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Abstract

Hydroxymethylation of furfuryl alcohol with aqueous formaldehyde, yielding selectively 2,5-bis(hydroxymethyl)furan,
has been carried out at 338 K in the presence of a highly dealuminated H-form mordenite. Kinetic analysis of the
experimental results allows to propose an original kinetic law involving two types of catalytic sites. According to furfuryl
alcohol concentration, there is competition, or not, upon these two types of sites. © 1998 Elsevier Science B.V. All rights

reserved.
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1. Introduction

Reactions of furan and its derivatives with
formaldehyde have received little attention be-
cause Friedel—Crafts alkylation of furans usu-
ally leads to complicated reaction mixtures due
to the high reactivity of these heterocycles [1].
In fact, oligomers, resinification of furan com-
pounds and other decomposition products are
obtained upon heating and in presence of an
acidic catalyst [2].

One of the vauable products in the furan
series is 2,5-bis(hydroxymethyl)furan (BHMF),
useful as intermediate in the synthesis of drugs
[3], crown compounds [4], and polymers [5]. It
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is generally produced either by reduction of
5-hydroxymethylfurfural, or by furfuryl acohol
condensation with formaldehyde.

In spite of high yields (90—-96%), 5-hydroxy-
methylfurfural reduction processes (with sodium
amalgam [6] or hydrogen over Cu—Cr catalyst
[7] are limited because of the not readily avail-
able starting material (HMF).

Single step BHMF synthesis by hydrox-
ymethylation of the easily available furfuryl
alcohol by formaldehyde requires mildly acidic
conditions. Thus, 2,5-bis(hydroxymethyDfuran
can be obtained in yields of 75—80% with acetic
acid as solvent and catalyst [8]. On the contrary,
furfuryl alcohol hydroxymethylation with aque-
ous formaldehyde, in the presence of weakly
carboxylic ion-exchange resins in their H* form
[9], has not led to such high yields (only 25—-30%
in isolated pure product after 120 h reaction
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time). Moreover, with strong acid solids, con-
densation and polymerisation products are gen-
erally obtained.

Our interest in the use of zeolites in liquid
phase reactions led us to substitute zeolites for
cation-exchange resins which do not have high
reactivity and selectivity in furfuryl acohol hy-
droxymethylation.

HY zeolites are generally considered to be
inactive in agueous solutions. Because of their
high hydrophilic character, water covers the sur-
face of those catalysts and prevents adsorption
of organic materias. High-silica zeolites, such
as dealuminated mordenites, are known to be
hydrophobic. Chen [10] showed further that their
degree of hydrophobicity depends upon the
SIO,/Al,O; ratio and found that dealuminated
mordenites with an SIO,/Al,O; ratio higher
than 80 adsorb little or no water. These highly
siliceous zeolites are truly hydrophobic and are
expected to have a high activity as solid acid
catalysts in agueous solution.

In the present work, we have studied furfuryl
alcohol hydroxymethylation reaction with ague-
ous formaldehyde solution (formalin) in the
presence of an acidic and hydrophobic H-
mordenite as catalyst (HMOR 100 with a molar
S0,/Al,O, ratio of 200). Reaction is carried
out in liquid phase under mild conditions (338
K). The present paper deadls, more specialy,
with kinetic results obtained in this reaction in
order to understand reaction mechanisms in the
presence of hydrophobic zeolites.

2. Experimental

Furfuryl acohol was distilled before use; for-
malin (37% aqueous formaldehyde) was from
Aldrich and used as such. The catalyst, H-MOR
100, was a highly dealuminated mordenite in a
protonic form, supplied by Zeocat.

Reaction was carried out in a glass reactor
using 37% aqueous formaldehyde (6 ml), at 338
K, in the presence of 250 mg of dealuminated
mordenite. The resulting suspension was mag-

neticaly stirred at 338 K during 0.5 h before
adding furfuryl alcohol (from 0.06 to 1 ml).
Samples were withdrawn periodically and ana-
lyzed by high performance liquid chromatogra-
phy (HPLC), using a Shimadzu pump LC-6A
with a 0.5 ml min~?! constant flow, a Shimadzu
UV spectrophotometer SPD-6A detector at 230
nm and controlled by a PC with a software
package (ICS). A Kromasil C18 column (15 cm,
5 wm) was used and the mobile phase was
acetonitrile/water (30,/70 by volume).

3. Results and discussion
3.1. Reaction scheme

The first step of all the mechanisms observed
for Friedel—Crafts electrophilic substitutions in-
volves a fast protonation of one of the two
reagents, followed in a subsequent step by the
nucleophilic attack of the other [11]. In our case,
there is, first, protonation of formol in his hy-
drate form (more than 99.99% in water) on the
zeolite protonic sites and then, electrophilic at-
tack of the protonated hydrate on the 5-position
of the furan ring (Scheme 1).

