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ABSTRACT. The potential of zinc fluorides with different molar ratios of Zn/F was applied as a solid catalyst in the simulta-

neous reaction of transesterification and esterification of crude palm oil (CPO) for biodiesel production. These materials were

prepared by the fluorolytic sol-gel technique with different fluorine contents. The resulting samples were investigated using

elemental analysis, XRD, FT-IR, TG/DTG, N2 physisorption measurements and SEM. The results exhibited that the presence

of fluorine strongly affected the catalytic activity in the biodiesel production. The catalysts with smaller fluorine contents (≤1)

showed the best performance in all of the observed samples, yields from 92.94 to 89.95, 87.38 and 85.21% with increasing

fluorine contents, respectively. The yield toward the formation of biodiesel depended on the phase and particle sizes of cata-

lysts, but it was not influenced by surface area, pore size, and volume of the samples. The recovered catalyst showed a grad-

ual decrease in activity over three cycles of same reactions. 
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INTRODUCTION

In the past years, biodiesel became one of the most
attractive alternatives to fossil fuels because it exhibited
some advantages such as high biodegradability, nontox-
icity, renewability, higher flash point, high octane num-
ber, and good lubricity.1 Due to environmental issues such
as air pollution and global warming associated with the
burning of fossil fuels, the demand for biodiesel as a
replacement for petroleum-based fuels has increased.2

Biodiesel, that is, alkyl esters of long chain fatty acids could
be obtained through catalytic transesterification reactions
of renewable feedstocks such as vegetable oils or animal
fats with alcohol in the presence of a base catalyst.3 

Base catalysts such as NaOH or KOH inhomogenous
phase were widely used in industrial scale for the production
of biodiesel because of their higher catalytic activity than
acid catalysts.4-5 However, the base catalysts are suscep-
tible to triglycerides containing high free fatty acids (FFA)
and water. The existence of FFA and water caused soap
formation, damaging the catalytic activity. Therefore, acid-
catalyzed reactions are suitable for the vegetable oils con-
taining higher FFA and water since acid catalysts are robust
against FFA, a constituent of renewable feedstocks.6 In fact,
many types of homogeneous acid catalysts such as H2SO4,
HCl and H3PO4 are used in the biodiesel production.7,8

Nevertheless, these catalysts tend to show lower activities
and thus require a longer reaction time. Moreover, the
acid-catalyzed reactions get the drawback of being highly
corrosive. Therefore, the use of solid acid catalysts in het-
erogeneous phase for the production of biodiesel can be an
alternative to minimize harmful impact on the environ-
ment.9

Since solid acid catalysts in the biodiesel production
was less corrosive, reusable, and water-tolerant,10 they were
applied for biodiesel production in a one-step process,
known as the simultaneous reaction of transesterification
and esterification. Many researchers reported the success-
ful replacement of conventional homogeneous system by
heterogeneous catalysts like ion-exchange resins, Amberlyst-
15 and Nafion,11,12 zirconium based catalysts,13,14 heteropoly
acids,15,16 and zeolites.17,18 However, these catalysts showed
some disadvantages such as the inactivity under high-tempera-
ture reactions (resin), mass transfer limitation and deac-
tivation (zeolite), and loss of activity in polar solvents due
to high solubility (heteropoly acid).

Recently, fluoride-based material like magnesium flu-
oride has been used as a solid catalyst in some reactions
such as synthesis of vitamin E,19 vitamin K,20 benzylation
of benzene,21 and acetylation of glycerol.22 The performance
of this material is known to be associated with the struc-
tures, surface areas, tuneable acidity and mesopore sizes.23
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Since magnesium fluoride exhibited high catalytic per-
formance of in various reactions, zinc fluoride can be sug-
gested as an attractive alternative due to its structural
similarity to magnesium fluoride. Additionally, the prop-
erties of Mg and Zn ions are proportional to each other in
the oxidation state and ionic radii.24

Consequently, we here report the synthesis, character-
isation, and application of zinc fluorides having different
Zn/F ratios as a heterogeneous catalyst for production of
biodiesel. They were synthesized according to the fluo-
rolytic sol-gel method using 48% aqueous HF. The molar
ratios of Zn/F of the samples could be adjusted by the var-
ious 48% aqueous HF from 0.5 to 2. Furthermore, all sam-
ples obtained from the sol-gel method were characterized
by X-ray diffraction, FT-IR, TG/DTG, N2 adsorption-desorp-
tion, and SEM to get information about the crystal structure,
chemical bonding, thermal behavior, surface area, porosity,
and morphology of the samples.

