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Abstract

Aliphatic and aromatic carboxylic acids were comeérinto their corresponding esters using a
polymer supported palladium(lIB-ketoesterate complex under hydrogen atmospheréhen
presence of catalytic bromobenzene in alcohols.s Timethod was also applicable to the
transesterification of esters. Good to excellerdldd were obtained for different aliphatic or
aromatic starting materials. The esterification tf@ansesterification) was promoted by thesitu
generation of HBr from bromobenzene, which provideaiild acidic reaction environment. Pd(ll)
centers were converted into polymer stabilized metaoparticles (the true active species) under
reaction conditions. The palladium catalyst exkeithia remarkable activity and was reusable for
eight consecutive cycles. The present system wss t@sted for the preparation of partially
hydrogenated fatty acid methyl esters, startinghfeomixture composed by highly polyunsaturated
esters and free carboxylic acids, taken as a namiléic feedstock for biodiesel upgrading.
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1. Introduction

Esterification of carboxylic acids and transesieation of esters are important reactions having
wide industrial applications for the synthesis @grances, flavors, polymers, pharmaceutical and
agricultural compounds [1,2,3]. In this regard, maseful and reliable catalytic systems for the
synthesis of esters [4,5,6,7] and for transestatibn reactions [8,9,10,11,12,13] have been
reported in the literature. In addition, esterifioa and transesterification reactions are of great
interest for the preparation of biodiesel [14], e@hiis commonly produced from either
transesterification of natural triglycerides (aninfets or vegetable oils) or from esterification of
free fatty acids (FFAs) with methanol to give fadgid methyl esters (FAMES) [15]. Another
important aspect in biodiesel synthesis is the amaf polyunsaturated compounds in the
feedstock. Products that comprise large amouniggbly unsaturated FAMEs are more susceptible
to oxidation (rancidity) but, on the other handydaetter cold flow properties than highly satudate
products [16], so a useful biodiesel should havarge amount of monounsaturated FAMEs and
low quantities of both saturated and polyunsatdrdd@MEs. Many efforts have been recently
made to design catalytic systems aiming at biotigsgrading by partial hydrogenation of FAMES
[17,18], also with palladium based catalysts [122(P2].

On the basis of the above considerations, we caulgle that a catalytic system able to
simultaneously promote esterification, transestaiion and partially hydrogenation reactions
would be interesting both for fine chemicals systh@nd for biodiesel production.

Recently, it has been reported that the esterifioaif carboxylic acids and the transesterificatadn
esters could be smoothly achieved using Pd/C umgdnogenation conditions (1-4 bars)Hh the
presence of small amount of bromobenzene in aled2d]. However, the reported Pd/C catalytic
system could be improved (Pd/C is even pyropharig)nly from a recyclability point of view,
being the catalyst re-usable only up to three tif28§

Aiming at developing a more active system, we datitb evaluate the catalytic activity of a
polymer supported palladium catalyst (in the folilmgvPd-po) for the esterification of carboxylic
acids and transesterification of esters. In ordesbitain a material with a uniform distributiontoe
active sites, the pre-catalyst was synthesized nnuausual procedure [24], i.e., by co-
polymerization of the[3-ketoesterate metal-containing monomer Pd(AAEMARNAEMA =
deprotonated form of 2-(acetoacetoxy)ethyl metHatey with suitable co-monomer (ethyl
methacrylate, EMA) and cross-linker (ethylene glydimethacrylate, EGDMA) [25] (Scheme 1).
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Scheme 1synthesis oPd-pol

Pd-pol pre-catalyst was successfully employed in sevegralladium promoted reactions
[26,27,28,29,30,31,32,33,34,35]. In all cases,pittine Pd(Il) supported complex was reduaed
situ under reaction conditions to Pd(0), forming paliad nanoparticles (NPs) (the real active
species) immobilized onto the insoluble supp®d-pol Scheme 1) and stabilized by the macro-
porous and reticulated polymer matrix [36]. ThestsNhowed a size distribution centered around 4
nm (when formed under 1 atm; kh methanol as the solvent), retaining their motpby and
roughly their dimension even after several catalgdans in hydrogenation reactions [30].

