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Preparation of a palygorskite supported KF/CaO
catalyst and its application for biodiesel production
via transesterification

Ya Li®* and Yunxia Jiang

This study aimed to explore base catalysts with high transesterification efficiencies to be used for
heterogeneous biodiesel production. Palygorskite, a promising low-cost clay mineral, served as
a support for KF/CaO to prepare a base catalyst. The base catalyst was prepared via a facile impregnation
method and characterized using X-ray diffraction (XRD), scanning electron microscopy (SEM) with
energy dispersive spectroscopy (EDS), and N, adsorption. Subsequently, the prepared catalyst was used
for producing biodiesel via the transesterification of commercial soybean oil with methanol. The effects
of the catalyst preparation conditions as well as the transesterification parameters, such as the loading
amount of KF, calcination temperature, catalyst amount, methanol to oil molar ratio, reaction
temperature and water content, on the biodiesel yield were investigated. Results showed that the metal
oxide species dispersed on the surface of palygorskite, and the formed KCaFs was the main active
component for the activity of the catalyst. A maximum biodiesel yield of 97.9% was obtained under the
optimal conditions. The separated catalyst could be directly used in the next round of reactions and gave
a satisfactory yield. The biodiesel yields decreased from 97.9% to 91.3% from the first to the tenth use of

rsc.li/rsc-advances the catalyst particles.

Introduction

Due to the exhaustion of fossil resources and the increasing
emission of pollutants, many studies are now being directed
towards the exploitation of alternative renewable fuel.! Bio-
diesel, defined as the monoalkyl esters of fatty acids, has been
receiving great attention in recent years as a renewable
resource.>® The general method for the preparation of biodiesel
is the transesterification reaction of vegetable oil or animal fat
with methanol or ethanol in the presence of a catalyst.*®
Conventionally, the transesterification has been carried out
with homogeneous bases as the catalysts, such as potassium
methoxide and potassium hydroxide, because of their high
activity.® However, the use of homogeneous catalysts has many
shortcomings, such as the difficulty in product isolation,
requirement of large quantities of water, time-consuming
nature of the process and environmental pollution from the
liquid waste.”™

In order to circumvent the difficulties with homogeneous
catalysts, many studies have been conducted in search of ideal
solid catalysts which can be separated from liquid products and
reused with or without regeneration.'>** Recently, some loaded
composite catalysts have been developed using supports such
as Al,03,">* Fe;04,"” mesoporous silica," cinder*® and
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activated carbon.”>** Additionally, different kinds of clay, such
as zeolite,” montmorillonite,* kaolin*® and hydrotalcite,*® have
been employed as heterogeneous catalysts or catalyst supports
in biodiesel production. To obtain higher conversion, high
temperatures or long reaction times, and even high pressures,
were needed for the reaction. Therefore, exploring a high effi-
ciency solid base catalyst that achieves a high biodiesel yield in
a short time, has a good tolerance for water, and can be used in
heterogeneous biodiesel production is still a challenge. In the
present paper, one of our aims was to investigate a solid base
catalyst which can catalyze transesterification with a high bio-
diesel yield at a moderate temperature and with a shorter time.
Among the solid catalysts, KF/CaO nanocatalysts showed not
only high catalytic ability but also high reusability.>”*® It was
also demonstrated that the formation of KCaF; was the main
reason for the enhancement of catalytic activity.?>-** This paper
aimed to investigate KF/CaO on a natural clay mineral (paly-
gorskite) to prepare solid catalyst particles with high catalytic
ability and reusability.

