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KF, LiF and CsF/Al2O3 catalysts with different loadings from 1 to 20 wt% were prepared using aqueous
solutions of the alkaline fluoride compounds by wet impregnation of basic mesoporous MSU-type
alumina. The catalysts were activated under Ar at 400 ◦C for 2 h and monitored by in situ XRD
measurements. The catalysts were also characterized using several techniques: N2 adsorption/desorption
isotherms at −196 ◦C, FTIR, DR-UV–vis, CO2-TPD, XRD, 27Al CP/MAS NMR. These characterizations led to
the conclusion that the deposition of alkaline fluorides on the alumina surface generates fluoroaluminates
and aluminate species. The process is definitivated at 400 ◦C. The fluorine in these structures is less
basic than in the parent fluorides, but the oxygen becomes more basic. The catalysts were tested for
the transesterification of fatty esters under different experimental conditions using conventional heating,
microwave and ultrasound irradiation. Recycling experiments showed that these catalysts are stable for a
limited number of cycles.

© 2009 Elsevier Inc. All rights reserved.
1. Introduction

The transesterification of biomass feed stocks such as vegetable
oil and/or animal fat with the production of “biodiesel” is one of
the routes expected to lead to “green” fuels [1–4]. The reaction
requires 3 mol of methanol (or a higher alcohol) and 1 mol of
triglyceride to give 3 mol of fatty acid methyl (or alkyl) ester and
1 mol of glycerol (Scheme 1). Under basic conditions exchanging
glycerol with the desired alkanol occurs according to the following
steps.

The “green” properties of these fuels are the consequence of
the fact they are nature derived compounds that means a signifi-
cant reduction in greenhouse emissions, and from their composi-
tion, fuel which is essentially free of sulfur, aromatics, metals or
crude oil residues. Currently, the production of fatty acid methyl
esters (FAME) in Europe is encouraged due to European legislation
concerning the substitution of mineral diesel by biodiesel. In this
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respect, the European Union aims for 12% of the total energy out-
put to consist of biodiesel, i.e. by renewable energy.

The transesterification reaction of fatty esters triglycerides is a
relatively slow reaction that requires either strong acid or base
catalysts. Different catalytic systems have been used to promote
these reactions and to enable lower working temperatures. Acidic
catalysts were found to be more effective for low quality oils.
However, under homogeneous acid catalysis (H2SO4, H3PO4, HCl,
p-toluenesulfuric acid, BuSn(OH)3, Al(OR)3 etc.) the requirement
of high temperature, high molar alcohol/oil ratios, separation of
the catalyst, generates serious environmental and corrosion related
problems that make their use non-practical for biodiesel produc-
tion [3]. Conversely, using heterogeneous acid catalysts such as
pure and Cs-doped heteropolyacids as unsupported materials or
impregnated on various supports, such as hydrous zirconia, silica,
alumina or activated charcoal, have resulted in improved acid cat-
alyzed reactions but need either high temperatures or high molar
alcohol/oil ratios [5–8]. Fe–Zn double-metal cyanide (DMC) com-
plexes with zeolite-like cage structures were indicated to have sim-
ilar activity to most of the basic oxides. These catalysts are Lewis
acidic, hydrophobic (at reaction temperatures of about 443 K)
structures [9].
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Scheme 1. Reaction pathway.
The majority of conventional produced biodiesel uses homo-
geneous basic catalysts such as sodium or potassium hydroxides,
alkoxides, or methoxides which are very active, but present also
problems of corrosion, separation and waste streams. The substi-
tution of homogeneous catalysts with heterogeneous analogues is
crucial to eliminate problems associated with homogeneous cat-
alysts [3,10,11]. Moreover, solid catalysts can potentially be used
for long periods of time allowing a technology which is capa-
ble of continuous processing thus improving the economics of
biodiesel production [12]. In this scope, a large variety of solid
bases have been reported including basic zeolites, metal carbon-
ates, supported alkali metal ions and alkali earth oxides, metal
oxides (PbO, PbO2, Pb3O4, Tl2O3, and ZnO) as well as hydrotal-
cite derived catalysts that have been investigated in transesterifi-
cation of fats to esters [12–18]. In addition, alkali nitrate and alkali
carbonate-loaded Al2O3, polymer resins, sulfated-tin and zirconia
oxides and tungstated-zirconia have also been reported [19,20].
Leaching of metal ions was encountered in the case of basic ze-
olite X and ETS-10 catalysts [11]. The use of these solid catalysts
has, however, some drawbacks. They operate at high temperatures
with high methanol–fat ratios and require protection from CO2.

