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Abstract

This work describes the application of a library of iron(Il)-salen catalysts in the production of biodiesel from vegetable oils.
The conversion of neutral soybean oil is complete within two hours at 160—-180 °C with low catalyst loading (0.10 mol%).
A comparative screening reveals that the catalysts containing acetate as a fifth ligand are the most performing, and these
have been conveniently used to convert acidic and waste cooking oils (WCO). WCOs were used as received without fur-
ther purification to produce biodiesel in high yield (85-90%) under optimized conditions (2 h at 180 °C, catalyst loading
0.1 mol%, oil to alcohol molar ratio 1:20). The iron content in the lipophilic and hydrophilic phases of the crude mixture
was investigated and the residual concentration in biodiesel was found to be in the order of 10-14 ppm, comparable to that
contained in biodiesels from other sources.
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1 Introduction

Current social, economic and industrial developments
push towards a shift from fossil energy sources and carri-
ers to renewable ones [1]. In this context, the production
of biofuels occupies a relevant sector of production [2, 3],
its manufacture having reached 165 billion litres in 2019
[4]. The synthesis of biodiesel involves transesterification
of vegetable oils with light alcohols, to obtain a mixture
of fatty acid alkyl esters (biodiesel) and glycerol useful for
further uses [5-7] (Scheme 1)

The use of edible vegetable oils for biodiesel production
raises ethical issues due to competition with human con-
sumption, while the use of non-edible crops can result in
competition for arable land. The use of waste cooking oil
(WCO) [8—13] suffers from no such issues and is actually
perfectly aligned with the UN guidelines of re-cycle and
re-use [14]. Of course, the use of WCO is not without its
problems. The most effective transesterification catalysts are
strongly basic and are easily deactivated by the presence of
significant amounts of free fatty acids (FFA, often between
2 and 5% in WCO) [15]. The traditional solution is the use
of an extra (acid-catalyzed) esterification step preceding the
base-catalyzed transesterification, but the additional process
steps (acid treatment and washing) reflect negatively on the
sustainability of the biodiesel production. [16].

One possible alternative is the use of a Lewis-acidic
catalyst that combines activity in esterification and transes-
terification, allowing biodiesel formation in a single process
step [17—19]. Transition metals are often used in Lewis-acid
catalysis. However, many of them are toxic, very expen-
sive and not equally distributed on the globe, raising ethic
problems due to their exploitation. While the use of these
metals can be necessary in fine chemistry, such as in the
pharmaceutical industry, their use for more basic chemis-
try is unsustainable. Thus, metals with low cost, convenient
availability and favourable ecotoxicological profile stand
out. Among them, iron and zinc are particularly suitable
given their outstanding properties and the sustainability
advantages they offer [20, 21]. Iron has been already used in
transesterification reactions [22]. Some heterogeneous cata-
lysts containing iron also showed good activity in biodiesel-
formation reaction but, apart from the few examples [23,
24], the use of this metal in biodiesel production is still little
explored. This is especially true in homogeneous catalysis.

While heterogeneous catalysts require a simple workup
for their re-cycle, they often have associated problems,
such as low activity (high loading required) and leaching
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Scheme 1 The synthesis of biodiesel
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(recovery step required) that reduce their attractiveness.
On the contrary, homogeneous catalysts have the advan-
tages of providing a high activity and a simpler under-
standing and control of their reaction mechanism. At the
same time, removing the catalyst can be more difficult.
However, if exceptionally active, the catalysts can be left
in the product since the impurity caused by them can
be acceptable for its application. Following our studies
concerning valorisation of vegetable feedstock [20-22,
25-27], the present work sketches how—paradoxically—
use of a homogeneous acidic catalyst might be the pre-
ferred solution. In this paper a family of homogeneous
Lewis acids catalysts based on iron(II) complexes has
been prepared and tested in the transesterification of fresh
vegetable oils and waste cooking oils. Under optimized
conditions, the catalysts are active in very diluted concen-
tration, and leave an iron content inside the final product
compatible with its application, thus making its removal
unnecessary.

