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ABSTRACT

The transesterification of different oils and fats with methanol in the presence of various rare earth oxide
(REO) containing heterogeneous catalysts was investigated. Pure rare earth oxides, supported rare earth
oxides, and stoichiometric rare earth mixed oxide catalysts were prepared. The catalysts were character-
ized by X-ray powder diffraction (XRD), nitrogen adsorption isotherm (BET), thermogravimetric analysis
(TGA), and temperature-programmed desorption of CO, (TPD). The correlation of the catalyst structure
and activity in batch wise lab-scale autoclave experiments was studied. Among the pure rare earth oxi-
des, an exceptionally high activity was found for lanthanum oxide. Rare earth oxides on oxidic carriers
lead to the formation of surface mixed oxide phases, while activated carbon enables to enhance the dis-
persion of the lanthanum oxide phase. A series of rare earth aluminates, titanates, and zirconates were

Heterogeneous base catalysis
Rare earth oxides

prepared by flash combustion synthesis and a comparison of the surface activity is given.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

The growing energy demand of mankind has diminished the
fossil energy sources and caused an alarming increase in CO, in
the atmosphere. Therefore, the conversion of biomass into renew-
able transportation fuels is receiving more and more attention
[1,2]. At present, the production of biomethane from cellulose
[3], the fermentation of glucose and starch to bioethanol [4], and
the conversion of fats and oils into biodiesel [5,6] are state of the
art.

In future, the pyrolysis of triglycerides [7] or the decarboxyl-
ation of free fatty acids [8] into biodiesel might become practica-
ble. The conversion of lignocellulose via syngas formation and
Fischer-Tropsch synthesis as biomass to liquid fuels (BTL) is a cur-
rent topic of research [9]. Finally, as an alternative to the conven-
tional petrorefinery the term biorefinery was created [10-12],
comprising the integrated production of energy, fuels, and plat-
form chemicals with maximum overall efficiency and CO, net
savings.

Currently, biodiesel is made by transesterification of natural tri-
glycerides with methanol and a homogeneous base catalyst like
NaOH or NaOCHs, yielding a mixture of long-chained fatty acid
methyl esters (FAME) [13,14]. The optimization of the reaction
conditions was reviewed [15-19]. In addition, 10-12% glycerol re-
lated to the FAME output as by-product is obtained.
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Disadvantageous is the high triglyceride quality, which is al-
ways in competition with food uses [20]. Fats and oils with a low
content of free fatty acids (FFA) are required to avoid soap forma-
tion and serious problems due to emulsion formation [21]. During
the biodiesel work-up, the base catalyst is neutralized by mineral
acids and the salts formed end up in the glycerol. The crude glyc-
erol is of low quality and value or requires costly purification by
distillation. Glycerol is an important commodity chemical with
several direct uses. Due to the fast-growing biodiesel industry,
glycerol is becoming an important building block [22,23] for the
production of acrylic acid [24] and acrolein [25,26]. Furthermore,
glycerol can be converted into epichlorohydrin by the Epicerol pro-
cess of Solvay or by proprietary Dow technology [23]. Moreover,
1,3-propandiol is accessible via combined hydration and hydroge-
nation of acrolein as shown by Evonik Degussa AG or directly from
glycerol via an enzymatic route developed by Dow [22].

There is a need for a more benign and integrated biodiesel pro-
cess, using low-quality fats and oils with high FFA level and pro-
ducing cost-efficient biodiesel and high-quality glycerol. The use
of heterogeneous catalysis [27-30] is a key technology to over-
come such problems. The low end of pipe costs, energy savings,
high efficiency, and selectivity are especially strong driving forces
behind the development of new green and sustainable technolo-
gies [31-33].

Low-quality triglycerides can be used for the base-catalyzed
transesterification only after removal of the FFA by refining. How-
ever, a preesterification of the FFA with methanol is preferred, be-
cause additional FAME is formed. The preesterification is
accelerated by homogeneous acid catalysts [34-36] or more
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advantageously by heterogeneous acid catalysts like ion exchange
resins [37-40].

The only heterogeneously catalyzed transesterification process
in practice was developed by the Institut Francais du Petrole
(IFP) [41,42] and is commercialized by Axens as the EsterFip-H pro-
cess. A basic spinel catalyst containing Al,03/ZnAl;04/Zn0 is used.
A low FFA containing feedstock is required to avoid zinc soap for-
mation. Diester Industries is running successfully two 160,000 t/a
plants in France and Sweden, and further units are under construc-
tion [43]. Glycerol of >98% purity is produced, a great improvement
compared to the 85% purity typical for the conventional process.

In recent years, the interest in the heterogeneously catalyzed
transesterification increased and numerous catalysts, both acid
and base, have been suggested [18,19,44-46]. However, the high
molar mass of triglycerides and the operation in the liquid phase
cause serious problems. The use of heterogeneous catalysts was
shown to be mass transfer limited, causing a poor catalyst effi-
ciency [47,48].

As base catalysts, the alkali metal oxides Li,O, Na,0, or K;0 on
v-Al,03; were prepared by impregnation of high surface supports
with the corresponding hydroxides [49], carbonates [50], nitrates
[51,52], fluorides [53], or iodides [54] followed by activation typi-
cally at 500 °C. The spinel phase LiAlsOg or orthoaluminates such as
NaAlO, are formed on the surface. However, for most supported al-
kali metal catalysts leaching of alkali metal hydroxides causes
problems. Partial homogeneous catalysis and catalyst deactivation
was reported [49,55,56]. The same problems were observed for LiF,
KF, and CsF on y-Al,03 [57].

Anumber of publications deal with alkaline earth metal oxides as
catalysts. Among these, SrO and BaO are too highly soluble in meth-
anol [58]. Despite that fact, CaO was recommended as a heteroge-
neous catalyst by a number of researchers [59,60] and later
leaching and partial homogeneous catalysis was noted [61-63].
For MgO a high influence of the crystal morphology on the activity
was reported [64,65]. Recently, the use of alkaline earth metal
oxides, hydroxides, and carbonates and especially MgO and CaCO3
as heterogeneous catalysts was patented [66]. Hydrotalcite
MgsAl,(OH)16C05-4H,0 [67-69], MgO, and CaO on y-Al,03 [56,70]
and perovskites like CaTiOs, CaMnOs, and CaZrOs [71] were also
investigated.

The doping of MgO and CaO with Li,O, Na,0, or K,0 increases
the base strength by replacement of alkaline earth metal cations
by alkali metal cations and creation of oxygen vacancies [50]. Best
results were reported for Li,O-doped MgO and CaO [51], but the Li
is not tightly enough bound to the host lattice [72]. In the same
manner, KF/MgO was investigated [73].

Recently, rare earth oxide containing catalyst like Eu,Os/y-
A1203 [74], KF/EU203 [75], L3203/Mg0 [76], La203/CaO [77], and
La;03/Zn0 [78] have been reported as transesterification catalysts.
However, La;03; was only used as a dopant to enhance the well-
known activity of MgO, CaO, and ZnO. Furthermore, Eu,05 is too
expensive by far for an industrial application.

The activity of ZnO has already been mentioned, and CaO/ZnO
mixed oxides have also been studied recently [79]. In the same
manner, pure SnO [80] or SnO supported on y-Al,03 [81] are of
high activity. Alkali metal oxide occluded zeolites like Na,O/NaX
faujasite [82] and K,0/SBA15 [83] have been suggested, and titania
silicalites like ETS-4 and ETS-10 and the titania zeolite ETAS-10
have been patented [84]. Polystyrene-bounded alkylguanidines
serve as another alternative [85]. Anion exchange resins [86-88]
and zinc and cadmium arginate [89,90] have been patented.

The best option would be a hybrid process by means of an acid
catalyzed simultaneous FFA preesterification and triglyceride
transesterification. For example, homogeneous acids like H,SO4
[91] and p-TsOH [34] or preferably heterogeneous acid catalysts
should be used.

Cation exchange resins exhibit too low activity [92]. Sulfated
zirconia SO2 /Zr0, [93,94] leaches H,S0,, causing partial homoge-
neous activity. Heteropolyacids like H3PW15,049 and H4SiW12049
are active, but could not be adequately immobilized on a support
[95,96]. The corresponding salts like Cs;sHq5SiW12040 [97] and
Zn; ;Ho6PW12040 [98] were also investigated. Montmorillonite
clays are of low activity [99,100]. Finally, TiO,-, Al,05-, and WO3-
doped Zr0O, indicated good activity and stability for both esterifica-
tion and transesterification in long-term experiments [101].