Concerning the nature of the reactor, glycerolysis of FAME has
been investigated in both batch and continuous reactors [21,22].
The transesterification of fatty esters has been carried out under
different activation conditions. Several studies have been reported
on the production of biodiesel under microwave irradiation, using
both methanol and higher alcohols. The use of this technique has
the advantage of lowering oil/methanol ratio to six [23–27]. Ultra-
sonication was reported as well. Ultrasonication is considered to
have a general accelerating effect on heterogeneous reactions. Us-
ing this technique, high biodiesel yields were shown to be achieved
in a remarkably short time [28–31].

Transesterification reactions without any catalyst in near-critical
or supercritical conditions using microwave irradiation have also
been reported [32]. However, working under supercritical condi-
tions requires high temperatures and pressure, resulting in higher
energy consumption and the need for special equipment and safety
conditions [33–37].

In this paper we report the use of various alumina supported
alkaline fluoride compounds (KF/Al2O3, LiF/Al2O3 and CsF/Al2O3)
for the transesterification of different vegetable derived fatty esters
(sunflower, soybean, and rapeseed oil).

KF/Al2O3 is a solid base catalysts which has been extensively
studied in various organic syntheses [38–49] as well as for the
transesterification of palm oil with methanol to biodiesel [50]. In
contrast, CsF/Al2O3 has only been reported for the condensation
of phenols with aryl halides [51] and no reports have been found
regarding the catalytic properties of LiF/Al2O3. However, lithium-
doped ZnO and ZrO2 catalysts were recently reported as being
effective for biodiesel production [52]. Studies on using KF–Al2O3
under both microwave activation and ultrasound irradiation for dif-
ferent other reactions have also been examined [53–55].

Another aim of this study was to provide evidences about the
nature of the active sites in this reaction. For such a purpose
several techniques have been used including in situ XRD mea-
surements, 27Al MAS NMR, in situ DR-UV–vis measurements and
DRIFTS.

2. Experimental

2.1. Catalysts preparation

KF, LiF and CsF/Al2O3 catalysts with different loadings from 1
to 30 wt% were prepared using aqueous solutions of the alka-
line fluoride compounds by wet impregnation of basic mesoporous
MSU-type alumina synthesized according to literature procedures
[56,57]. For this purpose, in 1.65 mL, which represents the impreg-
nation capacity of the 1.5 g support, 0.166 g (for 10 wt% MF/Al2O3),
0.26 g (for 15 wt% MF/Al2O3), 0.375 g (for 20 wt% MF/Al2O3) and
0.64 g (for 30 wt% MF/Al2O3), respectively, were dissolved. There-
after the materials were dried overnight at room temperature and
then, for 12 h at 120 ◦C. Before use, the catalysts were activated
under Ar at 400 ◦C for 2 h. The activation of the catalysts was also
been checked by in situ XRD measurements.

2.2. Catalyst characterization

The catalysts were characterized using several techniques: N2
adsorption/desorption isotherms at −196 ◦C, FTIR, DR-UV–vis, CO2-
TPD, XRD, 27Al CP/MAS NMR, and XPS. N2 adsorption/desorption
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Table 1
Textural characterization of the investigated catalysts.

Sample BET surface
area
(m2/g)

t-Plot external
surface area
(m2/g)

Average
pore size
(Å)

Pore
volume
(cm3/g)

Al2O3 280 262 89 0.75
10 wt% KF/Al2O3 236 201 107 0.70
15 wt% KF/Al2O3 204 171 110 0.62
20 wt% KF/Al2O3 179 150 89 + 125 0.55
30 wt% KF/Al2O3 132 107 74 + 142 0.47
10 wt% LiF/Al2O3 241 208 97 0.71
20 wt% LiF/Al2O3 174 139 92 + 119 0.54
10 wt% CsF/Al2O3 223 182 89 0.68
20 wt% CsF/Al2O3 152 134 86 + 132 0.52

isotherms at −196 ◦C K were recorded with a Micromeritics 2010
apparatus and were analyzed by using the Brauner–Emmet–Teller
(BET) method after degassing the samples at 150 ◦C for 12 h.
The textural characteristics of the alumina supported fluorides
are given in Table 1. FTIR investigation of the catalysts was car-
ried out with a Thermo 4700 spectrometer with the following
parameters: 300 scans, 600–4000 cm−1 scan range at 4 cm−1

resolution. DR-UV–vis spectra were collected with a Thermo Elec-
tron Specord 250 spectrometer in the range 200–800 nm, using
15 scans. Temperature-programmed desorption (TPD) of carbon
dioxide was performed using an Autochem 2920 apparatus. The
samples were first activated at 350 ◦C for 1 h and subsequently
cooled to 40 ◦C under a helium flow. The activated materials were
then saturated with dry gaseous carbon dioxide (99.999%) at the
same temperature. When the adsorption finished, the sample was
purged with a helium flow and then the CO2-TPD performed at a
rate of 10 ◦C min−1 to 600 ◦C.