2 Material and Methods
2.1 General

rac-1,2-cyclohexanediamine, ethylenediamine, salicylal-
dehyde, 3-methylsalicylaldehyde, triethylamine, iron(III)
chloride hexahydrate, anhydrous iron(Il) acetate, inorganic
acids and the solvents were purchased from Merck KGaA,
Darmstadt, (Germany) and used as received without further
purification. Determination of free fatty acids (FFAs) was
performed in accordance with European regulation (EU)
2016/1227—Annex 2 (Determination of free fatty acids,
cold method) [28], simulated acidic soybean oil was pre-
pared by adding the appropriate amount of oleic acid (Carlo
Erba, 90%) to the fresh soybean oil to achieve the appropri-
ate acidity: to prepare 100 g of acidified soybean oil (AV
2.8 mgyon/g.i) from fresh soybean oil (AV 0.1 mgga/g.i)-
98.64 g of oil were combined with 1.36 g of oleic acid. Final
acidity was verified by the titration method previously men-
tioned. NMR spectra were recorded with a Bruker Avance
Ultrashield 400 (Bruker Corporation, Billerica, Massachu-
setts, US) operating at proton frequency of 400 MHz or with
a Varian 500 Oxford (Varian Inc., Palo Alto, California, US)
at proton frequency of 500 MHz. High-resolution mass spec-
trometry (HRMS) spectra were recorded with Xevo® G2-S
QTof (Waters, Milford, Massachusetts, US) mass spectrom-
eter in positive mode. IR spectra were recorded on a JASCO
FT/IR-430 spectrophotometer (JASCO EUROPE, Cremella,
Italy). UV-Vis spectra were recorded on a JASCO V-750
spectrophotometer (JASCO EUROPE, Cremella, Italy). The
reactions were performed in a Low-Pressure Parr Reactor
model 5100 equipped with MI-heating band purchased from
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Watlow Italy s.r.1. (Italy). Ligand rac-N,N"-bis(salicylidene)-
1,2-cyclohexanediamine [29], complexes 1 [22, 30-32], 2
[33], 3 [34], 4 [35], 6 [36] and iron(III) acetate (included
for comparison) [37] were prepared according to literature
methods. The exhausted oil WCO2 was provided by “Little
Food”, Bagnoli (Napoli, Italy).

2.2 Synthesis of Complex 5

A mixture of rac-N,N'-bis(salicylidene)-1,2-
cyclohexanediamine (1.0 g, 3.2 mmol) and iron(II) acetate
(0.53 g, 3.0 mmol) were stirred 24 h at room temperature in
40 mL of acetone. The dark red precipitate was then filtered
and washed with acetone (yield: 0.98 g, 75%). IR spectrum
(nujol mull, Figure S1): 1616 cm™ (C=N); 1465 cm™!
(C=0, acetate). Mp 340 °C (with decomposition). HRMS
(ESI/QTOF): m/z [C,yH,,FeN,0,]*=376.0869 calcd,
m/z=376.08720 found (Figure S2). UV-Vis spectrum in
methanol: A, ,, 232 nm (Figure S3).

2.3 Catalytic Runs

A typical example of catalysis is as follows: 90 g of oil (ca.
0.1 mol), 32 g of methanol (1.0 mol) and 1.0 X 10~ mol
(0.5 x 10~* mol or 0.25 x 10~* mol) of catalyst (molg, versus
mol; equal to 0.10%, 0.050% or 0.025%) were placed in the
stainless steel reactor vessel (Fig. 1).