Palygorskite (Pal, formerly called attapulgite, with an ideal
formula of (Mg, Al)sSigO,0(OH),(H,0),-4H,0) is a form of
crystalline hydrated magnesium aluminum silicate mineral
with a unique three-dimensional structure, presenting a fibrous
morphology with exchangeable cations and reactive -OH
groups on its surface.*” Palygorskite is widely used as a catalyst
carrier because of its unique structure, special adsorptivity and
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excellent mechanical resistance. Its natural origin and the low
cost make it more attractive.****

Here, solid base catalysts were prepared by loading KF and
CaO on palygorskite (KCa/Pal) via an impregnation method and
this was characterized using X-ray diffraction (XRD), scanning
electron microscopy (SEM) with energy dispersive spectroscopy
(EDS), and N, adsorption. Subsequently, the prepared catalyst
was used for producing biodiesel via the transesterification of
commercial soybean oil with methanol. The effects of the
loading amount of KF, calcination temperature, catalyst
amount, methanol to oil molar ratio, reaction temperature and
water content on the biodiesel yield were investigated to opti-
mize the transesterification conditions. The reusability and
stability of the solid catalyst were evaluated using batch
experiments.

Experimental
Preparation of the palygorskite-based KF/CaO catalyst

The clay supported catalyst was prepared via a wet impregna-
tion method. 1.0 g CaO and 1.0 g Pal (200 mesh) were immersed
in 10 mL KF solution of 0.01-0.05 ¢ mL ™", and this was then
magnetically stirred continuously at 25 °C for 3 h and dried at
80 °C for 24 h. After grinding, the resulting product was calcined
in a muffle furnace at 300-700 °C for 5 h. The prepared catalyst
is denoted KCa/Pal-m (m = 10, 20, 30, 40 and 50), where m
represents the mass percent of KF for the total amount of Pal
and CaO, and Ca/Pal denotes the sample without KF.*

Characterization of the as-prepared catalyst

X-ray diffraction (XRD) patterns of the catalysts were obtained
using a Rigaku ULTIMA IV diffractometer with high-intensity
Cu/Ka radiation and a step scan technique at 2¢ angles of 5-
90°. The surface morphology of the catalyst was investigated
using a JEOL JEM-2100 scanning electron microscope (SEM).
Energy dispersive spectroscopy (EDS) was used to conduct the
elemental analysis. The Brunauer-Emmett-Teller (BET) method
was utilized to measure the specific surface area and pore
volume of the catalysts by means of Accelerated Surface Area
and Porosity (ASAP 2010, Micromeritics). The pore-size distri-
bution was assessed using the adsorption branch of the
isotherm with the Barrett-Joyner-Halenda (BJH) method.

Transesterification reaction

The transesterification reactions were carried out in a 250 mL
three-necked flask. The reaction procedure was as follows: first,
the soybean oil was added to the flask. Methanol and the
catalyst were mixed and then added to the flask. A reflux reac-
tion was performed at the indicated temperature. After that, the
catalyst and glycerol were isolated. Methanol was isolated from
the biodiesel using a rotary evaporator. The concentrated bio-
diesel was collected for chromatographic analysis with a heat-
ing speed of 10 °C min~ ", initial temperature of 160 °C, ultimate
temperature of 230 °C, injector temperature of 250 °C and
detector temperature of 250 °C.*® The biodiesel yield was ob-
tained according to the reported method.*”
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Results and discussion
X-ray diffraction of the samples

Fig. 1 depicts the XRD patterns of Pal, Ca/Pal and KCa/Pa-x
calcined at 500 °C. As shown in Fig. 1a, for Pal, the reflections
positioned at 8.3°,13.9°, 19.9° and 24.5° correspond to crystalline
Pal and those at 20.8° and 26.5° are assigned to crystalline
quartz.®® Fig. 1b shows the XRD patterns of Ca/Pal and the
diffraction peaks of Pal are still present. The peaks at 17.9°, 29.1°,
36.3°, 47.1° and 54.8° are assigned to the diffraction peaks of
Ca(OH),.* The peaks at 32.3°, 37.4° and 53.9° imply that there
was the crystal phase of CaO present.* Fig. 1c-g show the XRD
patterns of KCa/Pa-x with different KF load ratios to CaO.
Accompanied with the increasing mass ratio of KF, the peaks at
20.7°,29.0°, 35.1°,41.2°,46.7°, 54.8° and 59.5° emerged and were
enhanced while the characteristic peaks of Ca(OH), and CaO
declined. Compared with the standard patterns, the new peaks
should belong to the phase of KCaF;.** In conclusion, the addi-
tion of KF led to the formation of KCaF;, which can improve the
activity of the catalyst, and increase the ability to resist the
saponification reaction.*>** However, when the loading amount
of KF was 50 wt%, a diffraction peak at 34.1° corresponding to KF
was clearly observed, which may have resulted from excess KF
dispersing on the surface of the catalyst.**