X-ray diffraction (XRD) patterns were obtained on a Shimadzu
XRD 7000 diffractometer using a Ni filter and CuKα radiation. In-
tensity was measured by scanning steps in the 2θ ranges between
0◦–90◦ and 40◦–60◦ .

27Al MAS-NMR spectra were recorded at room temperature
on MAS-NMR Avance 400 Bruker spectrometer, at 104.2 MHz, in
a 9.4 T field, with 15 kHz spinning rate, using Al(NO3)3 water
solution as reference. Deconvolution of the CP/MAS NMR spec-
tra was carried out using the DMFIT program [58]. XPS spectra
were recorded at room temperature using a PHI 5600ci Multi
Technique Instrument. The pressure in the analysis chamber dur-
ing the analysis was 1.33 mPa. Monochromatized AlKα radiation
(hν = 1486.6 eV) was used. It was generated by bombarding the
Al anode with an electron gun operated with a beam current of
12 mA and acceleration voltage of 10 kV. The spectrometer energy
scale was calibrated using the Au 4f7/2 peak centered at 84.0 eV.
Charge correction was made with the C 1s signal of adventitious
carbon (C–C or C–H bonds) located at 284.8 eV.

2.3. Catalytic tests

Typical experiments were carried out using 23 mL sunflower,
soybean or rapeseed oil and 5 mL methanol (molar ratio oil:meth-
anol of 1:4). To this system, 300 mg catalyst were added and the
reaction was carried out either in a stainless steel autoclave (2 h),
under microwave (between 1 and 2 h) or ultrasound irradiation
(2 h). Under autoclave conditions, the stirring rate was 1200 rpm.
Microwave assisted reactions were reactions carried out with a
Milestone Start S system operating at 1200 W. The temperature in-
side the vessel (quartz reactor) was controlled using an Accufiber
optical fiber thermometer system. The stirring rate inside the re-
actor was 350 rpm. The ultrasound experiments were carried out
with an Elma Transsonic 460/H bath working at a frequency of
35 kHz. The temperature inside the reaction vessel in the case of
autoclave and ultrasound assisted experiments was controlled us-
ing a thermocouple.

Analysis of the reaction products was made using a Varian
ProStar 310 HPLC equipped with a C18 column with inner diameter
of 4 mm and the length of 30 cm. The mobile phase was a mixture
of methanol (pump A) and isopropanol:hexane in a volume ratio
5:4 (pump B), A:B of 85:15 with a flow of 0.8 mL min−1. The anal-
ysis was made with a UV–vis detector working at λ = 205 nm. The
identification of the products was made using a GC-MS Carlo Erba
Instruments QMD 1000 equipped with a Factor Four VF-5HT col-
umn with the following characteristics: 0.32 mm × 0.1 l m × 15 m
working with a temperature program at a pressure of 50.8 kPa,
with He as the carrier gas. The samples were solubilized in CH2Cl2.

The experimental procedure to test the recyclability of the cat-
alyst was as follows. The first run was carried out as described
above. Before stopping the agitation, an aliquot was sampled and
analyzed following the method described above. The agitation was
then stopped and the mixture was rapidly centrifuged at 6000 rpm
for 10 min. The solid was recovered and subjected to the reaction–
sampling–analysis-centrifugation sequence for several successive
runs. No activation–outgassing step was performed between reac-
tions.

The leaching of fluoride was checked with an atomic absorp-
tion apparatus (Analyst 800 from Perkin–Elmer) working at λ =
396.1 nm (typical for Al) and λ = 766.5 nm (typical for K). The
samples were prepared using a typical procedure for the analysis
of oils by introducing 0.5 mL sample into the digestion vessel, then
adding 10 mL of nitric acid 65 wt% and 2 mL hydrogen peroxide
30 wt%. The vessel was then closed and heated in the microwave
oven at 210 ◦C for 15 min.

3. Results and discussions

3.1. Catalyst characterization

3.1.1. Thermal analysis
Thermal analysis showed (Fig. 1) a mass loss at around 250 ◦C

assigned to the loss of the OH groups. At this temperature the
transformation of AlO(OH) into Al2O3 also occurs [59] as shown
from the associated heat effect peak. Additionally, at around 370 ◦C
a shoulder was observed, the intensity of which intensity increased
with the loading of the alkaline fluoride. This may be assigned to
the formation of a new compound, and is thought to be K3AlF6.
The mass loss at ∼900 ◦C is due to the loss of this compound
whilst the heat effect is also associated with the phase transforma-
tion of alumina to α-Al2O3. The formation and the loss of K3AlF6
is supported not only by the linear dependence of the mass loss on
the KF content but also by the XRD patterns that indicated the dis-
appearance of the peaks assigned to this species. Based on these
results all the catalysts were activated by heating at 400 ◦C. Similar
thermal analysis curves were obtained for LiF and CsF.