The performance of the resulting samples with different
Zn/F molar ratios were tested as a heterogeneous catalyst
in the production of biodiesel via the simultaneous reac-
tion of transesterification and esterification between crude
palm oil (CPO) and methanol. The activity of the catalyst
was calculated based on the biodiesel obtained. More-
over, to evaluate the durability or lifetime the catalyst, the
same catalyst was used under absolutely equal reaction con-
ditions. 

EXPERIMENTAL

Synthesis of catalysts

The zinc fluorides with different molar ratios of Zn/F
were synthesized by a sol-gel method. In the first step, zinc
acetate, Zn(CH3COO)2·2H2O (99.98% powder) was dis-
solved in methanol. Then the amount of aqueous hydro-
fluoric, 48% wt.-HF was added and stirred at about 400
rpm. The stoichiometry of the zinc fluoride phases can be
easily adjusted by the molar proportion of HF, which was
varied between. The produced sol or gel was aged for 12 h
and then the solvent was removed under vacuum. Finally,
the resulting materials were dried under vacuum for 5 h at
70 °C.

Characterization of catalyst

The elemental analysis (C, H, N contents) were deter-
mined using a CHNS analyser. The fluoride content was
determined by means of ion chromatography with con-
ductivity detector. The zinc contents of the materials were
determined by the ICP-OES. The XRD patterns of the

materials in this work were obtained using a Philips X-Pert
X-ray diffractometer (λ = 1.54056 Å) at 2θ = 20-80°. The FT-
IR spectra of the samples prepared by a sol-gel technique
were recorded on a Shimadzu spectrometer equipped with
KBr windows in the range of 4000-400 cm-1. The thermal
analysis (TG/DTG) was performed in N2 atmosphere with
a METTLER TOLEDO apparatus fitted with a Pt/PtRh10
thermocouple. The porosity characteristics of the powder
were examined by the N2 adsorption-desorption isotherms
measured on a Micromeritics Quantachrome Instrument.
The SEM images of all samples were obtained using ZEISS
EVO MA 10. The biodiesel obtained from the catalytic
reactions was analyzed with an HP6890 GC chromato-
graph equipped a FID detector: oven temperature = 140 °C,
injector temperature = 200 °C and detector temperature =
250 °C.

Catalytic tests

The performance of the samples obtained from a sol-gel
method was evaluated by the simultaneous reaction of
transesterification and esterification between CPO and
methanol in a Teflon-lined autoclave. First, the reactor was
charged with 10 g of CPO and 48 mL methanol, which
corresponds to a 1:30 molar ratio of CPO/methanol, and
0.5 g catalyst (5% of CPO). Then, the reaction mixture was
heated at 150 °C (oil bath) under constant stirring (600 rpm)
for 5 hours. After that, the mixture was cooled to room
temperature, and the catalyst was separated by centrifu-
gation. The residual methanol was removed with a rotary
evaporator and methyl esters was analyzed by gas chro-
matography (GC). The biodiesel yield was calculated using
the equation employed by Li et al.25

In this work, the lifetime or durability of the catalyst was
essential. Therefore, to study the stability of the catalyst,
the simultaneous reaction of transesterification and ester-
ification between CPO and methanol was conducted under the
same reaction conditions and catalyst: CPO to methanol
molar ratio of 1:30 at temperature 150 °C for 5 hours with
0.5 g catalyst and stirring speed 600 rpm. After the reac-
tion finished, the catalyst was separated and washed with
ethanol, acetone, and distilled water to remove impurities, and
used for the subsequent runs. 

