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Abstract Pumice, a natural porous silica material, ex-
changed with potassium is an efficient heterogeneous par-
ticulate catalytic material for triglycerides and free fatty
acids transesterification reaction from sunflower oil and
waste frying oil at low temperature. In this work, a
packed-bed catalytic configuration reactor using this cata-
lytic material was developed for biodiesel fuel production
from sunflower oil and frying oil feedstock. Reactor opera-
tion variables as methanol/oil molar ratio, catalyst amount,
reaction time, and reaction temperature were studied.
Results were compared with those obtained from the same
transesterification reaction proceeding in a slurry batch re-
actor. The packed-bed catalytic reactor configuration can be
useful in order to minimize catalyst mechanical damage
occurring in the slurry reactor due to continuous stirring.
The possibility of using a packed-bed reactor shows some
advantages because the catalyst stays confined in the reactor
bed and the reaction products can be easily separated, be-
sides the mechanical stability of the catalyst particles is
achieved.
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Introduction

Biodiesel, defined as mono-alkyl esters of vegetable oil or
animal fat, is environmentally attractive as conventional
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petroleum diesel fuel substitute. Produced by oil transester-
ification reaction, biodiesel offers a number of important
technical advantages over petrodiesel. Benefits derived from
its use include inherent lubricity, low toxicity, superior flash
point and biodegradability, negligible sulfur content, lower
exhaust emissions, and renewable and domestic feedstock
utilization [1].

Commonly, biodiesel has been industrially manufactured
by homogeneous catalyzed vegetable oil transesterification
reaction using NaOH or KOH as basic catalyst [2—4]. Base-
catalyzed transesterification reaction is much faster than
acid-catalyzed transesterification reaction. Although homo-
geneous base catalysts show fast reaction rates under mild
reaction conditions, it is difficult to remove them from
reaction mixture or products. In addition, large amounts
of water are needed to wash the biodiesel product.
Homogeneous catalysts also are difficult to separate from
glycerol generated as byproduct [5—7]. Besides, when waste
frying oils are processed as feedstock, they usually contain
large amount of free fatty acids (FFA) that could not be
converted into biodiesel using alkaline homogeneous
catalysts due to fatty acid salts (soap) formation prob-
lem. In addition to high FFA content, excess moisture
(water) in waste oils is also known to interfere with alkali-
catalyzed transesterification reactions, usually leading to the
formation of soaps.

Heterogeneous solid base catalysts can solve these prob-
lems: they can be easily separated from the reaction mixture
without the use of water as cleaning agent, they can be
regenerated and reused, and they have a less corrosive
character, leading to safer, cheaper, and more environment-
friendly biodiesel production operations [2, 8]. During the
last years, few reports have been published about biodiesel
production from waste frying oil using one-step basic treat-
ment; usually, the two-step process is used to obtain biodiesel
from that environment-friendly feedstock: acid pretreatment
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and alkaline-catalyzed transesterification process. In order to
improve that process, the production of biodiesel from high
acid value feedstock needs esterification and transesterifica-
tion processes occurring simultaneously.

In this paper, potassium-loaded pumice material was used
as heterogeneous catalyst in sunflower oil and waste oil
transesterification reaction for biodiesel production using a
packed-bed catalytic reactor in a recirculating system.
Pumice is an amorphous porous volcanic rock composed
mainly by silica and alumina. Furthermore, pumice is a low-
cost natural material, having potential applications as carrier
for supported catalysts [9—12].

This particulate heterogeneous catalytic material can be
used to configure a packed-bed catalytic reactor for biodie-
sel fuel production, avoiding slurry reactor operation-related
problems. Therefore, a catalytic packed-bed reactor config-
uration in a recirculating system was developed and studied
in order to optimize the operation variables.

There are not many studies in the literature related to mass
transfer limitations on transesterification reaction rates. Both a
system based on a catalytic packed-bed reactor and a slurry
batch reactor were used to demonstrate any effect of the limited
miscibility and mass transfer limitation on the vegetable oil
transesterification reaction. Although mechanical stirring
increases the reaction rate, it is associated with a decrease of
the catalyst lifetime [13, 14]. Therefore, the possibility of using
a packed-bed catalytic reactor minimizing catalyst mechanical
damage can be interesting [15]. The aim of the catalytic
packed-bed reactor study presented in this work is not to
provide continuous flow-type data for engineering purposes,
but to show any potential reaction rate decrease when a packed-
bed reactor configuration is used compared with using a slurry
batch reactor for vegetable oil transesterification reaction.

Due to the nature of waste cooking oil, which is a
complex mixture of many compounds including FFA and
water, the study of the heterogeneous catalyst activity in the
presence of existent impurities in waste oil is important and
it needs to be investigated. The purpose of this work was to
develop a new clean and practical one-step heterogencously
catalyzed transesterification process with the capability of
treating a wide range of feedstock.