3.1.2. Textural characterization
Table 1 compiles the textural properties of the investigated cat-

alysts. t-plot surface confirms the fact that MSU-type alumina is
indeed a mesoporous material developing an external surface with
a very high pore volume. As expected, the deposition of the alka-
line fluorides led to a decrease of the surface area and the pore
volume. In most of cases, the impregnation of a porous support
with a 30 wt% species leads to an almost complete suppression
of the surface area. However, in the present cases using the MSU-
type alumina a decrease of the surface area was only about 50%
after the impregnation with 30 wt% KF.

Fig. 2 shows the adsorption–desorption isotherms and the pore
size distribution. While the adsorption–desorption isotherms do
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(a)

(b)

Fig. 1. TG and DTA curves for 10 wt% KF/Al2O3 (a) and 20 wt% KF/Al2O3 (b) catalysts.

not show any important changes, except the above mentioned de-
crease of the pore volume, the pore size distribution shows an
enlargement caused by the partial damage of the pore mouth by
the deposition of the alkaline fluoride with the formation of the
new compound K3AlF6. A bimodal distribution of the pore size has
been evidenced for alkaline fluoride loadings higher than 20 wt%
(Table 1).

3.1.3. XRD patterns
Fig. 3a shows the XRD patterns of the KF/Al2O3 catalysts and

of the parent mesoporous MSU-type alumina support. These pat-
terns confirmed that deposition of the alkaline fluoride followed by
the thermal treatment led to the formation of K3AlF6 [60]. The in-
tensity of the peaks assigned to this species is in agreement with
the loadings of the alkaline fluoride. In situ XRD patterns for the
20 wt% KF/Al2O3 catalyst (Fig. 3b) demonstrates that the solid KF–
alumina reaction starts at temperatures as low as 100 ◦C with the
process definitivated at 400 ◦C. This is in a good concordance with
the thermal analysis results.

3.1.4. CO2-Thermoprogrammed desorption
Fig. 4 shows the CO2-TPD profiles for the KF/Al2O3 and

CsF/Al2O3 catalysts. They exhibit two desorption ranges. One is
centered at around 100 ◦C and is assigned to the weak basic sites,
and the second one between 400 and 500 ◦C is assigned to the
strong basic sites. The population of the basic sites increased with
the alkaline fluoride loading, and is also dependent on the alka-
line species. CsF/Al2O3 catalysts appeared to be more basic than
(a)

(b)

Fig. 2. Adsorption–desorption isotherms (a) and the pore size distribution (b) for
KF/Al2O3 catalysts.

the KF/Al2O3 ones. The increase of the alkaline fluoride loadings
correspond to a change of the ratios between strong and weak
sites, strong sites becoming dominant. This might be a proof of
the advanced reaction of the superficial alumina with the alkaline
fluorides.

3.1.5. 27Al CP/MAS NMR analysis
27Al CP/MAS NMR analysis led to results in line with XRD mea-

surements. The spectra given in Fig. 5 contain a symmetric line at
∼10 ppm attributed to hexacoordinated aluminum in the parent
mesoporous MSU-type alumina support and a line at ∼0 ppm as-
signed to an aluminum hexacoordinated by fluorine atoms [61,62].
On increasing the KF loadings an increase was observed in both
the intensity of the lines located at ∼0 ppm and at ∼75 ppm. The
latter line has been be ascribed to tetracoordinated aluminum in
K2Al2O4 [63].

3.1.6. XPS characterization
Table 2 contains the binding energies of the Al2p3/2, F1s, K2p/3/2,

and O1s levels. Fig. 6 shows the location of the Al2p3/2 and F1s
levels as a function of the halide loadings. No significant change in
the binding energy of the K2p/3/2 level was found as a function of
the loading of alkaline fluoride which is found to be very close to
those in the parent alkaline fluoride [64]. In contrast, the binding
energies of the Al2p3/2, O1s and F1s levels shifted with the alkaline
fluoride loading.
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The binding energy of the Al2p3/2 in the parent mesoporous
MSU-type alumina support was 74.6 eV in complete agreement
with previous reports [65,66]. Deposition of the alkaline fluorides
led to the appearance of two more species (Fig. 6a). The binding
energy of one feature occurs at around 75.0, 75.8 eV and 75.9,
for LiF, KF and CsF doped materials, respectively. This component
is assigned to K3AlF6 and analogous species [67,68]. The increase
of the KF loadings corresponds to an increase of the population
of this species; however, loadings higher that 20 wt% caused no

(a)

(b)

Fig. 3. XRD patterns of the calcined KF/Al2O3 catalysts (a) and in situ XRD patterns
for the 20 wt% KF/Al2O3 catalyst in the region 2θ 42◦–44◦ during calcining (b);
(∗) AlO(OH) phase and (!) K3AlF6 phase.
change in the binding energy of the Al2p3 that may correspond to
a complete superficial coverage with K3AlF6. A similar trend was
observed for the third component located around 72.5 eV that can
be assigned to aluminum in K2AlO4 and corresponding lithium and
cesium species [69].