However, for the hybrid process, the esterification proceeds
much faster than the transesterification and the problem can be re-
duced to an acid transesterification. Due to the high reaction temper-
atures required, by-products like dimethylether, glycerol
methylethers, and acrolein are formed. Since acid catalysis is much
less efficient for the transesterification in comparison with basic
catalysis, a two-step acid preesterification and basic transesterifica-
tion process is favored for the processing of low-quality oils and fats.

Additionally, the enzymatic preesterification and transesterifi-
cation was considered and patented [102,103]. A great number of
enzymes were screened [104]. The low space time yield, the con-
formational enzyme destruction by excess methanol, and enzyme
poisoning by phospholipides cause serious problems [105,106].
Nevertheless, in 2008 a 20,000 t/a pilot plant using immobilized
enzymes started up in China [104].

Process engineering developments include the addition of co-
solvents like MTBE [107] or propane [108]. The transition from a
heterogeneous two liquid phase mixture to a homogeneous system
eliminates phase transition limitations and accelerates the rate of
the reaction. The same effect can be achieved by working in super-
critical methanol [109,110]. The non-catalytic reaction becomes
fast enough, but the high temperature, pressure, and by-product
formation are disadvantageous.

The aim of this work was to study rare earth oxides, their sup-
ported oxides, and rare earth metal mixed oxides as catalysts for
the transesterification of triglycerides with methanol into biodiesel.
The lanthanide element series offers the unique opportunity to infi-
nitely tune and optimize the basicity of heterogeneous catalysts.
Structure-activity relationships can be thoroughly investigated.

2. Experimental
2.1. Materials

Rapeseed oil was kindly provided from Biowerk Sohland GmbH,
Germany, and both crude and refined palm oil from ADM Com-
pany, Germany.

Generous amounts of Zr(OH)4 XZ01247/01, Zr(OH)4/10% Lay03
XZ0 1526/01, and Zr(OH),/8% Y,03 XZO 1523/01 were obtained
from Mel Chemicals, England, and we are very grateful for that.

As catalyst support y-Al,05 Type C of Evonik Degussa AG, Ger-
many was used.

Ammonia 25% (p.a.), AI(NOs);-9H,0 (99%), methanol (99.8%), ni-
tric acid 65% (p.a.), oxalic acid dihydrate (99%), pyridine (99.5%),
and urea (99.5%) were purchased from Merck; N,O-bis-(trimethyl-
silyl)-trifluoracetamide (BSTFA) (97%) and all rare earth oxides
(99.9%) from ABCR; methylheptadecanoate (99.7%), tricaprin
(99.0%), and activated carbon (analytical grade made from wood)
from Fluka; TiCl, (99%) from Acros; and La(NOs3)s-6H,0 (99%) and
Ce(NO3)3-6H,0 (99%) from Aldrich.

2.2. Catalyst preparation

2.2.1. Pure rare earth oxides
For example, 16.29 g La,03 (0.05 mol) is dissolved in 22.9 ml
65% HNO3 (0.33 mol) and diluted with distilled water to 500 ml.
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A solution of 20.80 g oxalic acid dihydrate (0.165 mol) in 500 ml
water is slowly added, forming a white precipitate. The solid is fil-
tered off, washed several times with water, and dried at 120 °C,
yielding 27.01 g La,;(C,04)3-H,0 (0.048 mol) as white powder. The
oxalate is fired in a porcelain crucible in a muffle furnace with a
ramp of RT-900 °C for 12 h, held at 900 °C for 12 h, and cooled in
a desiccator above KOH. Finally, 15.77 g La,03 (0.048 mol) are ob-
tained as white powder.

In a similar way, Y03, PrgO;1, Nd;05, and Sm,03 are prepared.
In case of CeO,, commercial Ce(NOs)3-6H,0 is used for the prepara-
tion of C92(C204)3~H20.

2.2.2. Rare earth oxides on y-Al,03

The y-Al,03 support is dried 16 h at 200 °C and kept dry before
use. For 10% La,03 loading, 18 g of y-Al,05 is impregnated with
5.32 g La(NOs3)3-6H,0 (12.3 mmol) dissolved in 50 ml distilled
water. After drying at 120 °C, the cake is powdered and calcined
by a ramp of RT-900 °C for12 h and held at 900 °C for12 h in a muf-
fle furnace. For 20% La,03 content, 16 g y-Al,O3 is twice succes-
sively impregnated and calcined with 5.32 g La(NOs)3-6H,0
(2 x 12.3 mmol), and for 50% La,05 content, 10 g y-Al,03 is four
times successively impregnated and calcined with each 6.65 g La
(N03)36H20 (4 x 14.4 mmol)

The preparation of 10% oxides of Pr, Nd, Sm, Gd, Dy, Er, or Yb on
v-Al,03 follows the same procedure. The loading is related to the
oxides in the oxidation state 3+, irrespective of the oxidation state
in the pure rare earth oxides.

2.2.3. Y503 or La,03 on monoclinic or tetragonal ZrO,

The different zirconium hydroxide precursors were calcined by
aramp of RT-700 °C for 6 h and held at 700 °C for 6 h. From Zr(OH),
monoclinic m-ZrO,, from Zr(OH)4/10% La,05 stabilized tetragonal
t-Zr0,/10% La,03 and from Zr(OH),/8% Y,05 also stabilized tetrag-
onal t-ZrO,/8% Y,03 are formed. In the following 18 g m-ZrO, or
18 g t-Zr0,/10% La,05 is impregnated with each 5.32 g La(NOs3)s-
6H,0 (12.3 mmol), or 18 g t-Zr0,/8% Y,03 is impregnated with
6.78 g Y(NO3)3-6H,0 (17.7 mmol) in the common way. After calci-
nation by a ramp of RT-700 °C for 6 h and holding at 700 °C for
6 h, the three catalysts m-ZrO,/10%La,03, t-Zr0,/19% La,0s, and
t-Zr0,/17.8% Y,05 are obtained.

2.2.4. La,03 on activated carbon

The preparation of 50% La,03 on activated carbon is conducted
in a 250 ml round-bottomed flask equipped with condenser,
mechanical stirrer, and tempered oil bath. A mixture of 26.58 g
La(NOs3)3-6H,0 (61.4 mmol), 22.12 g urea (0.368 mol), 10 g acti-
vated carbon, and 100 ml distilled water is heated to reflux under
continuous agitation for 16 h. The solids are filtered off, washed
with water, and dried at 120 °C. The catalyst activation is done in
a quartz tube oven by calcination under high vacuum using a ramp
of RT-900 °C for 3 h and keeping at 900 °C for 3 h. After cooling un-
der vacuum, 19.45 g of black powder is obtained.

For a loading of 20% La,03, 10.63 g La(NO3)3-6H,0 and 16 g acti-
vated carbon and for 10% La,0s, 5.32 g La(NO3);-6H,0 and 18 g
activated carbon are used. The required amount of urea and water
is not changed.

2.2.5. Rare earth mixed oxides by flash combustion synthesis

Several mixed oxides were prepared by flash combustion syn-
thesis. The formulations are based on a complete combustion of
the metal nitrates and glycine to CO,, H,0, N,, and the desired
mixed oxide. This means a nitrate/glycine stoichiometric ratio of
9:5 is used. In the following an example of each compound class
is given. Precaution should be taken before scale-up of the given
formulations, because the reaction might become too vigorous.

2.2.5.1. Rare earth aluminates. A solution of 18.76 g Al(NO3);-9H,0
(0.05 mol), 21.65 g La(NO3)3-6H,0 (0.05 mol), and 12.51 g glycine
(0.167 mol) in 25 ml water is prepared. The mixture is calcined
in a porcelain dish inside of a preheated oven of 500 °C for
15 min. The mixture starts to boil and dehydrate, forming a foam,
which ignites with a bright flame and vigorous gas evolution. The
voluminous solid is powdered and 11.41 g gray crude product is
obtained. An additional calcination step with a ramp of RT-
1000 °C for 6 h and keeping at 1000 °C for 6 h yields 10.45 g LaAlO5
(0.049 mol) as a fine white powder. In a similar way, PrAlOs;, NdA-
103, and SmAIO; are obtained.

The Y3Als0;, is made from 37.51 g AI(NO3)3-9H,0 (0.1 mol),
22.98 g Y(NO3)3-6H,0 (0.06 mol), and 20.02 g glycine (0.267 mol).
After calcination of 11.98 g crude product, 11.67 g Y3Al50:,
(0.020 mol) is obtained as white powder.