Herein, we report on the catalytic activity andyaability of Pd-pol system in the esterification
(and transesterification) reaction by a simple @wsétion of a carboxylic acid with an alcohol
under mild hydrogenation conditions in the presesiceatalytic amount of bromobenzene. Since

3



the present system was incidentally able to cataftzo the C=C double bond hydrogenation, we
tested the developed protocol in the simultaneatsrification, transesterification and partially
hydrogenation of a mixture of free acids and pobatarated fatty esters, taken as a model acidic

feedstock for biodiesel upgrading.

2. Experimental
2.1. Materials

All chemicals were purchased from commercial sauremd used as receive®d-pol was
synthesized according to the procedure describeeffii30]. Commercial edible oil was composed
by all cis-5,8,11,14,17-eicosapentaenoic acid ethyl ester%}0 all cis-4,7,10,13,16,19-
docosahexaenoic acid ethyl ester (20%6—linolenic, linoleic and oleic acid ethyl esters 3f),
excipients (10%). Palladium content iRd-polwas assessed after sample mineralization by atomic
absorption spectrometry using a Perkin—Elmer 3Xrument. The experimental error on the
palladium percentage was +0.3. Palladium amounthen crude product (after removal of the
catalyst) was assessed after sample mineralizayianductively coupled plasma-optical emission
spectroscopy (ICP-OES, Thermo ICAP 6000) analy=is.the corresponding calibration curve the
limit of detection was 50 ppb. Mineralization prit0 Pd analyses was carried by microwave
irradiation with an ETHOS E-TOUCH Milestone apptma after addition of 12 mL HCI/HNO
(3:1, v/v) solution to each weighted sample. GC-d&& (El, 70 eV) were acquired on a HP 6890
instrument using a HP-5MS crosslinked 5% PH MExsite(30.0 m x 0.25 mm x 0.25 mm)
capillary column coupled with a mass spectrometer3973. Reactions were monitored by GLC or
by GC-MS analyzes. GLC analysis of the products pexr$ormed using a HP 6890 instrument
equipped with a FID detector and a HP-1 (Crosstinkiethyl Siloxane) capillary column (60.0 m
x 0.25 mm x 1.Qum). Yields were calculated by GLC analysis as molesster product per mole

of starting acid by using biphenyl as internal d&d.

2.2. General procedure for catalytic esterificatimi carboxylic acid and transesterification

reaction

In a typical run, a 50 mL stainless steel autocleggipped with a transducer for online pressure
monitoring was charged under airfd-pol (10.6 mg, Pd: 0.5 mol%), the substrate (carboxadic

or ester, 1.0 mmol), bromobenzene (0.1 mmol, 1597 and alcohol (5.0 mL). The autoclave was
then purged three times with hydrogen, then pres=sdiwith 2 bars B set on a magnetic stirrer
and heated to 40 °C. After the minimum time neetleckach reaction completion, the autoclave
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was let to reach room temperature, the hydrogen weased and the autoclave opened. When
necessary, 3.0 mL diethyl ether was added to thx¢unei at the end of reaction in order to dissolve
organic reactants and products. The catalyst wesveeed by centrifugation. The yields were

assessed by GLC analysis of the organic solutiomsiyg biphenyl (50.0 mg) as internal standard.
2.3. Recycling experiments

The catalyst recovered by centrifugation was washkigkd methanol and diethyl ether and dried
under vacuum. The recovered catalyst was thus wdigimd reused for a new cycle employing
appropriate amount of carboxylic acid, assuming tha palladium content remained unchanged

with the recycles. Iteration of this procedure wastinued for eight reuses of the catalyst.
2.4. Isolated Yield