The deconvolution of the band assigned to the F1s level indi-
cated two components (Fig. 6b). For the system KF/Al2O3 the first
one was located at ca 682.8 eV and is assigned to fluorine in a
surrounding typical for the KF compound [64,70,71], while that
located at 685.5 eV is assigned to fluorine in the K3AlF6 envi-
ronment [72]. Similarly, for the systems LiF/Al2O3 and CsF/Al2O3,
the first peak located at 684.4 eV and 682.1 eV, respectively, is as-
signed to fluorine in an environment typical for LiF and CsF [70,73],
while that at 685.8 eV and 683.9 eV, respectively, to the Li3AlF6
and Cs3AlF6 environment.

From these results it is clear that, irrespective of the alkaline
metal, the interaction with alumina leads to less basic fluorine
than in the parent alkaline fluoride precursor. However, the charge
transferred from both nitrogen and fluorine seems to be localized
on oxygen that shows a second component with an increased ba-
sicity as compared with the peak contributed from the parent alu-
mina support (Table 2). However, this oxygen should be assigned
to the oxygen belonging to M2AlO4, resulted during the thermal
treatment (Scheme 2) and also detected in XPS from the peak of
the Al2p3/2 located at cca 75.0 eV.

Previous studies dealing with KF/Al2O3 suggested that this sys-
tem owes its basic activity due to the formation of potassium hy-

Fig. 4. The CO2-TPD profiles for the KF/Al2O3 and CsF/Al2O3 catalysts.
Fig. 5. 27Al CP/MAS-NMR spectra of KF/Al2O3 catalysts.



M. Verziu et al. / Journal of Catalysis 263 (2009) 56–66 61
Table 2
Binding energies of the Al2p3/2, O1s, K2p/3/2 and F1s levels.

Catalyst Binding energy (eV)

Al2p3/2 F1s K2p/3/2 O1s

Al2O3 74.6 – – – 532.8 532.2
10 wt% KF/Al2O3 74.6 75.8 73.2 682.8 684.5 292.9 532.8 532.2
15 wt% KF/Al2O3 74.6 75.9 72.4 682.7 684.4 292.9 532.7 532.2
20 wt% KF/Al2O3 74.6 75.6 72.6 682.8 684.5 292.9 532.8 532.2
30 wt% KF/Al2O3 74.6 75.7 72.5 682.8 684.4 292.9 532.7 532.2
10 wt% LiF/Al2O3 74.6 75.7 72.8 684.4 685.8 292.9 532.8 532.5
20 wt% LiF/Al2O3 74.6 75.7 72.7 684.4 685.8 292.9 532.8 532.5
10 wt% CsF/Al2O3 74.6 76.2 72.8 682.1 683.9 292.9 532.7 532.0
20 wt% CsF/Al2O3 74.6 76.2 72.8 682.1 683.9 292.9 532.7 532.0

(a)

(b)

Fig. 6. XPS spectra in the region of the Al2p3/2 (a) and F1s (b) levels.

droxide and potassium hexafluoroaluminate (K3AlF6) during prepa-
ration [74–76]. In the present measurements no evidence for the
existence of KOH was found, but the 27Al NMR and XPS shows ev-
idence which is consistent with the formation of M2AlO4. 19F MAS
NMR measurements led these authors to propose that F− ions
may be the basic sites over KF/Al2O3 catalysts [77,78]. However,
24MF + 2Al2O3(OH)x → 4M3AlF6 + 12MOH
12MOH + 3Al2O3 + 9/2O2 → 6M2AlO4 + 6H2O

Scheme 2. Generation of the active sites on alumina surface.

Fig. 7. Conversion and yield of the transesterification products working under
conventional heating on KF/Al2O3 catalysts with different loadings (reaction tem-
perature 75 ◦C, molar ratio methylic alcohol:sunflower oil 4:1, 2 h, stirring rate
1200 rpm, catalysts activated at 450 ◦C).

by comparing with pure fluorides the basicity of F− ions in K3AlF6
is smaller, while the basicity of oxygen increased. Therefore, these
data may lead to the idea of a cooperative effect between fluorine
and oxygen leading to more basic sites than in the parent alkaline
fluorides.

