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a b s t r a c t

A new class of zirconia supported mixed metal oxides (ZnO–TiO2–Nd2O3/ZrO2 and ZnO–SiO2–Yb2O3/ZrO2)
has demonstrated the ability to convert low quality, high free fatty acid (FFA) bio-oils into biodiesel.
Pelletized catalysts of ZrO2 supported metal oxides were prepared via a sol–gel process and tested in con-
tinuous flow packed bed reactors for up to 6 months. In a single pass, while operating at mild to moderate
reaction conditions, 195 �C and 300 psi, these catalysts can perform simultaneous esterification and
transesterification reactions on feedstock of 33% FFA and 67% soybean oil to achieve FAME yields higher
than 90%. Catalytic activity of the ZrO2 supported metal oxide catalysts was highly dependent on the metal
oxide composition. These heterogeneous catalysts will enable biodiesel manufacturers to avoid problems
inherent in homogeneous processes, such as separation and washing, corrosive conditions, and excessive
methanol usage.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

As an alternative fuel, biodiesel has received much attention due
to the limited supply of traditional petroleum resources, increasing
crude oil prices, and the greenhouse gas emissions associated with
fossil fuels. Although biodiesel is derived from a variety of vegetable
oils and fats with various lipid compositions, it can readily be
blended with petroleum diesel in existing diesel engines to provide
superior fuel characteristics such as elevated flash point, high
cetane number, improved lubricity and lower CO and HC emissions
(Russbueldt and Hoelderich, 2009). However, first generation
biodiesel fuels, derived from homogenous catalyst processes, were
produced from purified or refined feedstocks (e.g., soybean oil, corn
oil) and homogeneous catalysts via a transesterification reaction.
This process led to a price disadvantage for biodiesel since, at times,
the cost of the refined feedstocks was more than the price of the
diesel fuel they were intended to displace. Furthermore, these first
generation biodiesel fuels competed with food crops more suitable
for human consumption, cosmetics, and livestock feed. As a result,
biodiesel production, based on these feedstocks and homogeneous
catalyst technologies, has become commercially nonviable (McNeff
et al., 2008).
ll rights reserved.
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It has been reported that approximately 70 � 95% of the total
cost of biodiesel is the cost of the source oil used in the production
process (Berchmans et al., 2010; Haas et al., 2006). Therefore, in or-
der for biodiesel producers to become commercially viable, they
must be able to use a variety of less expensive lipid feedstocks such
as animal fats, waste oils (yellow and brown grease), and acidu-
lated soapstocks. A wide range of crude bio-oil feedstocks, with
varying FFA content, including palm oil (FFA � 12%), residual corn
oil (FFA � 15%) from the distiller dried grains (DDGs), animal fats
(FFA, 2 � 35%), yellow grease (FFA < 15%), and brown grease
(50 � 100%), have been converted into FAME with heterogeneous
catalyst technology (Cao et al., 2008; Kim et al., 2011), showing
that certain heterogeneous catalysts can catalyze both transesteri-
fication and esterification simultaneously. In addition to FFA, low
grade feedstocks often contained high concentrations of both
water and metal impurities such as Na, K, Ca, Zn, Mg, etc. (Kim
et al., 2011). Traditional, early generation homogeneous base cata-
lyst technologies were not effective for these types of source oils
because they are very sensitive to high levels of free fatty acids
and water that could lead to soap formation and yield loss (Kim
et al., 2008). In order to avoid the problems related to FFA, acid cat-
alysts, such as sulfuric acid, have been used for the conversion of
high FFAs containing feedstocks (yellow and brown grease). The
acid catalyst promotes esterification by reacting the carboxylic
group of the FFA with methanol to form methylesters and water.
In this reaction mixture, the sulfuric acid is more miscible in the
water product phase than the methanol phase leading to a
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pronounced water inhibition effect that decreases biodiesel yield
due to reverse hydrolysis (Liu et al., 2006). In order to compensate
for this effect and increase the biodiesel yield, greater sulfuric acid
(10 � 25% of fat weight) concentrations, higher excess methanol
(Methanol/oil = 30), and much longer reaction times (24 h) are typ-
ically required (Dias et al., 2009). In addition, the high levels of sul-
furic acid are very corrosive, difficult to recover, and required
neutralization at the end of the process. These disadvantages also
increased operational and capital costs.

