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Abstract

CoAl-MCM-41 (X) catalysts withX=nSi/(nCo +nAl ) various ratios were synthesized and ethylation of phenol with ethanol was studied
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n vapor-phase at temperatures between 250 and 450◦C. The products obtained wereO-alkylated product (ethyl phenyl ether),C-alkylated
roducts (2-ethylphenol and 4-ethylphenol), andC-/O-alkylated products (ethyl ethylphenyl ether). The phenol conversion increased
antly with reaction temperature over all the catalysts. The activity of the catalysts followed the order CoAl-MCM-41 (20) > CoAl-M
50) > CoAl-MCM-41 (80). Selectivity between theC-alkylation and theO-alkylation depended on the factors such as acidity of the ca
nd the reaction temperature. CoAl-MCM-41 (20) catalyst displayed a phenol conversion of 40% and a selectivity of more tha
-ethylphenol under the optimized reaction condition. The ethanol to phenol ratios and the reactant flow rate are also influenti
ctivity and selectivity of CoAl-MCM-41 catalysts.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Alkyl phenols are industrially important chemicals that
re used directly or as intermediates in the syntheses of drugs
harmaceuticals, and photo-active dyes[1,2]. Ethylation of
henol is reaction indispensable for production of phenolic
esins. For instance, 2-ethylphenol is used as a starting ma-
erial for production of indene-coumarone resins and some
harmaceuticals. Generally, phenol alkylation is carried out
ver the conventional acid catalysts such as AlCl3, phospho-
ic acid, sulfuric acid and cation exchange resins[3]. The
ajor drawbacks of homogeneous catalysts employed in this

eaction are their hazardous nature and the required separa-
ion of the catalyst from the reaction mixture after the reac-
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tion. On the other hand, cationic exchange resins cann
used because of their lower stability at higher tempera
as well as their low activity and selectivity. Zeolite cataly
and sulfated zirconia were also applied for the phenol alk
tion, but sometimes undergo deactivation significantly
time-on-stream due to the formation of coke from pheno
alkylating agent[4,5].

As modern approaches, mesoporous media is used
unique environment for immobilization of functional un
and for materials conversion[6–19]. Among numerous ex
amples, use of the mesoporous silica as catalytic me
seems to be one of the most fruitful directions in practica
ages[20–26]. In fact, mesoporous materials have also b
used for matrices of catalysts of the above-mentioned ph
alkylation[27–32]. The selectivity of various products in t
mesoporous catalyst depends on several factors: pore g
try, nature and the coordination of metal species, reactio
rameters, and alkylating reagents. Very recently, Murug
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Fig. 1. Products of phenol ethylation investigated in this research.

and coworkers have reported the acidity control of bimetal-
lic mesoporous catalyst, CoAl-MCM-41, and demonstrated
activity of tert-butylation of phenol using isobutanol[30]. In-
corporation of cobalt into framework of Al-MCM-41 led to
generate moderate acidic sites and modified reaction selec-
tivity.

In the present work, the behavior of the mesoporous cat-
alyst, CoAl-MCM-41 in the vapor-phase ethylation of phe-
nol (Fig. 1) has been investigated. Samples with different
nSi/(nCo +nAl ) ratio were tested. Their acidity was assessed
by FTIR technique using pyridine as probe molecule. CoAl-
MCM41 (20) catalyst showed a higher selectivity forortho-
substituted phenol, 2-ethyl phenol thanpara-substituted phe-
nol, 4-ethylphenol. The effect of reactant feed ratio, flow rate
and time-on-stream on the conversion of phenol and the se-
lectivity of various products over CoAl-MCM-41 was also
investigated.

