4125,26] water and dried in air at room temperature. For the
Fe-containing MCM-41 materials were found to be removal of the organic species occluded in the pores
highly active and 100% selective for benzylation of of MCM-41, the synthesised samples were calcined in
benzene with benzyl chloridfl1]. Shape selective  air by raising the temperature at 248in~! to 813K
alkylation of 2,4-ditert-butylphenol with cinnamyl and then keeping at this temperature for 8h. The
alcohol and tertiary butylation of anthracene, naph- Na-MCM-41 was refluxed with 1M NENO3 solution
thalene and phenanthrene has also been reportecat 353-363K repeatedly to obtain WHACM-41,
over MCM-41 [12,14,19] In the transformation of  which was further calcined to obtain H-MCM-41.
mxylene over MCM-41, the unidirectional mesopore Al-MCM-41 samples with different SieJAl,O3 ra-
system of the materials had a significant effect on the tios were prepared by modifying the molar composi-
selectivity of products, but such shape selectivity was tion of the gel during synthesis as: A3:uSi0;:1.25
not observed in toluene alkylation with methaifit]. NapO:X(C16TMA) 20:y(TMA) 20:2(NH4)20:2xHCl:w
The phenol-methanol reaction produces specialty H,O, where 2%8 < u < 20462, 102 < x < 36.83,
organic chemicals such as cresols, xylenols and 3.07 <y < 30.69, 0< 7 <36.83 and 3263 < w <
anisole, which have wide-ranging uses in solvents, 540205, respectively. The synthesis was confirmed
resins, germicides, antifoulants, antioxidants and by XRD measurements.
other industrial products. In the present work, the re-
action was studied over AI-MCM-41 under different 2.2. Reaction study
sets of conditions.
The reactions were carried out in a fixed bed
down-flow glass reactor (length 40cm, i.d. 15mm).

2. Experimental The catalyst (10-22 mesh) was pre-activated by heat-
ing at 743K for 4h. The feed was prepared by dis-
2.1. Synthesis of Al-MCM-41 solving the required amount of phenol in the required

amount of methanol and was fed from the top with a
Al-MCM-41 with three different SiQ/AlI>O3 ra- syringe pump (SAGE 352, USA) to the reactor kept at
tios was synthesised following the modified synthesis the desired temperature. The flow rate of dry nitrogen
procedure of Chen et al8]. A typical synthesis through the reactor was maintained at 10 mindin
procedure was as follows: 15 g of hexadecyltrimethy-  The products of the reactions were collected at in-
lammonium chloride (gTMACI, 29 wt.% solution, tervals of 1, 1.5 and 2h by circulating chilled water
Fluka) was added to 159 of Ny@H (29 wt.% solu- and were analysed with GC, GC-MASS and GC-IR.
tion, Qualigens, India) to bypass the exchange proce- The products were quantified using a GC (HP-5880A,
dure for preparing the hexadecyltrimethylammonium HP-5 column, 50mx 0.32mmx 1.05um).
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3. Results and discussion

The selectivity for theo-isomer in comparison to
the total selectivity of they- and themrisomers was
more than 70% in all the reactions. The selectivity for
the double alkylated products (DAP) (2,6-xylenol and
2,4-xylenol) was comparatively low. The major side
product in all the reactions was anisole, which was the
result of facile O-alkylation. The Cs hydrocarbons
that might have resulted from methanol transformation
[1,27] are not taken into account here. The total selec-
tivity of the C-alkylated products compared to that of
the O-alkylated products was high. The selectivities
for both 2,6-xylenol and 2,4-xylenol were found to be
identical. The so-called “tunnel shape selectivif¥]
proposed in the case of MCM-41, was not observed
in the present reaction.

3.1. Effect of temperature
The effect of reaction temperature on the selectivi-

ties of the principal products is shown kig. 1 The
general trend for the alkylation reaction is that the
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m-cresols was from 17.2 to 7.9%. A similar decreas-
ing trend in the selectivity of anisole from 27.1 to
17.3% was observed. The selectivities of 2,6-xylenol
and 2,4-xylenol on the other hand increased from 1.9
to 11.0% and 2.5 to 8.8%, respectively, in the same
temperature range. The ratio of the selectivities of total
cresols to anisole (TCr/An) in this temperature range
showed that the formation of C-alkylated products was
much more than that of the O-alkylated products and
with an increase in temperature, both types of products
decreased resulting in a gradual reduction in the ratio.
Although all the three isomers-, m- and p-cresol,
recorded a decrease with rise in reaction temperature,
the ratio of the selectivities afcresol to that op- and
m-cresols taken togetheo€r/(p +m)Cr] exhibited an
increase from 2.54 (573 K) to 3.49 (698 K) indicating
that the formation ob-cresol remained the favoured
reaction path even at high temperature compared to its
isomerisation into then or thep-isomer.