2.2.5.2. Rare earth zirconates. For example, 24.60 g of aqueous
1.6257 mol/kg ZrO(NOs3), solution (0.04 mol), 17.32g La(-
NOs);3-6H,0 (0.04 mol), and 11.68 g glycine (0.156 mol) are dis-
solved in additional 15 ml of water. The two-step calcination
procedure yields 10.82 g La;Zr,0, (0.019 mol) as white powder.
The same synthesis is adopted to the preparation of Pr,Zr,0,
Nd22r207, SmZZr207, and Y22r207.

2.2.5.3. Rare earth titanates. Typically, 63.64g of aqueous
0.7857 mol/kg TiO(NOs), solution (0.05mol), 21.65g La(-
NO3)3-6H,0 (0.05 mol), and 14.60 g glycine (0.194 mol) are dis-
solved. The two-step calcination procedure yields 11.74g
La,Ti,O0; (0.024 mol) as white powder. The titanates Pr,Ti,0O-,
Nd,Ti,0,, Sm,Ti,07, and Y,Ti,O; are successfully prepared, too.

The required TiO(NOs), solution was prepared by hydrolysis of
TiCl4 on ice, precipitation of TiO,-xH,0 with NHs, washing the pre-
cipitate with distilled water until free of chloride, and dissolving
the wet cake in 65% HNOs.

2.3. Catalyst characterization

The X-ray powder diffraction patterns were recorded on a Sie-
mens D5000 of 217.5 mm goniometer radius. A copper anode with
Cu Kol (154.0598 pm), Cu Ko2 (154.4426 pm), and nickel filter
was used as X-ray source. Measurements were done in the 2@
range 3-90° with 0.02° step width and 1 s data acquisition.

Lattice constants were determined by Cu Ko2 stripping and
additional fitting of the sample height displacement by the stan-
dard least square method.

Crystal size d was determined by the Scherrer method with the
full-width in half-height w assuming a Lorentz peak shape follow-
ing equation:

09/
di(w—wo)-cos® @
The line width wy was determined to be 0.0693°-cos ®. The lattice
strain could not be fitted, due to the too high experimental and sys-
tematic errors. The crystallite sizes are based upon the average of all
d values calculated from reflections with 2@ >30.00° and a peak
area >2500 counts.

The nitrogen adsorption isotherms were measured on a
Micromeritics ASAP 2010 at 77 K. The BET surface area was calcu-
lated for the partial pressure range p/po of 0.05-0.25, the microp-
ores for 0.2-2 nm diameter and the mesopores for 2-100 nm
diameter using the BJH method.

The TG analysis was performed on a Netzsch STA 409C in the
range 20-1100 °C and 2 °C/min temperature ramp in dry air.

The TPD analysis was conducted on a Carlo Erba TPDRO 1100
Series Thermo Finnigan. Samples were degassed at 500 °C in a he-
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lium atmosphere and loaded at 30 °C with CO,. Desorption was
performed in the range 30-900 °C with helium as carrier gas and
thermal conductivity detection (TCD).

2.4. Transesterification procedure

Transesterifications were conducted in 75 ml steel autoclaves
equipped with glass inlet, pressure gauge of 0.25 bar accuracy,
internal thermocouple, and 5 x 20 mm magnetic stirring bars at
500 rpm. A Horst 325 W heating mantle regulated with Eurotherm
91e controller was used for temperature regulation with an accu-
racy of 5 °C.

In a typical run, 12.5 g oil, 12.5 g methanol, and 1.25 g of cata-
lyst are used. This means 50% methanol and a triglyceride/metha-
nol ratio of 1:27.5 for rapeseed oil and of 1:26.4 for both crude and
refined palm oil is used. In addition, 16.25 g rapeseed oil, 8.75 g
methanol, and 1.63 g catalyst according to 35% methanol and
1:14.8 stoichiometry and 20 g rapeseed oil, 5 g methanol, and 2 g
catalyst according to 20% methanol and 1:6.9 stoichiometry were
used, too. This means that always 10% of catalyst related to the
oil amount is used.

Typically, the temperature is raised to 150°C in 15 min, to
200 °C in 25 min, and to 250 °C in 40 min. The reaction time is
set zero, when the desired temperature is reached by %5 °C accu-
racy. After finishing 2 h of reaction time, the autoclave is quenched
in ice. The resulting two liquid phase mixture is diluted with 30 ml
MTBE, the catalyst separated by centrifugation, and the product
mixture analyzed by GC.

The initial pressures obtained with rapeseed oil are summarized
in Table 1.

With 50% methanol and 225 °C, 52 bar are reached, and at
250 °C, even 78 bar are measured. The progress of the transesteri-
fication can be followed by a pressure drop. For example, with 50%
methanol and 250°C the pressure ends up at 62 bar for full
conversion.

2.5. Product analysis

The fatty acid composition of the triglycerides was determined
by GC of the methylesters on a Hewlett Packard 6890 GC equipped
with a 50 m, 0.25 mm, 0.25 pm carbowax-coated capillary column
from CS Chromatographie using 120 °C, 2 min iso, 120-230 °C,
5 °C/min, 230 °C, 20 min iso temperature program. Methylhepta-
decanoate was used as internal standard for calibration.

The transesterification product analysis was carried out on a
Hewlett Packard 6890 GC equipped with cool on-column injector
system, a 12 m, 0.32 mm, 0.1 pm HT5-coated capillary column
from SGE using 60 °C, 1 min iso, 60-350°C, 10 °C/min, 350 °C,
20 min iso temperature program. Tricaprin was used as internal
standard for calibration. Samples were silylated using BSTFA and
pyridine as silylating reagents. Excess methanol was removed in
vacuum, 25 pl of dry sample was dissolved in 250 ul MTBE and
silylated with 100 pl pyridine and 50 pl BSTFA in the sealed GC
glass for 30 min at 70 °C. After cooling, samples were made up with
MTBE to 1.6 ml and directed to GC analysis [111]. The accuracy of
product composition was +0.5%.

Table 1
Initial pressure conditions for the transesterification of crude rapeseed oil.

Temperature 20% methanol 35% methanol 50% methanol
(°C) (bar) (bar) (bar)
50 9 10 10.75
175 12 18 21
200 185 28.5 33

2.6. Calculation of the methylester and glycerol yields and selectivities

The transesterification of triglycerides is a three-step consecu-
tive reaction as shown in Fig. 1.

Starting from the triglycerides TG via the intermediate 1,2- and
1,3-diglycerides DG and 1- and 2-monoglycerides MG, finally glyc-
erol G is formed. In any of the three consecutive steps an equiva-
lent of FAME is formed. The complete liberation of the glycerol
requires very high conversions, because only in the last step the
glycerol is formed, while only 1/3 of the FAME comes out.

For the calculation of the yields Y and selectivities S the total
amounts of fatty acids and glycerol in both, free and bound form,
must be determined by GC analysis. The total amount of free and
bound fatty acids nggga is given by:

Nepra = 3NM16 + 2Npe + Ni + Nrame + NEra (2)

In a similar way, the total amount of free and bound glycerol nggg is
given by:

Nggc = N6 + Npcg + Nmc + Ne (3)

The stoichiometric ratio vggpa between the free and bound fatty
acids nggra and the free and bound glycerol nggg must be constant
and is expressed by:

VEBFA = MrgFA (4)
NgBG
In idealized triglycerides the stochiometric ratio should be 3. In real
fats and oils deviations from the ideal ratio are observed, due to the
formation of free fatty acids and partial glycerol loss in crude oils
and fats and excess diglycerides and monoglycerides in refined fats
and oils.

The conversion X is related to the number of cleaved glycerol
ester groups according to:

NEAME + TIFFA
=3 5 )
N1c + 2Npg + N + NramE + NFFA

According to this definition, the conversion might be X > 0, if the oil
contains free fatty acids.

In the following two different product selectivities are dis-
cussed. The FAME selectivity Sgame is reduced due to the FFA for-
mation, while the glycerol selectivity S; is reduced due the
accumulation of diglycerides and monoglycerides as intermedi-
ates. Based on this, the selectivities are calculated by:

NFAME
S = 6
FAVE ™ Tpame + Nrea ©)
Se=1- (Vesra — 3)N16 + (Vesra — 2)Npg + (Vesra — D)iime @

NrAME + TEFA

The FAME yield Yeame and glycerol yield Y are defined as product of
the conversion X and the selectivities Spame Or Sg by Egs. (7) and (8).