The temperature was raised to the desired tempera-
ture (160 or 180 °C, through the heating band) and kept
at this value for the appropriate time. The pressure natu-
rally increased due to the vapor pressure of the components
(mainly due to methanol) reaching values in the range of
14-24 bar, depending on the temperature (160-180 °C)
(WARNING! The reactor vessel must be sealed and shielded
properly; overpressure risks may occur). At the end of
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Fig. 1 The Parr reactor used for catalysis

reaction, the heating band was turned off and removed. Then
the vessel was rapidly cooled in an ice bath. The reaction
mixture was evaporated under vacuum to remove excess
methanol. The resulting oily fraction was analysed via 'H
NMR spectroscopy to determine the yield of the reaction
(as reported in paragraph S1 and Figure S4).

2.4 X-Ray Crystal Structure Analysis

Single crystals of complex 5 suitable for X-ray structure
analysis were obtained by slow evaporation of chloroform/
heptane. Diffraction data were collected at low temperature
(173 K flux of N,) with a Bruker-Nonius KappaCCD diffrac-
tometer (MoKa radiation). Standard procedures were used
to solve and refine the structure (SIR97 program [38] and
SHELXL-2018/3 [39] program). See Supporting Informa-
tion for details. Programs ORTEP-3 [40] and Mercury CSD
4.0 were used for figures [41]. CCDC 2094779

2.5 ICP-MS Analysis

Inductively Coupled Plasma—Mass Spectrometry (ICP-
MS) analysis was performed for determination of iron con-
centrations in the two phases of the reaction mixture. Before
the analysis, samples (0.1 g) were mineralized by adding a
mixture of 69% nitric acid and 37% v/v hydrochloric acid in
3:1 ratio and incubated overnight at 95 °C by using a Reacti-
Therm™ system. The mineralized samples were recovered
with ultrapure water and filtered using 0.45 pm filters. A
proper dilution of each sample was made before introducing
them to the plasma.

Measurements were performed on an Agilent 7700
ICP-MS instrument (Agilent Technologies Santa Clara,
California, US) equipped with a frequency-matching radio
frequency (RF) generator and 3rd generation Octapole Reac-
tion System (ORS3) operating with helium gas in ORF. The
following parameters were used: RF power: 1550 W, plasma
gas flow: 14 L min~!; carrier gas flow: 0.99 L min~'; He gas
flow: 4.3 mL min~!, '%Rh isotope was used as an internal
standard (final concentration: 50 ug L™!). Standard solu-
tions (ICP multi-element standard solution IV, TraceCERT,
Merck) were prepared in 3% nitric acid at five different con-
centrations (0, 1, 10, 50, and 100 pg L_l). Iron concentra-
tions were measured in triplicate.

3 Results and Discussion

The starting point for this study was the observation of the
high transesterification activity [42] by the dinuclear Fe(III)-
salen complex 1 (Fig. 2), an oxo-bridged dimeric species
showing cooperative effects in catalysis as often observed
for dinuclear iron complexes [43], which already proved to
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Fig.2 Salen complexes used as catalysts

Fig.3 ORTEP projection of 5 together with the crystallization
solvent molecule CHCl;. Thermal ellipsoids are drawn at 30%
probability of the electron density. Only the predominant disor-
dered parts of the structure have been reported in the drawing for
clarity. Selected bond distances and angles: Fel-N1=2.106(4),
Fel-N2=2.087(4), Fel-O1=1.889(3), Fel-02=1.895(3), Fel-
03=2.128(3), Fel-04=2.084(3) A; OIl-Fel-N2=158.46(15),
N1-Fel-02=124.91(13), C21---Fel-02=119.02(14), C21---Fel-
N1=115.58(15)°

be a good catalyst for the transesterification and esterifica-
tion of levulinic acid [22]. Salen ligands are easy to syn-
thesize from inexpensive starting materials, allow modular
construction, and are highly tunable in stereoelectronic prop-
erties. Options are available for attaching them to a support
[44]. Tron(IIT) complexes are easy to handle, being stable to
air and moisture. Preliminary experiments indicated that the
dinuclear nature of 1 is not relevant to its transesterification
activity. With this in mind, complexes 1-6 were tested, cov-
ering variations of the counterion (2, 3, 6), steric hindrance
(4) and skeletal variation (5).