3.2. Effect of WHSV

With an increase in the WHSV of methanol from

conversion increases with increase in temperature andg g9 to 3.56 h?, the conversion of phenol declined

attains a steady state at high temperat&ss-30} from 30.9 to 10.7% with the same negative influence
In this reaction also, the overall conversion of phe- iy the selectivities of DAPs from 7.0 to 1.7% for
nol increased from 11.7% at 573K to 44.2% at 698 K 2,6-xylenol and from 6.6 to 1.8% for 2,4-xylenol,
when a steady state was nearly attained. The selec-regpectively. The selectivity of anisole, however, in-
tivity of o-cresol decreased from 43.7 to 27.6% in creased from 22.4 to 34.2% in this WHSV range.
the same temperature range, while the correspondingnterestingly, highest selectivities were found for
decrease in the selectivity of the mixture pfand  cresols with WHSV 1.78ht. Higher values of the
ratio of the selectivities of total cresols to anisole
(2.15) and the selectivity ob-cresol (43.0%) have
established that intermediate WHSV (1.78hwas
suitable for the production ai-cresol. The formation

of the double-alkylated products was favoured by low
WHSYV or a large contact time between the catalyst
and the feed whereas formation @fcresol required
an optimum contact time, which was neither very
small nor very large. The formation of the and
m-cresols followed the same trend asresol indi-
cating that these products resulted from isomerisation
of the o-isomer. These trends are illustratedrig. 2
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—e— Total Conversion (wt%) —{1— Anisole
—&—o-cresol —A—p- and m- cresols
—6—2,6-xylenol —8—2,4- xylenol

3.3. Effect of mole ratio of the feed

Fig. 1. Effect of reaction temperature on total conversion and
selectivity of products (SigJAl;Os ratio 30, WHSV 1.78h?,
reaction time 2 h, catalyst load 2 g and phenol-methanol mole ratio
of 1:4).

The feed consisting of phenol and methanol was
used in three different mole ratios of 1:4, 1:10 and
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Fig. 2. Influence of feed flow rate (WHSV) on overall conversion and product distribution (reaction temperature 623K, phenol-methanol
mole ratio 1:4, catalyst load 29, SiAl,0s ratio 30, reaction time 2 h).

1:15. An increase in the molar ratio of methanol:

phenol resulted in an increase in the conversion of phe-

nol from 22.4 to 37.5%. An increase in the amount of

methanol in the feed had negative influence on the se-

lectivities of anisole (decreased from 26.7 to 10.4%),
o-cresol (from 43.0 to 26.7%) and the mixture pf
andm-cresol (from 14.3 to 7.5%). The isomerisation

in aluminum content of AI-MCM-41, the number of
surface acid sites increases but the acid strength de-
creases. Anisole formation requires sites with lower
acid strength compared to those necessary for cresol
formation[26] and it is expected that anisole forma-
tion would decline with an increase in the Si@Al,03

ratio. In the present work, anisole selectivity actually

of o-cresol decreased with an increase in the amount came down by a factor of 3 (26.7-8.6%) upon in-

of methanol (4-15mol for each mole of phenol) in
the reaction mixture resulting in an increase in the
ratio of the selectivity ofo-cresol to that ofp- and
m-cresols pCr/(p + m)Cr] from 3.0 to 3.6. A steady
increase in TCr/An values from 2.15 to 3.30, and in se-
lectivities of 2,6-xylenol (3.2—7.9%) and 2,4-xylenol
(4.0-7.3%) indicated that the formation of C-alkylated
products including the double-alkylated products was
dependent upon the availability of excess methylating
agent.