One advantage of the heterogeneous catalyst is the ability to be
used in packed bed reactors. Even though a number of heteroge-
neous catalysts for biodiesel production have been reported, only
a very limited number of heterogeneous catalysts have been tested
in packed bed reactor systems (Boucher et al., 2009; Furuta et al.,
2004; Halim et al., 2009; Hsieh et al., 2010; Kim et al., 2011; McNeff
et al., 2008; Park et al., 2008a; Serri et al., 2010).

Non-homogeneous catalytic processes, based on metal oxide
particles have been proposed and subsequently employed in various
processes (Laosiripojana et al., 2010; Lopez et al., 2008, 2007; Park
et al., 2008a). Especially the Mcgyan Process (McNeff et al., 2008)
could avoid problems related to homogeneous catalysts. This pro-
cess utilizes commercially available micron sized particles of zirco-
nia, titania, and alumina. Using this approach, FAME yields as high as
90% are achievable for inexpensive feedstocks such as used vegeta-
ble oil, acidulated soapstock, algae oil, and animal fat tallow without
generating excessive waste streams. However, this method requires
energy intensive operating conditions (300–450 �C, 2500 psi), as
well as a high methanol to oil ratio (32.7:1). These requirements re-
sult in high capital and operating costs for producing biodiesel grade
fuel. An alternative approach using a heterogeneous catalysts is
tungstated zirconia, which has been reported as the most suitable
catalyst for both esterification and transesterification (Laosiripojana
et al., 2010; Lopez et al., 2008, 2007; Park et al., 2008b). However,
only ca. 70% of FAME yield from 140 h durability testing with
WO3/ZrO2 catalyst was reported as a steady state conversion (Park
et al., 2008b). It should be noted that, while long term durability of
heterogeneous catalyst is essential for the industrial applications,
most of the above heterogeneous catalysts have been tested for lim-
ited periods of less than 10 days.

In order to address the above concerns, a new family of zirconia
supported metal oxide catalysts has been developed. These cata-
lysts have sufficient mechanical strength (13 � 15 kg) to be dura-
ble in reaction mixture streams; and high activity for converting
low grade renewable feedstocks to biodiesel. These new catalysts
were pelletized to granular or cylindrical geometries and loaded
in continuous flow reactors for long term testing up to 6 months.
A model composition of low grade oils, soybean oil containing
33% FFA (oleic acid), was used as feed. The effects of reaction tem-
perature, residence time, methanol to oil ratio, and total run time
on FAME yields were investigated.
Table 1
Catalyst atomic composition.

Catalysts Composition (atomic ratio)

ZnO–SiO2/ZrO2 Zr(100): Zn(10): Si(10)
ZnO–TiO2–Nd2O3/ZrO2 Zr(100): Zn(6): Nd(2): Ti(2)
ZnO–SiO2–Yb2O3/ZrO2 Zr(100): Zn(7): Si(3):Yb(3)
ZnO–Yb2O3/ZrO2 Zr(100): Zn(10): Yb(3.3)
ZnO–Yb2O3–Nd2O3/ZrO2 Zr(100): Zn(7): Yb(5): Nd(3)

Supporter used: ZrO2 powder size 0.3–0.7 lm, specific surface area �15 m2/g.
2. Methods

2.1. Materials

Zirconium oxide (40R-0801) was purchased from Inframat
�

Advanced Materials™ LLC (Farmington, CT). Neodymium(III)
nitrate hexahydrate, titanium(IV) oxysulfate–sulfuric acid hydrate,
ytterbium(III) nitrate pentahydrate, fumed silica, and zinc nitrate
hexahydrate were purchased from Sigma–Aldrich (Milwaukee, WI).