The molecular structure of complex S is shown in Fig. 3
(Figures S5—-S7 show other views). The compound crys-
tallizes in the space group P2,/c with a molecule of com-
plex and a chloroform solvent molecule in the independ-
ent unit. Both the chloroform molecule and the acetate
group are disordered over two positions (major:minor
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ratio of 0.89:0.11). All bond distances are in the range
of values found for similar Fe(N,N’,0,0’)(OAc) com-
plexes (Table S2) [34]. In many (salen)MX, complexes
the salen ligand assumes a mer-mer configuration, with
the two monodentate X ligands occupying the remaining
apical positions (i.e. mutually trans); this is also observed
in the polymeric structure of (salen)Fe(p,-catena-OAc)
[45]. In the more usual monomeric (salen)Fe(kx>-OOCR)
complexes the natural preference of the salen ligand for
mer-mer coordination conflicts with the bidentate nature
of the carboxylate, leading to a highly deformed octahedral
environment of the Fe ion. [34, 46—-49].

This coordination mode is also seen in complex 5,
showing that the cyclohexane ring does not affect the
geometric preference in a major way. In any case, these
structures demonstrate that (salen)Fe(III) complexes have
two mutually cis coordination sites available during cata-
lytic reactions. This might be relevant to (trans)esterifica-
tion catalysis, since it has been argued that the role of the
acidic catalyst in such reactions goes beyond that of simple
Lewis acid and may involve more than a single carboxylate
[50, 51].

Accordingly, a plausible mechanism for complexes 2-5,
based on ref 50, is shown in Scheme 2. Initially a carbonyl
oxygen of the triglyceride coordinates the metal center (II).
The coordination enhances the electrophilicity of the car-
bonyl carbon that can undergo nucleophilic attack by meth-
anol. This generates the tetrahedral intermediate III that
can evolve into IV assisted by the vicinal carboxylate. The
methyl ester and the diglyceride are thus obtained. The cycle
can be repeated starting from diglyceride or monoglyceride
as well.

A first catalytic screening was carried out on the entire
set of catalysts using a neutral soybean oil. At the boiling
temperature of methanol (64 °C) the performance of the
catalysts was not satisfactory. To reach high conversions
in convenient time by improving the kinetics, a tempera-
ture of 160 °C was selected, and the reaction was there-
fore carried out in a closed batch reactor (Fig. 1) capable
of withstanding the vapor pressure of methanol. Details of
the reactor are given in the experimental section. In fact,
at 160 °C adequate conversions to discriminate among the
catalysts were obtained within 2 h with a low catalyst load-
ing (0.10 mol% vs oil). At this temperature the endogenous
pressure of the mixture reaches 14 bar, close to the theoreti-
cal vapour pressure of pure methanol. For this reason, the
reactions were performed in a closed stainless steel batch
reactor, equipped with a mechanical stirrer, a pressure gauge
and a thermocouple (further details in experimental section).
The methanol:oil ratio was varied from 4:1 (mol:mol, almost
stoichiometric conditions) to 20:1. The results are collected
in Table 1 and graphically represented in Fig. 4.
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Scheme 2 Proposed reaction
pathway for transesterification
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Table 1 Screening of the catalysts and of the molar ratio methanol:oil

Entry Catalyst Methanol:oil ratio Yield®* (%)
(mol:mol)
1 1 4:1 76
2 2 4:1 66
3 3 4:1 74
4 4 4:1 71
5 5 4:1 76
6 1 10:1 98
7 2 10:1 80
8 3 10:1 97
9 4 10:1 96
10 5 10:1 94
11 6 10:1 70
12 1 20:1 95
13 2 20:1 89
14 3 20:1 98
15 4 20:1 98
16 5 20:1 96
Soybean oil (AV 0.1 mggou/g,), catalyst:oil 0.10 mol %, T=160 °C,

2h
*Determined through NMR spectroscopy, error within +2%

The data show that the methanol:oil ratio of 4:1 is in all
cases insufficient to have an acceptable yield (entries 1-5)
due to equilibrium limitation. NMR analysis [52] of the
product reveals that the 1-monoglyceride (1-MG) is the most

SalenFeOAc
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abundant non-transesterified component (Fig. 5) along with
small amounts of the other monoglyceride (2-MG) and the
two diglycerides (1,2-DG and 1,3-DG).

