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Synthesis of biodiesel from soybean oil using heterogeneous KF/ZnO
catalyst
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Biodiesel was produced by transesterification of soybean oil with methanol using ZnO loaded with KF as a solid base catalyst.
It was found that the catalyst with 15 wt.% KF loading and calcined at 873 K showed the optimum activity. XRD, IR and
Hammett indicator method were employed for the catalyst characterization. The results showed the activity of the catalysts was
correlated with their basicity. The influence of various reaction variables on the conversion was also discussed.
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1. Introduction

Over the past couple of decades alternative fuels for
diesel engines are becoming increasingly important due
to the limited resources of fossil fuel, increasing prices of
crude oil and environmental concerns [1]. Methyl esters
of fatty acids, better known as biodiesel, are nontoxic,
biodegradable and an excellent substitute for conven-
tional diesel fuels. The energy content, cetane number
and viscosity of biodiesel are similar to those of petro-
leum-based diesel fuel. Moreover, biodiesel is essentially
sulfur-free and the engines fueled by biodiesel emit sig-
nificantly fewer particulates, unburnt hydrocarbons and
less carbon monoxide than operating on conventional
diesel fuels [1-3].

Methyl esters of fatty acids are usually produced by
transesterification of triglyceride to methyl esters using
sodium or potassium hydroxide dissolved in methanol
as homogeneous catalysts; however, in this conventional
method removal of these catalysts is technically difficult
and a large amount of waste water was produced to
separate and clean the catalyst and the products [4-6].
Therefore, for the development of an environmentally
benign process and the reduction of the production cost,
a new process using heterogeneous catalyst should be
introduced. Heterogeneous catalysts could improve the
synthesis methods by eliminating the additional pro-
cessing costs associated with homogeneous catalysts and
minimizing the production of pollutants. Many different
heterogeneous catalysts have been developed to catalyze
the transesterification of vegetable oils to prepare fatty
acid methyl esters. For example, modified zeolites,
anionic clays (hydrotalcites-like), calcium carbonate
rock, EST-4, Li/CaO andNa/NaOH/y-Al,O; have been
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found to be efficient heterogeneous catalyst for transe-
sterification of vegetable oils with methanol [7-12].
However, they are quite expensive or complicated to
prepare or sensitive to water and acid, which limited
their industrial application. Thus, it is desirable to find
more efficient and cheap catalysts for transesterification
of triglyceride with methanol in the application of
commercial production.

It has been reported that KF-loaded alumina (KF/
Al,O3) shows an efficient solid base catalyst for pro-
moting versatile chemical transformations, such as the
Micheal addition, N-, O- and S-alkylation reactions, the
Knoevenagel condensation, aldol condensation, Wit-
ting—Horner reactions and alkene isomerization [13-19].
To the best of our knowledge, there is no open literature
concerning the solid base of ZnO loaded with KF (KF/
ZnO). In this work, KF/ZnO heterogeneous base cata-
lyst was firstly adopted for the production of biodiesel.
The catalytic efficiency in this reaction was studied
regarding the conversion of soybean oil to methyl esters.
XRD, IR, DTA-TG and Hammett indicator method
were employed for the catalyst characterization. Besides,
the effect of reaction variables such as the ratio of
methanol to oil, the reaction time and the catalyst
amount on the conversion to methyl esters was investi-
gated. Furthermore, a correlation between the basicity
of the catalysts and their catalytic activity towards the
transesterification of soybean oil was also proposed.

2. Experimental
2.1. Catalyst preparation

Zinc oxide used as a support was obtained from
Luoyang Chemical Regent Factory (Luoyang, China).
The supported catalyst was prepared by an impregna-

1011-372X/06/0200-0053/0 © 2006 Springer Science+Business Media, Inc.



54 W. Xie and X. Huang/Synthesis of biodiesel from soybean oil using KF|ZnO catalyst

tion method with an aqueous solution of an alkali metal
compound. The resulting solid was dried under air for
24 h at 393 K. Prior to the reaction, the catalysts thus
obtained were calcined at desired temperatures (typi-
cally at 873 K) in air for 5 h. Unless otherwise noted,
the alkali metal salts of 15 wt.% were loaded on ZnO.