Surface morphology of the samples

The morphologies of Pal and KCa/Pal-40, characterized using
SEM, are shown in Fig. 2. It can be clearly seen from Fig. 2a that
Pal exhibits a fibrous structure and some fibers form straight
parallel aggregates. The SEM image of KCa/Pal-40 in Fig. 2b is
obviously different to that of Pal. After loading CaO and KF, the
surface of the KCa/Pal composite was rugged and full of many
fragment-like protruding objects. Combined with the results of
XRD, the fragments could be ascribed to the crystals of KCaF;.
Moreover, the corresponding EDS spectrum of the KCa/Pal-40
composite is displayed in Fig. 2c, showing that the detectable
elements include K, Ca and F, indicating that K, Ca and F were
successfully deposited on Pal under these synthesis conditions.

N, adsorption-desorption

The nitrogen adsorption/desorption isotherms for Pal and KCa/
Pal-40 are shown in Fig. 3. Both samples are found to have
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Fig.1 XRD patterns of Pal (a), Ca/Pal (b), and KCa/Pal-m (c-g), where
m = 10, 20, 30, 40 and 50, respectively.
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Fig. 2 SEM images of Pal (a) and KCa/Pal-40 (b), and an EDS spectrum of KCa/Pal-40 (c).
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Fig. 3 N adsorption—desorption isotherms of Pal and KCa/Pal-40.

typical IV isotherm curves which contain a hysteresis between
the adsorption and desorption curves at relative pressures (P/P,)
ranging from 0.4 to 0.9, suggesting that mesopores exist in Pal
and KCa/Pal-40. The BET surface area, pore volume, and
average pore size of Pal and KCa/Pal-40 are summarized in
Table 1. Pal had a BET surface area of 107.2 m> g~ while after
composite formation with KF and CaO, the BET surface area fell
to 5.59 m> g . The pore volumes of Pal and the KCa/Pal-40
composite are 0.34 m® g~ ' and 0.03 m® g™, respectively. The
main pore size distribution centers at 13.47 nm for the Pal
sample and 20.37 nm for KCa/Pal-40. The decrease of the
specific surface area and pore volume as well as the increase of
the average pore size is clearly visible, indicating the clay is
successfully covered with the introduced metal oxide species
and the micropores are partially blocked.** Meanwhile, the large
mesopores and surface area of Pal are beneficial to the forma-
tion of active sites, providing good catalytic activity for biodiesel
synthesis.

Transesterification
Influence of preparation conditions on catalytic activity

To investigate the influence of KF loading on the catalytic
activity, a series of catalysts were prepared with different KF
loadings (all samples were calcined at 500 °C for 5 h). Table 2
shows the results regarding the effect of KF loading on the
catalytic activity. The biodiesel yield is improved from 51.3% to
95.7% when the KF loading increases from 10 wt% to 40 wt%. It
can be assumed from these results that the number of active
sites on the catalyst surface increases with increasing the

This journal is © The Royal Society of Chemistry 2018

loading of KF. When the KF loading is beyond 40 wt%, however,
the activity of the catalyst decreased with increased loading of
KF, and the biodiesel yield is only 84.3% at 50 wt% KF loading.
This is probably due to the fact that the excessive KF covers the
active sites of the catalyst surface, resulting in the decrease of
catalytic activity.*® Therefore, the optimum loading of KF is
40 wt% in this study.