TG Triglycerides

+ CHZOH - FAME
DG 1,2- and 1,3-Diglycerides
+ CHgOH - FAME
MG 1- and 2-Monoglycerides

+ CH3OH - FAME

G Glycerol

Fig. 1. Schematic transesterification of triglycerides with methanol.
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Yeane — NEAME 8)
311 + 2npg + N + Neamve + Nrea
V n n n
Yo = rera (M1c + Mg + Mg ) 9)

3n1c + 2npg + Mg + NMrame + Mera

In this manner, the glycerol yield Ys and selectivity Sg are deter-
mined indirectly via the total stoichiometry. The direct quantifica-
tion of glycerol causes problems, due to the strong adsorption on
the high catalyst surfaces.

2.7. Calculation of the specific surface activity

Due to the low surface area of the investigated catalysts, the BET
surface area could not be measured with sufficient accuracy.
Therefore, the specific catalyst surface area A was calculated using
the X-ray density p and the crystal size d obtained by the Scherrer
method Eq. (1) as given by:
_ 6
=5
The rate constant k is based on the assumption of a pseudo-first
order reaction kinetics and calculated with aid of the reaction time
t and the conversion X of Eq. (5) as given by:

_In(1-X)
t

The non-catalytic rate constant ko was determined to be 0.0244 h'.

Finally, the specific surface activity is related to the catalyst mass

Mcatalyst and the molar amount of ester groups in the oil ngster as gi-
ven by:

A (10)

k= — ko (11)

k- NEster

Activity = (12)

Mecatalyst A
As standard conditions, 2 h reaction time, 12.5 g refined palm oil
corresponding to nNgseer =44.182 mmol, and Mcaalyse = 1.25 g were
used for the calculations.

3. Results and discussion
3.1. Oil characterization

The fatty acid mass distribution of rapeseed oil, crude and re-
fined palm oil is listed in Table 2.

The rapeseed oil is mainly assembled of oleic acid 18:1, while
for crude and refined palm oil palmitic acid 16:0 is predominant.

The acylglycerol composition of the three different oils is sum-
marized in Table 3.

The refined palm oil is free of FFA, rapeseed oil has a low con-
tent of 0.7% FFA, and crude palm oil has a high content of 5.0%
FFA. This refers to an acid value of 10.5 mg KOH/g oil.

3.2. Blank experiments

For rapeseed oil and 50% methanol the obtained product com-
position is given by Fig. 2.

As expected, an increase in the temperature leads to a fast in-
crease in the transesterification rate. At 150 °C 0.2%, at 200 °C
4.2%, and at 250 °C 40.4% FAME yield are obtained. In addition,
an increase in the methanol content surprisingly leads to a slightly

Table 2
Fatty acid composition of the vegetable oils used in this work.

Table 3
Acylglycerol composition, free fatty acid content, and acid value of different oils.

Rapeseed Crude palm oil  Refined palm oil
oil
Triglycerides (wt.%) 98.2 87.8 91.0
Diglycerides (wt.%) 1.2 6.7 9.0
Monoglycerides (wt.%) 0 0.5 0
Free fatty acids (wt.%) 0.7 5.0 0
Acid value (mg KOH/g oil) 1.3 10.5 0
T T T T T T T T T
z
150°C [ Triglycerides g
777 Diglycerides ’
Monoglycerides || [ I I I
. E== Free Fatty Acids
175°C [ Methylesters
[ [ [ [ [ [ [ [
200°C
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225°C :0
0
[
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Fig. 2. Effect of the temperature on the non-catalytic transesterification using
rapeseed oil and 50% methanol as feed.

decreasing FAME yield. For example, at 200 °C with 20% methanol
8.8% FAME, and with 50% methanol only 4.2% FAME are obtained.
This might be explained by the autocatalytic action of the small
FFA content of 0.7% in the rapeseed oil. These findings are in good
agreement with reports for soybean oil and 44% methanol. After
2h at 220°C and 55bar 26% FAME yield and at 235°C and
62 bar 79% FAME yield was reported [112]. Another group pub-
lished for rapeseed oil, 61% methanol, 1 h at 270 °C, and 200 bar
36% FAME yield and at 300 °C and same pressure 73% FAME yield
[113].

Furthermore, the formed FFA content is also increasing in the
order 0.2% at 150 °C, 1.0% at 200 °C, and 2.6% at 250 °C. This might
be caused by saponification of the triglycerides by small amounts
of water in the methanol and oil. This is an important observation,
because basic transesterification catalysts are known to be unsta-
ble towards FFA. Therefore, not only a small FFA content but also
a low water content in the feedstock is of importance.

Hence, to judge the following heterogeneously catalyzed
transesterifications, the non-catalytic transesterification can be ne-
glected at temperatures of 200 °C and lower.

3.3. Activity of different rare earth oxides with crude and refined palm
oil

Starting from the rare earth oxalates, the rare earth oxides of La
to Sm and Y were made by 12 h calcination at 900 °C. The XRD re-
sults are shown in Fig. 3.

Fatty acid 12:0 14:0 16:0 16:1 18:0 18:1 18:2 18:3 20:0 20:1 22:0 22:1 24:0 24:1
Rapeseed oil - 0.4 4.4 0.4 1.5 61.6 19.7 9.1 0.4 12 0.4 0.5 0.2 0.2
Crude palm oil 0.1 1.2 48.4 0.4 4.6 36.2 8.2 0.2 0.4 0.3 = = = =
Refined palm oil 0.4 1.2 44.7 0.5 4.1 38.7 9.7 0.1 0.4 0.2 - - - -
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Fig. 3. X-ray powder diffraction patterns of different rare earth oxides.

The X-ray powder diffraction patterns match the well-known
rare earth oxide structures [114], which are represented by the
Mn,03 type for Y,0s, the a-La,03 type for LayO3; and Nd,03, the
CaF, type for Ce0O,, a distorted CaF, super structure with ordered
oxygen vacancies for PrgO; and finally the p-La,O5 type for Sm,0s5.

All oxides are of high crystallinity, and the BET surface area
could not be determined accurately due to values of <5m?/g.
Therefore, an enhancement of the specific catalyst surface area
was of interest. For this purpose, thermogravimetric measure-

ments to determine the minimum calcination temperature neces-
sary to obtain the pure oxides and minimize sintering effects were
conducted. A typical TGA starting from La;(C;04)3-H,0 is shown in
Fig. 4.

The decomposition of La,(C>04)3-H,0 takes place in several con-
secutive steps of 30-180 °C dehydration, 180-460 °C decomposi-
tion of the oxalate into the instable intermediate La,O(COs3),,
460-550 °C CO, release and transformation to La;0,(CO3) as an
isolable intermediate, and 550-750 °C final CO, release and forma-
tion of the desired La,0s. The differential scanning calorimetry DSC
indicates that the decomposition of the oxalate is maximum exo-
thermic at 367 °C, while the decomposition of the La,0(COs3), is

105 1 [ 012 £ endothermic at 487 °C and of La;0,(COs) is endothermic at 697 °C.
100 r0.09 & The TGA results of all investigated rare earth oxalates are sum-
05 Loos 3 marized in Table 4. . N
1 DSC Plot o With decreasing cation radius and basicity the RE,;0,(COs3)
90 -0.03 . . - A
| N intermediate is no longer apparent beyond Nd. The behavior of
£ 851 r0.00 E’ Ce,(C204)3-H,0 is very different, which only consists of dehydra-
X 804 L0032 tion from 30 to 210 °C and direct formation of CeO, from 210 to
o 5] [ 006 350 °C with a high exothermic peak at 281 °C. In the series La to
1 e Sm and Y, the calcination temperature necessary to obtain the pure
70'_ _"0'09 oxides is decreasing slightly from approximately 750-650 °C. Fur-
65 - & biot --0.12 & thermore, transformation is kinetically hindered, and the phase
4 (o) + = e . . . . .
604 [ 015 2 transition temperature is substantially lowered for infinite reaction
1 F g time. These tendencies are in accordance with the reviewed litera-
55 T T T T T T T T T T T T T T T T T T T T T _018 tLlI'e [115 116]
0 100 200 300 400 500 600 700 800 900 1000 1100 ’ : . .
Temperature (°C) However, for the preparation of pure La,O3 practically at least
850 °C is necessary, to convert the remaining La,0,(CO3) to the
Fig. 4. Thermogravimetric plot of lanthanum oxalate La,(C,04);-H0. oxide in a reasonable period of time
Table 4
Thermogravimetric analysis of different rare earth oxalates.
Compound Lay(C204)3 Cey(C;04)3 Pry(C;04)3 Nd,(C;04)3 Smy(C,04)3 Y5(C204)3
(%) (°C) (%) (°0) (%) (°0) (%) (°0) (%) (°0) (%) (°0)
RE;(C,04)3xH,0 100.00 30 100.00 30 100.00 30 100.00 30 100.00 30 100.00 30
RE(C204)3 95.60 203 96.87 210 96.51 280 90.11 300 90.03 285 96.93 180
RE,0(COs), 71.28 470 = = 7332 439 72.82 437 = = = =
RE,0,(C0s) 66.11 570 - - 66.60 496 61.17 551 60.01 580 55.37 549
REO 58.33 750 62.24 350 60.87 608 55.91 664 56.86 650 48.63 681
Loss on ignition 58.13 1000 60.43 1000 59.82 1000 55.06 1000 56.50 1000 47.86 1000
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A comparison of the catalytic performance of different at 900 °C
calcined rare earth oxides in the transesterification of refined and
crude palm is shown in Fig. 5.