3-phenylpropionic acid (751.0 mg, 5.0 mmol), brombene (78.5 mg, 0.5 mmoRd-pol (53.0
mg, Pd: 0.5 mol%), and methanol (10 mL) were plagedautoclave vessel. Autoclave was
pressurized with 2 bars of hydrogen gas. The macthixture was then warmed to 40 °C
temperature and stirred for 3 h. After reactiomr, tlatalyst was filtered through celite bed. Fidrat
was added of water (30 mL). The reaction mixture watracted with ethyl acetate (3 x 15 mL).
The combined organic layers were washed with 5%e@gg sodium bicarbonate solution (3 x 15
mL), dried over anhydrous MaO, and filtered. The filtrate was evaporated undexuvan to give
methyl 3-phenylpropionate as a pale yellow oil (B6fg, yield = 93 %). Comparison of its MS
and NMR features with those reported in literat{8&] confirmed the purity of the obtained

product.
2.5. One pot hydrogenation, transesterification asterification

A 50 mL stainless steel autoclave equipped withaasducer for online pressure monitoring was
charged under air witRd-pol (10.6 mg, Pd %= 5.0), the commercial oil (323.5 mg), octanoixlac
(0.50 mmol, 72.1 mg, when present), bromobenzend® ({@mol, 15.7 mg) and methanol (5.0 mL).
The autoclave was then purged three times withdgelr, then pressurized with 2 barg ket on a
magnetic stirrer and heated to 40 °C. The reaatmurse was monitored by submitting to GLC
analysis 0.2 mL samples (diluted with 3.0 mL di¢ttyer) drawn at proper time from the reaction

mixture.



3.Results and Discussion

3.1. Esterification

In preliminary experiments we selected the estation of 3-phenylpropionic acid to the
corresponding methyl ester as the model reactiostudy the catalytic activity and selectivity of
Pd-pol being 3-phenylpropionic acid methyl ester anrmiediate for drug synthesis [38]. The
relevant results are reported in Table 1.

Table 1. Esterification of 3-phenylpropionic acid to metH3dphenylpropionate under different
reaction condition8

0 O
OH(ngzprZél) OCH,
—_—
CH,OH
H,, additive
Entry P (bar)" T (°C) t (h) Conv. (%)° Selectivity
(%)°
1¢ 5 40 3 0 0
2 5 40 3 >99
3 Y 40 3 0 0
4 5 40 2 >99 >99
5 3 40 2.5 >99 >99
6 5 RT 2.5 83 >99
7 9 40 2.5 90 >99
g 2 40 3 >99 >99 (98)

@3-phenylpropionic acid (1.0 mmol), GBH (5.0 mL), Pd-pol (Pd: 0.5 mol% of Pd, 10.6 mg),
bromobenzene (0.1 mmol, 15.7 mg) under™H, pressure® Calculated by GLC analysi$In the
absence oPd-pol ¢ In the absence of bromobenzehéinder air.? Bold typing refers to best

reaction conditions! Isolated yield of the reaction carried out on@rmol scale.

The best conditions were found to be those emplayedtry 8, that is: 3-phenylpropionic acid (1.0
mmol), Pd-pol (0.5 mol% of Pd), hydrogen (2 bar) in methanolntg) at 40 °C for 3 h. The



preliminary experiments revealed that in methanel®°C after 3 h the conversion into the ester
product was negligible in the absenceéPdfpol (entry 1), or in the absence of a catalytic amaiint
bromobenzene (entry 2) or when the reaction wasecdaout under air (entry 3), thus confirming
that Pd-pol bromobenzene and hydrogen gas were all essémtitlie desired transformation. On
the contrary, by increasing the pressure efug to 5 bars in the presence of bétt-pol and
bromobenzene, the acid conversion raised up to &940 °C after 2 h (entry 4) and up to 83% at
room temperature after 2.5 h (entry 6). By decreashe dihydrogen pressure to 3 bars the
minimum time to reach quantitative conversion wdas 2 at 40 °C (entry 5). Since in terms of
“safe” chemistry the use of a low hydrogen pressuireore convenient, we decided to carry out the
catalytic esterification of 3-phenylpropionic acidder 2 bars hydrogen at the temperature of 40 °C,
achieving quantitative substrate conversion aftdro8rs (entries 7 and 8). Using the optimized
reaction conditions, the activity and the scopetlud catalytic system was explored in the
esterification reaction of some aliphatic and artienacids in different alcohols as solvents (Table
2).

