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Effect of the Brønsted acidity on the behavior of CO2 methanol reaction
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bstract

The CO2 methanol reforming reaction in liquid phase over Keggin type heteropoly compounds catalysts was investigated. The prepared catalysts,
3PMo12O40 and its copper salt Cu1.5PMo12O40 were characterized by means of IR, and TG. Catalysts tests were carried out at 0.12 MPa and at
ifferent temperatures. The effects of temperature and the catalyst amount were investigated. When the protons of H PMo O were replaced
3 12 40

ith copper cations, the activity decreased while the selectivity of dimethyl carbonate (DMC) increased slightly. Brønsted acid sites reduce the
ormation of DMC in favor of dimethyl ether (DME). When raising the reaction temperature, it was found that a lower temperature is favorable
or DMC formation, and a maxima in the DMC formation was observed at 328 K.

2006 Elsevier B.V. All rights reserved.
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. Introduction

Conversion of methanol is still a subject of numerous inves-
igations in fundamental research for modeling the mechanism
f the catalytic reaction, as well as in practical research in order
o optimize all the parameters (conversion, selectivity, reaction
onditions, etc.) required for specific reactions of economic
mportance. It is well known that the methanol reaction can
ead to various products depending on the catalyst used, the
eaction conditions and the reactants (O2, CO, H2O, H2, CO2,
tc.). Recently the conversion of methanol in presence of car-
on dioxide has gained considerable attention. The reason of this
ttention is due to the abundance, the cheapness, the non-toxicity
nd the non-flammability of the carbon dioxide, compared to
urrently used phosgene and carbon monoxide [1–7]. Moreover,
he reaction can lead to the formation of the dimethyl carbonate
DMC), which is considered as an important chemical product
hat can have several uses and applications. For example, it can
e used as an environmentally friendly intermediate and starting

aterial for organic synthesis via carbonylation and methyla-

ion substituting poisonous phosgene and dimethyl sulfate [8].
n addition, it is also a promising octane enhancer for replacing
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ctional catalyst

ethyl tert-butyl ether (MBTE) in gasoline [9]. Several stud-
es reported in the literature have demonstrated that the DMC
an be obtained by the reaction of methanol with carbon diox-
de (2CH3OH + CO2 → (CH3O)2CO + H2O) [10–16]. Unfortu-
ately few industrial processes involve carbon dioxide as a
eactant, hence still now the DMC synthesis is mainly via oxida-
ive carbonylation of methanol [17–19]. The major difficulty is
ue to the poor reactivity of CO2 molecule, thermodynamically
table. Nevertheless, the inertness of carbon dioxide constitutes
serious drawback for further applications, the main problem

eing to find an efficient catalyst, as well as optimal operat-
ng conditions. Therefore, the direct synthesis of DMC from

ethanol and carbon dioxide is still at the laboratory scale stage.
In our present investigation, we report the study of methanol

onversion in presence of CO2 in liquid phase using Keggin-
ype heteropoly compounds as catalysts. It is well known
hat these kinds of materials provide suitable model structure
or mechanistic studies, since they have a well-characterized
tructure and a flexibility of both the acid–base and redox
roperties needed for bifunctional catalyzed reactions. Their
edox and acid–base properties can be adjusted by varying the
ounter-cation, the addenda atoms. Thus, this attractive bifunc-

ional catalysts (oxidative and acidic), have been successfully
pplied in a large variety of acid and redox catalyzed reac-
ions in homogenous and heterogenous phases [20–22]. Among
hem, the methanol reaction has been extensively investigated

mailto:aouissi_a@yahoo.fr
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higher than that obtained with the copper salt. This result indi-
cating that Brønsted acid sites seem to be favorable for CH3OH
activation is in agreement with that of Jiang et al. [30]. As for the
82 L.A. Allaoui, A. Aouissi / Journal of Molecu

23–27]. In order to investigate the influence of Brønsted acid
ites and redox sites on the behavior of the methanol trans-
ormation in presence of carbon dioxide, we have catalyzed
he reaction under the same conditions by the heteropolyacid

3PMo12O40·13H2O, then by the copper salt Cu1.5PMo12O40,
here the protons were replaced with copper cations.