Experimental

Pumice particles (1.40-3.0 mm) were introduced into a
KOH aqueous solution in order to get a potassium inter-
change, creating some basic sites on the natural material.
Firstly, pumice was dried in an oven in order to remove the
absorbed water on the surface. Ionic exchange was carried
out with a 1-M KOH solution for 24 h, and then pumice
granules were dried at 120 °C for 3 h, obtaining the
potassium-loaded catalytic material (K-Pumice) [16].

The synthesis of fatty acid methyl esters (FAME) or
biodiesel production from sunflower oil/waste oil and meth-
anol was carried out both in a slurry reactor configuration
and in a packed-bed catalytic reactor configuration with K-
Pumice as heterogeneous catalyst. The main properties of
feedstock oils used as reagents are shown in Table 1.

Figure 1 shows a schematic diagram of the packed-bed
catalytic reactor used. Reagents were placed in a heated
tank, mixed by mechanical stirring, and then fed into the
packed-bed catalytic reactor using a peristaltic pump at a
constant flow rate of 15 ml/min. The feed solution was
supplied to the bottom of the cylindrical reactor (5 cm inner
diameter and 18 cm length) packed with K-Pumice catalyst
particles (1.4-3.0 mm). Catalytic bed length can be
directly correlated with the catalyst weight into the
reactor: ©=0.124W_+1.981, where % is the bed length in
centimeters and W is the catalyst weight in grams.

The bed porosity (¢,=0.74) was determined using the
following equation [17]:

o1 Melpe

mh(d/2)*

where p. is the density of the catalyst and d is the inner
diameter of the reactor.

Methanol/oil molar ratio, catalyst amount, reaction time,
and reaction temperature were varied in order to investigate
the optimum operation conditions of the transesterification
reaction. After completion of the reaction or stipulated reaction
time, the product obtained was rotary evaporated to remove
the remaining methanol and then settled in a separating funnel:

Table 1 Feedstock characteristics and properties of biodiesel obtained using several catalytic configurations

Feedstock

Density [15 °C] Kinematic viscosity Acid value

Iodine index Turbidity K (ppm) FAME (%)

(g/cm®) [40 °C] (cSt) (mg KOH/g) (g 1,/100 g sample) (NTU)
Sunflower oil ~ 0.923-0.924 26.2-31.7 0.15-0.26 128.8-138.8 1.17-224 - -
Waste oil 0.924-0.930 28.4-37.8 0.76-2.17 117.1-122.3 61.8-978 - -
Biodiesel (packed- Sunflower oil ~ 0.884 4.4 0.04 117.1 - 0.23 99.5
bed reactor) Waste oil 0.884 47 0.04 112.4 - 11.45 95.9
Biodiesel (slurry  Sunflower oil ~ 0.887 4.5 0.03 106.0 - 0.47 95.6
reactor) Waste oil 0.888 4.5 0.17 117.9 - 41.83 90.9
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Fig. 1 a Packed-bed catalytic (a)
reactor system: / mixing tank,
2 peristaltic pump, 3 packed
bed catalytic reactor, 4 solid
catalyst. b Photograph of the
packed bed catalytic reactor and \
catalytic packed bed with Cooling water
particulate solid catalyst inlet

Heating water
inlet

(b)

the upper phase containing FAME (biodiesel product) and the
lower phase containing glycerol by-product. Viscosity and
density of the biodiesel product were measured using a rota-
tional viscometer VISCO STAR Plus L and a pycnometer,
respectively. Moreover, the biodiesel product obtained was
analyzed by 'H nuclear magnetic resonance spectrometry in
order to estimate the FAME yield [18, 19].

Results and Discussion

K-Pumice activity has been tested in a previous work,
showing it to be more active than pumice support material

@ Springer
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[16]. Chemical and textural properties of both materials
have been studied in that previous work and temperature-
programmed desorption studies showed the presence of acid
and basic surface sites widely distributed in K-Pumice cat-
alyst. Therefore, this bifunctional catalyst presented high
activity when oils with high FFA content were used as
feedstock due to the presence of acid sites on the catalyst
surface capable of carrying out the FFA esterification reac-
tion, thus preventing soaps formation.

In this paper, the K-Pumice catalytic activity was tested
in the sunflower oil and waste frying oil transesterification
reaction using a packed-bed catalytic reactor. The aim of this
work is to study the packed-bed catalytic reactor system
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performance, comparing it with those results obtained from
a slurry batch reactor system under the same operation
conditions. Operation variables such as methanol/oil molar
ratio, catalyst amount, reaction time, and reaction tempera-
ture were studied in order to achieve the maximum catalytic
activity.