Anhydrous methyl alcohol (99.8%) was purchased from Fisher
Scientific (Fair Lawn, NJ). Edible grade soybean oil (total acid num-
ber of 0.05 mg KOH/g) was obtained from a local retail outlet
(COSTCO, MI). Oleic acid (technical grade, 90%) was purchased
from Sigma–Aldrich (Milwaukee, WI). Corn oil from dried distillers
grains with soluble (DDGS) was obtained Carbon Green LLC
(Chicago, IL). High purity (>99%) methylesters and ethylesters were
acquired from Nu-Chek Prep, Inc. (Elysian, MN) for use as internal
standards for gas chromatography–mass spectrometry (GC–MS,
Clarus 500, Perkin–Elmer). Multi-element standards, blended in
75 cSt oil (S-21, Conostan, Champlain, NY) were used for measure-
ment of dissolved elements in the products.

2.2. Catalyst preparation and analysis

Four metal oxide formulas supported on zirconia (ZnO–SiO2/
ZrO2, ZnO–TiO2–Nd2O3/ZrO2, ZnO–SiO2–Yb2O3/ZrO2, and ZnO–
Yb2O3/ZrO2) were prepared by a sol–gel method as shown Table 1.
In a typical catalyst preparation, appropriate amounts of aqueous
solutions, such as zinc nitrate hexahydrate and other metal-nitrates,
were mixed together. The solution was then added to zirconium
oxide. The resultant mixture was kneaded thoroughly to achieve a
homogenous composition and aged for more than 24 h. The resulted
dough was extruded into cylindrical pellets as shown in Fig. 1(a) and
(b). The crush strength of the pellet was measured by a Strong-Cobb
tester (Engineering System C53, Nottingham, England). An alterna-
tive method is to dry the dough into a solid cake. The dried pellets or
solid cake were then heated in air at a rate of 10 �C/min up to 800 �C
and held in air at 800 �C for 30 min. The resulting ZrO2 supported
metal oxide was broken down into smaller particles with a mesh
size of 35 � 8 for catalytic tests.

For the measurement of the acidity of the catalysts 1.50 g of ZrO2

supported catalyst (35 � 70 mesh) was heated to 800 �C in a furnace
and took out from the furnace and cooled down at room tempera-
ture for 1 min. The catalyst was then submerged in 20 mL of anhy-
drous methanol for 5 min. The acidity of the ZrO2 supported
catalysts were measured with a pH meter (pH 110 series, Oakton
Instrument, Vernon Hills, IL). Two buffer standard solutions (Met-
repakpHydrion Buffers, Brooklin, NY), pH 4 and 7, were used.

2.3. Transesterification and esterification procedure and analysis
method

The catalysts were activated at 750 �C and immediately added to
a reaction mixture or placed in a reactor to minimize possible con-
tamination from ambient air. The catalyst particles, 35 � 8 mesh
pellets, were packed in tubular reactors (Swagelok tube, 3=4 inch
diameter, 43 cm length). Feedstocks were delivered to the top of
the reactors with pumps (Series II pump, Chrom Tech Inc., Apple Val-
ley, MN). The reactor pressure was maintained with back pressure
valves as shown in Fig. 1(c). Long-term catalytic activity (as mea-
sured by FAME yield) of the ZrO2 supported metal oxide catalysts
for both esterification and transesterification were investigated. A
mixture of soybean oil (67 wt.%) and FFA (33 wt.%) were used as
model compounds for low grade oils containing free fatty acids.
The metal concentrations leached from the catalyst into the prod-
ucts were measured using inductively coupled plasma spectrometry
(Optima TM 2100 DV ICP-OES system, Perkin–Elmer). A cobalt inter-
nal standard in 75 centistokes (viscosity) hydrocarbon oil was used.