RESULTS AND DISCUSSION

The results of elemental analysis (wt %), respective
composition of zinc fluoride synthesized with the 48 wt %
HF and various molar ratios of Zn/F are summarized in
Table 1. The theoritical elemental contents for Zn and F in
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ZnF2 are 63 and 37%, respectively.26 Although various
molar ratios of Zn to F were applied in the sol gel syn-
thesis, the F contents in the resulting samples were lower
than that pure ZnF2. As given in Table 1, the carbon con-
tent decrease with the increasing of HF, showing the com-
plete hydrolysis of zinc methoxide by water, especially
zinc fluoride with molar ratios of Zn/F = 1:2. Based on the
the mass percentages of Zn, F, C, and H in the prepared
samples, the final composition of these materials corre-
sponds to the equivalents of HF used for the synthesis as
presented in Table 1.

The X-ray diffraction patterns of the zinc fluoride phases
with different molar ratios of Zn/F are displayed in Fig. 1.
The XRD patterns for samples with various Zn/F ratios
show, expectedly, the diffraction of pure ZnF2 (peaks at 2θ
= 26.69°, 34.39°, 39.88°, 52.98° and 61.92° indicated by
♦). Interestingly enough, even the phase with the nominal
composition of Zn/F ratios (1:1.5) still adapts the structure
of pure ZnF2 as was also observed for the Mg(OH)2-xFx-sys-

tem. Starting with the nominal composition Zn/F (1:1), in
addition to the ZnF2 peaks, which still are present, typical
peaks for Zn acetate appear at 2θ = 22.83 and 24.19 (marked
with ♠). These peaks slightly developed further for the
nominal sample Zn/F ratios (1:0.5). Thus, the XRD patterns of
these samples prepared by the sol-gel method indicate the
dominating presence of the ZnF2-structure type over a
wide range (Zn/F<1), only with lower F-stoichiometries
(Zn/F>1) additional reflections of the Zn acetate structure
type become visible.

The Fourier transform infrared (FT-IR) investigations
are in line with the XRD results. Fig. 2 shows the FTIR
spectra of zinc fluorides with different Zn/F ratios. The bands at
3000-3700 cm−1 present adsorbed H2O molecules and
bridging OH groups as well. The existence of adsorbed
water is also shown by the spectral bands located at 1640
and 790 cm−1, respectively. Moreover, the band at 3711 cm−1

demonstrate nonbridging OH groups. Expectedly, it decreases
with increasing fluorine contents. Based on the FTIR
results, the presence of Zn-OH moieties in all samples has
been verified. The bands about 1563, 1453, 702 and 615 cm−1

are attributed to acetate groups, and these bands decrease
with higher F-stoichiometries (Zn/F<1). The spectra located
about 1030 and 950 cm−1 in resulting materials indicate
the stretching vibration of C-O and C-C bonds. These spectra
decrease with increasing fluorine contents. This result shows
that zinc fluoride with a different molar ratio of Zn/F (1:2)
does not have residual acetate groups or methanol. The Zn-F
bond is well characterized by the band at 418 cm−1.

The thermal behavior of the samples, especially the effect
of fluorine is examined by TG/DTG. The TG/DTG curves

Table 1. Result of elemental analyses of samples prepared with
48 wt % HF and different Zn/F ratios

Zn/F ratios
Element (%)

Zn F C H

1:0.5 48.98 5.79 12.81 5.62

1.1 40.46 11.06 18.40 1.85

1:1.5 50.25 20.81 11.67 1.05

1:2 50.25 28.87 2.50 1.40

*Calculated composition: Zn0.75F0.30(CH3COO)0.53(OH)0.66(H2O)1.20: Zn =

48.98%, F = 5.79%, C = 12.81%, H = 5.62%; Zn0.62F0.58(CH3COO)0.66(CH3OH)0.21

(H2O)0.46 : Zn = 40.46%, F = 11.06%, C = 18.40%, H = 1.85%; Zn0.77F1.10

(CH3COO)0.44(CH3OH)0.09(H2O)0.08 : Zn = 50.25%, F = 20.81%, C = 11.67%,

H = 1.05%; Zn0.77F1.52(CH3OH)0.21(OH)0.02(H2O)0.66 : Zn = 50.25%, F =

28.87%, C = 2.50%, H = 1.40%.