The equilibrium issues have been overcome achieving sat-
isfactory yields on raising the methanol:oil ratio to 10:1 mol/
mol (entries 6-10) and consolidate at 20:1 mol:mol (entries
12-16). It has to be noted that similar yields were achieved
for some catalysts by both methanol:oil ratios of 10:1 and
20:1 mol:mol. Although the higher ratio thermodynami-
cally favours the conversion, the effect can be undetectable
comparing very high conversions, since the values can fall
within the experimental error limits. Interestingly, while the
thermodynamics is enhanced by a higher amount of alcohol,
the kinetics is slowed down by catalyst dilution. Probably,
the action of both the phenomena affect the observed conver-
sions, which in the end are the same within the experimental
error bars.

Both dimer 1 and the acetate complexes 3—-5 gave high
and comparable yields, which allows drawing some prelimi-
nary conclusions. First, it is likely that dinuclear species 1
transforms into a corresponding mononuclear complex due
to the presence of (small) amounts of FFA in the oil. In fact,
it is known [53] that protic species, in this case RCO,H, react
with 1 according to the following stoichiometry (Eq. 1):

[Fe,(salen),0] (1) + 2 RCO,H — 2[Fe(salen)(RCO,)| + H,0
(1)

Therefore, in the case of 1 the catalytic species is prob-
ably the monomer [Fe(salen)(RCO,)], where R is the chain

@ Springer
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spectrum, see Figure S6
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of a fatty acid, and therefore with stereoelectronic charac-
teristics quite like complex 3.

It is also plausible that acetate is substituted for a fatty
acid carboxylate in 3, 4 and 5 (Eq. 2):

[Fe(salen)(AcO)] (3) + RCO,H — [Fe(salen)(RCO,)| + AcOH
@)

The nearly identical activity of 3, 4 and S shows the
absence of significant effects of the substitutions introduced
in the basic salen structure. On the other hand, the yield sig-
nificantly drops when acetate is substituted for a chloride in
complex 2 (entries 2, 7, 13). In this case, the chloride ligand,
that is a very weak Brgnsted base, is likely not replaced by a
carboxylate (see also Scheme 2), and this probably leads to
an inadequate Lewis acidity of the complex which reduces
its effectiveness. On the other hand, the cationic complex 6,
in which the metal centre is more electron-poor, proved to be
the least active (entry 11) for reasons yet to be established.
Catalysts 3 and S were selected for further testing con-
sidering the preliminary results obtained with soybean oil,
even though it is possible that other varieties of oil may
have a different impact on the performance. However, we
relied on the results obtained with soybean oil to address
the treatment of real matrices, because soybean oil is one

@ Springer
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Table 2 Screening of the catalyst loading

Entry Catalyst Catalyst loading Time Yield*
(mol %) (h) (%)
1 3 0.10 2 97
2 3 0.050 2 82
3 3 0.025 2 71
4 5 0.10 2 94
5 5 0.050 2 84
6 5 0.025 2 65

Soybean oil (AV 0.1 mggou/g.), methanol:oil molar ratio 10:1,
T=160°C,2h

“Determined through NMR spectroscopy, error within +2%

of the most used worldwide, and therefore highly repre-
sentative. Furthermore, the variables that make waste oils
unique are mainly a consequence of the repeated process-
ing to which they are subjected, rather than the different
original composition of their fatty acids. Finally, catalysts
3 and 5 contain the simple hydroxybenzaldehyde, which
is a convenient and economical building block, and can be
both easily prepared in high yield.
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1T§:c|1?n3 Stfengﬁf;at‘éfsai‘;fulmd Entry  Catalyst Catalystload- Time () T  Methanoloil  Residual AV"  Yield®
acidic i a g ing (mol %) (°C)  ratio (mol:mol) (Mgxou/gui) (%)