When the product was dried an oil phase could be clearly sep-
arated from a glycerol phase. The top oil phase containing the es-



Fig. 1. (a) Amorphous ZrO2 supported metal oxides catalyst pellet (8 � 35 mesh), (b) Cylindrical geometry pellets, and (c) Bench reactor setup for continuous flow testing.
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ters, unreacted fatty acid, triglycerides, and partially reacted
mono- and di-glycerides, was analyzed with a GC–MS. The per-
centage of biodiesel yield was defined as the weight percent of
esters recovered divided by the theoretical weight of esters that
should have resulted from all of the mono, di, and triglycerides
and free fatty acids in the original oil feed. The amount of fatty acid
esters in the samples were quantified using a GC–MS (Clarus 500
GC–MS, Perkin–Elmer) with a capillary wax Rtx-WAX column
(length: 60 m, diameter: 0.25 mm, thickness of stationary phase
0.25 lm) which provided a good separation for compounds of
intermediate to high polarity, and hence, allowed the separation
of alkyl-esters. Helium was used as the carrier gas in this work.
The injector and detector temperature was 240 �C. The oven tem-
perature was programmed as follows: begin at 120 �C (4 min),
ramp at 20 �C/min to 240 �C and hold for 15 min. The samples
for GC–MS analysis were prepared as follows: approximately
15 mg of sample oil and a 200 lL internal standard solution in
heptane were added to 5.0 mL of heptane. Of the resulting solution,
0.5 lL was injected into the column. Ethyl-arachidate and methyl-
arachidate (Nu-Chek Prep Inc., Elysian, MN) were used as internal
standards. Total acid number of soybean oil was determined
according to ASTM D 664 using a Brinkmann/Metrohm 809
titrando (Westbury, NY).

3. Results and discussion

3.1. ZrO2 supported metal oxides catalyst preparation

ZrO2 supported metal oxides catalysts have been made into pel-
lets with a mechanical crush strength of 13 � 15 kg), allowing these
catalysts to be used in packed bed reactors. In addition, the ZrO2

supported metal oxide catalysts were capable of converting both
FFA and triglycerides through simultaneous esterification and
transesterification reactions. Much of the functionality of these
combined support/catalysts systems could be controlled by varying
acidic ZnO components to the acidic support ZrO2 (Zabeti et al.,
2009). When ZrO2 particles were put into acidic metal nitrates solu-
tion, the surface of ZrO2 is transformed into hydroxide form and
then converted into metal hydroxides. Because of the strong inter-
action (hydrogen bonding) between hydroxyl groups and oxygen of
the ZrO2 and water, the dough mixture does not dry easily in ambi-
ent conditions. Strong adhesive forces are generated because of
both the hydrogen bonding and the ionic interactions within the
mixture dough. The dough can be hardened by heating and drying
at elevated temperatures (120 �C). The hydroxyl group absorption
band (3200 � 3500 cm�1) was diminished by drying. The FTIR spec-
trum of the ZrO2 supported metal oxides is coincided with the sup-
port ZrO2–. During heating, condensation reactions between
hydroxyl groups chemically result in stable and mechanically
strong pellets which can be used in packed bed reactors.

The ZnO/ZrO2 catalyst was tested in a packed bed reactor with a
33% FFA and 67% soybean oil feedstock. The catalyst provided a
very high FAME yield (89 � 86%) for simultaneous transesterifica-
tion and esterification as shown in Fig. 2(a). A slight deactivation
(FAME yield 89 ? 86%) was observed over the duration of the
55 days test. However, because of the high solubility of Zn species
in acidic solution, initial dissolution of Zn ion in the oil phase was
very high, decreasing stiffly from 800 ppm on the first day to
200 ppm on the third day and then diminished slightly from
27 ppm on the 17th day to 9 ppm on the 55th day.