2. Experimental

2.1. Syntheses and characterization of CoAl-MCM-41

CoAl-MCM-41 samples with variousnSi/(nCo +nAl )
ratios (thenCo/nAl was fixed to 1) were synthesized from
g

TMABr:0.003–0.0125Al2O3:0.006–0.025CoO:4.25Na2O:
1.3H2SO4:480H2O, according to the reported method.
The obtained materials were denoted as CoAl-MCM-41
(X), whereX representsnSi/(nCo +nAl ). The powder X-ray
diffraction patterns of the CoAl-MCM-41 materials were
collected on a Siemens D5005 diffractometer using Cu K�
(λ = 0.154 nm) radiation. The diffractograms were recorded
in the 2θ range of 0.8–10◦ with a two step size of 0.01◦
and a step time of 10 s. Nitrogen adsorption and desorption
isotherms were collected at−196◦C on a Quantachrome
Autosorb 1 sorption analyzer. All samples were outgassed
for 3 h at 250◦C under vacuum (p< 10−5 hPa) in the degas
port of the adsorption analyzer. The specific surface area
was calculated using the BET model. DRIFT spectra of
the samples were recorded on a Nicolet (Avatar 360)
FT-IR spectrophotometer equipped with a high temperature
vacuum chamber. Approximately 30 mg of the sample
was taken in the sample holder and dehydrated at 400◦C
for 6 h under vacuum (10−5 mbar). The sample was then
cooled to room temperature and the spectra were recorded.
Then pyridine was adsorbed at room temperature. The
physisorbed pyridine was removed by heating the sample
at 150◦C under vacuum (10−5 mbar) for 30 min, after the
sample was cooled to room temperature, the spectrum was
recorded. The number of Brønsted and Lewis acid sites was
c bands
els with the following gel composition – 10SiO2:5.4C14
 alculated by measuring the integrated absorbance of
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representing pyridinium ion formation and coordinatively
bonded pyridine[33]. The method developed for porous
aluminosilicates by Emeis was adopted for the determination
of the acidity of the catalysts[34].

2.2. Catalytic study

The reactor system was a fixed-bed, vertical, down ward-
flow type made up of a quartz tube of 40 cm length and 2 cm
in internal diameter. The reactor was heated to the requi-
site temperature with the help of a tubular furnace controlled
by a digital temperature controller cum indicator. The tem-
perature was measured by a chromal–alumel thermocouple
placed inside the furnace. The catalysts were pressed without
binder, crushed and sieved to obtain particles with a size of
250–350�m. About 0.5 g of the catalyst was placed in the
reactor and supported on either side with a thin layer of quartz
wool and ceramic beads. The reactants were fed into the re-
actor using a syringe infusion pump that could be operated
at different flow rates. The reaction was carried out at atmo-
spheric pressure. The liquid products collected in the first
15 min were discarded and the analysis was made only with
the products collected after this time. After each catalytic
run, the catalyst was regenerated by passing moisture and
carbon dioxide free air through the reactor for 6 h at 500◦C.
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MCM-41 (80) were used, where indexes 20, 50, and 80 repre-
sentnSi/(nCo +nAl ) ratios. The nitrogen adsorption isotherms
of the CoAl-MCM-41 materials exhibit a type IV isotherm
of the IUPAC classification featuring a narrow step due to
capillary condensation of N2 in the primary mesopores. The
incorporation of Co and Al into the walls of MCM-41 has
a significant effect on the specific surface area, and specific
pore volume of the materials. With increasing metal content,
the pore volume is reduced from 0.85 to 0.66 cm3 g−1 and the
specific surface area declines from 1270 to 1015 m2 g−1. The
pore diameter of CoAl-MCM-41 samples is larger than the
pure silica MCM-41. The pore diameter of CoAl-MCM-41
(20) is smaller than CoAl-MCM-41 (50) and CoAl-MCM-41
(80). This could be due to the formation of more metal oxide
clusters in the mesopores of CoAl-MCM-41 (20). Structural
parameters of CoAl-MCM-41 are summarized inTable 1.

The acid sites of these catalysts were obtained by in situ
DRIFT upon pyridine adsorption. The acidity of the catalysts
was calculated using extinction coefficients of the bands of
Brønsted and Lewis acid sites adsorbed pyridine. The ob-
tained values are also summarized inTable 1. With increas-
ing cobalt content, the number of both Brønsted and Lewis
surface acid sites increases, i.e., the acidity of the catalysts
decreases in the order CoAl-MCM-41 (20) > CoAl-MCM-41
(50) > CoAl-MCM-41 (80). Therefore, it is concluded that
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he liquid products were analyzed using a Shimadzu
hromatograph GC-17A using DB-5 capillary column (30
quipped with flame ionization detector (FID) and nitro
s a carrier gas. The identification of products was also m
sing GC-MS (Perkin Elmer Auto System XL Gas Ch
atograph (Perkin Elmer elite series PE-5 capillary colu
0 m× 0.25 mm× 1�m) equipped with Turbo Mass Spe

rometer (EI, 70 eV) with helium as carrier gas at a flow
f 1 mL min−1).