Table 2. Esterification of carboxylic acids with alcohdls

Pd-pol (0.5 mol %)
RCOOH ——» RCOOR'

additive
H2 (2 bar) R'= CH3, C2H5, l’l-C3H7, i-C3H7, CH2Ph
40°C R'OH
entry substrate product t(h) Yield (%)°

1 2 98
/H6\COOH /(/\)?\coocm

2 M\ /p\)\ 2 95
7 7 ~COOH 16 "COOCH,

COOH

0
of

OOCH,

C
3 98

COOH COOCH;



COOH COOCH;

14 58

5-

COOH COOCH,
P VN
6 ‘ 14 87
N N\F
COOH /\/\/COOC2H5
7 | 4 95
\/
COOH COO"C;H,
8 ©/\/ @N 4 85
COOH COO'C;H,
9 ©/\/ O/\/ 5 10
COOH COOCH,Ph
COOH COOCH;
COOH COOCH;
12° 94

:
%

4arboxylic acid (1.0 mmol), R'OH (5.0 mLPd-pol (Pd: 0.5 mol% of Pd), bromobenzene (0.10
mmol, 15.7 mg) under H2 bars), T = 40 °C Calculated by GLC analysfsdiethyl ether (3.0 mL)
was added to the reaction mixture prior GLC analysi order to dissolve residual substrate and
methyl stearate reaction carried out in the presence of HBr (0.1atimander air at T = 40 °C, in
the absence of bothd-pol and PhBr? 3-phenylpropionic acid (5.0 mmol), G&H (5.0 mL),Pd-

pol (Pd: 0.10 mol% of Pd, 10.6 mg), bromobenzene (thil, 15.7 mg) under H2 bars), T = 40
°C.



The esterification with methanol of octanoic a@adsubstrate frequently taken as a model reactant
for the synthesis of “green diesel” [39], proceedatbothly, producing the relevant methyl ester in
2 h (entry 1). On the other hand, the methylatiboleic acid (entry 2) occurred together with the
C=C bond hydrogenation, yielding a 95% of methwyasate. This result is significant, because
there is an increasing interest in the fully hydnogtion process of FAMEs [40,41].

The methylation of 2-phenylpropionic acid was qitative in 3 h (entry 3, Table 2), and followed
the same course observed for its isomer 3-phenyipnec acid (entry 8, Table 1). As expected on
the basis of the proposed mechanisndd infrg, the methylation of aromatic acids was more
sluggish, requiring 14 h to achieve acceptable emions (entries 4-6, Table 2). The esterification
of 1-naphtoic acid (entry 5, Table 2) was incompldtuie to the detrimental steric effect of the
hydrogen atom in position 8 [42].

To explore the reaction scope, 3-phenylpropionid éte model acid) was reacted with different
alcohols (ethanoln-propanol,i-propanol, benzyl alcohol) in the presence of broemaiene. The
obtained results in the esterification of the maatgt under the optimized reaction conditions were
excellent when linear alkyl alcohols were usedr{est7 and 8, Table 2). However, when a more
hindered hydroxyl group (entry 9, Table 2) was ewyetl, poor results were observed. Finally, the
use of benzyl alcohol gave a good yield (entryTihle 2).

3.2.  Recyclability

The reusability ofPd-pol catalyst in the esterification of 3-phenylproporacid to methyl 3-
phenylpropionate was investigated under the reaaanditions described for entry 8 of Table 1.
After the first use, the supported catalyst wasveoed by simple centrifugation and reused in the
next run after a washing workup. The recoveredlysttavas successfully employed in subsequent
eight cycles with a high catalytic activity, giviige product in excellent yields (94-99%, Figure 1)
The samples oPd-pol recovered either during reaction (filtered off whbe substrate conversion
was 30 % ca.) and after the first and the eightis were mineralized and analyzed by atomic
absorption spectrometry showing the same palladiomtent (in the range of the experimental
error) of the pristine catalyst (Table 3). In adgit the crude product (after removal of the
supported catalyst) was mineralized and submitbetlCP-OES analyses revealing the absence of
palladium in the organic phase (Pd amount was belmvdetection limit of 50 ppb). All these
experiments proved that the metal leaching intatgm was negligible.
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Figure 1: Recyclability ofPd-pol (0.5 mol% of Pd) in thesterificationon of 3-phgurgpionic acid

to methyl 3-phenylpropionate in methanol under(Bibars) at 40 °C (t = 3 h) using bromobenzene

as additive.