(a)

(b)
Fig. 2. (a) Deactivation of the catalyst (ZnO/ZrO2) and dissolution of Zn specie, (b)
Deactivation of the catalyst (ZnO–SiO2/ZrO2) and dissolution of Zn specie. Reaction
condition: reaction condition: feed mixture of 67% soy bean oil and 33% FFA and
methanol, methanol to oil ratio 9.4, reaction temperature 190 �C, residence time
69 min.

Table 3
Acidity of the ZrO2 supported metal oxides.

Catalysts pH

ZnO–SiO2–Yb2O3/ZrO2 6.32
ZnO–SiO2/ZrO2 6.11
ZnO–TiO2–Nd2O3/ZrO2 5.28
ZnO–SiO2–TiO2–Nd2O3/ZrO2 5.00
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Addition of Al2O3 to a WO3/ZrO2 catalyst was found to further
stabilize the tetragonal phase of the ZrO2 support and also to pre-
vent the growth of WO3 crystals (Chen et al., 2003). In this study,
four acidic oxides such as TiO2, SiO2, Nd2O3 and Yb2O3 were added
as both a promoter to the ZnO/ZrO2 catalyst and a stabilizer of ZnO.
As shown in Fig. 2(b), the SiO2 promoted and stabilized the catalyst
(ZnO–SiO2/ZrO2) provided similar catalytic activity (FAME yield
90 � 86%) as the ZnO/ZrO2. However, the dissolved Zn concentra-
tion in the product (oil phase) was as low as 76 ppm compared to
807 ppm of the ZnO/ZrO2 catalyst at the first day and then less than
5.0 ppm after 5 days. The stability of supported ZnO was signifi-
cantly increased. As a result, a relatively small deactivation of the
catalyst (FAME yield 90% ? 86%) during 6 months was observed
(Fig. 2(b)). The dissolution of Zr and Si were negligible and those
concentrations in the FAME phase were less than 1.0 ppm after
2 days.
Table 2
FAME yields (%) at different temperature over various catalysts.

Temperature (�C)

Catalysts (age) 170 180
ZnO–SiO2/ZrO2 (120 days) 71.2 75.7
ZnO–TiO2–Nd2O3/ZrO2 (128 days) 79.5 86.2
ZnO–SiO2–Yb2O3/ZrO2 (30 days) 63.4 71
ZnO–Yb2O3/ZrO2 (18 days) 70.3 –

Reaction condition: Feed mixture of 67% soy bean oil and 33% FFA and methanol, meth
3.2. Catalytic activities of ZrO2 supported metal oxides

ZrO2 is attractive as a catalyst support due to its high thermal
stability, extreme hardness, acidic and basic properties (Haas
et al., 2006). Many researchers (Furuta et al., 2006; Laosiripojana
et al., 2010; Lopez et al., 2008, 2007; McNeff et al., 2008;
Park et al., 2008a) have studied single metal oxides supported by
ZrO2 and some of them (Furuta et al., 2006; Kim et al., 2011) used
two different metal oxides supported by ZrO2. In this study, more
than two metal oxides were supported on ZrO2 to identify catalytic
attributes for FAME production. Five promising ZrO2 supported
mixed metal oxides catalysts have been formulated and studied at
various temperatures, residence times, and methanol to oil ratios
for up to 6 months. Typical reaction condition was as follows: feeds:
SBO containing 15% FFA or 33% FFA, corn oil from DDGS (TAN
25.1 mg KOH/g); reaction temperature: 170 � 230 �C; feed rates:
0.15, 0.25, 0.35, 0.45, 0.55, 0.65, and 0.75 mL/min for all the catalysts
except the ZnO–Yb2O3–Nd2O3/ZrO2 catalyst (a typical day cycle of
0.35 mL/min for 16 h, 0.55 mL/min for 4 h, 0.65 mL/min for 2 h,
and 0.75 mL/min for 2 h was repeated).