The H-MOR 100 zeolite presents a very high
activity in this reaction as illustrated in Fig. 1.
At a0.12 M furfuryl alcohol concentration, both
high conversion (70%) and high BHMF selec-
tivity (95%) are observed after a very short
reaction time (180 s). Thus, in spite of the
agqueous medium, this hydrophobic zeolite is a
very efficient catalyst.

3.2. Weisz modulus

For this kinetic study, it is important to make
sure that the reaction is not diffusion limited,
under our experimental conditions. External dif-
fusion limitations from bulk solution to catalyst
surface were excluded by a vigorous stirring of
the suspension. Internal diffusion limitations can
also be excluded because of the weak value of
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Scheme 1. Proposed mechanism of furfuryl alcohol hydroxymethylation with agueous formaldehyde over zeolites.

the Weisz modulus [12], calculated according to
Eg. (1):

0= (r+p=a®)/Cx Dy (1)

in which r isthe reaction rate (mol s~ * g™ 1), p
the catalyst particle density (g cm™3), C the
concentration of the reagent (mol cm~3), a the
particle radius (cm) and D, the effective diffu-
sion coefficient (cm? s™1).

Taking r=3.6x10"°mols g% p=08
gcem3 a=6x10"% cm C=012x10"3
mol cm~3, Dy, = 107° cm? s~ ! (which appears
reasonable for reactants in liquid phase) [12],
this leads to §=9x 1072, This value, much
smaller than 1, allows to conclude that in-
tracrystalline diffusion is not the rate limiting
step in this reaction.
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Fig. 1. Concentration of furfuryl alcohol (FA) (O) and 2,5-bis(hy-
droxymethyl)furan (BHMF) (@) vs. reaction time over H-MOR
100 (0.25 g) at 65°C.

3.3. Kinetic law

In order to gain further understanding of the
reaction mechanism, we have measured initial
rates at different initial concentrations of fur-
furyl alcohol while the concentration of formol
is kept constant and vice versa, using H-MOR
100 as catalyst. Figs. 2 and 3 show the initial
reaction rate evolution with the initial concen-
tration of furfuryl acohol (FA) and formol hy-
drate (F), respectively.

As can be seen from Fig. 2, the initia rate
increases, reaches a maximum when the furfuryl
alcohol concentration is about 0.12 M and then
decreases drastically, demonstrating self-poison-
ing of this reaction (inhibition) at high furfuryl
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Fig. 2. Initia rates of BHMF formation from furfuryl acohol:
formol mixtures as a function of initial concentration of furfuryl
alcohol, with formol concentration kept constant (11.44 <[F] <
13.22, the formol concentration slightly varies because of the
dilution of formalin by the furfuryl alcohol).
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Fig. 3. Initial rates of BHMF formation from furfuryl acohol:
formol mixtures as a function of initial concentration of formol,
with furfuryl alcohol concentration kept constant (0.1 M).
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alcohol concentrations. On the contrary, Fig. 3
illustrates saturation kinetics wherein the rate of
BHMF formation first increases with the formol
concentration and then becomes constant at
higher formol concentration.

This behaviour might indicate a Langmuir—
Hinshelwood type mechanism, with a competi-
tive adsorption of the two reactants, leading to
an inhibiting effect at high furfuryl alcohol con-
centrations. This would require both reacting
species to be adsorbed competitively on equiva
lent sites on the surface (protonic sites). How-
ever, such an approach is unable to describe the
formol concentration effect (which presents a
plateau and not a maximum, Fig. 3). Moreover,
it is obvious that such an assumption would lead
to erroneous conclusions (on one hand, attack of
the electrophile on a positive charged substrate
and on the other hand, the unlikely neighbour-
hood of two protonic sites (adjacent sites) in the
case of high dealuminated mordenites). This
problem is overcome when two types of sites
are considered: one of which is the protonic site
(H*) and the other the hydrophobic surface
(=S-0-Si=).

Thus, the reaction is assumed to proceed
between a formol hydrate molecule adsorbed on
a protonic site (leading to the electrophilic
species) and a furfuryl alcohol molecule ad-
sorbed by hydrophobic interactions on the
siliceous surface of the catalyst.

At low concentrations, furfuryl acohol is
only adsorbed on the hydrophobic surface fol-
lowing a Langmuir adsorption type:

K[FA]
*T 1+ K[FA]

where K (equilibrium constant of the furfuryl
alcohol adsorption /desorption) represents the
furfuryl alcohol adsorption affinity for the hy-
drophobic surface.