. Experimental

.1. Preparation of the catalysts

The heteropolyacid H3PMo12O40 was prepared according to
he methods of Rocchiccioli-Deltcheff et al. [28]. The copper
alt form Cu1.5PMo12O40, was obtained from the heteropoly-
cid H3PMo12O40 as precipitate by adding slowly the required
mount of Ba(OH)2·8H2O (to neutralize the three proton) to the
queous solution of H3PMo12O40, then the required amount of
uSO4·6H2O was added. After eliminating the formed BaSO4
recipitate, the obtained solution was allowed to stand few days
t 4 ◦C. The Cu1.5PMo12O40 salt was recovered from the solu-
ion by filtration.

.2. Physicochemical techniques

The purity and the Keggin structure of 12-molybdo-
hosphoric acid H3PMo12O40, and its copper salt were checked
y means of infrared (IR) and thermogravimetry (TGA).

IR spectra were recorded with an infrared spectrometer
ENESIS II-FTIR (4000–400 cm−1) as KBr pellets. TGA was
erformed in flow of argon in a thermogravimeter (PERKIN-
LMER, TGA/DSC), 10 mg of 12-molybdo-phosphoric was
eated at 5 ◦C/min up to 520 ◦C.

.3. Catalytic measurements

Catalytic tests were carried out in a 200 ml pyrex flask. The
tandard procedure is as follow: 20 ml of CH3OH and 0.25 g of
eteropolyanions were charged into the flask and it was heated
o the desired temperature then pressurized to 0.12 MPa. After
he required time, the liquid phase was cooled, sampled, and
nalyzed with a gas phase chromatography (PYE UNICAM PU
500) using flame ionization and catharometer. The products
ere separated by SE-30 packed column of 1.5 m of length.

. Results and discussion

.1. Characterization of catalysts

.1.1. Infrared spectra
The spectra of the catalysts used are shown in Fig. 1. They

ave been assigned according to Refs. [28,29]. The main char-

cteristic features of the Keggin structure are observed for both
atalysts. The relevant frequencies (cm−1) and assignments
bserved, respectively, for H3PMo12O40 and Cu1.5PMo12O40
ere 1060,1064(νas P–Oa), 979, 961(νas Mo–Od), 895, 873(νa
o–Od–Mo), and 798, 785(νas Mo–Oc–Mo).

F
(

ig. 1. IR spectra of samples at ambient conditions: (a) H3PMo12O40 and (b)
u1.5PMo12O40.

.1.2. Thermogravimetric analysis
The number of hydrogen atoms and water molecules in het-

ropolyanions were determined by thermogravimetric analysis
hrough the loss of weight as soon as temperature is increased.
or the heteropolyacid, it was found that there are two steps
f mass loss. The first was observed between 140 and 270 ◦C
nd it corresponds to loss of hydration water (13-hydrates). The
econd observed at 350–450 ◦C, is the loss of structural water
1.5H2O). As for the copper salt, it was found one step of mass
oss corresponding of 13-hydrates.

.2. Catalytic reactivity

.2.1. Effect of time reaction
Fig. 2 shows the effect of the reaction time on the total

ctivities. It is known from the figure that the total activi-
ies were rapidly stabilized (about 1 h) for the both catalysts,

3PMo12O40, and Cu1.5PMo12O40. During all the time of the
atalytic test, the total activity of the heteropolyacid remained
ig. 2. Total activities vs. time reaction over H3PMo12O40 and Cu1.5PMo12O40

test conducted at 40 ◦C with a sample weight of 0.25 g).
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Fig. 5. Dependence of total activities on catalyst weight for H3PMo12O40 and
Cu1.5PMo12O40 (test conducted at 40 ◦C).
ig. 3. Selectivities of the reaction products vs. time reaction over H3PMo12O40

test conducted at 40 ◦C with a sample weight of 0.25 g).

electivities (Figs. 3 and 4), and as expected, it was found that
he DME was obtained with the high selectivity (39.6%) over

3PMo12O40·13H2O. The selectivity of formaldehyde (FA),
imethyl carbonate (DMC) and methyl formate (MF) obtained
as 34.6, 22.8 and 3.0%, respectively. When the protons have
een replaced by copper cations, the selectivities of FA and DMC
ncreased to 52.8 and 28%, respectively, to the detriment of that
f DME, which decreased to 16.3%. On the other hand, the
electivity of MF remained almost unchanged.