Table 3. Palladium amount on the supported catalyst reeavafter different cycles of the model

reaction.
Pd-pol Pd wt%
Pristine 5.0 £0.3
Recovered during reaction (30% conv.) 51 £0.3
Recovered after the first run 49 +0.3
Recovered after the eight run 48+0.3

3.3.  Mechanistic considerations

To gain insights into the reaction mechanism, tilWwing test was performed. The solid catalyst
was hot filtered off after the esterification opBenylpropionic acid in methanol under dihydrogen
had run for 15 min and the conversion had reacldéd Ga. The clear filtrate was then stirred under
air at 40 °C. After 3 h, the GLC analysis of thetabgst-free mixture showed quantitative
conversion into methyl 3-phenylpropionate, and dk@mic adsorption analysis carried out on the
digested filtered catalyst revealed a palladiumt@oinequal to that found iRd-pol before use.
However, a color change of the palladium basedmetyfrom yellow (before use) to dark gray was
observed at the very beginning of the reactiongesting that dihydrogen transformed the pre-
catalyst into the active specie. palladium nanoparticles. In fact, the polymeriport of Pd-pol
was proven to stabilize palladium nanoparticlegiwidiameters ranging from 2 to 6 nm) formed
under dihydrogen in methanol, as revealed by TEMIly&is [30]. It is thus clear that the

catalytically active species were not the origimainomeric Pd(Il) speciese. [PAd(AAEMA),], but
10



the in situ generated palladium nanoparticles. The reactidghway could be similar to the one

proposed by Aavula and co-workers [23] startinghwain oxidative addition of bromobenzene
additive to the coordinately unsaturated palladndt the nanoparticle edge, affording Pd(ll)-
phenyl bromide intermediate, which in contact widrogen gas leads to generation of HBr and
Pd(Il) phenyl hydride species that, in turn, ressothe initial Pd(0) by elimination of benzene
(Scheme 2). Proton transfer from the generated tdBne carbonyl oxygen of the carboxylic acid
increases the electrophilicity of the carbonyl caxb promoting the well-known Fischer

esterification with alcohol [43] (Scheme 2).

Ph
Br
(=Yf)
—_—
7N\
R OH
H,
HBr o
Ph Br

Ph-H
H H H H
N @ N
@ O R'OH 0 P Yo
C C
PN
2 Non R OH R | on
~ 0

o

@!

|
C
S
R'/® H R./
H@
H\ /H
R R H
N N (\)@
/C:O /C— ¢
0 H® g ® HO g Nom
\ \R o
R R

Scheme 2Possible reaction mechanism for the esterificatigh alcohol promoted bid-pol

This mechanism was confirmed by the high catalgtitivity showed by the hot filtered mother
liquor let under stirring at 40 °C under air in tldsence of metal catalyst. The following
observations also substantiated the proposed oeagbathway: the esterification of 3-
phenylpropionic acid with methanol proceeded smlgajhwhen the methanol solution containing
the substrate was stirred under air at 40 °C withbe Pd catalyst in the presence of catalytic

amount of HBr (entry 11, Table 2), aigd when in the model reaction system (3-phenylprapion
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acid, methanol, PhBr additive, dihydrogen atmosghtre amount oPd-polwas decreased up to
0.10 mol% of Pd (entry 12, Table 2).

In addition, the proposed mechanism explains whynatic acids took longer time to react (entries
4-6, Table 2). In fact, the electro-donating caligbiof the aromatic group decreases the

electrophilicity of the carboxylic carbon, thuswiag the reaction rate.

3.4. Transesterification

Since it is known that the acid promoted esteriitcaruns the same pathway followed by the
transesterification reaction in the presence ofesgcalcohol, the present catalytic system was
applied to the transesterification of ethyl octaeowith methanol. The obtained results were
excellent (yield = 95 % after 3 hour reaction, Sube3).

/H\ Pd-pol (0.5 mol %)
“COOC,Hs — .. =

additive COOCH;3
H, (2 bar) t=3h, yield =95 %
40°C CH;0H

Scheme 3Transesterification with methanol promotedRxy-pol

The transesterification carried out on ethyl betegave poor results (yield = 15 % after 20 hours).