1 3 0.10 2 160 10:1 1.2 83

2 3 0.10 2 180  10:1 1.3 90

3 3 0.10 2 180  20:1 1.1 95

4 Iron(Il) acetate  0.10 2 180  20:1 1.7 38

5 3 0.050 2 180  20:1 1.5 82

6 3 0.050 4 180  20:1 1.3 90

Soybean oil with added oleic acid (AV 2.8 mgyou/gqi1)

“Determined through NMR spectroscopy, error within+2%

"Determined by titration, error within+0.1

The effect of the catalyst concentration was thus eval-
uated, reducing the loading to 0.050 and 0.025 mol %
(Table 2).

For both catalysts, this further reduction in loading
led to an unsatisfactory conversion, thus confirming that
0.10 mol% loading is the most suitable.

Starting from this data, the activity of 3 was first verified
against a simulated used oil (AV =2.8 mgyon/g,;) created
by adding an appropriate amount of oleic acid to neutral,
unused soybean oil (Table 3). The simulated acidic soy-
bean oil was prepared by adding the appropriate amount
of oleic acid to the fresh soybean oil to achieve an acidity
appropriate to a typical WCO (AV 2.8 mggoy/g.i)- Using
0.10 mol% catalyst loading (entries 1-3), the results show
that slightly more rigorous conditions, such as a tempera-
ture of 180 °C and a methanol:oil ratio 20:1 mol:mol, are
sufficient to achieve practically quantitative yield (entry 3).
Under these conditions, the endogenous pressure reaches
24 bar. It is interesting to note that under these conditions
the simple iron(III) acetate is nearly ineffective (entry 4). To
check the possibility of further reducing the concentration
of the catalyst, its loading was halved (entry 5) and a 4-h
test (entry 6) was carried out, neither of which improves the
performance of entry 3.

The biodiesel yield under the best conditions of entry 3
(Table 3) was also followed in time for both 3 and 5, and the
trend is shown in Fig. 6.

The two catalysts promote practically superimposable
conversions, and the reactions are complete within two
hours. The acid content is also significantly reduced, demon-
strating that the catalysts exhibit acceptable activity towards
esterification.

These optimized conditions were adopted in the treat-
ment of two real vegetable oils coming from food waste.
The first, WCO1, was a domestic oil, mildly used and with
an acidity equal to 0.6 mggou/g.i- The second, WCO2,
was instead an oil from industrial catering, subject to
repeated thermal stresses, and with a high acidity content

Yield and Conversion, %

—a— FAME yield with cat. 3
—e— FAME yield with cat. 5
—4&— FFA conversion with cat. 3
—w— FFA conversion with cat. 5
0 T T T T T T T T T
0.0 05 1.0 15 2.0

time, h

Fig.6 Biodiesel yield and FFA conversion vs time plot, using cata-
lysts 3 and 5. Conditions as Table 3 entry 3

Table 4 Performance of 3 with fresh and waste cocking oils with
comparable acidity values

Entry Substrate Initial AV~ Residual Yield*
(mggon/ AV® (mggon/ (%)
Loil) Loil)
Neutral soybean oil 0.1 <0.1 >98
WCO1 0.6 <0.5 90
Simulated acidic soy- 2.8 1.1 95
bean oil
4 WCO2 2.8 1.3 85

Cat 3:0il 0.10 mol %, methanol:oil molar ratio 20:1, T=180°C, 2 h
*Determined through NMR spectroscopy, error within +2%

(AV =2.8 mggon/g.i)- The two oils were used as received,
after a single filtration through a sieve to eliminate any
suspended solid particles. The results (Table 4) show that
catalyst 3 is still active and performing in both cases,
allowing a biodiesel yield of 90% with WCO1 (entry 2)
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and 85% with WCO2 (entry 4). Comparing these results
with those obtained from fresh oils with comparable AV
values (entries 1 and 3), can be seen that the thermal treat-
ment, or any possible poisoning pollutants produced by it,
slightly affect the catalyst activity.