When 50% methanol is used at 200 °C, the methylester yield is
decreasing in the order La to Sm and Y for refined and crude palm
oil, respectively. This can be explained by the same decreasing or-
der of the cation radius and of the basicity. This trend leads to an
activity optimum for La;0Os, which converts refined palm oil with
90.6% FAME and 84.7% glycerol yield, while crude palm oil even
makes 97.2% FAME and 94.2% glycerol yield. Surprisingly, the pres-
ence of 5.0% FFA in crude palm oil always leads to methylester
yields exceeding the values of refined palm oil. This does not match
our expectations, because in the presence of FFA the basic surface
activity should be reduced. However, the formation of basic soaps
might cause some partition of homogeneous catalysis. Deviating
from the other rare earth oxides, CeO, is of higher oxidation state,
shows much less basicity and almost no catalytic activity.

For comparison, the non-catalytic conversion of refined palm oil
yields 3.9% FAME and of crude palm oil 9.5% FAME. Again the pres-
ence of FFA accelerates the auto catalytic reaction rate.

These results confirm the well-known fact that in the lantha-
nide series from La to Lu the decreasing ion radius causes a dimin-
ishing basicity and catalytic activity of the corresponding oxides

7
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Fig. 5. Product composition using crude or refined palm oil and 50% methanol as
feed in presence of different rare earth oxides at 200 °C.

[117]. In addition, the light rare earth element yttrium is similar
to holmium in terms of ionic radius and basicity. Therefore, the
rare earth elements offer the unique opportunity, to control the
base strength and to study the specific catalyst optimization.

3.4. Optimization of the reaction conditions for lanthanum oxide with
rapeseed oil

For the most active La;03, which was calcined at 900 °C, an opti-
mization study with rapeseed oil was conducted in order to inves-
tigate the influence of the temperature and the methanol amount
on the product scope. The results are shown in Fig. 6.

According to the expectations both, a rising methanol content
and temperature, result in an increased rapeseed oil conversion.
Starting from the lower limits of 150 °C and 20% methanol only
20.1% FAME and 7.4% glycerol yield are obtained. At the upper lim-
its of 200 °C and 50% methanol a product comprising 0.3% diglyce-
rides, 2.3% monoglycerides, 0.3% FFA, and 97.1% FAME is obtained.
Hence, the composition already presents the thermodynamic equi-
librium under these conditions. That means 97.5% FAME yield at
99.7% selectivity and 93.8% glycerol yield at 95.9% selectivity are
formed.

3.5. Activity of different rare earth oxides on y-Al;,03

The surface properties of the rare earth oxides starting from the
oxalates can not be significantly improved by lowering the calcina-
tion temperature and reduction in sintering effects. The industrial
application of heterogeneous catalysts requires easy and reproduc-
ible preparation techniques. Therefore, different catalyst supports
such as Al,03, TiO,, ZrO,, Fe,03, and SnO, were screened to reduce
the amount of active compound necessary. An improvement of the
surface properties was expected. In the course of successive load-
ing by impregnation with the corresponding rare earth nitrates fol-
lowed by activation at 900 °C, any oxidic support material causes
the formation of surface mixed oxide phases. This leads to a re-
duced surface basicity and catalyst activity.

However, the decision was made to investigate y-Al,03 as sup-
port in more detail. For Gd to Lu and Y cubic garnets of the compo-
sition RE3Als04, for La to Dy and Y perovskites of the general
formula REAIO3, and for Sm to Lu and Y mixed oxides of the
RE,4Al,Oq type are known to be stable [118]. For the preparation
of y-Al,05 supported rare earth oxides, the phases with the highest
aluminum content are expected to be formed. These are the per-
ovskites for La to Eu and the garnets for Gd to Lu and Y.
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Fig. 6. Effect of the temperature and methanol content on the product composition using rapeseed oil as feed in the presence of La,0s.
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A whole series of 10% rare earth oxide on y-Al,03 catalysts was
prepared by calcination at 900 °C. The results using rapeseed oil as
feed are summarized in Fig. 7.

The results obtained with rapeseed oil and 50% methanol at
200 °C show that the trivalent rare earth oxides on y-Al,03 exhibit
universal activity in the transesterification. The scope of products
ranges between a minimum of 45.9% FAME and 32.3% glycerol
yield for 10% La,05 loaded on y-Al,03 and a maximum of 71.2%
FAME and 56.6% glycerol yield for 10% Nd,03 loading.

As an exception, cerium is only partially stabilized as trivalent
CeAlO3 perovskite. Most of the cerium forms a separate tetravalent
CeO, phase which is catalytically inactive as shown in Fig. 4. For
cerium this effect is leading to a smaller catalytic activity in com-
parison with the other rare earth elements. For praseodymium a
complete stabilization as PrAlO3 perovskite takes place.

These results are contrary to a publication [74], which claims an
excellent activity for a catalyst made of 9% Eu,03 on y-Al,03 pre-
pared by impregnation of pseudoboehmite AIO(OH) with Eu(NOs)s,
followed by activation at 900 °C. In case of the transesterification of
soybean oil with methanol in 1:6 stoichiometry, 10% of catalyst re-
lated to the oil, in 8 h at 70 °C 63.3% conversion is reported.

However, in practice a catalyst containing 10% Eu,053 prepared
according to the authors’ guidelines was used for the transesterifi-
cation of rapeseed oil at standard conditions of 50% methanol and
200°C. Only 36.3% FAME yield and 27.4% glycerol yield was
achieved as shown in Fig. 7. Anyway, europium is one of the rarest
and most expensive lanthanide elements and features no realistic
interest for an industrial application.

In summary, supported rare earth oxide catalysts on y-Al,05 al-
ways lead to the formation of surface aluminates, which are of
much lower activity than the corresponding pure rare earth oxides.
However, a universal activity of rare earth oxides supported on y-
Al,05 is found. As an exception, cerium oxide is less active. There-
fore, the much cheaper non-separated oxides can be used, which
are traded as Ce depleted La to Sm light rare earth fraction and
the Eu depleted Eu to Lu heavy rare earth fraction, which also
might contain Y. Another advantage of supported rare earth cata-
lysts is the reduction of the required amount of active compound
and the catalyst preparation costs. In addition, the rare earth oxi-
des like La,05 are known to be sensitive towards H,O and CO,,
which result in the formation of compounds such as La(OH)s,
LaOH(CO03), and La;0,(CO3). Finally, mixed oxides are more resis-
tant towards FFA traces in the feedstock. This effect, for example,
is advantageously applied to the IFP catalyst system [41,42]. As ac-
tive compound ZnO is used, which is of high activity but poor resis-
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Fig. 7. Effect of 10% loading of different rare earth oxides on y-Al,03; on the
methylester yield using rapeseed oil and 50% methanol as feed at 200 °C.

tance towards FFA traces due to zinc soap formation. This
undesired effect was overcome by the use of y-Al,O3 as support
and the formation of the stable spinel phase ZnAl,04 as active
catalyst.

In case of the light rare earth oxides supported on y-Al,03 cat-
alysts, the influence of the reaction temperature on the transeste-
rification of rapeseed oil with 50% methanol was tested in an
extensive series of experiments summarized in Fig. 8.