2.2. Catalyst characterisation

Basic strength of the solid bases (H_) was determined
by using Hammett indicator. About 50 mg of sample
was shaken with appropriate volume of a methanol
solution of Hammett indicator and left to equilibrate for
2 h after which no further color changes were observed.
The base strength is quoted as being stronger than the
weakest indicator which exhibits a colour change, but
weaker than the strongest indicator that produces no
change. In these experiments, the following Hammett
indicators were used: dimethylaminoazobenzene
(H_=3.3), phenolphth (H_=8.2), 24-dinitroaniline
(H_=15), nitroaniline (H_=18.4) and 4-chloroaniline
(H_=26.5). To measure the basicity of the catalysts, the
method of Hammett indicator—benzene carboxylic acid
(0.02 mol/L anhydrous methanol solution) titration was
used [20-22]. The Hammett indicator method can give
qualitative information of the basic properties of the
solid catalysts. Otherwise, it should always be consid-
ered that diffusion problems of the indicator molecules
into the micropores might occur [23]. Nevertheless, the
basicities obtained by using Hammett indicator method
are in good agreement with the catalytic findings.

XRD patterns of the samples were recorded on a
Rigaku D/MAX-3B powder X-ray diffractometer with
the Cu Ko radiation using an acceleration voltage of
40 kV and a current of 20 mA, over a20 range of 3-70°
at a scanning speed of 5°/min. The data were processed
with the DiffracPlus software. The phases were identi-
fied using the Power Diffraction File (PDF) database
(JCPDS, International Centre for Diffraction Date).

Thermal decomposition of the KF/ZnO sample was
evaluated by thermogravimetric analysis (TG) and dif-
ferential thermal analysis (DTA) carried out on a Shi-
madzu DT-40 instrument operating under a flow of air
at a 10 K/min heating rate up to 1183 K.

KBr pellet technique was applied for determining IR
spectra of the samples. Spectra were recorded on a
Shimadzu IR-Prestige-21 spectrometer with 4 cm™" res-
olution. The scanning range was from 400 to 4600 cm™"

2.3. Transesterification procedure

Commercial edible grade soybean oil was obtained
from market and was refined again to reduce free fatty
acid and water content any further. The fatty acid
composition consisted of, palmitic acid 12.3%, stearic
acid 5.8%, oleic acid 26.5%, linoleic acid 49.4% and
linolenic acid 5.9%, according to GC (Shimadzu DC-
9A) analysis [24]. The acid value was less than 0.1 mg

KOH/g, and the average molecular weight of 874 g/mol
was calculated from the saponification value
(S, =193 mg KOH/g).

A 250 mL one-necked glass flask with a water-cooled
condenser was charged with 16.0 g (18.3 mmol, calcu-
lated from the average molecular weight of soybean oil)
of soybean oil, 5.87 g of anhydrous methanol and an
appropriate amount of catalyst. The mixture was vig-
orously stirred and refluxed for the required reaction
time. After the transesterification reaction finished, the
mixture was filtered and the residual methanol was
separated from the liquid phase via rotary evaporation.

For NMR analysis, the reaction mixture, after com-
plete separation of methanol, was washed three times
with a saturated aqueous NaCl solution for removal of
the formed glycerin. The separated organic phase was
dried with anhydrous MgSO, and, then submitted to
NMR analysis (Bruker, DPX-400) in CDCl; using TMS
as internal standard. The conversion of the soybean oil
to methyl esters was determined by the ratio of the
signals at 3.68 ppm (methoxy groups of the methyl
esters) and 2.30 ppm (a-carbon CH, groups of all fatty
acid derivatives) as described by Gelbard [25].