Figure 1. XRD patterns of zinc fluorides with different Zn/F ratios.

Figure 2. FT-IR spectra of zinc fluorides with different Zn/F
ratios.
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of zinc fluoride with different Zn/F ratios are presented in
Fig. 3 (I and II). As shown in Fig. 3, TG/DTG curves
demonstrated that all materials obtained from the sol-gel
method have the similar destructive phase, except pure
ZnF2. The TG curve in Fig. 3I. indicates two distinct tem-
perature regions of mass losses. The first temperature zone
between 80 and 100 °C is associated with the removal of
physisorbed water and traces of adsorbed methanol. In the
temperature between 250 and 320 °C, both a significant
thermal decomposition and release of acetate groups took
place. The sample with a molar ratio of Zn/F (1:2) does not
contain any unconverted acetate groups. Hence, no mass
loss in the temperature between 250-320 °C occurs. Expect-
edly, all samples with under-stochiometric F-containing
phases exhibit two decomposition regions characterized
by water release (adsorbed H2O and/or OH-condensation) and
decomposition of unconverted acetate groups at a higher
temperature. Thus, these results are in line with those deduced

from XRD and FTIR investigations. Decomposition and
removal of HF were not observed, indicating that the Zn-F
bonds in these materials are thermally robust.

The influence of the amount of fluorine on the surface
area(BET) of the resulting samples is displayed in Fig. 4.
Based on the N2 adsorption-desorption results, the surface
area ( ) increases with increasing fluorine contents. How-
ever, by adding fluorine contents ≥1.5, the surface area of
sample decreases. All samples show the relatively small
surface area of 30 m2/g. However, these materials are very
active as heterogeneous catalysis for biodiesel production
(will be explained in the catalytic test). The decreasing of
surface area(BET) is caused by the reduction of OH groups
and methoxide residue of the samples. Not only the sur-
face area but also the average pore size ( ) and volume
( ) can also be calculated from the N2 adsorption-desorp-
tion as described in Fig. 4. Contras of surface area, in Fig. 4
shows that the average pore size decreases with increas-
ing fluorine contents, but by adding fluorines ≥1.5, the
pore size of these samples increases. Moreover, pore volume
increases with increasing fluorine contents. The decreasing
of average pore size is always accompanied by an increase
of surface area of the sample. The average pore size of the
resulting materials about 27.97-50 nm, while its pore vol-
ume ranges from 0.14 to 0.26 cm3/g, which lies in the mes-
opore range (≤50 nm). It is clear that there are smaller
pores in all samples.

The porosity of the resulting materials was measured by
N2 adsorption-desorption. All samples have the same iso-
therm as shown in Fig. 5. The adsorption of nitrogen mol-
ecules begins to occur at P/P0 from 0 to <0.1. Interaction

 

 

 

Figure 3. TG (I) and DTG (II) curves of zinc fluorides with dif-
ferent Zn/F ratios. 

Figure 4. Surface area(BET) ( ), average pore size ( ) and vol-
ume ( ) of zinc fluorides with different Zn/F ratios

.
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of nitrogen molecules adsorbed in the pores appears at P/
P0 about 0.4 that face each other, while at higher pressure
(P/P0 about 1), the isotherm curves rise sharply. This indi-
cated that the pressure of the nitrogen molecules adsorbed
is very large. Furthermore, at the pressure where desorp-
tion begins, the isotherm curves show hysteresis because
of the capillary condensation of nitrogen molecules. Based on
the IUPAC classification, the N2 adsorption-desorption
isotherms in Fig. 5 show the mesoporous features. With
increasing fluorine contents, the isotherm curves are sim-
ilar to that for the sample with lower fluorine content. The
samples have typical II Brunauer isotherms that show the
presence of macroporosity with a type H3 hysteretic loop.
According to Mikhail and Robens, an H3 hysteretic loop
is indicative of non-uniform pores. However, All samples
present various porous characteristics as described in Fig. 4,
which lies in the mesopore range (≤50 nm).