Even though solid acid catalysts are active for both transesteri-
fication and esterification (Zabeti et al., 2009), these catalysts
require higher temperature to give higher FAME yields. The highest
FAME yield (88.5%) was attained at 200 �C over the ZnO–SiO2/
ZrO2catalyst as shown at Table 2. The decrease in FAME yield can
be attributed to side reactions occurring at temperatures higher
than 200 �C. It is well known that FAME having more double bonds
has less stability for chemical changes (Wadumesthrige et al.,
2009). The GC–MS peak area for C18:3 converted to FAME
decreased with increasing temperature after 190 �C and nullified
at the temperature higher than 210 �C. In addition to these
changes, the single component of C18:2 was changed into alternate
isomers of C18:2, and the amounts of the isomers diminished at
the reaction temperatures higher than 210 �C. The same feature
was observed with the ZnO–Nd2O3–TiO2/ZrO2 catalyst. The highest
FAME yield (95.1%) was obtained at 200 �C and the yield decreased
with further temperature increase. Previously several possible side
reactions have been reported as follow: side products such as FFA,
water, CO2 and hydrocarbons through hydrolysis of triglyceride
(Rattanaphra et al., 2010), decarboxylation of esters (Morgan
et al., 2010; van der Klis et al., 2011), and thermo/catalytic cracking
(Tani et al., 2011). Hydrocarbons that are from cracking or decar-
boxylation were not observed through GC–MS analysis. In inter-
preting these experimental data, following points should be
considered. The decreasing FAME at the higher reaction tempera-
ture than 200 �C is closely related with the decreased amounts of
190 200 210 230
87.5 88.5 81.0 53.2
92.4 95.1 90.8 79.5
80.2 87 91.4 93
84.2 – 88.2 91

anol to oil ratio 9.4, residence time 69 min.



Table 4
FAME yields (%) at the different residence times over various metal oxides catalysts.

Catalysts Residence time (min)

32 44 53 69 96 160

ZnO–SiO2/ZrO2 (147 days) 75.8 81.9 86 81.0 67 55.4
ZnO–TiO2–Nd2O3/ZrO2 (117 days) 83.1 88.5 89.2 90.8 87.7 84.2
ZnO–SiO2–Yb2O3/ZrO2 (42 days) 75.7 84 88 91.4 91 92.3
ZnO–Yb2O3/ZrO2 (27 days) 84.7 85.4 86 88.2 89 91.2

Reaction condition: Feed mixture of 67% soy bean oil and 33% FFA and methanol,
methanol to oil ratio 9.4, reaction temperature 210 �C.

Table 6
FAME Yields (%) of the product with the firstly converted feed (89% FAME) and
different methanol to oil ratio over the ZnO–TiO2–Nd2O3/ZrO2 catalyst.

Oil–methanol feed rates,
mL/min (MeOH/oil mole ratio)

FAME yield (%)

0.39–0.26 (5.7) 99.0
0.42–0.23 (4.7) 98.8
0.45–0.20 (3.8) 96.3
0.48–0.17 (3.0) 92.6

Reaction condition: Feed mixture containing 89% FAME, residence time of 44 min,
reaction temperature 195 �C.

Table 5
FAME yields (%) with various methanol to oil ratio over catalysts.

Catalysts Methanol/oil ratio

4.2 6.5 9.4 13.3

ZnO–SiO2/ZrO2 (140 days) 73.5 77.4 80.6 84.1
ZnO–TiO2–Nd2O3/ZrO2(110 days) 85 88.5 90.3 90.7
ZnO–SiO2–Yb2O3/ZrO2 (35 days) 83 84 90.8 93
ZnO–Yb2O3/ZrO2 (20 days) 84.7 87.3 88.2 89.9

