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Abstract

Supercritical CO2 has been found to be a very convenient reaction medium for the Friedel–Crafts hydroxyalkylation of aniso
paraformaldehyde. The high diffusion coefficients of molecules in the supercritical state are a crucial factor contributing to the
activity when the reaction is carried out with microporous zeolites. Thus, the activity of mordenite for the hydroxyalkylation in supe
CO2 at 60◦C is about threefold higher than that observed for the same zeolite in toluene at 110◦C.
 2003 Elsevier Inc. All rights reserved.
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1. Introduction

The use of supercritical CO2 as a solvent in Green chem
cal synthesis has attracted much interest in recent years
Supercritical CO2 possesses unique properties that m
it an inexpensive, nontoxic, and environmentally ben
solvent alternative for conventional volatile organic co
pounds [3–7]. In supercritical fluids, solubility of reacta
becomes comparable to that in the liquid state, while mo
ular diffusivity falls in between that in a liquid and that in
gas [2]. Therefore, processes limited by diffusion in the
uid phase, such as catalysis by microporous solids, sh
become favored under supercritical conditions.

The majority of the catalytic reactions reported so far
ing supercritical CO2 as solvent employ homogeneous c
alysts. In these cases, while the medium complies the
ciples of Green Chemistry in terms of nontoxicity and n
waste production, the catalyst is difficult to separate from
reaction mixture and cannot be easily recovered and reu
In order to conform to the Green Chemistry principles [8
it would be more convenient to combine the use of super
ical CO2 with solid catalysts. Therefore, from this point
view the use of microporous zeolites as heterogeneous
reusable catalysts would be of particular interest. The us
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zeolites as catalysts in supercritical CO2 seems to be an a
tractive combination since on one hand the catalytic pro
will be heterogeneous in nature as the catalyst can be re
ered easily and on the other hand fast diffusion provide
the supercritical fluids would play a positive influence in
reaction, helping to overcome diffusion limitations norma
encountered in zeolites [10].

To demonstrate the advantages of supercritical CO2 in
zeolite-catalyzed reactions we have selected the hyd
yalkylation of anisole with paraformaldehyde (Scheme
as a model reaction. A remarkable enhancement of
performance of acid mordenite was observed comp
to reactions carried out in conventional organic solve
like toluene. Friedel–Crafts hydroxylation of electron-r
arenes by carbonyl compounds is of great industrial im
tance for the synthesis of compounds like polymeric Bake
resins and bisphenol-A [11]. In industry, these reactions
normally carried out using strong liquid acid as cataly

Scheme 1. Friedel–Crafts hydroxyalkylation of anisole with paraforma
hyde.
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Such liquid acids are not only corrosive in nature but a
hazardous to the environment and, therefore, disposal o
used catalyst is a major problem.

2. Experimental methods

Four different medium- and large-pore zeolites, i.e.,
mordenite,β and ZSM-5, were obtained from PQ Corp
ration in either their protonic or their ammonium form
Friedel–Crafts condensation of anisole with paraforma
hyde was carried out under supercritical conditions at 60◦C
and 100 atm in a Büchi autoclave with continuous mech
ical stirring (500 rpm). Reactions using toluene as the
vent were carried out at atmospheric pressure at the de
temperatures. The reaction products were analyzed by
chromatography (HP 5890) and products were identified
GC-MAS (HP 6890) analysis.

Carbon content of the used catalysts was determine
combustion analysis in a Fisons EA 1108 elemental a
lyzer. The nature of the adsorbed species on the used
lysts was identified by diffuse reflectance UV–visible sp
troscopy on a Shimadzu spectrophotometer (UV-2101
using an integrating sphere accessory and BaSO4 as stan-
dard. Regeneration of the used catalysts was done by bu
the carbonaceous deposits in air flow at 450◦C for 4 h.

3. Results and discussion

Until now not much work has been reported on the us
acid zeolites in supercritical CO2 [12], reactions being lim-
ited to alkylation on Y zeolites [13–17], disproportionati
reactions [18–21], cracking of linear alkanes [22,23], a
isomerization of linear alkanes over Y zeolites [24]. The
precedents, however, have mostly focused on the deac
s

-

-

tion of the zeolite catalysts that was found to be much slo
in supercritical CO2. The slower deactivation has been
tributed to an enhanced diffusivity and solubility of the p
sons in the supercritical CO2. In the present work we clearl
demonstrate that the positive influence of supercritical C2

in zeolite-catalyzed Friedel–Crafts reactions depends
marily on the size of the zeolite pores with respect to
substrate and product dimensions.

Table 1 lists the physical parameters of the zeolites u
as catalysts in this study. The selection of the zeolites
done to include uni-, bi-, and tridirectional channel str
tures with similar Si/Al ratios. The results of Friedel–Craf
hydroxyalkylationof anisole with paraformaldehydeare a
given in Table 1. It can be seen that, except in the c
of ZSM-5, the conversion of anisole to the condensa
product was much higher under supercritical conditions t
that using toluene as solvent. Given the known high
ubility of aromatic compounds in supercritical CO2 [12],
it is reasonable to assume that during the reaction an
and dimethoxydiphenylmethane were dissolved in super
ical CO2, while the catalyst and polymeric formaldehy
remained in a separate phase.