3. Results and discussion

3.1. Catalytic activities of ZnO loaded with potassium
compounds

Table 1 summarizes the basic strength of various
ZnO-supported catalysts, which were prepared by
loading 15 wt.% potassium compounds on ZnO fol-
lowed by calcination at 873 K. The parent ZnO was
acidic and converted the color of dimethylaminoazo-
benzene (H_=3.3) from yellow to red. After the loading
of KF, KOH and K,COj; and their calcination at higher
temperature, the modified ZnO samples exhibited a high
base strength regardless of the kinds of potassium salts.
They could change the color of 2,4-dinitroaniline
(H_=15) from yellow to mauve, but failed to convert 4-
nitroaniline (H_=18.4) to its conjugate base form, and
therefore their base strength could be tentatively deno-
ted as 15.0<H_<18.4. According to the definition of
Tanabe [21], these samples can be regarded as strong
bases. Besides, the main basic sites with H_ in the range
of 9.8-15.0 and the other basic sites with H_ in the range
of 7.2-9.8 were observed (data not shown), thus sug-
gesting that the catalysts contain different types of sur-
face basic sites as far as the basicity is concerned.

The transesterification reaction was carried out over
the solid base catalysts with a molar ratio of methanol to
soybean oil of 10:1 at reflux of methanol for 9 h, and the
conversions of soybean oil are listed in table 1, in which
are also included the basicities of the catalysts measured
by Hammett indicator method. ZnO and KF, when
separately used, showed no catalytic activity, while the
KF/ZnO sample exhibited a high catalytic activity for



W. Xie and X. Huang/Synthesis of biodiesel from soybean oil using KF|ZnO catalyst 55

Table 1
Catalytic activities and basic properties of various solid bases

Catalysts Conversion of Basic Basicity
soybean oil (%) strength (H_) (mmol/g)
KF/ZnO 87 15.0-18.4 1.62
KOH/ZnO 82 15.0-18.4 1.47
K,CO3/ZnO 74 15.0-18.4 0.99

the reaction. Thus it is essential to support KF on ZnO
followed by calcination at high temperature to generate
catalytic activity, suggesting that the active sites are
possibly generated by the reaction of KF with the sur-
face ZnO. Among the catalysts examined, KF/ZnO and
KOH/ZnO exhibited high activities; the conversions
exceeded 80% for these catalysts. K,CO3/ZnO exhibited
moderate activity giving a conversion of 74%, though it
is a strongly basic catalyst. In regard to basicity, when
potassium salts was loaded on the surface of ZnO, the
basicity of the modified ZnO increased significantly. In
particular, the order of catalytic activity KF/ZnO > -
KOH/ZnO > K,CO5/ZnO for theses three catalysts
corresponded to their relative basicity as shown in
table 1. By drawing on the results, it seems that there is a
relationship between the catalytic activity and the
intrinsic basicity of the catalysts for the reaction, and
due to this, the higher activity may be responsible for the
higher basicity.

Ando et al. stressed the importance of coordinatively
unsaturated F~ ions for the catalytic activity of KF/
Al,Oj3 catalyst, though they did not deny the participa-
tion of the hydroxide species [26]. Our experimental
results showed that the catalytic activities of KOH/ZnO
and K,CO3/ZnO were lower than that of KF/ZnO,
implying that the catalytic activity of KF/ZnO could be
probably associated with F~ ions rather than O®~ ions,
which may be catalytically active sites on KOH/ZnO
and K,CO3/ZnO.

3.2. Influence of the amount of KF loaded on support

Table 2 shows the dependence of the catalytic activity
of KF/ZnO on theloading amount of KF for the reaction.
The transesterification reaction conditions are the same as
described above. As expected, the parent ZnO has no or
very weak catalytic activity with a conversion of 1.8%
under the reaction conditions, most likely owing to its
lack of strong basic sites on which the transesterification
occurred. However, the basicity of the catalysts together
with their catalytic activity was increased significantly
when ZnO was loaded with KF and was activated at high
temperature. Moreover, as illustrated in table 2, the
conversion was increased with increasing the amount of
KF loaded on ZnO, accompanied with the increase in the
basicity of the catalysts. A maximum conversion of 87%
and the highest basicity of 1.47 mmol/g were obtained at

Table 2
Influence of loading amount of KF on the basicity and soybean oil
conversion over KF/ZnO catalysts

Entry Amount Conversion of Basicity (mmol/g)
of loaded soybean oil (%)
KF (%)

1 5 58 0.79

2 10 76 1.02

3 15 87 1.47

4 20 83 1.40

15 wt.% KF loading. However, further increase of the
loading amount of KF beyond 15 wt.% led to the
decrease in the resulting basicity of the composite and
thus caused a decrease in the oil conversion as seen in
table 2. On the basis it is very likely that the higher
amount of KF loading may result in agglomeration of
active KF phase occurred during calcination and/or the
cover of basic sites by the exceeded KF, and hence lower
the surface areas of active components and lower the
catalytic activity; but a further investigation is needed to
explore the mechanism in detail.