Reaction condition: Feed mixture of 67% soy bean oil and 33% FFA and methanol,
residence time 69 min, and reaction temperature 210 �C.
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C18:3 and C18:2. Even though there is no weight loss in lipids pro-
duced, FAME yields converted over the catalysts (ZnO–SiO2/ZrO2

and ZnO–TiO2–Nd2O3/ZrO2) significantly decreased at the higher
reaction temperature 200 �C. This suggests that FAME molecules
having double bonds have been further converted. It is well known
that acid catalyzed hydration of alkene can be occurred with acid
catalyst and water (Nelson et al., 2009). These results coincided
with the fact that these two catalysts (ZnO–SiO2/ZrO2 and ZnO–
TiO2–Nd2O3/ZrO2) are more acidic than the others as shown in
Tables 2 and 4; and more than 5 mol% of water can be generated
from esterification of free fatty acid (33%). Thus, in order to mini-
mize this side reaction, the reaction temperature should be no
more than 200 �C for these two catalysts. However, these side reac-
tions were negligible up to the reaction temperature of 210 �C over
the ZnO–SiO2–Yb2O3/ZrO2 catalyst. This limited side reaction can
be attributed to the presence of Yb2O3 loaded on the ZrO2. This
result can be explained by attenuated acidity of the loaded metal
oxides. When the pH values of the ZrO2 supported metal oxides
were measured, the pH of the ZnO–SiO2–Yb2O3/ZrO2 catalyst was
the largest (Table 3). This suggests that Yb2O3 is relatively basic
among the supported metal oxides. The side reactions at higher
reaction temperature were related to the acidity of the catalysts.

The highest catalytic activity (FAME yield 95.1%) was observed
from the ZnO–TiO2–Nd2O3/ZrO2 at 200 �C. As shown at Table 3, this
high activity can be attributed to the strong acidity of the catalyst.
The ZnO–SiO2–Yb2O3/ZrO2 catalyst displayed the highest activity
at the temperature higher than 210 �C due to limited side reactions
occurring at higher temperatures.

Residence time effects on the FAME yield at 210 �C were shown at
Table 4. Significant side reactions were observed with the
ZnO–SiO2/ZrO2 and ZnO–TiO2–Nd2O3/ZrO2 catalysts. Highest FAME
yields over ZnO–SiO2/ZrO2 and ZnO–TiO2–Nd2O3/ZrO2/ZrO2 cata-
lysts at 210 �C were 86% and 90.8%, respectively. The amounts of
C18:3 and C18:2 became smaller with increasing residence time.
However, the amount of another isomer of C18:2 produced through
the side reaction increased with increasing residence time. Thus, the
FAME yield increased initially and finally decreased with increasing
residence time due to the side reactions. On the other hand, the high-
est FAME yields over the ZnO–SiO2–Yb2O3/ZrO2 and ZnO–Yb2O3/
ZrO2 catalysts were observed at the largest residence times due to
the negligible side reaction.

Complete conversion of high FFA-containing oils is difficult
because of the equilibrium limitation caused by water generated
in the esterification reaction. However, if heterogeneous catalyst
could give over 90% FAME yield, >99% conversion can be attained
by using a two stage reactor system (Table 6). According to this
criterion, ZnO2–SiO2–Yb2O3/ZrO2 and ZnO–TiO2–Nd2O3/ZrO2 are
most promising candidates for converting high FFA containing
feedstock into FAME.

A higher methanol to oil ratio is beneficial to attain a higher
conversion. However, using a lower methanol to oil ratio is pre-
ferred to minimize the cost for separation and recycling of the
unreacted methanol. Typical reactor systems using homogeneous
catalyst require greater sulfuric acid (10 � 25% of oil weight)
concentrations, a higher excess of methanol (Methanol/oil = 30),
and much longer reaction times, such as 24 h. These cost prohibi-
tive reaction conditions are typically required because the catalyst
(sulfuric acid) is more miscible in the water product phase than the
methanol phase leading to a pronounced water inhibition effect
(reverse hydrolysis) that decreases biodiesel yield (Dias et al.,
2009). Compared to a homogeneous catalyst, heterogeneous cata-
lysts do not require as high a methanol to oil ratio. The effect of
methanol to oil ratio for the ZrO2 supported metal oxides catalysts
was investigated. In general, higher methanol to oil ratio can result
in higher yield. All the catalysts tested showed about 5 � 10% dif-
ferences between methanol/oil ratios of 4.2 and 13.3 as shown at
Table 5. For the ZnO–TiO2–Nd2O3/ZrO2 catalyst, the methanol to
oil ratio effect was not properly reflected because significant side
reactions at 210 �C were observed from the ZnO–TiO2–Nd2O3/
ZrO2 catalyst shown at Tables 2 and 4.