3.2. Catalytic transesterification

3.2.1. Sunflower oil transesterification under conventional heating
Fig. 7 shows the conversion of sunflower oil and yields to mono

methyl esters and mono and diglycerols on catalysts with different
loadings of KF. Both the conversion and the yields to the reac-
tion products parallel the loading in KF. It should be noticed that
no conversion of the sunflower oil was detected working with
pure support. However, using pure KF under these reaction con-
ditions the activity was almost 50% of those obtained using the
supported 10 wt% KF/Al2O3 catalyst. Higher loadings than 30 wt%
KF completely block the mesoporous pores and provide structures
in which the fluoride does not interact with alumina. These data
demonstrate that working with such a large mesoporous alumina
support provides higher conversions and yields than working with
conventional alumina [50] or metal oxide catalysts [13–15]. The
methanol-to-fatty ester ratio is very close to the stoichiometric one
(in this case 4) that represents further evidence of the superior ac-
tivity of these catalysts as compared with conventional alumina
[50] or typical metal oxides [13–15]. KF/γ -Al2O3 catalysts with
similar KF loadings prepared according to the methodology de-
scribed previously [48,49] led conversions with almost 20% smaller
than the catalysts prepared in this study. Such a behavior is easy to
be correlated with the much small surface area of the KF/γ -Al2O3
catalysts.

The activation temperature, as mentioned above, is important
for the generation of active fluoroaluminate/alkaline aluminate
species. TG/DTA analysis and XRD measurements indicated the for-
mation of potassium hexafluoroaluminate is definitivated 450 ◦C.
This matches the temperature providing the most active catalysts.
Lowering the activation temperature at 350 ◦C corresponds to a de-
crease of the both conversion and yields (Fig. 8).

A significant variation in the activity was observed as a function
of the alkaline fluoride used. LiF led to less active catalysts than
those prepared using KF (Fig. 9), while CsF-based catalysts led to
more active ones (Fig. 8). This is in line with the CO2-TPD results
that indicated CsF-based catalysts as being more basic than the KF-
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Fig. 8. Conversion and yield of the products working under conventional heating
on 20 wt% alkaline fluoride/Al2O3 catalysts as a function of the activation tem-
perature (reaction temperature 75 ◦C, 23 mL sunflower oil, molar ratio methylic
alcohol:sunflower oil 4:1, 2 h, stirring rate 1200 rpm, 250 mg catalyst).

Fig. 9. Conversion and yield of the products working under microwave irradiation on
KF/Al2O3 catalysts with different loadings (reaction temperature 72 ◦C, molar ratio
methylic alcohol:sunflower oil 4:1, 5 min, 1200 rpm, catalysts activated at 450 ◦C).

based catalysts. The activation temperature exhibit the same effect
(Fig. 8).

3.2.2. Sunflower oil transesterification under microwave irradiation
Fig. 9 shows the conversion of sunflower oil and yields to mono

methyl esters and mono and diglycerols on catalysts with differ-
ent loadings of KF under microwave irradiation. Under reaction
conditions identical with those used working in the conventional
autoclave (temperature, molar ratio methylic alcohol:sunflower)
both the conversion and the yields to FAME were complete. Fur-
thermore, under microwave activation, even after 30 min both
the conversion and yields were practically complete irrespective
of the KF loadings. This is a very important advantage of using
this technique, since these reactions do not require high loadings
of the supported fluoride. Shortening the reaction time to 5 min
allows the differences induced by the fluoride loading to be ex-
amined. The KF loading is found to follow the concentration of
the active sites; however, it is noticeable that conversions and
yields higher than 50% are still obtained despite the short reac-
tion times.

In the early studies on microwave-assisted catalysis, the ef-
fect was interpreted as consequence of a non-thermal microwave-
specific effect [79]. Detailed studies have been carried out later
after that indicating that the majority of the reaction rate and
product selectivity enhancements under microwave conditions can
only be attributed to thermal or temperature effects which may re-
Fig. 10. Conversion and yield of the products working under microwave irradiation
on 20 wt% KF/Al2O3 catalyst as a function of the activation temperature (23 mL
sunflower oil, 5 mL methanol (molar ratio sunflower oil to methanol of 1:4), 250 mg
20 wt% KF/Al2O3, 5 min).

Fig. 11. Conversion and yield of the products working under microwave irradiation
on CsF and 20 wt% CsF/Al2O3 catalyst (23 mL sunflower oil, reaction temperature
72 ◦C, molar ratio methylic alcohol:sunflower oil 4:1, 2 h, 1200 rpm, catalyst acti-
vated at 450 ◦C).

sult because of differences between the real reaction temperature
at the reaction sites and the observed average temperature [79].
Many recent studies confirmed that the thermal effects observed
under microwave irradiation conditions are a consequence of the
inverted heat transfer, the inhomogeneities of the microwave field
within the sample and the selective absorption of the radiation
by polar compounds [80]. In agreement with these observations,
the results presented here can be attributed to the formation of
spatial hot spots at higher temperatures than the average tem-
peratures measured using the catalyst under conventional heat-
ing.