The influence of catalyst/substrate ratio on the conver
under supercritical conditions is shown in Fig. 1. It can
seen that in supercritical CO2 β , Y, and mordenite zeolite
exhibit the same type of behavior, the anisole conversion
creasing significantly with the increase in catalyst load
On the other hand, the activity of HZSM-5 in supercritic
CO2 was considerably lower than that of other zeolites. T
above results can be interpreted assuming that the pore
of ZSM-5 (5.4 × 5.6 Å) is the main factor responsible fo
the observed low conversion given that the kinetic diam
of anisole is close to the pore size. Even under super
ical conditions, in which diffusion of the reactants is le
hindered, the restricted pore geometry of ZSM-5 impe
formation of the bulkier condensation products.
6

3

6

Table 1
Textural properties of the zeolite catalysts and the reaction results for Friedel–Crafts hydroxyalkylation of anisole with paraformaldehyde

Catalyst Pore structure SBET Reaction Conv.a Selectivity (%)

(Si/Al) (m2/g) Medium T (◦C) (%) o,o′ o,p′ p,p′

H-β (12.5) 3D; 7.5× 5.7 Å 590 scCO2 60 54 0.3 10.5 89.1
Cavities 11 Å Toluene 110 32 0.9 13.5 85.

HY (15) 3D; 7.4 Å pores 640 scCO2 60 55 1.3 18.6 80.1
Cavities 13 Å Toluene 110 31 2.2 20.5 77.

ZSM-5 (17.5) 2D; 5.4× 5.6 Å 380 scCO2 60 9 0.8 15.6 83.5
Toluene 110 6 3.0 26.3 70.6

H-mord (10) 1D; 7.4 Å pores 420 scCO2 60 57 1.9 14.7 83.4
Toluene 110 20 3.0 21.3 75.6
Toluene 60 9 1.9 17.8 80.3
Cyclohexane 60 6 2.2 20.2 77.

H-mord regenerated – – scCO2 60 47 1.4 14.8 83.8
Toluene 110 15 4.0 26.8 69.2

Catalyst 0.2 g, anisole 3.0 g, paraformaldehyde 0.2 g, reaction time 6 h.
a Conversion defined as ((initial moles of anisole− remaining moles of anisole)/initial moles of anisole×100).
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Fig. 1. Conversion of anisole in supercritical CO2 for four catalysts after 6 h
reaction time for hydroxyalkylation reactions at various catalyst to ani
ratios used in this work (!, Hβ; 1, HY; E, H-mord;e, HZSM-5; F,
H-mord in toluene).

Concerning the product distribution, the major isome
the condensation in all circumstances was found to be
p,p′ isomer followed by much lesser amounts of theo,p′
isomer. Trace quantities of theo, o′ isomer were also de
tected. Selectivity of the different isomers of the conden
tion product was found to be very similar with all the zeo
catalysts except that under supercritical conditions a s
enhancement of thep,p′ isomer was noticed. No other b
products were formed.

A few differentiating points between the supercritic
conditions and toluene deserve a comment. Conversion
tained with supercritical CO2 were almost double those o
served in a conventional organic solvent, despite the
that the reaction temperature in the latter case was al
twofold. It must be mentioned here that reactions in tolu
under atmospheric conditions were carried out at 110◦C cor-
responding to the reflux temperature of toluene. The con
sion was found to be considerably lower when the reac
was carried out at 60◦C. Toluene has been frequently used
a solvent for related hydroxyalkylation reactions [25]. Ot
organic solvents such as cyclohexane showed even l
conversion (Table 1).

Particularly interesting is the case of unidirectional m
denite zeolite, for which the difference in conversion
tween supercritical CO2 and toluene was about threefo
The pore openings of mordenite (7.4 Å) correspond t
large-pore zeolite like those of Y (7.4 Å) andβ (7.5×5.7 Å;
6.5 × 5.6 Å). However, due to the unidirectional chann
structure of mordenite, the restricted diffusion of the re
tants makes this zeolite behave frequently as a medium-
zeolite like ZSM-5 and quite different from a typical trid
rectional large-pore zeolite, such asβ or Y [10]. Indeed, this
similarity between mordenite and ZSM-5 is also obser
for the hydroxyalkylation reaction of anisole in toluene (s
Fig. 1 for results in toluene). It can be seen from Table 1
under atmospheric reaction conditions, the activity of m
denite was in between that for medium-pore ZSM-5 and
for large-pore Y orβ zeolites. In contrast, in supercritic
-

t

r

Scheme 2. Diarylcarbenium ion generation during the reaction.