The results of the blank tests and the pure y-Al,O5 carrier are
shown as well. The comparison reveals that the support is of small
catalytic activity. As already explained, the loading of cerium oxide
gives a smaller increase in conversion with respect to the other
rare earth oxides. The elements La, Pr, Nd, and Y are more active,
typically making 9% FAME and 2% glycerol yield at 150 °C. How-
ever, at elevated temperature of 250 °C, a tremendous acceleration
of the reaction rate takes place, leading to high conversions and
typically 96% FAME and 92% glycerol yield. More in particular,
10% Pr,05 on y-Al,03 leads to the top result of 96.8% FAME and
92.6% glycerol yield. The product comprises 0.4% diglycerides,
2.7% monoglycerides, 0.5% FFA, and 96.4% FAME. Hence, almost
the thermodynamic equilibrium composition is reached.

Finally, the catalyst preparation of La,03 on y-Al,03 was opti-
mized. Different loadings of La,03 could be achieved by subse-
quent impregnation of La(NOs); and calcination at 900 °C. The
changes of the XRD structure are depicted in Fig. 9.

The y-Al,0s3 is of poor crystallinity and only broad reflections
are observed. Already for the lowest loading of 10% La,0s, the for-
mation of the LaAlOs; perovskite phase is resolved by the X-ray
powder diffraction pattern. An increasing La,0Os content leads to
the formation of low dispersed and high crystalline LaAlOs. For
the highest loading of 50% La,0s, almost a complete conversion
of the y-Al,0; has taken place. For the purpose of comparison
phase pure LaAlO3; of nominal 76.2% La,05 content is shown, which
was aberrantly prepared by flash combustion synthesis. Despite
the different preparation methods, the peak broadening and crys-
tallinity is comparable with the catalysts supported on y-Al,0s.

The structural changes are accompanied by a significant loss of
the BET surface area. The results are summarized in Table 5.

The y-Al,03 is a mesoporous material of 120.8 m?/g BET surface
area with a high BJH mesopore volume of 0.744 cm®>g~! and an
average pore diameter of 23.8 nm. Increasing loading of La,0;
leads to a continuous loss of surface to finally 26.7 m?/g BET sur-
face area, 0.225 cm® g~! mesopore volume, and 30.1 nm average
pore diameter for 50% La,03 loading. The flash combustion synthe-
sis of LaAlO; results in a material of 14.2 m?/g BET surface area,
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Fig. 8. Effect of 10% loading of different rare earth oxides on y-Al,03 and reaction
temperature on the methylester yield using rapeseed oil and 50% methanol as feed.
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Fig. 9. Effect of the La,05 loading on y-Al,O3 on the X-ray powder diffraction
patterns.

0.038 cm® g~ ! mesopore volume, and 6.4 nm average pore diame-
ter. Especially the small pore volume and diameter is much differ-
ent to the on y-Al,Os-supported catalysts.

The results of the catalytic tests using the described lanthanum
aluminates with rapeseed oil and 50% methanol at 200 °C are
shown in Fig. 10.

The activity culminates at 20% La,03; with 60.2% FAME yield at
99.5% selectivity and 44.5% glycerol yield at 73.6% selectivity. The
maximum is caused by two opposite effects. On the one hand the
active material is increased, but on the other hand the accessible
surface is decreased.

Finally, the minimum temperature to achieve the complete
decomposition of La(NOs); into La,O3 was determined by TGA.
The limiting process is the decomposition of the oxynitrate LaO(-
NOs) in the last step which requires a minimum of 700 °C calcina-
tion temperature. Therefore, a further improvement of the
investigated catalysts could be achieved by reduction in the activa-
tion temperature from 900 °C to 700 °C, thereby minimizing sinter-
ing effects. In case of the heavier rare earth elements, a continuous
lowering of the required calcination temperature is expected.

3.6. Activity of La,03 on monoclinic or tetragonal ZrO,

At room temperature zirconium oxide ZrO, can be obtained
either in the monoclinic or in the tetragonal modification. In the
ideal crystalline solid state only monoclinic ZrO, is thermodynam-
ically stable. However, the structure of the Zr(OH), precursor, lat-
tice strains, and the crystallite size can stabilize the tetragonal
Zr0O, modification. Below a critical crystallite size tetragonal ZrO,
becomes metastable [119,120]. Therefore, calcination at high tem-
perature and sintering always results in formation of the mono-
clinic ZrO, phase. For the application as catalyst the tetragonal
modification of ZrO, is preferred due to higher BET surface areas.
A reliable method for the stabilization of tetragonal ZrO, is the
addition of dopants like Y03 or La,0s.
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Fig. 10. Effect of the La,O5 content loaded on y-Al,05 upon the methylester and
glycerol yields and selectivities using rapeseed oil and 50% methanol as feed at
200 °C.

Starting from different zirconium hydroxides Zr(OH),, the three
carriers monoclinic ZrO,, 8% Y,05 stabilized tetragonal ZrO,, and
10% La,05 stabilized tetragonal ZrO, were obtained by calcination
at 700 °C. The X-ray powder diffraction patterns of the Zr(OH), pre-
cursors are shown on the top of Fig. 11.

The monoclinic ZrO, carrier was loaded with 10% La,0s3, and the
final catalyst structure is shown at the bottom of Fig. 11. Interest-
ingly, the La,03 dopant does not lead to the transformation into
tetragonal ZrO,. No free La,03 can be seen and the La;0; must be
either high dispersed on the surface or incorporated in the surface
Zr0, lattice by solid state diffusion. The catalyst reflects exactly the
powder XRD pattern of the carrier ZrO,.

In the same manner, 10% La,03 stabilized tetragonal ZrO, was
loaded with further 10% La,0s3, leading to 19% La,03 in total and
tetragonal ZrO, as shown in Fig. 11. Again no La, 03 phase is appar-
ent and a slight broadening of the (1 1 1) spacing from 296.4 pm to
296.8 pm takes place by incorporation of additional La,03 in the
Zr0, lattice.

Finally, 8% Y,03 stabilized tetragonal ZrO, was loaded with
additional 10% Y,03, making 17.2% dopant in total. The (111)
spacing is enlarged from 296.4 pm to 296.9 pm. As expected,
tetragonal ZrO, is in comparison with monoclinic ZrO, of smaller
crystallite size and has a higher catalyst surface area.

The performance of the three carrier materials and the thereof
prepared catalysts using refined palm oil and 50% methanol at
200 °C is compared in Fig. 12.

In general, the loading of the different supports with either Y,03
or La,03 gives a significant acceleration of the transesterification
reaction rate. The activity of the ZrO, carriers is small and ranging
between 6.0% FAME yield for monoclinic m-ZrO,, 10.8% for 8% Y,03
stabilized tetragonal t-ZrO,, and 13.6% for 10% La,Os stabilized
tetragonal t-ZrO,. For comparison, the blank test gave 3.9% FAME
yield. The loading with 17.2% Y,05 on t-ZrO, leads to an interme-
diate activity of 42.0% FAME yield. However, the loading of 10%

Table 5
Effect of the La;05 loading on y-Al,03 on the BET surface area, micropore surface area, and BJH mesopore surface area.
v-Al,05 10% Lay03 20% Lay03 50% Lay03 LaAlO;

BET Surface area (m?/g) 120.8 81.1 60.6 26.7 14.5
Micropore surface area (m?/g) 11.2 7.5 7.5 2.7 0.7
Micropore volume (cm>/g) 0.005 0.003 0.003 0.001 0
Mesopore surface area (m?/g) 124.9 94.9 70.4 30.0 24.0
Mesopore volume (cm?/g) 0.744 0.597 0.507 0.225 0.038
Average pore diameter (nm) 238 25.1 28.8 30.1 6.4
Maximum pore diameter (nm) 30.2 27.8 34.8 34.0 5.2
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Fig. 11. X-ray powder diffraction patterns of different Zr(OH), precursors and thereof prepared 10% La,03 on ZrO, catalysts.
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Fig. 12. Product composition using refined palm oil and 50% methanol as feed in
presence of ZrO, or Y053 and La,03-doped ZrO, at 200 °C.

La,03 on m-ZrO, shows its real merits, providing 92.5% FAME yield
at 99.5% selectivity and 85.2% glycerol yield at 91.7% selectivity. In
addition, the 19% La,03-doped t-ZrO, is also very good, yielding
92.0% FAME and 85.1% glycerol.