The activation temperature has the same effect with those de-
termined under conventional heating (Fig. 10). Samples activated
at 450 ◦C are more active than those activated at lower tempera-
tures.

The replacement of KF with CsF or LiF led to the same results
were found under conventional heating. CsF-based catalysts led to
the same performances as the KF with the same loadings but only
after 1 h (Fig. 11). When one compare the TOFs, CsF-based catalysts
led to almost six-times more active catalysts. However, CsF also
appeared to be more active than KF. LiF-based catalysts also led to
superior results compared with those obtained under conventional
heating conditions (Fig. 12). However, in all cases, the LiF-based
materials were found to be inferior compared with those obtained
using KF- or CsF-based catalysts.
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Fig. 12. Conversion and yield of the products working under microwave irradiation
on LiF/Al2O3 supported catalysts (23 mL sunflower oil, reaction temperature 72 ◦C,
molar ratio methylic alcohol:sunflower oil 4:1, 2 h, 1200 rpm, catalysts activated at
450 ◦C).

Fig. 13. Conversion and yield of the products working under ultrasound irradiation
on KF/Al2O3 catalysts with different loadings (reaction temperature 72 ◦C, molar ra-
tio methylic alcohol:sunflower oil 4:1, 2 h, catalysts activated at 450 ◦C).

3.2.3. Sunflower oil transesterification under ultrasound irradiation
Fig. 13 presents data on transesterification of sunflower oil un-

der ultrasound irradiation on catalysts with different KF loadings.
The results are slightly better than working under conventional
heating conditions but are inferior to those obtained under mi-
crowave irradiation. As mentioned above, ultrasonication was re-
ported to induce a general accelerating effect on heterogeneous
reactions, resulting in high biodiesel yields in a remarkably short
time [28–31]. In our experiments we found this partially true only
compared with conventional heating. But in agreement with data
reported previously [81] the major part of transesterification oc-
curred in the first 30 min of reaction.

In contrast with the experiments carried out under conven-
tional heating or under microwave, under ultrasound the increase
of the KF loadings over 20 wt% led to a decrease in both the con-
version and the yield. This behavior is due to the leaching of KF
(Section 3.4). The results obtained with CsF- and LiF-based cata-
lysts followed the same trends (Fig. 14) with CsF-based catalysts
were the best performing materials and LiF-based catalysts the
least active.

3.3. Transesterification of different fatty acids

Fig. 15 shows the behavior of the 20 wt% KF/Al2O3 catalyst
in transesterification of different fatty acids under microwaves ir-
radiation. Slight differences were observed as a function of the
nature of the vegetable oil. Soybean oil was found to be more
reactive than rapeseed or sunflower one. However, after 30 min
Fig. 14. Conversion and yield of the products working under ultrasound irradiation
on the 20 wt% CsF/Al2O3 and 20 wt% LiF/Al2O3 catalysts (23 mL sunflower oil, re-
action temperature 72 ◦C, 5 mL methanol (reaction temperature 72 ◦C, molar ratio
sun flower oil to methanol of 1:4), 250 mg catalyst, activation temperature 450 ◦C,
2 h).

Fig. 15. Conversion and yield of the products working for different vegetable oils
under microwave irradiation (23 mL vegetable oil, reaction temperature 72 ◦C, 5 mL
methanol (molar ratio vegetable oil to methanol of 1:4), 250 mg 20 wt% KF/Al2O3,
5 min).

Fig. 16. Transesterification of sunflower oil under microwave conditions on 20 wt%
KF/Al2O3 catalyst activated at 450 ◦C (23 mL sunflower oil, 5 mL methanol (molar
ratio sunflower oil to methanol of 1:4), 250 mg 20 wt% KF/Al2O3, 75 ◦C, 2 h).

the conversion was complete for all the vegetable oils stud-
ied.

3.4. Recycling experiments and catalysts stability

The stability and recyclability of these catalysts is a very im-
portant issue. This has been checked determining the perfor-
mance of the recycled catalysts without any reactivation and by
chemical analysis of the FAME looking for the leached elements.
Figs. 16 and 17 show the recycling experiments carried out un-
der microwave irradiation, namely, under the most active condi-
tions.
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Fig. 17. Transesterification of sunflower oil under microwave conditions on 20 wt%
CsF/Al2O3 catalyst activated at 450 ◦C (23 mL sunflower oil, 5 mL methanol (molar
ratio sunflower oil to methanol of 1:4), 250 mg 20 wt% CsF/Al2O3, 75 ◦C, 1 h).