3.3. Influence of calcination temperature

As described earlier, the catalytic activity of KF/
Al,Oj3 catalyst depends very much on the calcination
temperature [27]. Therefore, we also investigated the
dependences of the catalytic activity of KF/ZnO on the
calcination temperature for the transesterification reac-
tion. The transesterification was carried out under the
same conditions as mentioned above, and the results are
listed in table 3. Obviously, the catalytic activity
strongly depended on the calcination temperature. As
shown in table 3, the conversion to methyl esters
increased from 42 to 87% with increasing calcination
temperature from 378 to 873 K and reached its maxi-
mum value (87%) at around a calcination temperature
of 873 K. This results show that high-temperature cal-
cination is essential for obtaining the high catalytic
activity. However, the conversion gradually decreased as
the calcination temperature increased beyond 873 K. A
similar dependence of the catalytic activity of KF/Al,O3

Table 3
Influence of calcination temperature on the basicity and soybean oil
conversion over KF/ZnO catalysts

Entry calcination Conversion of Basicity
temperature (K) soybean oil (%) (mmol/g)
1 378 42 0.81
2 673 59 0.93
3 773 68 1.08
4 873 88 1.47
5 973 66 1.06
6 1073 42 0.81
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on calcination temperature was also observed in the
previous literature [14].

The basicity of KF/ZnO samples calcined at different
temperatures was examined and is also shown in table 3.
As can be seen, the basicity change with calcination
temperature parallels with the change of the catalytic
activity. Furthmore, this result is agreement with the
fact that the XRD line intensity of the crystals of KF
increases with calcination temperature but decreases
beyond the temperature of 873 K, as seen from the
evolution of the XRD line of figure 2, showing that the
KF species giving this XRD signal is directly related to
the catalytic activity.

3.4. XRD analysis

Figure 1 displays the XRD patterns of ZnO and
KF/ZnO samples with different amount of KF loaded
on ZnO. With the loading amount of KF below
10 wt.%, the composite only showed XRD patterns of
ZnO(20 = 31.8°, 34.4°, 36.3°, 47.5°, 56.6°, 62.8°, 66.4°,
67.9° and 69.1°) with neither characteristic peaks of
KF nor new species (curves b and c in figure 1), indi-
cating the well dispersion of KF on ZnO. However,
when the amount of loaded KF was raised up to
15 wt.%, the characteristic XRD peaks of
KF(20 = 33.6° and 48.2°) emerged on the XRD pat-
terns (curve d in figure 1), thus suggesting a residual
phase of KF remained on the composite. As the
loading amount of KF increases to 20 wt.%, the small
decrease of the characteristic peak intensity was
observed (curve e in figure 1), corresponding to the
small decrease in the conversion and in the basicity, as
demonstrated in table 2. Based on these XRD results,
it is likely that the spontancous dispersion capacity of

KF on ZnO was between 10 wt.% and 15 wt.%.
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Figure 1. XRD patterns of ZnO loaded KF of (a) 0, (b) 5, (c) 10, (d)
15, (e) 20 wt.%.

Indeed,the XRD-undetectable phase of KF may have
well dispersed onto the surface of ZnO as a monolayer
[28,29]. For those loaded with KF at more than the
spontaneous dispersion capacity on ZnQO, the residual
bulk phase of KF remained on the composite and, the
appearance and the increase of KF species were asso-
ciated with the variation of catalytic activity for the
reaction as observed in table 2. Therefore, KF loading
higher than that required for monolayer coverage was
needed for high catalytic activities and high basicities,
though it was unclear if the KF dissolved and how the
KF species migrated on the surface of ZnO. By
drawing on the results, the beneficial effect on activity
observed in the cases by the dispersion of KF on the
support and calcination at high temperature, suggest-
ing that the catalytically basic sites could be identified
to the KF species, in larger number on small KF
crystallites.