Another important parameter to be optimized is the calci-
nation temperature. In the preparation process for the catalyst,
calcination treatment of the catalyst at a high temperature is
favorable for the interaction between the support and active
ingredient, which generates new active sites for the catalyst.
Therefore, the calcination temperature is crucial for increasing
the catalytic activity. Fig. 4 shows the results concerning the
influence of the calcination temperature on the catalytic activity
of KCa/Pal-40. Clearly, the biodiesel yield initially increases with
the increase of calcination temperature. Then, the yield reaches
a maximum value at a calcination temperature of 500 °C.
However, the biodiesel yield decreases gradually with further
increase of the calcination temperature. This is probably due to
the fact that overheating results in surface sintering and
a reduction of the specific surface area, which in turn leads to
a decrease in the catalytic activity.”” The current results indicate
that the optimal calcination temperature is 500 °C.

Influence of reaction parameters on the biodiesel yield

The effect of the molar ratio of methanol to soybean oil on the
transesterification was investigated. As illustrated in Fig. 5, with
an increase in the methanol/oil molar ratio, the biodiesel yield
increased rapidly and reached a high value at a methanol/oil
molar ratio of 12 : 1. When the methanol/oil molar ratio was
more than 12 : 1, the increase of the biodiesel yield was not
significant. Therefore, to guarantee the biodiesel quality, the
optimal methanol/oil molar ratio of 12 : 1 was selected for the
further research.

Table 1 Physical properties of Pal and KCa/Pal-40

BET surface Total pore volume Average pore

Sample area (m® g™ ") (m*g™) size (nm)
Pal 107.2 0.34 13.47
KCa/Pal-40 5.59 0.03 20.37

RSC Adv., 2018, 8, 16013-16018 | 16015
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Table 2 Effect of the mass percent of KF on the biodiesel yield®

Catalyst Basicity (mmol g~ ) Biodiesel (%)
KCa/Pal-10 0.34 51.3
KCa/Pal-20 0.41 78.2
KCa/Pal-30 0.57 84.5
KCa/Pal-40 0.71 95.7
KCa/Pal-50 0.62 82.1

“ Transesterification conditions: a molar ratio of methanol to oil of
12 : 1, the catalyst 3 wt% of the oil, a temperature of 65 °C, a reaction
time of 2.5 h and the water 2.5 wt% of the oil.
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Fig. 4 Effect of calcination temperature on biodiesel yield. Trans-
esterification conditions: a molar ratio of methanol to oil of 12 : 1, the
catalyst 3 wt% of the oil, a temperature of 65 °C, a reaction time of
2.5 h and the water 2.5 wt% of the oil.

The usage of the catalyst can be beneficial to obtain a high
product yield in a relatively short reaction time. However, an
excessive amount of catalyst leads to an increase of the viscosity
of the reaction system and causes a problem with mixing as well
as a demand for higher power consumption for adequate stir-
ring. To overcome this kind of problem, the appropriate
amount of catalyst had to be investigated. As shown in Fig. 6,
the biodiesel yield was greatly increased by increasing the
amount of catalyst from 1 to 3 wt% by weight of oil. However, as
the catalyst dosage was continuously increased, the biodiesel
yield improved slightly. This means that an excess amount of
catalyst could not further promote the yield because the
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Fig. 5 Effect of molar ratio of methanol to soybean oil. Trans-
esterification conditions: the catalyst 3 wt% of the oil, a temperature of
65 °C, a reaction time of 2.5 h and the water 2.5 wt% of the oil.
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Fig. 6 Effect of catalyst usage on biodiesel yield. Transesterification
conditions: a molar ratio of methanol to oil of 12 : 1, a temperature of
65 °C, a reaction time of 2.5 h and the water 2.5 wt% of the oil.

reaction had reached equilibrium. So, the amount of catalyst
was chosen to be 3 wt% by weight of oil for our studies.