3.4. Effect of SO/AlI>03 ratio

Two different samples of AI-MCM-41 with
SiOy/Al,03 ratios of 30 (catalyst A), and 76 (cata-
lyst B) were used in the methylation reaction. The
total conversion of phenol improved from 22.4 to
81.2% corresponding to an increase in the ratio of
SiOy/Al;03 in the catalyst. Under identical condi-
tions, the selectivities of anisole-cresol and the
mixture of p- andm-cresols decreased, while those of

creasing the SigJAl>Og ratio from 30 to 76. Thus,
strong acidity favoured C-alkylation, while lower
acidity led to O-alkylation resulting in a much higher
selectivity for o-cresol at a lower Si@JAl,O3 ratio
compared to the combined selectivity of the and
p-isomers.

3.5. Deactivation of the catalysts

The deactivation of the catalyst AI-MCM-41 with
three different Si@/Al,O3 ratios of 30, 50 and 76 for
the phenol alkylation reaction was studied by carrying
out the reaction continuously for 11 ki¢. 4(a) and
(b)). The deactivation of acid catalysts may be caused
by coke formation, selective adsorption of undesir-
able agents present in the feed and sintering in which
the catalyst framework gets collapsed. The principal
cause of deactivation has mostly been the buildup of
a layer of pseudographitic carbon referred to as coke
or carbonaceous residugx7,31] The carbonaceous
residues block the pore system and cover the reac-

the double-alkylated products were much enhanced tion sites leading to deactivation. On acid zeolites,

(Fig. 9. It has been reporte®] that with an increase

methanol gets converted into hydrocarbons following
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Fig. 3. Total conversion and product selectivities at two SMD,03 ratios of 30 and 76 (reaction temperature 623K, WHSV 1:78h
catalyst load 2 g, phenol:methanol mole ratio 1:4, reaction time 2 h, TCon: total conversion, An: anBolecresol (p +m), Cr: p- and
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Fig. 4. (a) Deactivation of the catalysts with respect to total conversion (R30, R50 and R76 are, respectively, Al-MCM-41 yikh, SO
ratios of 30, 50 and 76. The reaction temperature was 623K, WHSV 1X8ihenol:methanol molar ratio 1:4, catalyst load 2g). (b)
Deactivation of the catalysts with respect to anisole adesol selectivity (R30, R50 and R76 are, respectively, MCM-41 with Q03
ratios of 30, 50 and 76. An: anisoleCr: o-cresol, reaction temperature 623 K, WHSV 1.78 hphenol:methanol molar ratio 1:4, catalyst
load 2g).
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the sequential reactiog7]:
2CH30H — (CH3)20 + H,0

(CH3)20 - R-CH=CH2 (R =H, CHjs, etc)

Olefins— isoalkanest aromatics

In the phenol alkylation reaction, the catalyst Al-
MCM-41 underwent deactivation very rapidly and
the conversion of phenol came down by 56, 45
and 42%, respectively, for the catalysts with the
SiO,/Al 03 ratio of 30, 50 and 76 in 11 h of con-
tinuous run Fig. 4(a). The selectivities of anisole
and o-cresol were enhanced with time on stream
(Fig. 4(b), while that of the double-alkylated prod-
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30. On the other hand, the other two catalysts with
SiO,/Al»03 ratios of 50 and 76 showed an increase
in o-cresol selectivity from 9.0 to 22.1% and 6.2 to
21.6%, respectively, during the 11-h run. The selec-
tivity for p- and m-cresols also increased simultane-
ously, while the ratio of the selectivity afcresol to
that ofp- andm-cresols decreased with time on stream
for both the catalysts (4.09-3.11 for Sil,03 ra-

tio of 50 and 4.43-3.27 for SigAl O3 ratio of 76).
The ratio of the selectivity of total cresols to that of
anisole showed a decreasing trend for all the three
catalysts indicating that O-alkylation gradually took
over from C-alkylation with time on stream. This is in
good agreement with the observatif@6] that lower
acid strength favoured anisole formation. C-alkylation

ucts showed decreasing trends. It has been reportedvas the dominant process initially for both catalyst