XRD patterns of KF/ZnO samples calcined at dif-
ferent temperature are shown in figure 2. On KF/ZnO
stored at room temperature, XRD was unable to detect
KF species whatever the loading, revealing that KF is
well dispersed and no large clusters are present in the
monolayer coverage. However, when the calcination
temperature was increased to 673 K, KF characteristic
XRD lines appeared on the patterns, showing its pres-
ence and crystallization on the sample (curve c¢ in fig-
ure 2). On the other hand, the characteristic peaks of
ZnO was almost unchanged with respect to different
calcination temperatures and different loading amounts
of KF as evident in figures 1 and 2, indicating that
loading of KF on ZnO followed by calcination did not
cause considerable distortion in the bulk structure of
ZnO, even when the sample was calcined at 1073 K.
Besides, the high relative intensity and symmetry of

*KF
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Figure 2. XRD patterns for samples: (a) ZnO; (b) KF/ZnO without
calcination; (¢) KF/ZnO calcined at 673 K; (d) KF/ZnO calcined at
873 K; (e) KF/ZnO calcined at 1073 K.
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these peaks confirmed the good crystallinity of the
composites. Moreover, the intensity of the KF diffrac-
tion line with 20 of 33.6° reached the maximum value
when the calcination temperature was 873 K (curve d in
figure 2); but further increase in calcination temperature
resulted in a decrease in its intensity (curve e in figure 2).
Thus, it is clear that the increase in KF species could be
consistent with an increase in number of basic sites
present, and also in line with the Hammett basicity
measurement, and due to this, resulting in the increase in
the conversion, as shown in table 3. These results fur-
ther confirmed that the KF species was catalytically
active site and the activity of the catalysts was correlated
closely with their basicity.

3.5. FTIR analysis

The investigation of the KF/ZnO catalysts was con-
ducted via IR spectroscopy as shown in figure 3. For the
support ZnO, there are two absorption bands at 3440 and
1640 cm ™! assigned to the physically absorbed water. For
the KF/ZnO catalyts, the intensity of the band at
1640 cm™" which is due to the bending vibration of water
molecular, became weaker and finally disappeared with
the increase of calcination temperature, which indicates
gradual loss of physisorbed water. It has been proposed
that KF could simply introduce hydroxyls at the surface
of alumina, and this hypothesis was investigated by
infrared spectrometry on KF/Al,O3; samples [30]. ZnO
has practically no hydroxyls, whereas KF/ZnO has a
strong OH band at 3350 cm™' as illustrated in figure 3,
even after calcination at 573 K. This O—H band absorp-
tion was not totally attributed to the stretching vibration
of water molecular but partly assigned to the absorption
of surface hydroxyl groups, because it still remained and
even became stronger when the absorption peak at
1640 cm ™! due to water bending vibration became weaker
and even disappeared. Accordingly, it seems that the
surface hydroxyls may be the other active sites when KF is
supported on ZnO, which conforms to the fact the cata-
lysts contain different types of basic sites as mentioned
above. In addition, for all the samples the strong
adsorption peaks at 400-600 cm ™! could be attributed to
Zn-0 stretching vibration.

3.6. Thermal analysis of KF/ZnO

DTA-TG profiles of KF/ZnO is reported in figure 4
and show two DTA peaks in the range 303-1183 K. The
first endothermic DTA peak around 362 K,which was
accompanied by a mass loss of 7.8%, corresponded to
the elimination of the surface loosely held water without
collapse of the ZnO structures. Besides, a very broad
endothermic band in the temperature of above 843 K,
overlapping a small mass loss of about 1.5%, was also
observed in the DTA-TG profiles. In our opinion, this
DTA peak may be tentatively attributed mainly to a
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Figure 3. FTIR spectra of samples:(a) ZnO; (b) KF/ZnO without
calcination; (¢) KF/ZnO calcined at 673 K; (d) KF/ZnO calcined at
773 K; (e) KF/ZnO calcined at 873 K; (f) KF/ZnO calcined at 973 K.

solid-state interaction of the fluorides with the support,
and for this reason, resulting in catalytically active sites.