. Results and discussion

.1. Catalyst characterization

The well defined XRD patterns of calcined CoAl-MC
1 materials with clear four XRD reflections (1 0 0), (1 1
2 0 0) and (2 1 0) as indexed to a hexagonal lattice wer
erved (seeAppendix B). ThenSi/nAl andnSi/nComolar ratios
f all the synthesized materials were in close agreemen

he input gel compositions. For the catalysis study, three
les, CoAl-MCM-41 (20), CoAl-MCM-41 (50), and CoA

able 1
tructural features of CoAl-MCM-41 (X) [30]

Pore structure

Surface area (m2 g−1) Pore diameter (nm) Po

0 1015 2.44 0.6
0 1099 2.49 0.7
0 1147 2.49 0.7
he isomorphic substitution of Co into the framework o
esoporous Al-MCM-41 creates more acid sites (Brøn
nd Lewis).

.2. General tendency of catalysis: effect of temperatur

Effects of temperature on phenol conversion for all
atalysts at a temperature range between 250 and 450◦C are
ummarized inFig. 2. The phenol conversion increases fr
50 to 400◦C, but above 400◦C it decreases. The less co
ersion at low temperature is mainly attributed to the mo
lar association that reduces adsorption and dissociati

he active sites. The decrease in conversion above 4◦C
s attributed to predominant dealkylation over alkylation
igher temperature and blocking of active sites by thin fi
f polyethylene oligomers[5]. Especially, it is commonl
nown for the alkylation of phenol and its derivatives t
oke formation seriously disturbs the reaction[32]. Among
hree catalysts, CoAl-MCM-41 (20) showed apparently h
atalytic performance. As the reaction requires formatio
thyl cation for electrophilic attack on either the chemisor
henol or the free phenol[35], the density of acid sites is im

Acid site nature

me (cm3 g−1) Brønsted,B (mmol g−1) Lewis,L (mmol g−1)

0.190 0.284
0.117 0.107
0.057 0.026
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Fig. 2. Effects of temperature on the phenol ethylation, conver-
sion of phenol andortho-selectivity in C-alkylated products ([2EP]/
([2EP] + [4EP])× 100): (a) conversion of phenol with CoAl-MCM-41 (20);
(b) conversion of phenol with CoAl-MCM-41 (50); (c) conversion of phenol
with CoAl-MCM-41 (80); (d)ortho-selectivity with CoAl-MCM-41 (20);
(e) ortho-selectivity with CoAl-MCM-41 (50); (f)ortho-selectivity with
CoAl-MCM-41 (80). Reaction condition: [EtOH]/[PhOH], 3/1; feed rate,
2 mL h−1; catalyst weight, 0.5 g.

portant as active site for this reaction. CoAl-MCM-41 (20)
has the highest density of acid sites, as shown inTable 1, and
showed the highest activity on the ethylation of phenol.

Compositions ofO-alkylated product (ethyl phenyl ether,
EPE), C-alkylated products (2-ethylphenol, 2EP and 4-
ethylphenol, 4EP), andC-/O-alkylated products (ethyl
ethylphenyl ether, EEPE) are summarized inFig. 2. Basically,
theC-alkylated products occupies majority under conditions
investigated. At low temperature, theO-alkylated product
can be detected, but vanishes as the reaction temperature in
creased. In contrast, two-point reaction, which produces the
C-/O-alkylated products, cannot be ignored at higher tem-
perature. CoAl-MCM-41 (20) is the best catalyst for theC-
alkylation. For example, more than 90% of the products are
theC-alkylated ones with CoAl-MCM-41 (20) at 300◦C.