The vegetable oil transesterification reaction requires a
methanol/oil molar ratio higher than the stoichiometric ratio
in order to drive the reaction towards completion, producing
more methyl esters as product [7]. As can be seen in Fig. 2,
the methanol/oil molar ratio variable has a significant im-
pact on the FAME yield in the biodiesel product obtained. It
can be observed that, when the methanol/oil molar ratio is
increased, the FAME yield in the biodiesel product increases
considerably. When a packed-bed catalytic reactor configu-
ration is used, maximum yield is obtained when the meth-
anol/oil molar ratio reaches 24:1 value, viscosity (4.4 cSt)
and methyl esters content (97.1 %) values in the biodiesel
reaction product fit with those values required by the stan-
dard UNE-EN 14124. Therefore, it has been demonstrated
that methanol feed in excess is necessary.

The same behavior was observed when studying the
reaction in a slurry reactor configuration. High reaction
conversion was obtained when the methanol/oil molar ratio
was increased. When the methanol/oil molar ratio was 24:1,
the maximum reaction yield (96.0 %) was obtained. As can
be seen, the same FAME vyields were obtained for both
catalytic reactor configurations using the same operation
conditions.

The effect of packed-bed height on FAME yield of the
obtained biodiesel product was examined. According to the
results shown in Fig. 3, maximum conversions were
obtained for packed-bed lengths higher than 8 cm, yet
additional catalytic bed length made only few improvements
in FAME yield in the biodiesel obtained.
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Fig. 2 Influence of methanol/oil molar ratio on FAME yield. Temper-
ature, 60 °C; reaction time, 2 h; feedstock, sunflower oil. Solid lines
packed bed catalytic reactor (5.7 cm packed-bed length), dashed lines
slurry reactor (30 wt% catalyst amount)
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Fig. 3 Influence of catalytic bed length on sunflower oil transester-
ification reaction conversion (temperature, 60 °C; reaction time, 2 h;
methanol/oil molar ratio, 20:1)

Reaction time effect on the FAME vyield of biodiesel
obtained was studied, varying reaction time in a range from
15 min to 2 h. As can be seen in Fig. 4, the FAME yield in
biodiesel reaction product increased with the reaction time
until a FAME yield of 98.0 % was reached after 0.5 h
reaction time when a slurry reactor configuration was used.
The same behavior could be observed when a packed-bed
reactor was used, but reaction times higher than those used
in a slurry reactor were needed to obtain equilibrium con-
versions. This might be due to the fact that no material
transfer limitations were occurring in the slurry reactor. On
the other hand, though high reaction times were needed,
packed-bed reactor configuration showed great advantages
from a product separation point of view. In the slurry reactor
configuration operation, remains of solid catalyst were
found together with reaction products; however, using the
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Fig. 4 Influence of reaction time on the sunflower oil transesterifica-
tion reaction conversion. Temperature, 60 °C; methanol/oil molar ratio,
20:1. Solid lines packed bed catalytic reactor (8.2 cm packed-bed
length), dashed lines slurry reactor (50 wt% catalyst amount)
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packed-bed reactor operation, no catalyst damage evidences
were observed and sudden separation into two phases from
product emulsion was achieved.

The influence of the reaction temperature on the hetero-
geneously catalyzed transesterification reaction was exam-
ined by evaluating a temperature range from 50 to 60 °C.
The reaction conversion increased slightly when tempera-
ture was increased from 50 to 60 °C. However, using 55 °C
reaction temperature, 2 h reaction time, 20:1 methanol/oil
molar ratio, and 8.2 cm catalytic packed-bed length, the
value of the content in FAME of the biodiesel required by
the standard UNE-EN 14124 (96.5 %) was achieved, reach-
ing a 99.5 % value. The same results were found for trans-
esterification reaction in a slurry reactor configuration.

In this work, the transesterification reaction using waste
frying oil as feedstock for biodiesel production was also
studied. Optimum reaction conditions obtained from the
study of the sunflower oil transesterification reaction
(Table 2) were used as a basis, obtaining a 51.3 % FAME
yield from waste oil transesterification reaction. Methanol/
oil molar ratio was then increased in order to improve the
reaction conversion because it is one of the most important
variables affecting FAME yield. When the packed-bed re-
actor configuration was used, FAME yield increased as the
molar ratio increased, achieving the highest FAME yield
(95.9 %) when a 28:1 methanol/oil molar ratio was used.
The same trend was found when a slurry reactor configura-
tion was used for waste oil transesterification reaction; the
FAME yield remained practically constant for methanol/oil
molar ratios >24:1 (Fig. 5).