Taking all the information mentioned above into
account, we can finally conclude that KF species derived

-7.83
\ T6 -0.60  -0.90
y <
3.6 850 903 98¢.8 173
DTA
362. 1K
303 523 143 963 1183
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Figure 4. DTA-TG profiles of KF/ZnO sample.
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at high calcination temperature and the surface hydro-
xyl groups were probably the main catalytically active
sites.

3.7. Influence of reaction condition
on the transesterification

The influence of various reaction variables on the
conversion of soybean oil was examined. Among the
variables, the most important factors are the methanol/
oil molar ratio and catalyst amount. Because the reac-
tion is reversible, an increase in the amount of one of the
reactants will result in higher yields. Also, small change
in the catalyst amount has great increasing effect on the
conversion.

The stoichiometric molar ratio of methanol to soy-
bean oil was 3:1. But when the mass transfer was limited
due to problems of mixing, the mass transfer rate
seemed to be much slower than the reaction rate, so the
methanol/oil molar ratio should be higher than that of
stoichiometric ratio in order to drive the reaction
towards completion and produce more methyl esters as
product. Figure 5 shows the effect of methanol/oil molar
ratio on the conversion. As shown in this figure, by
increasing the amount of loading methanol, the con-
version was increased considerably. When the methanol/
oil molar ratio was very close to 10:1, the conversion
reached the maximum value of 87%. However, beyond
the molar ratio of 10:1, the excessively added methanol
had no significant effect on the conversion. Therefore,
the optimum molar ratio of methanol/oil to produce
methyl ester is approximately 10:1.

The effect of catalyst loading was studied at 10:1
molar ratio of methanol to soybean oil with KF/ZnO
catalyst at reflux of methanol for 9 h. The reaction
profile of figure 6 showed that the transesterification
reaction is strongly dependent upon the catalyst applied.
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Figure 5. Influence of methanol/oil molar ratios on the conversion.
Reaction conditions: catalyst amount 3%, reaction time 9 h, methanol
reflux temperature.
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Figure 6. Influence of catalyst amount on the conversion. Reaction
conditions: methanol/oil molar ratio 10:1, reaction time 9 h, methanol
reflux temperature.

Without addition of a catalyst, the transesterification
procedure did not occurred, and the presence of KF/
ZnO really increased the reaction rate as shown in fig-
ure 6. When increasing the amount of loading catalyst
from 1% to 3%, the conversion to methyl esters was
increased from 18% to 87%. But, the conversion did not
distinctly benefit from increasing the catalyst amount
beyond 3 wt.%.

Figure 7 graphically illustrates the change of the
conversion under these conditions as a function of
reaction time. As can be seen from the graph, the con-
version increased in the reaction time range between 1
and 9 h and thereafter kept nearly the constant indica-
tive of a nearly equilibrium conversion. On the basis of
these results, the optimum reaction time for the syn-
thesis of biodiesel is considered to be around 9 h at
reflux of methanol.
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Figure 7. Influence of reaction time on the conversion. Reaction
conditions: methanol/oil molar ratio 10:1, catalyst amount 3%,
methanol reflux temperature.
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4. Conclusions

The KF loaded on ZnO is an active and promising
heterogeneous catalyst for the production of biodiesel
from soybean oil. Both the active KF species formed by
the reaction of KF and ZnO and surface hydroxyls,
originated the strong basic sites of the catalyst. The
catalyst with 15 wt.% KF loaded on ZnO and after
calcined at 873 K for 5 h was found to be the optimum
catalyst which can give the highest basicity and the best
catalytic activity for the transesterification reaction.
When the reaction was carried out at reflux of methanol,
with a molar ratio of methanol to soybean oil of 10:1, a
reaction time 9 h, and a catalyst amount 3%, the con-
version of soybean oil was 87% over the catalyst. The
catalytic activities showed a correlation with their cor-
responding basic properties towards soybean oil
transesterification.

The easy preparation, comparatively low cost of KF/
ZnO as well as the easy removal of a heterogeneous
catalyst underline the advantage of KF/ZnO as catalyst
comparing to the homogeneous bases KOH, sodium
methoxide and other heterogeneous catalysts.
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