The alkylation of phenol is generally reported to be sensi-
tive to the acid-base natures of the catalytic sites. It has been
reported that theC-alkylation of phenol preferentially pro-
ceeds at weak acidic or strong basic sites[36], while the
O-alkylation is favored at strong acid site[37]. Some re-
search groups claimed that the weak acid sites are impor-
tant for theC-alkylation [38,39] and other researchers re-
ported that theC-alkylation is promoted by higher acidity. It
is known that incorporation of Co2+ into framework of MCM-
41 leads to moderate acidity[30]. Therefore, CoAl-MCM-41
( , re-
s d
t
t

ic
s , the

Lewis acid site could induce theO-alkylation through nu-
cleophilic attack of adsorbed phenolate to ethyl cation[30].
However, the increased production of theO-alkylated com-
pound was not observed in CoAl-MCM-41 (20) catalyst, al-
though it has the highest content of the Lewis acid sites. The
obtained result may suggest that the Brønsted acid site plays
more important role in the phenol ethylation with this cata-
lyst.

Next, para- and ortho-selectivity was examined within
theC-alkylated products as summarized inFig. 2. Although
some of the data have some scattering, apparent preferential
ortho-selectivity, compared to statistic ratio, was observed
regardless of the reaction temperature and Co content in the
catalyst. Thisortho-selectivity is discussed in the later sec-
tion.

3.3. Effect of WHSV, feed ratio, and time-on-stream

The influence of weight hourly space velocity (WHSV)
on phenol conversion and product selectivity over CoAl-
MCM-41 (20) was also studied at 400◦C. Conversion and
product selectivities at different WHSV ranging from 2 to
6 h−1 (based on phenol) are shown inFig. 3. When the
WHSV is increased from 2 to 6 h−1, the conversion of phe-
nol increases first and then decreases significantly at a higher
W −1 t
h ac-
t ould
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C al-
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20) should have moderate acidic sites in high density
ulting in high probability of theC-alkylation. The obtaine
endency basically agrees withtert-butylation of phenol in
he previous report[30].

As summarized inTable 1, both Brønsted and Lewis acid
ites are increased at high content of Co/Al. Among them
-

HSV 5.65 h (Fig. 3A). Low conversion of phenol a
igher WHSV could be due to high diffusion of the re

ant molecules whereas less conversion at low WHSV c
e attributed to the dealkylation of ethyl phenol and coke
ation due to the longer contact times. In these condit
-alkylation is dominant and independent from WHSV v
es (Fig. 3B). It can be also seen fromFig. 3C that the selec

ivity for 2-EP increases as the WHSV increases from 2
.8 h−1, and decreases at a higher WHSV of 5.65 h−1.

The effect of feed ratio, [EtOH]/[PhOH], was similarly
estigated using CoAl-MCM-41 (20) as a catalyst at 400◦C.
he conversion of phenol increased when sufficient am
f EtOH (ethanol), compared to PhOH (phenol), as expe
Fig. 4A). However, too much presence of EtOH conver
ecreased the conversion, which may be caused from co

ition between EtOH and PhOH in accessibility to catal
ites. Increase of EtOH content also induced additionaO-
lkylation to theC-alkylated products (2EPE and 4EPE)
ulting in EEPE (Fig. 4B). However, increment of EEPE w
ot observed although EtOH content was increased by

old. This tendency implies that theC-alkylation is domi-
ant under the used catalyst system. Similarly to the ab
entioned case (Fig. 2), theortho-selectivity (2EP conten

n theC-alkylated products) is ca. 80% as shown inFig. 4C.
The effect of time-on-stream was also examined u

oAl-MCM-41 (20) as a catalyst at 400◦C with a fixed feed
atio ([EtOH]/[PhOH] = 3). There is only a slight decrea
n the conversion of phenol with time-on-stream indica
he stability of the catalyst towards deactivation by coke
ation though the reaction is carried out at a high rea

emperature, 400◦C (Fig. 5A). As seen inFig. 5B and C
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Fig. 3. Effect of WHSV (feed rate): (A) phenol conversion; (B) composition of product [(a)C-alkylated products 2EP and 4EP; (b)C-/O-alkylated products
EEPE]; (C)ortho-selectivity inC-alkylated products ([2EP]/([2EP] + [4EP])× 100). Reaction condition: [EtOH]/[PhOH], 3/1; temperature, 400◦C; CoAl-
MCM-41 (20), 0.5 g. WHSV values of 2.83, 3.77, 4.71, and 5.65 h−1 correspond to feed rate of 1.5, 2.0, 2.5, and 3.0 mL h−1, respectively.