In order to investigate the catalytic activity in the second stage,
the collected and dried product from the first stage was re-pro-
cessed over the ZnO–TiO2–Nd2O3/ZrO2 catalyst. As shown at Table
6, when 89% FAME feed was fed to the second stage reactor, a yield
of 99% of FAME was achieved. Because the re-processed feed con-
tains about 11% of mono-, di- and tri-glycerides, the theoretical
amount of methanol required is much lower. But when relatively
less methanol to oil ratio (3.0) was fed into the reactor, the FAME
yield was not high as expected (89–92.6%). Instead, it was shown
that excess methanol was essential in getting a high FAME yield
(>99%) in the second stage.

The typical deactivation behavior of the ZnO–Yb2O3–Nd2O3/
ZrO2 has been investigated during a long reaction period
(150 days). The [Zn] concentration in FAME phase sharply de-
creased from 477 ppm (1st day) to 5.9 ppm (9th day) and then
maintained at less than 2 ppm for 92 days as shown in Fig. 3. The
deactivation of the catalyst was negligible and very high FAME
conversion (around 90%) was maintained at the residence time of
33 � 44 min. When the feed was switched from soybean oil con-
taining 15% FFA to corn oil from DDGS (TAN 25.1 mg KOH/g),
FAME% was decreased to 89% which can be attributed to larger
molecules contained in the corn oil. Increased [Zn] concentrations
(5 � 30 ppm) were measured when the feed was switched to corn
oil. These high concentrations can be attributed partly to high dis-
solution of Zn species and partly to the intrinsic Zn concentration



Fig. 3. FAME Yields (%) and [Zn] concentration (ppm) in FAME phase over the
ZnO–Nd2O3–Yb2O3/ZrO2 catalyst. Reaction condition; feeds: SBO containing 15%
FFA for 1 � 92 day, corn oil from DDGS for 93 � 150 day; temperature: 1 � 15 day
(195 �C), 16 � 27 day (190 �C), 28 � 36 day (200 �C), 37 � 72 day (190 � 210 �C),
73 � 150 day (200 �C); feed rates: 1 � 69 day (0.45 � 0.75 mL/min), 70 � 105 day
(1.0 mL/min), 105 � 150 day (a day cycle of 0.55 mL/min for 16 h, 1.0 mL/min for
4 h, 2.0 mL/min for 2 h, and 3.0 mL/min for 2 h was repeated).
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in corn oil (4 � 6 ppm). It should be noted dissolved [Zn] concen-
trations were proportional to the feed flow rates, probably due to
the increased viscous shear force. Thus, it is important to keep
the superficial velocity of the reactant through catalyst bed low
to protect catalyst surface from the induced shear force.

4. Conclusions

Pelletized ZrO2 supported metal oxides catalysts suited for
packed bed reactors and capable of converting both FFA and tri-
glycerides through simultaneous esterification and transesterifica-
tion reactions have been developed. By modifying with acidic
metal oxides with cross-linking properties, such as TiO2, SiO2,
Nd2O3 and Yb2O3, the dissolution of metals were significantly de-
creased and the catalytic activity was promoted. Very high FAME
yields of (95.1% from the catalyst ZnO–TiO2–Nd2O3/ZrO2, and 93%
from the catalyst ZnO–Yb2O3–SiO2/ZrO2) were attained through a
single stage of packed bed reactor. Over 99% FAME yield was at-
tained by using two-stage packed bed reactor.
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