3.5. Simultaneous hydrogenation, transesterificaiod esterification

This catalytic system is able also to reduce C=@b&obonds, as it is clear from entry 2 of Table 2,
thus promoting simultaneously esterification anddriogenation reactions, which is really
interesting for production of high quality biodiésk fact, for example fatty acid methyl esters
derived from algae or fish oils have good cold flpmperties, but suffer from very poor oxidation
stability, which makes these products unsuitabletlie use as biodiesel. All these features arise
from the presence of highly polyunsaturated esMesy efforts have been made to date to partially
hydrogenate polyunsaturated methyl esters (biodigsggrading) in order to increase the oxidation
stability, while maintaining satisfying cold flowrgperties [44]. Another important problem in
biofuel production is the undesirable presenceagjd amount of FFAs in certain biodiesel (acidic
oils) feedstocks (mostly those coming from wastekawg oils), which lowers the fuel quality [13].
For this reason, we decided to test the catalgtiwity of Pd-pol system in the simultaneous partial

hydrogenation, transesterification and esterifarativith methanol of a mixture constituted by an
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edible commercial oil containing highly polyunsatied fatty acid ethyl esters (FAEEs) added of
octanoic acid, in order to simulate an acidic esdi feedstock. The majority of the esters in the
chosen edible oil included acids with many unsaioma, such as eicosapentaenoic acid (EPA,
C20:5, 40%) and docosahexaenoic acid (DHA, C22:6, 2D¥%cheme 4). The remaining part of
the oil comprised ethyl esters @flinolenic acid (ALA, C18:3, scheme 4), linoleic dqiC18:2)

and oleic acid (C18:1) and minor amounts of etlsyes of C17 and C16 fatty acids.

O
15 12 9

1 "OCH
ALA (C18:3) s

@]
17 14 11 8 5 /\/“\
W 1 0CHs
EPA (C20:5)
19 16 13 10 7 4

/\Hl/ocsz
DHA (C22:6)

O

Scheme 4ALA, EPA and DHA ethyl esters.

The model mixture was suspended in methanol andjected to Pd-pol catalytic
hydrogenation/esterification/transesterificatiomgsPhBr as the additive.

The octanoic acid was quantitatively converted itd@orresponding methyl ester after 2 hours.
Time course of the reaction for C18, C20 and C2&igs is reported in Figures 2a, 2b and 2c,

respectively.

(a) 100% -
® FAME C18:0
80% -
= FAME C18:1
60% ® FAME C18:2
40% - ® FAEE C18:1
- B FAEE C18:2
.
FAEE C18:3
2h  22h  25h  46h

0%
Oh
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0% T
Oh 2

100% -
(b) m FAME C20:0
80% -
® FAME C20:1
60% ® FAME C20:2
40% - W unresolved mixture
FAEE C20:4
20% -
® FAEE C20:5
h 22h  25h  46h

100% -

(c)
FAME C22:0
80% -
FAME C22:1
60% - FAME C22:2
40% = FAME C22:6

M unresolved mixture
20% -
B FAEE C22:6

0% T T T T 1
Oh 2h 22h 25h 46 h

Figure 2. Percentage composition during reaction of (a) C{8 C20; (c) C22 species.

Before the reaction started (t = 0 h, Figure 2@, €18 fraction of the mixture was constituted by
a-linolenic acid ethyl ester (34%, FAEE C18:3), lieiol acid ethyl ester (13%, FAEE C18:2) and
oleic acid ethyl ester (53%, FAEE C18:1). Enlinolenic acid ethyl ester (FAEE C18:3) the C=C
double bond hydrogenation reaction was faster tien transesterification, and after 2 h the
conversion of the initial C18:3 FAEE into C18:2 ail8:1 methyl and ethyl esters was quantitative
(Figure 2a). The transesterification of ethyl esteto methyl esters reached completion after 22
hours, when C18:1 FAME isomers and methyl stegfeddME C18:0) were the sole C18 species,
being in 4:1 ratio. Their relative ratio remaindchast the same even after 46 h reaction.