We have demonstrated the possibility to use a packed-bed
reactor configuration for biodiesel production, showing
some important advantages: easy product separation and
catalyst particles mechanical stability were achieved.
Moreover, the presented results show that the same behavior
was exhibited both in the slurry batch reactor system and in
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Fig. 5 Influence of methanol/oil molar ratio on the waste oil trans-
esterification reaction conversion. Temperature, 55 °C; reaction time,
2 h. Solid lines packed bed catalytic reactor (8.2 cm packed-bed
length), dashed lines slurry reactor (50 wt% catalyst amount)
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Table 2 Optimum reaction conditions for biodiesel production from
sunflower oil and waste oil using K-Pumice as heterogeneous catalyst
in a packed-bed reactor configuration

Parameters Packed-bed reactor

Sunflower oil Waste oil
Temperature 55 °C 55°C
Reaction time 2h 2h
Methanol/oil molar ratio 20:1 28:1
Packed-bed length (cm) 8.2 8.2

the packed-bed catalytic reactor system, reaching similar
reaction rates.

Moreover, Table 1 shows the parameters as biofuel of the
biodiesel product obtained under these optimum conditions.
As can be seen, K-Pumice was able to simultaneously
catalyze esterification and transesterification reactions for
biodiesel synthesis, even when a waste vegetable oil with
large amounts of FFA was used as feedstock. High yield of
biodiesel were attained without producing soaps.

Potassium measurements have been conducted in biodie-
sel samples by atomic absorption spectrometry technique
(Perkin-Elmer AAnalyst 300, UNE-EN 14108) in order to
investigate catalyst leaching into the biodiesel. Results have
been provided in Table 1. As can be seen, potassium con-
centration in biodiesel is very low and it can be minimized
when the catalyst is used in a packed-bed reactor configu-
ration related to its use in slurry reactor configuration. When
waste oil is used as feedstock, potassium concentration in
biodiesel slightly increase coming from the frying process to
which the feedstock oil has been previously submitted. The
process of food frying contributes to the increase of the
content of potassium in waste oil by concentration or by
transfer from the food composition.
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Fig. 6 Catalytic packed-bed reutilization (temperature, 55 °C; reaction
time, 2 h; packed-bed length, 8.2 cm; methanol/oil molar ratio, 20:1)
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In order to study the degree of leaching of the potassium
ions from the heterogeneous catalyst, methanol recovered from
one heterogeneously catalyzed reaction was mixed with sun-
flower oil. The mixture was maintained at the usual reaction
operation conditions in order to evaluate the transesterification
reaction conversion. No conversion was observed, indicating
that the catalysis process was not homogeneous catalysis
caused by leaching of potassium ions into methanolic phase.

In order to test the reusability of the K-Pumice, several
reuses were carried out using sunflower oil as feedstock.
The solid catalyst was reused after each run without any
washing treatment. Figure 6 shows the FAME yield
obtained versus the run number. A remarkable reduction in
catalytic activity was observed, yielding 99.5 % of FAME in
the first run and 35.8 % in the second run. FAME yield
continued to decline until 4.0 % for the fifth run. This decay
could be due to the deactivation of active sites due to their
poisoning by some molecules present in the reaction mix-
ture or due to a leaching of the catalytic active phase to the
glycerin phase [20, 21]. Martin Alonso et al. [22] found a
similar behavior when potassium was supported on alumina.

The K-Pumice reactivation process showed to be a solu-
tion to these activity decay problem [16]. This stable mate-
rial (K-Pumice) could be used in a catalytic packed-bed
configuration reactor and a reactivation reaction system
could be developed in order to obtain continuous bio-
diesel production without any inconvenient decrease in
catalytic activity. The catalyst reactivation process might
be based on the same support material, only a cheap K-
interchanging process of the same material should be
developed.

Conclusions

Low loadings of potassium on natural pumice material lead
to the formation of basic sites on the natural acid support.
This bifunctional catalyst was able to catalyze simultaneous-
ly the esterification of FFA and transesterification of trigly-
cerides molecules present in waste cooking oils.

K-Pumice catalyst activity showed in a catalytic packed-
bed reactor system was essentially equal to the activity
obtained using a slurry reactor system. No significant reac-
tion rate differences were observed when a catalytic packed-
bed reactor was used in order to minimize the mechanical
damage of the catalyst due to continuous stirring produced
by the slurry reactor operation.

K-Pumice, used as catalyst in a packed-bed reactor con-
figuration, is a useful system to obtain biodiesel from re-
newable feedstock as waste oils. Advantages from a product
separation point of view were observed.

The catalytic reactor system studied clearly shows advan-
tages in the products separation and in the simple operation.

It can be used as a basis to scale up a continuous biodiesel
production system.

The biodiesel production method studied shows to be an
environmentally benign and economical process with po-
tentially wide applications in an industrial-scale production
of biodiesel from low-quality oils containing high FFA and
water contents.
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