3.7. Activity of different rare earth aluminates, titanates, and
zirconates

Flash combustion synthesis [121,122] is a reasonable method
for the preparation of a library of stoichiometric mixed oxides as
heterogeneous catalysts in a short time and with high purity. The
term flash combustion synthesis means the preparation of metal
oxides starting from a concentrated aqueous solution of the corre-
sponding metal nitrates as oxidants and organic reducing agents.
Such a solution is calcined at typically 500 °C, forming a melt,
which finally burns in a few seconds to the desired oxide and only
gaseous products such as H,0, CO,, and N,. Typical reducing agents
are citric acid, urea, or glycine. The product properties can be influ-
enced by the heat of combustion, the amount of evolved gases, and
the complexing properties of the organic reduction agent. The low

crystallinity of the voluminous, finely powdered crude product can
be influenced by an additional calcination step.

This methodology was successfully applied to the preparation
of different aluminates, titanates, and zirconates of La to Sm and
Y where glycine was used as the reducing agent.

The X-ray diffraction patterns of the prepared rare earth alumi-
nates are illustrated in Fig. 13.

The lattice constants of LaAlOs; to SmAIOs could not be deter-
mined, due to the small distortions of the cubic perovskite unit cell.
In particular, for the perovskites of La to Nd a trigonal cell with two
perovskite subunits and for Sm to Lu an orthorhombic unit cell with
four perovskite subunits are reported [123,124]. Due to this reason
close-neighboured reflections occur. Only the (100) and (200)
reflections are not superimposed reflections, which are suitable
for particle size calculations following Eq. (1). The average crystal-
lite diameters d are for LaAlO3 26(5) nm, PrAlO3; 50(9) nm, NdAIO3
75(13) nm, and SmAIO; 102(18) nm. Therefore, a clear tendency
of an increasing crystallinity in the series La to Sm can be found.

The Y3Al504; garnet is of cubic structure, and the calculated lat-
tice constant (Table 6) is in agreement with the literature [118].
The average particle size is calculated to be 78(13) nm.
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Fig. 13. X-ray powder diffraction patterns of different rare earth aluminates.
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Table 6

Lattice constants, unit cell volumes, XRD-density, average crystallite size, and number of reflections used for crystallite size calculation.
Compound a (pm) b (pm) ¢ (pm) B(°) V(A3) p (g/cm?) d (nm) Reflections
La,Zr,0; 1080.4(3) = = = 1261(1) 6.029(5) 26(5) 38
Pr,Z1,0; 1069.3(2) - - - 1222.7(5) 6.261(3) 28(4) 7
Nd»Zr,0; 1066.3(3) = = = 1212.4(9) 6.387(5) 25(2) 7
Sm,Zr,0; 1058.1(3) = = = 1185(1) 6.674(6) 23(2) 5
Y,Zr,0; 521.2(1) - - - 141.6(1) 5.539(5) 21(1) 8
La,Ti,0; 1302.8(2) 555.0(1) 782.4(2) 98.66(2) 559.3(3) 5.766(4) 119(15) 5
Pr,Ti>0; 1300.45(7) 548.83(4) 771.93(9) 98.568(8) 544.8(1) 5.969(1) 199(49) 6
Nd,Ti»0, 1299.9(3) 546.8(1) 768.7(2) 98.58(2) 540.3(4) 6.100(5) 91(24) 6
Sm,Ti»0; 1023.7(2) - - - 1072.7(7) 6.297(4) 161(42) 12
Y,Ti,0; 1010.1(2) = = = 1030.5(5) 4.970(3) 163(37) 10
YAl501, 1201.1(4) = = = 1733(2) 4.551(5) 78(13) 9

The X-ray diffraction patterns of the prepared rare earth titan-
ates are shown in Fig. 14.

The titanates of La,Ti,O7 to Pr,Ti,O; are monoclinic built from
four modified perovskite subunits, while the titanates Y,Ti,O;
and Nd,Ti,O7 are representative of the cubic pyrochlore structure.
The calculated lattice constants (Table 6) are in agreement with the
literature [125,126]. The determined average crystallite sizes are
given in Table 6, too. The values are ranging between 91(24) nm
for Nd,Ti,O; and 199(49) nm for Pr,Ti,05.

The X-ray diffraction patterns of the prepared rare earth zirco-
nates are depicted in Fig. 15.

The zirconates of LayZr,0; to Sm,Zr,0; belong to the cubic
pyrochlore structure, and Y,Zr,0 is a representative of a random
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Fig. 14. X-ray powder diffraction patterns of different rare earth titanates.
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Fig. 15. X-ray powder diffraction patterns of different rare earth zirconates.

defect fluorite structure. The calculated lattice constants (Table 6)
correspond to literature values [122,127]. The crystallite sizes (Ta-
ble 6) show only small variations and are typically 25 nm. This is in
agreement with literature values for via the urea combustion pro-
cess prepared zirconates, which are in the range of 6.3 nm for
Nd,Zr,0; and 50.0 nm for Y,Zr,0; [127].

The results demonstrate that a great number of potential bio-
diesel catalysts is accessible via flash combustion synthesis. The
combination of different basic rare earth oxides with different
weak basic or amphoteric oxides allows a fine tuning of the cata-
lyst properties.

The 15 described catalysts were used for the transesterification
of refined palm oil under standard conditions of 50% methanol and
200 °C. Due to the very different crystallite sizes and surface areas,
the results cannot be directly compared. For better comparability,
the results were related to the specific surface transesterification
activity, which is calculated according Egs. (10)-(12). In case of
the aluminates LaAlO3 to SmAIOs, the literature data of the X-ray
density [124] was used, all other data is based on our own XRD
measurements.

A comparison of the specific surface activities is shown in
Fig. 16.

The results are compared by the RE*" ion radius, which allows a
better classification of the yttrium compounds. The activity values
are based on the initial transesterification rate. Related to this, the
aluminates of LaAlO; to SmAIO; are of comparatively low activity
of typically 0.082 mmolm2h~!. The structure change of the
Y3Als0;; garnet results in virtually no activity. The titanates show
a continuously increasing activity of 0.101 mmol m 2 h™! for La,.
Ti»0, which culminates at 1.035 mmol m~2 h~! for Y,Ti,O-. Final-
ly, the zirconates reveal a maximum at an intermediate ion radius
with an activity of 0.371 mmol m~2 h~' for Sm,Zr,0-.

In comparison with the pure rare earth oxides, the mixed oxide
catalysts possess much less activity. Reasons are the high crystal-
linity and low surface area. The best result was obtained with
Sm;Zr,07, which gave 58.4% FAME and 43.6% glycerol yield. This
catalyst has the best combination of specific activity and surface
area. A lot of further optimization potential can be expected.

The value of these investigations is justified by the explanation
of the activity tendencies of supported rare earth oxide catalysts,
because surface mixed oxides are formed on any oxidic support.
In addition, for basic mixed oxides such as the described alumi-
nates, titanates, and zirconates, a much better resistance against
soap formation caused by FFA traces in the vegetable oil feed is
expected.

However, the results offer valuable information about the most
favorable combinations between different oxidic catalyst supports
and rare earth oxides. Based on this, extruded catalysts of the most
favorable combinations La,03/Al;03, Y,05/TiO,, and Sm;03/ZrO,
were prepared. Extrudates of La,Os; on activated carbon were
made, too. At present, experiments in the continuous trickle-bed
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Fig. 16. Specific transesterification activity of different rare earth mixed oxides
using refined palm oil and 50% methanol as feed at 200 °C.

mode with these catalysts are underway. Of special interest are the
long-term catalyst performance and the influence of catalyst poi-
sons of different plant oils like traces of Na, K, Mg, and Ca as soaps
[37] and P bound in phospholipides. Those results will be pub-
lished soon in an additional paper.

3.8. Activity of La;03 on activated carbon

Activated carbon made from wood (Fluka, analytical grade) was
found to be the single catalyst carrier, which stabilizes the La,03
phase. Three different catalysts of 10%, 20%, and 50% La,05 content
were prepared by slow precipitation of LaOH(CO3) on activated
carbon, followed by calcination at 900 °C under high vacuum. As
far as we know, such kind of catalyst preparation was not reported
yet. The X-ray powder diffraction patterns are shown in Fig. 17.

For comparison, the amorphous carbon support and the previ-
ously discussed La;O5 are shown, too. No substantial impurities
like oxycarbonates of the type La,0,(CO3) can be observed. Due
to the high XRD detection limits, some minor impurities might
be present. The peak widths indicate that an increasing La,03 con-
tent is accompanied by an increasing crystallite size. More quanti-
tative, according to Eq. (1), a crystallite size of 29(5) nm for 10%,
41(5) nm for 20%, and 49(7) nm for 50% La,03 content is calculated.
The neat La,0s is highly crystalline and exhibits 225(34) nm parti-
cle size. Hence, the loading of La,03 on activated carbon leads to a
significant improvement of the La,03 dispersion.