Fig. 4. Effect of feed ratio, [EtOH]/[PhOH]: (A) phenol conversion; (B) composition of product [(a)C-alkylated products 2EP and 4EP; (b)C-/O-alkylated
products EEPE]; (C)ortho-selectivity inC-alkylated products ([2EP]/([2EP] + [4EP])× 100). Reaction condition: feed rate, 2 mL h−1; temperature, 400◦C;
CoAl-MCM-41 (20), 0.5 g.

Fig. 5. Effect of time-on-stream: (A) phenol conversion; (B) composition of product [(a)C-alkylated products 2EP and 4EP; (b)C-/O-alkylated products EEPE];
(C) para-selectivity inC-alkylated products ([2EP]/([2EP] + [4EP])× 100). Reaction condition: [EtOH]/[PhOH], 3/1; temperature, 400◦C; CoAl-MCM-41
(20), 0.5 g.
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Fig. 6. Comparison ofortho-selectivity (percentage of two-substituted com-
pound inC-alkylated products) between phenol ethylation (a) and phenol
tert-butylation (b): (A) effect of feed ratio; (B) effect of time-on-stream.
Reaction condition: temperature, 400◦C; CoAl-MCM-41 (20), 0.5 g.

predominance of theC-alkylation and theortho-selectivity
in phenol ethylation were observed regardless of the time-
on-stream.

3.4. Regio-selectivity (ortho-/meta-/para-selectivity)

In most of the cases investigated here,ortho-selective
nature is recognized in theC-monoethylated phenols. The
ortho-selectivity is ca. 80% in the most of the cases and appar-
ently larger than statistic selectivity (66.7%). The preferential
selectivity of theortho-product compared to thermodynam-
ically stablemeta-product could be due to the fact that the
hydroxyl group on the phenol providesortho/paradirecting
tendency. Though the OH group on the phenol isortho/para
directing, the selectivity towards thepara-product is much
lower than theortho-product in the most cases investigated.
This could be due to relative orientation of phenol and ethyl
cation. Phenol approaches ethyl cation on the catalyst surface
through its OH group pointing towards the channel surface,
which would help theortho-position of phenol molecule more
susceptible to the electrophilic reaction with ethyl cation[32].

It is also interesting to compare the results of phenol ethy-
lation with those observed for the phenoltert-butylation. The
ortho-selectivity observed in this research is apparently op-
posite to the case oftert-butylation of phenol, using the same
c
t
a -
t l-
M
s hile
p ndi-
t ould
a ener-
a
S
p

cation cannot easily attackortho-position because of large
steric hindrance, resulting inpara-preferential substitution
[35]. In addition, more stable and long-livedtert-butyl cation
has higher probability to reach thepara-position of phenol at
far site.

4. Conclusion

In this research, we applied bimetallic mesoporous cata-
lysts, CoAl-MCM-41 to the ethylation of phenol. Selectivity
between theC-alkylation and theO-alkylation depended on
the factors such as metal content and temperature. TheC-
alkylation is generally dominant, and more than 90% of the
products can be assigned theC-alkylated phenols under the
optimized reaction condition. Among theC-alkylated prod-
ucts,ortho-substituted compound occupies majority regard-
less of the reaction conditions. This tendency is opposite to
para-selectivetert-butylation of phenol using the same cat-
alyst, which could be explained through steric factors at the
surface catalytic sites. Accumulation of experimental results
and knowledge would lead to general guide direction for de-
signer mesoporous catalysts having well-tuned reaction se-
lectivity.
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atalyst, wherepara-substitution is dominant[30]. In order
o clearly compare two systems,ortho-selectivity in theC-
lkylated products is summarized inFig. 6 for both ethyla

ion andtert-butylation[30] of phenol using the same CoA
CM-41 catalyst. The ethylation of phenol keepsortho-

electivity regardless of feed ratios and time-on-stream, w
ara-substitution is dominant, depending on reaction co

ion, in the phenol butylation. Phenol and/or phenolate c
dsorb perpendicularly to the acid site and carbocation g
ted in neighbor site attack the adsorbed phenol[36,40,41].
mall ethyl cation preferably attacksortho-position of the
henol due to proximity effect. In contrast, bulkytert-butyl
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