[26,30] that the selectivity of zeolites for coke for-
mation is much more dependent on pore size than
on pore volume, and large pore zeolites deactivate
rapidly, whereas medium-pore zeolites inhibit coke
formation and deactivate slowly in hydrocarbon re-
actions, the rate of coke formation being 50-1000
times higher on the large pore zeolites than those
with small or intermediate pores. The lower tendency
for coke formation in narrow-pore acid catalysts
(like ZSM-5) was explained by the “shape-selective
coke formation” concept, where only monoaromatic
hydrocarbons could enter into the pores. The poly-
cyclic aromatics, responsible for coke formation,
could build up in large pore acid catalysts. Thus, in
the alkylation of phenol with methanol over meso-
porous Al-MCM-41, where both monoalkylphenols
and polyalkylphenols were generated, intermolecular
cyclisation and polycondensation of the polyalkylphe-
nols may lead to fused-ring aromatic coke precursors.
The aromatics produced by cracking of methanol
may also lead to coke formation and to catalyst
deactivation.

The formation ofo-cresol and the isomerisation
of o-cresol top- and m-cresols showed two distinc-
tive trends with time on stream. For the catalyst with
SiOy/Al»03 ratio of 30,0-cresol selectivity was high,
decreasing slowly with time from 39.7 to 37.6%; the
isomerisation to thgp- and m-isomers also showed
a decrease from 14.5 to 10.7% within the 11h pe-
riod. The ratio of the selectivity ob-cresol to the
selectivities ofp- and m-cresols showed an increase
(2.74-3.51) for this catalyst with SgDAI>O3 ratio of

2 (SiIG/Al,03 50) and catalyst 3 (SigdAl 03 76),
which have higher acid strength compared to catalyst
1 (SiG/AI03 30). This is reflected in the values of
the ratio of the selectivities for total cresol and anisole
(TCr/An). While this ratio decreased gradually with
time for all the three catalysts, the decrease was much
more rapid for the catalysts 2 and 3 than for the cata-
lyst 1, which had a lower acid strength. The formation
of unexpected or unknown products, which was likely
to be more pronounced with catalyst 3 due to its higher
acid strength, might have suppressed the formation of
cresols. The catalyst 1 had a higher rate of deactivation
compared to the other two catalysts. The distribution
of products in the deactivation study indicated that the
extent of coking was probably not sufficient to narrow
down the channel dimensions. The deactivation must
have occurred through active site coverage rather than
through pore blockage. Tsai and Waj3g] observed

a similar deactivation trend during cumene dispropor-
tionation over large pore zeolite beta. The declining
selectivities of the double-alkylated products with time
were likely to be due to lowering of acidity of the
catalysts.

4. Conclusions

Conversion of phenol-methanol mixture selectively
to o-cresol is an established reaction carried over var-
ious oxide catalysts. The present study shows that
Al-MCM-41 can similarly bring about high selectiv-
ity for o-cresol formation. The methylation of phenol
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tivity for o-cresol was much more than tipecresol
(andm-cresol), indicating thaScheme Jalone cannot
explain the product selectivity pattern. Hcheme 2
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the case in the present work. On the other hand, if
Scheme 1s followed in exclusion oScheme 2there

5 OH OH O CH,
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should be very little anisole in the products. Presence [5] G. Behrens, G.D. Stucky, Science 32 (1993) 696.
of substantial amounts of anisole in the products and [6] B.P. Feuston, J.B. Higgins, J. Phys. Chem. 98 (1994) 4459.

a value of nearly 2.0 for the cresols to anisole ratio,

indicate that both the schemes are operating simulta-

neously withScheme lbeing the predominant one.
Al-MCM-41 appears to be a promising catalyst
for the methylation of phenol. Lower temperature,
less amount of methanol in the feed and lower acid
strength favoured the formation af-cresol with
1.78h1 as the most suitable WHSV. Total cresols/
anisole ratio showed that the lower acid strength
led to O-alkylation, while C-alkylation required
higher acidity of the catalyst. The selectivities for the

double-alkylated products, which were enhanced by [14]

higher temperature, higher availability of alkyl cations
in the feed and higher acidity; were comparatively
low. Even if the catalyst with lower SigAl,03 ratio

(catalyst 1) deactivated fast compared to the cata-

lysts with higher SiQ/Al,O3 ratio (catalyst 3) and
possessed lower conversion, it offered higher activity
towards the formation of cresols and anisole with

less amount of undesired products. Thus, the present

catalyst AI-MCM-41 may be launched as a potential
candidate for the production of substituted phenols.
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