The scanning electron microscopy (SEM) was performed

to investigate the topography and texture of resulting sam-
ples. Fig. 6 shows the images of these samples synthesized
from sol-gel technique with different fluorine contents. It
can be seen that the morphology of the synthesized sam-
ples is dissimilar from that of the sample with lower fluorine
content. The shape of the particles reveals the uniform and
more homogeneous with increasing fluorine content. The
particle shapes also change from spired to more spherical
with increasing fluorine contents. Furthermore, the greater of
fluorine content, the larger of particle size. This result shows
that the presence of fluorine can increase particle size. The
particle size of these samples ranges from 50-100 nm. 

The simultaneous reaction of transesterification and
esterification between CPO and methanol for production
of biodiesel was employed as a probe reaction to inves-
tigate the effect of fluorine contents. The reaction was evalu-
ated under the same condition. Based on the previous
experiment, the higher yield of biodiesel resulted from the

Figure 5. The N2 adsorption-desorption isotherms and the pore size distribution curves of zinc fluorides with different Zn/F ratios. 
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optimum condition (1:30 molar ratio of CPO/methanol at
150 °C under stirring speed 600 rpm for 5 h with catalyst/
oil mass ratio of 5 wt %). Therefore, these parameters were
used and the results are presented in Fig. 7. In summary,
the catalytic activities of these four samples are dissimilar.
The sample with a lower fluorine content demonstrates the
highest biodiesel yield of 92.94%, but the yield of bio-
diesel decreases to 89.95, 87.38 and 85.21% with increas-

ing fluorine contents, respectively. By adding fluorine
contents ≥1.5, the catalysts come to have the larger pore
size and volume (more abundant of mesopores), but the
surface areas of these samples decrease. However, the larger
pore size and volume of the samples with fluorine ≥1.5
cannot have sufficient contact between CPO and metha-
nol because of their small surface areas.

Moreover, based on the data shown in Fig. 4, it shows
that the sample with the lower fluorine content has the
smallest surface area, pore size and volume when com-
pared to other samples but it has the highest biodiesel yield.
That is, the catalytic activity of the materials could not be
related to surface areas, average pore size and pore vol-
ume. The XRD and SEM results imply that the samples
with lower fluorine contents would have the best catalytic
activity due to the active phase structure and the smaller
particle sizes. The sample with lower fluorine contents (≤ 1)
has an amorphous phase, which is more advantages than a
crystal phase for biodiesel production. The amorphous
phase and smaller particle size can provide more dispersed
active sites, which helps to increase the contact between
the active sites and reactants. In fact, the catalytic activity
of the amorphous phase is better than the crystalline.

The reusability of the catalyst was also evaluated. After
each reaction cycle, the used catalyst was recovered by

Figure 6. SEM images of zinc fluoride with different Zn/F molar ratios.

Figure 7. The catalytic activity of zinc fluoride with different
Zn/F ratios.
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centrifugation and washed with ethanol, acetone and dis-
tilled water. As shown in Fig. 8, the yield of biodiesel
decreases over three runs from 92.94 to 60.88%, partly
ascribed to a catalyst loss during the recovery process. In
addition, the impurities such as fatty acid and byproducts
such as glycerol might have blocked the pores of the catalyst.

CONCLUSION

The zinc fluorides with different molar ratios of Zn/F
have been successfully synthesized by sol-gel processes
and applied as a heterogeneous catalyst for the biodiesel
production through simultaneous reactions of transester-
ification and esterification between CPO and methanol.
The molar ratios of Zn to F can be easily controlled by
simply adjusting the molar ratio of precursors of Zn ace-
tate and 48 wt % HF. The catalysts with lower fluorine
contents (≤1) showed the best performance in all of the
observed samples, with the product yield from 92.94,
89.95, 87.38 and 85.21% with increasing fluorine contents,
respectively. The yield of biodiesel depends on phase and
particle sizes of catalysts, but it is not correlate to surface
area, pore size and volume of the materials. 
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