At high concentration, furfuryl alcohol is ad-
sorbed on both hydrophobic surface and pro-
tonic sites, inhibiting the reaction. Under these

conditions, furfuryl alcohol competes with for-
mol hydrate for the protonic site adsorption, so:

. AelF]
P A[F]+ Aga[FA] + Ay [water] + Ap[products]

[FA]

with: Ap,: furfuryl alcohol adsorption coeffi-
cient on protonic site; Ag: formol hydrate ad-
sorption coefficient on protonic site; A,: water
adsorption coefficient on protonic site; Ap:
products adsorption coefficient on protonic site;
[FA]: furfuryl alcohol concentration; [F]: formol
hydrate concentration; [water]: water concentra-
tion; [products]: products concentration. The ini-
tial rate of the process is then given by the
following equation:

ro=KOe[FA] 4

Taking into account that in formalin, the
water concentration is twice the formol’'s (or
formol hydrate concentration), and assuming that
the adsorption coefficients of water and formol
hydrate are similar (A, = Ap), the initial rate
equation takes then the following form (the
products concentration being negligible):

)‘F[F]o' K[FA]O
(Ara[FAJo + 3A[Flo) (1 + K[FA])
(2

This rate law, which is a modified Lang-
muir—Hinshelwood scheme, accounts sati sfacto-
rily for the experimentally observed kinetics.

- At low furfuryl alcohol concentrations, the
rate equation is reduced to k'[FA], which agrees

ro=K
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with the first-order observed under these experi-
mental conditions.

- At furfuryl acohol concentrations higher
than 0.12 M, adsorbed furfuryl alcohol
molecules saturate the catalyst surface, and the
term (ApA[FA], + 3ALF]l,) becomes dominant
in the denominator of Eq. (2) (the order in
furfuryl alcohol becomes negative). The furfuryl
alcohol molecules prevent the adsorption of for-
mol and therefore the reaction is inhibited.

- At afurfuryl alcohol concentration close to
0.12 M, for which the initia rate is maximum
and the order relative to furfuryl acohol is
probably close to zero, furfuryl alcohol
molecules are assumed to be preferentially ad-
sorbed on the whole hydrophobic surface but
not yet on the protonic sites. Consequently,
formol hydrate molecules can be adsorbed on
the free protonic sites leading to a fast and
selective reaction with furfuryl alcohol
molecules adsorbed in the near neighbourhood.

These assumptions are consistent with the
addition order effect of the two reactants ob-
served in exploratory experiments. In fact, it has
been found that the BHMF selectivity was
strongly dependent on this addition order. In the
case of high furfuryl alcohol concentrations (1
ml for a concentration of 1.65 M for example),
this selectivity is higher when furfuryl alcohol is
introduced at last. On the contrary, no effect is
observed when furfuryl alcohol concentration is
about 0.12 M. These data are in good agreement
with those reported in literature by different
authors [13,14].

3.4. Activation energy

The influence of the temperature on the reac-
tion has been investigated within the tempera
ture range from 313 and 338 K. The Arrhenius
plots are shown in Fig. 4 for three different
initial concentrations of furfuryl alcohol (0.12,
0.24 and 0.46 M).

- At concentration near of 0.12 M, for which
the initial rate is maximum, the observed activa-
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Fig. 4. Arrhenius plot for hydroxymethylation of furfuryl acohol
on highly dealuminated H-mordenite.

tion energy is the true activation energy of the
reaction (E, = 92 kJ mol ~%).

- At 0.46 M, the reaction becomes -1 order
in furfuryl acohol and consequently, the ob-
served activation energy is an apparent energy
(Eqp =21 kImol ™).

- At a concentration of 0.24 M, the situation
is intermediate and the Arrhenius plot shows a
curvature (broken line).

These results well illustrate the effect of tem-
perature and /or concentration on reaction order
with respect to furfuryl acohol which depends
on the catalyst surface coverage.

4. Conclusion

In summary, we assume that the surface reac-
tion takes place between the formol hydrate
adsorbed on Bronsted sites and furfuryl alcohol
adsorbed on the hydrophobic framework of dea-
luminated mordenites. However, the furfuryl al-
cohol molecules can aso be adsorbed on acidic
sites competitively with formol hydrate, leading
to an inhibition of the reaction for high furfuryl
alcohol concentrations. The consequence of this
behavior is that there is a maximum rate at an
optimum furfuryl alcohol concentration. The ki-
netic law presented in this paper is a ‘ variante’
of the classical Langmuir—Hinshelwood scheme
and agrees well with the experimentally mea-
sured Kinetic rates.
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