.2.2. Effect of the catalyst amount
Fig. 5 shows that the total activities obtained for both catalysts

ave remarkably the same tendency; however, the acidic form
f the heteropoly compound presents a slight higher conversion
han its copper salt form.

The effect of the amount of H3PMo12O40 on the selectiv-
ties of the products is shown in Fig. 6. It was found that

hen increasing the weight of the catalyst beyond 0.25 g,

he selectivity of FA increased to the expense of DME and
MC due to furthert conversion of DME to FA as reported

n the literature [31]. The selectivity of MF remained con-

ig. 4. Selectivities of the reaction products vs. time reaction over
u1.5PMo12O40 (test conducted at 40 ◦C with a sample weight of 0.25 g).

Fig. 6. Dependence of catalyst weight on the reaction product selectivities over
H3PMo12O40 at 40 ◦C.

Fig. 7. Dependence of catalyst weight on the reaction product selectivities for
Cu1.5PMo12O40 at 40 ◦C.
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Fig. 10. Dependence of product selectivities on reaction temperature over
Cu1.5PMo12O40 (sample weight of 0.25 g).

F

ig. 8. Dependence of total activities on reaction temperature over H3PMo12O40

nd Cu1.5PMo12O40 (catalyst weight of 0.25 g).

tant. As for Cu1.5PMo12O40 (Fig. 7), it was found that
hen the amount was increased beyond 0.25 g, the selectiv-

ty of FA increased (then remained stable) at the expense of
MC. The selectivity of MF remained also constant for this

atalyst.

.2.3. Effect of the reaction temperature
The effect of temperature on the total activities and selectiv-

ties were checked on 0.25 g weight samples for both catalysts.
ig. 8 shows that the total activity obtained with H3PMo12O40
emained higher than that obtained with Cu1.5PMo12O40 in all
he range of temperature. As for selectivities (Figs. 9 and 10)
t was observed that DMC selectivity decreases with tempera-
ure in favor of FA. In the case of Cu1.5PMo12O40 (Fig. 11),
t was found that a lower reaction temperature is more favor-
ble for DMC formation, and a maxima in the DMC formation
as observed at 328 K. This result is in agreement with those
eported in literature and with the thermodynamic calculation
30,32].

ig. 9. Dependence of product selectivities on reaction temperature over

3PMo12O40 (sample weight of 0.25 g).
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ig. 11. Dependence of DMC yield on reaction temperature over H3PMo12O40

nd Cu1.5PMo12O40 (sample weight of 0.25 g).

. Conclusion

In the present study the effect of the Brønsted acid sites on the
ehavior of the conversion of the methanol in presence of CO2
as investigated. The reactivity of H3PMo12O40 was compared

o that of Cu1.5PMo12O40. The effects of the amount of the
atalysts and temperature were examined.

When the protons of H3PMo12O40 were replaced with the
opper cations, the total activity decreased while the selectiv-
ties of FA and DMC increased to the detriment of that of
ME. This result seems to indicate that Brønsted acid sites
ere more favorable for the CH3OH activation but unfavorable

or the DMC formation. When the amount of H3PMo12O40 and
u1.5PMo12O40, were increased beyond 0.5 g, the selectivity of
A increased in detriment of DME and DMC. The selectivity of
F remained constant for the both catalysts.

The influence of temperature on both catalysts indicates that

3PMo12O40 was slightly more active than Cu1.5PMo12O40 in
ll the range of temperatures but less selective in DMC. In the
ase of Cu1.5PMo12O40, it was found that a lower reaction tem-
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