In summary, it can be realised how the different nature
of the oils is reflected in the performance of the catalysts.
High conversion of neutral oil is achieved already at a
temperature of 160 °C (97%, entry 1 of Table 2). In the
same conditions, the simulated acidified oil is less con-
verted (83%, entry 1 of Table 3). This oil requires higher
temperature (180 °C) and higher methanol:oil molar ratio
(20:1 mol:mol) to achieve satisfactory conversions (95%,
entry 3 of Table 3). Under these conditions, the real matri-
ces WCO1 and WCO?2 are even more resistant towards
transesterification, to an extent that depends on both ther-
mal stress and acidity value (entries 2 and 4 of Table 4).

The iron content of various fractions (exhausted oils
as well as the corresponding biodiesel and glycerol) was
quantified by ICP-MS analysis (Table 5).

Iron was not detected in the initial oil samples, so all
iron observed in the products derives from the catalyst
employed. Interestingly, the biodiesel fraction contains
only ~ 10-14 pg/g of Fe.

Although no concentration limit values have been speci-
fied for iron content in biodiesel, its presence could have
some negative effects for the engine system [54]. How-
ever, small iron and zinc contaminations in biodiesel are
almost ubiquitous due to the use of metallic fuel tanks for
its storage and transportation [55]. Rudrigues et al. [54]
investigated the iron concentration for commercial pure
biodiesel (B100) derived from different biological feed-
stocks finding a value of about 5-10 ppm. Therefore, the
final concentration of iron in the biodiesel produced with
the proposed catalyst is commonly found in commercial
samples and may not need to be removed from the product.

Table 5 Iron quantification by ICP-MS in biodiesel and glycerol from
exhausted oils

Sample Oil Mean =+ stand-
ard deviation
(ng/e)
WCO1 Domestic oil <0.001
WCO2 Industrial catering <0.001
Biodiesel WCO1 Domestic oil 10.1+0.5
Biodiesel WCO2 Industrial catering 14.2+0.6
Glycerol WCO1 Domestic oil 61.3+3.0
Glycerol WCO2 Industrial catering 24.1+1.5

@ Springer

4 Conclusion

This work demonstrates that iron(IIl) complexes containing
salen ligands are effective catalysts for the transesterification
of vegetable oils, and especially WCO, to produce biodiesel.
The study initially envisaged a screening of both dimeric
and monomeric catalysts, with different substituents on salen
and diverse anions, coordinating (chloride and acetate) or
non-coordinating (tetrafluoroborate). This structure—activity
study allowed to identify the acetato-species as the most per-
forming. A possible reaction pathway involves the activation
of the carbonyl group by coordination to the metal centre,
and the intervention of a base (acetate) in the step of the
product release. The beneficial presence of the salen ligand
was also demonstrated by comparing the activity of the com-
plexes with that of simple iron(III) acetate. In optimized
conditions (180 °C, 2 h, methanol:oil ratio of 20:1 mol/mol)
two waste cooking oils were converted in yields up to 90%
by using simple salen iron(IIl) acetate.

Interestingly, the low catalyst loading made it possible
to recover biodiesel with a residual iron content of only a
few ppm, a value comparable to that found in biodiesels
from other sources. This opens the way to the design of
processes in which exhausted feedstock can be transformed
into biofuels in a single step, and without the inconven-
ience of subsequent catalyst separation, thus bypassing
the possible disadvantages of homogeneous catalysis. The
modularity of the catalyst synthesis will enable further
fine-tuning for improved activity.
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