In the case of KF-based catalysts the conversion and the yield
to the products started to decrease after forth run, while for Cs
ones the deactivation was faster, namely, after the third run, al-
though the reaction time was smaller. For the KF-based catalysts
the leaching was analyzed in detail. After the first reaction, the
leaching in Al and K was less than 80 ppm. However, after the
fourth reaction the leaching exceed 1.5% leading to the significant
drop in activity.

In order to check the effect of the reaction conditions on the
leaching, both the reaction time and temperature have been re-
duced. Decreasing the reaction time to 5 min, led to stable cat-
alysts for 6 and 5 runs, for KF and CsF, respectively. Also, the
decrease of the reaction temperature at 30 ◦C was accompanied by
an increase of the catalysts stability to 6 and 5 runs, respectively.
These performances should be related to the smaller catalytic per-
formances under these conditions.

The comparison of the stability of catalysts with a reduced flu-
oride content, namely 10 wt%, also indicated a slight improvement
in the stability. The decrease in the conversion and the yield to
the products started from the 6 and 5 runs, for KF and CsF, respec-
tively, which was accompanied by values >1.2% of leached species.

3.5. General assessments

Both textural and structural characterization data and catalytic
properties suggest that the properties of this system are closely
related to the property of the support. MSU-type alumina is pro-
viding a highly stable surface area that made these catalysts better
than the previously reported alkaline fluoride/Al2O3 catalysts. The
characterization data confirmed the basic properties of these ma-
terials.

Corroborating data provided by the characterization techniques
have been used in this study (CO2-TPD, XRD, 27Al CP/MAS NMR,
and XPS) we propose the structure presented in Scheme 3 as a
catalyst model. The basic site is the oxygen in the close proximity
to fluorine. The basicity of fluorine is smaller than in the parent
fluoride, while that of oxygen is stronger than that in the alumina
support. The role of the cation is determinant in generating this
basicity, cesium leading to a more basic oxygen than potassium
and lithium, respectively.

In a very good concordance with this model, the transesterifi-
cation of the investigated vegetable oils followed the same order
CsF-based catalysts being more active than KF and LiF ones.

Typically the basicity of the alkaline fluoride/Al2O3 system is
higher than that provided by MgO, CaO or hydrotalcites and also
the stability of this catalyst is higher. By associating the higher
loading of alkaline fluoride with the increased sensibility this sys-
Scheme 3. The catalyst model.

tem is generating a much better heterogeneous basic catalyst for
such reactions.

It is difficult to compare results obtained at different temper-
atures. Therefore the results discussed in this study using con-
ventional heating, microwave activation and ultrasound irradiation
were carried out at very close temperatures in order to overcome
this difficulty. Although the mechanism through which the acti-
vation is achieved using these activation procedures is different
keeping close the temperature of the reaction vessel eliminates ad-
ditional artifacts in interpretation of the results.

There are many examples showing that microwave irradiation is
a suitable procedure to activate organic reactions carried out with
heterogeneous catalysts and in the absence of a solvent. Cativiela
et al. reported that in heterogeneous catalytic reactions carried
out under microwave activation, only the reaction rate is changed
with little change in the selectivity of the reaction observed [82].
Therein, this behavior was ascribed to the difficulty in achieving
homogeneous activation by conventional heating of the catalyst
due to its refractory nature while this problem can be solved by
the use of microwave ovens. More recent studies [83] based on
experimental and rigorous fundamental models consider that the
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increase in the reaction rate is caused by a temperature rise in
hot spots. This occurs in all process intensification methods which
utilize a combination of microwaves and heterogeneous catalysis,
irrespective of the contact time, and is directly connected with
the intrinsic properties of the heterogeneous catalyst as shown
by Cativiela et al. [82]. Ultrasound activation occurs via a differ-
ent mechanism. Andreev [84] reported that the ultrasound irradia-
tion increases the effectiveness of a catalyst in the form of porous
granules by artificially changing the activity profile of a catalytic
reaction proceeding under non-steady-state conditions. Ultrasound
generates non-uniform concentration and temperature fields with
time in the reaction mixture leading to activation and, in some
cases, deactivation of the catalytic active center.

4. Conclusions

The deposition of alkaline fluorides on the alumina surface gen-
erates fluoroaluminates and aluminate species. The process starts
at low temperatures and is definitivated at 400 ◦C. Fluorine in
these structures is less basic than in the parent fluorides, but the
oxygen becomes more basic. Therefore, the active site is thought to
be the consequence of the cooperation between the fluorine and
oxygen.

Using mesoporous MSU-aluminas provides large surface that al-
low the deposition of high loadings of alkaline fluorides. They are
very active and efficient catalysts for transesterification of fatty es-
ters with methanol at low temperatures using near stoichiometric
amounts of methanol.

Recycling experiments showed that these catalysts are very sta-
ble for a limited number of cycles and do not require any inter-
mediate activation. Leaching of the active species depends on the
reaction temperature.
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