CO2, as a consequence of much favorable diffusion of
actants in this fluid, the activity of mordenite was found
be very similar to that for tridirectional large-pore zeoli
e.g.,β or Y. The change in regime for mordenite from ZSM
5-like behavior in toluene to that typical for tridirection
large-pore zeolites in supercritical CO2 clearly shows the
advantages of easier diffusion of the reactants and prod
under supercritical conditions. It is well known that diffusi
is a major problem in the liquid-phase reactions of unidir
tional zeolites due to blockage of the pore mouths, cau
complete deactivation of the catalysts.

A second point of interest is the nature of the orga
material adsorbed in the catalysts during the course o
reaction. It has been reported that under supercritical
ditions deactivation of the catalysts was less rapid du
easier dissolution of coke in supercritical liquid. Duringn-
heptane cracking on Y zeolites [22,23] and disproport
ation of ethylbenzene [21,26] partial regeneration of m
erately deactivated catalysts has been reported under s
critical conditions. In this regard, we have reported ear
that the major poisons formed in the liquid phase hydr
yalkylation reactions are the diarylcarbenium ions gener
from the products by hydrogen abstraction [25,27]. This
benium ion compensates the negative charge of the ze
framework and remains strongly adsorbed inside the s
causing the deactivation of the catalysts (Scheme 2).
expected that this carbenium ion species will be hardly
uble in supercritical CO2. In fact, at the end of the reactio
the acidic zeolites are completely deactivated, indicating
the catalyst was highly poisoned by deposition of the
benium ions. Carbon analysis of the used catalysts sho
that for reactions under supercritical fluid conditions zeo
mordenite contained about 10.7 wt% carbon, while for
actions under atmospheric conditions in toluene at 11◦C
the amount of carbon was 8.6 wt%. This indicates tha
reactions under supercritical fluid conditions poisoning
the catalysts was disfavored to some extent compared t
actions in toluene. It can be seen that for threefold hig
conversion and hence much higher product concentra
the amount of poison deposited on the catalysts unde
percritical fluid conditions was not very much different fro
that observed in the case of reactions in toluene. Given
poisoning is related to hydride transfer from the produ
(Scheme 2), enhanced diffusion will decrease the resid
time on the active sites and will thereby reduce the cha
for catalyst deactivation.

The diarylcarbenium ion exhibits a strong absorpt
band in the visible range at around 525 nm accompanied
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Fig. 2. Diffuse reflectance UV–visible spectra of the H-mord catalysts
ter being used for the Friedel–Crafts hydroxyalkylation of anisole w
paraformaldehyde in (a) supercritical CO2 and (b) toluene.

shoulder at longer wavelengths. We have observed this
in all the catalysts regardless of the reaction conditions
dicating that the same type carbenium ion was formed in
cases. Fig. 2 shows typical diffuse reflectance UV–vis
spectra of H-mord catalysts used in supercritical and
mospheric liquid-phase reactions. In other words, it app
that the reaction mechanism remains the same for both
ventional organic solvents and supercritical fluid conditio
the only differentiating feature being the relative diffusion
the reactants and products inside the pores.

After being used in the hydroxyalkylation reactions t
catalysts became completely deactivated. Partial rege
tion of mordenite can be achieved by burning off the c
bonaceous deposits in air flow at 450◦C. It can be seen from
Table 1 that the regenerated catalysts showed almost 80
the initial activity of the fresh catalysts with almost simil
product distributions. When the activities of the regenera
mordenite catalysts in supercritical CO2 and toluene were
compared, the same type of enhanced activity under su
critical fluid conditions as in the case of fresh mordenite w
observed.

The isomer distribution observed for the regenerated m
denite in supercritical CO2 remained identical to that of fres
zeolites, but when the reaction was carried out in tolu
a significant increase ino, o′ and o,p′ isomers was no
ticed. The actual isomer distribution for regenerated m
denite was very similar to that of ZSM-5. This suggests t
probably small amounts of carbonaceous deposits rem
ing inside the channels hindered free diffusion through
pores during reactions in toluene. This impeded diffusio
again more pronounced in toluene than in supercritical C2.
As a result, a larger contribution of the external surface
the catalytic activity is observed for the reaction in tolue
catalyzed by regenerated mordenite, the distribution b
identical to the case of ZSM-5.

In conclusion, enhanced diffusion coefficient of the re
tants in supercritical fluids is an advantageous feature fo
-

-

f

-

-

action utilizing microporous zeolites as catalysts. Given
frequently the major drawback of zeolites is their limited
ternal diffusion, supercritical fluids are suitable to overco
these limitations. We have found that this effect is gen
for all zeolites but it is particularly remarkable for unidire
tional mordenite. In this case, the pore size allows the m
transfer inside the particle (pore size higher than the r
tants or products) but its activity in the conventional orga
solvents is still severely limited by the restricted diffusion
sociated with the unidirectional geometry of the pores. T
use of supercritical CO2 dramatically enhances the diffusio
thereby increasing the catalytic activity.
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