In addition, the effect of temperature on biodiesel yield was
examined. Fig. 7 shows that the biodiesel yield significantly
increased from 50 °C to 65 °C. From Fig. 7, it can be seen that
the biodiesel yield significantly increased from 50 °C to 65 °C,
and the highest yield was at 65 °C. However, the yield decreased
when the temperature was higher than 65 °C. This is mainly
because the evaporation of methanol reduces the contact time
between methanol and oil, resulting in a lower biodiesel yield.*”

In the transesterification of soybean oil to biodiesel catalyzed
by a solid base, the biodiesel yield is greatly affected by water.
Fig. 8 shows the application of soybean oils containing various
amounts of water for biodiesel synthesis catalyzed by KCa/Pal-
40. The yield of biodiesel is increased from 89.3% to 97.9%
when the water content increases from 0 to 2.5 wt% of soybean
oil. This is probably due to the fact that water molecules are
adsorbed first on the surface of the catalyst to form OH . Then,
the surface OH ™ abstracts a proton from methanol to generate
CH;0". Certainly, the catalyst can also abstract H' from
methanol to form CH;0 . But OH™ is more easily adsorbed on
the catalyst surface than CH;O .*” When the water content is
beyond 2.5 wt%, the biodiesel yield decreases with the increase
of water content. Therefore, the water content in oil should be
kept under 2.5 wt% to prevent catalyst deterioration and bio-
diesel hydrolysis.

Biodiesel yield (%)
%
3
T

60 L L L L L L
50 55 60 65 70 75

Temperature (°C)

Fig. 7 Effect of reaction temperature on biodiesel yield. Trans-
esterification conditions: a molar ratio of methanol to oil of 12 : 1, the
catalyst 3 wt% of the oil, a reaction time of 2.5 h and the water 2.5 wt%
of the oil.
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Fig. 8 Effect of water content on biodiesel yield. Transesterification
conditions: a molar ratio of methanol to oil of 12 : 1, the catalyst 3 wt%
of the oil, a temperature of 65 °C and a reaction time of 2.5 h.
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Fig. 9 Reusability and recovery of KCa/Pal-40 and KF/CaO. Trans-
esterification conditions: a molar ratio of methanol to oil of 12 : 1, the
catalyst 3 wt% of the oil, a temperature of 65 °C, a reaction time of
2.5 h and the water 2.5 wt% of the oil.

Reusability of the catalyst

From an economic point of view, the reusability of the catalyst is
of great importance for industrial applications. After the reac-
tion had completed, the catalyst was separated from the reac-
tion mixture using only simple centrifugation or filtration to
investigate its lifetime and stability. Prior to each reaction, the
same amount of fresh commercial soybean oil and methanol
were added, and the same reaction conditions were used. Fig. 9
shows the effect of repeated use of the KCa/Pal-40 and KF/CaO
catalysts on the transesterification reaction. It is found that the
biodiesel yield for the reaction catalyzed with KF/CaO was
75.6% after 10 cycles of reuse. However, the KCa/Pal-40 cata-
lyzed synthesis of biodiesel still produced a yield in excess of
91.3% after being reused for the same number of times.
Therefore, KCa/Pal-40 can contribute much to decreasing the
cost of biodiesel production due to its long catalyst lifetime and
short reaction time.

Conclusion

In the present work, a solid basic catalyst, KCa/Pal, was used to
catalyze the transesterification of soybean oil with methanol to
produce biodiesel. It is demonstrated that the KCa/Pal catalyst
exhibits high catalytic activity in the transesterification reac-
tion. When the reaction was carried out under reflux with
methanol, with a molar ratio of methanol to soybean oil of

This journal is © The Royal Society of Chemistry 2018
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12 : 1, the biodiesel yield catalyzed by 3% catalyst (based on the
weight of soybean oil) reached 97.9% in 2.5 h at 65 °C. The
catalyst is promising for use in the continuous production of
biodiesel. According to the results of catalyst characterization,
the formed KCaF; should be the main active component for the
catalytic activity. Meanwhile, the catalyst exhibited relatively
good reusability. The biodiesel yield remained at 91.3% over the
10 times the catalyst was used.
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