12009 Activated Carbon
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LR ¥ N
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200 4 - “
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Fig. 17. Effect of the La,03 loading on activated carbon on the X-ray powder
diffraction patterns.

The surface properties were further investigated via the nitro-
gen adsorption isotherms, shown in Fig. 18.

The results show that the loading of La,03 has no effect on the
surface area and the pore structure of the activated carbon investi-
gated. In case of 50% La;O3 on activated carbon, the BET surface
area, micropore area, and BJH mesopore area is cut in half with re-
spect to the carrier. This matches our expectations, because the
amount of carrier in the sample is cut in half, too. The mesopore
volume decreases from 0.606cm®>g~! for the carrier to
0.322 cm® g~! for 50% La,03, while the average pore diameter re-
mains constant 6.0 nm.

Finally, the dispersal of the La;O3 on the activated carbon was
investigated by CO,-TPD measurements, which are shown in
Fig. 19.

While the activated carbon is an inert material, successive load-
ing with La,03 leads to an increase in base strength, shifting the
CO, desorption temperature from 664 °C for 10% La;03 to 688 °C
for 20% Lay03 and 724 °C for 50% La,0s. The desorption peak area
increases from 10% to 20% La,03; content, while the specific num-
ber of basic centers of 50% La,03 on activated carbon is comparable
with 20% La,03 content. Related to the TG measurements shown in
Fig. 4, the high desorption temperature can be explained by forma-
tion of La,0,(C0O3) on the surface and its decomposition at approx-
imately 700°C. In addition, the smaller desorption signal at
typically 450°C fits well to the transition of La,O(COs), to
Lazoz(C03).
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Fig. 18. Effect of the La,O5; content supported on activated carbon on the BET
surface area, micropore surface area, and BJH mesopore surface area.
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Fig. 19. Effect of the La,0; loading on activated carbon on the temperature-
programmed desorption of CO,.
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Fig. 20. Residual acylglycerides using refined palm oil and 50% methanol as feed in
presence of different La,O3 contents loaded on activated carbon at 200 °C.
Remaining 90% of palm oil methyl esters are not shown.

The influence of the La,05 loading on the catalytic performance
of the transesterification of refined palm oil with 50% methanol at
200 °C is depicted in Fig. 20.

All three investigated catalysts are of excellent activity. In the
series 10%, 20%, and 50% La,03 on activated carbon, an increasing
palm oil methylester yield is observed, leading to the best result
of 96.9% FAME yield at 99.7% selectivity and 92.2% glycerol yield
at 94.9% selectivity for the catalyst with 50% La,;0s. These values
are close to the thermodynamic equilibrium under these condi-
tions. The product contains only residual 0.3% diglycerides, 3.1%
monoglycerides, 0.2% FFAs, and the bulk is made of 96.4% FAME.
With the lower loadings of 20% La,03 95.9% FAME yield and 10%
La,;03 92.8% FAME yield are obtained. That means even with the
lowest La,03 loading of 10% the activity is exceeding the perfor-
mance of the pure La,03, which is forming 90.6% FAME yield under
the same conditions (Fig. 5).

These observations are in good agreement with the XRD mea-
surements. From 10% over 20% and 50% La,O5 content, a slight in-
crease in the crystallite size is observed, but the increasing amount
of active La,05 by far exceeds this undesirable effect. Furthermore,
the CO,-TPD curves clearly indicate an increasing number of basic
sites for the transition of 10% to 20% La,03 loading. However, for
50% La,0s, the accessible number of basic sites is comparable,
but the base strength increases as indicated by a shift of the CO,
desorption temperature to higher values.

In conclusion, 50% La,03 supported on activated carbon repre-
sents the most active transesterification catalyst of all catalysts
investigated in this paper.

4. Conclusions

Nowadays, the rare earth elements are neither rare nor re-
stricted to lab-scale research. In fact, quite the reverse is true.
The rare earth elements belong to the longest lasting commodity
reserves due to the large known ore deposits in Inner Mongolia,
China. Therefore, many applications were opened up and a high fu-
ture potential is expected.

In this study the rare earth oxides of Y and La to Sm were used
for the transesterification of crude and refined palm oil. As ex-
pected, the activity is decreasing in the order La to Sm and Y in par-
allel to the decreasing ion radius and basicity, leading to an
excellent activity for La,0s. This trend is interrupted by Ce and
Pr, which form CeO, of almost no activity and PrgO; of slightly re-
duced activity.

In an optimization study of La,03 catalysts in the transesterifi-
cation of rapeseed oil, the best results of 97.5% FAME and 93.8%
glycerol yield were obtained with 50% methanol at 200 °C.

The comparison of crude palm oil with 5.0% FFA and refined,
virtually free of FFA palm oil reveals that for crude palm oil always
higher oil conversions are obtained. For the blank experiments
crude oil yields 9.5% and refined oil only 4.0% FAME. These results
can be explained by an auto catalytic acceleration of the reaction
rate by the FFA content. However, in case of the most active
La;03 catalyst crude oil results in 96.9% but refined oil in only
90.6% FAME yield. These findings indicate an insufficient catalyst
stability and a partial homogeneous catalysis by the formation of
basic soaps.

In the next step supporting of rare earth oxides on different car-
riers was investigated in order to improve the catalytic surface and
reduce the amount of active compound. Solely activated carbon is
an inert carrier, capable to be coated by the rare earth oxides itself.
All other investigated oxidic carrier materials are forming surface
mixed oxide phases with the rare earth oxides.

Furthermore, a whole series of catalysts made of 10% of each
rare earth oxide of La to Yb and Y on y-Al,05; was prepared and
tested with rapeseed oil. The differences are small and the FAME
yield is typically in the range 45-70% at 200 °C. In this respect
Ce is an exception, which is only partially stabilized as catalyti-
cally active CeAlO3 and the remainder consists of inactive CeO,.
In all cases mixed oxides are formed of perovskite structure for
La to Gd like LaAlOs and garnet structure for Y and Dy to Yb.
Therefore, the activity is much lower, compared to the pure rare
earth oxides. However, a much better resistance towards free
fatty acids is expected and at elevated temperature of 250 °C
with 10% Pr,03 on y-Al;03, the top result of 96.8% FAME yield
at 99.5% selectivity and 92.6% glycerol yield at 95.2% selectivity
is obtained.

For different La,03 on y-Al,03 coatings an activity maximum at
20% loading is observed, due to the opposite effects of an increas-
ing active compound content but a decreasing BET surface area.

In addition, monoclinic and tetragonal ZrO, are more suitable
oxidic supports. With refined palm oil and 10% La;Os on mono-
clinic ZrO,, 92.5% FAME and 85.2% glycerol yield are formed. In a
comparable way for 19% La,03 on tetragonal ZrO, 92.0% FAME
and 85.1% glycerol yield is generated.

The rare earth aluminates REAIO; for La to Sm and Y3Al504,,
titanates RE,Ti,O, for La to Sm and Y, and zirconates RE,Zr,0,
for La to Sm and Y were successfully prepared by flash combustion
synthesis. For most of the compounds unit cell parameters could
be determined by powder XRD. For better comparability the activ-
ity during the transesterification of refined palm oil was related to
the specific catalyst surface area. The following trends of the intrin-
sic activities can be drawn. For the aluminates REAIO; for La to Sm
a low, but universal activity is found, while Y3Als0,, due to the
change from the perovskite structure to the garnet structure is
inactive. For the titanium compounds RE,Ti,O, the decreasing
ion radius in the order La to Sm and Y surprisingly leads to a con-
tinuously increasing activity, culminating at Y,Ti,O7, which is the
most active compound of all investigated stoichiometric mixed
oxides. Finally, for the zirconia pyrochlores RE;Zr,0; an intermedi-
ate activity and a broad maximum for Pr and Nd is found.

Since the loading of rare earth oxides on any oxidic catalyst car-
rier always leads to the formation of surface mixed oxide phases,
these results allow to predict the best rare earth oxide and oxidic
support combinations.

Finally, in case of activated carbon an increasing La,03 loading
in the range 10-50 wt.% enhances the catalyst activity. This leads
to the top result of 96.9% FAME yield at 99.7% selectivity and
92.2% glycerol yield at 94.9% selectivity with 50% La,05 and refined
palm oil.
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Currently, continuous experiments with different supported
rare earth oxide catalysts are ongoing and the results will be pub-
lished soon.
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