Also for EPA ethyl ester (FAEE C20:5), the C=C deubond hydrogenation was fast, and the
conversion into less unsaturated species was 8&¥z2ah reaction (Figure 2b). Actually, a plethora
of species formed during reaction due to partialrogenation, isomerization and esterification. It
was not possible to distinguish these species by Gkchniques, because they gave rise to
overlapping broad peaks. They were classifiedgarg 2b as “unresolved mixture”. Their quantity
decreased down to 10% of the total amount of C2@iep after 22 hour reaction and disappeared

14



after 46 hours, when the C20 fraction was made amiynof di-unsaturated FAMEs (48%) and
monounsaturated FAMEs (32%), being minor (20%)ame@unt of fully hydrogenated FAME.

DHA ethyl ester (FAEE C22:6) disappeared aftergitning under reaction conditions (Figure 2c).
Also in this case, as it happened for EPA deriesjvan “unresolved mixture” formed, whose
amount decreased down to 13% of the total amou@2@ species only after 22 h. After 46 hour
reaction, the C22 portion contained di-unsaturd&&MEs (62%), monounsaturated methyl ester
isomers (23%) and a minor quantity of fully hydrogted product (15%).

For all polyunsaturated FAEES, this catalyst predigatisfactory transesterification capability and
good partial hydrogenation activity with consecati€=C double bond reductions, which might
result in an improvement of the oxidative stabildf the obtained FAME mixture. The lower
catalytic activity showed bid-pol system in hydrogenating the present mixture wapect to the
activity observed in hydrogenating (and esterifyinbtpic acid (entry 2, Table 2) might be found in
the low purity of the considered mixture. Palladiliased catalysts are known to be sensitive to
impurities. In fact, it has been reported thatthe presence of a Pd sol-gel heterogeneous catalyst
squalene (a terpene with six C=C double bonds)fuwlgshydrogenated in 4 h if its purity was > 98
%, While complete hydrogenation did never occur unithe same reaction conditions, if the
substrate was the 82,squalene olive oil (after 24 hour reaction onlyrfaouble bonds were
hydrogenated, and no further reaction took pla@met longer reaction times) [45].

In order to ascertain whether the presence of éanoic acid could affect the course of the
hydrogenation/transesterification reaction of thedel mixture, the same experiment was carried
out in the absence of octanoic acid. The produstridution did not change, revealing that the
initial presence of a free carboxylic acid had nfiuence on the overall reaction, being the acid
quickly esterified.

4.Conclusion

Polymer supported palladium nanoparticles promaked esterification of carboxylic acids with
alcohol under dihydrogen gas in the presence afytat amount of bromobenzene. This procedure
could also be applicable to the transesterificatibesters. The role of bromobenzene consisted in
generatingn situ catalytic amount of HBr which provided a mild aciénvironment and started
the Fischer esterification (or transesterificatioepction. The palladium catalyst exhibited a
remarkable activity and was reusable for eight eonsive cycles. The present method resulted also

able to simultaneously catalyze the hydrogenatiot the esterification of oleic acid to methyl
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stearate, a valuable industrial product. The stremd this system stands in its simplicity and

environmentally benignity (avoid of strong acidienditions and use of a recyclable catalyst). The
Pd-pol method was also tested in the one-pot partial dgaination, transesterification and

esterification with methanol of a low purity mixeuof ethyl esters of highly polyunsaturated fatty
acids, added of a free carboxylic acid (octanoi)adn order to simulate a FFA containing

biodiesel feedstock to be upgraded. Esterificabbrihe carboxylic acid and transesterifications
were quantitative, while the hydrogenation led tonm and di-unsaturated products, which are
more suitable for biofuel application than fullydmggenated or highly polyunsaturated FAMES.
Therefore, this study suggests that the additiocatdlytic amount of bromobenzene to acidic oils
eliminates the undesirable free fatty acids, whpgrading biodiesel under palladium catalyzed
hydrogenation conditions.
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Highlights

Esterification and transesterification were promoted by a Pd catalyst (Pd-pol).
Reactions occurred in the presence of PhBr (additive) under Ho.

The catalyst could be reused at least eight times without loss of activity.

The system was able to catalyze also hydrogenation reactions.

The system killed free carboxylic acids when used for upgrading acidic biodiesel.



