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Abstract

In this work, a route to synthesize bioadditives through H,SiW,0,,-catalyzed levulinic acid esterification reactions with alco-
hols of short chain at room temperature was assessed. Among the Brgnsted acids assessed (i.e., sulfuric, p-toluenesulfonic,
silicotungstic, phosphomolybdic and phosphotungstic acids), H,SiW,0,4, was the most active and selective catalyst. High
conversions (ca. 90%) and selectivity (90-97%) for alkyl levulinates with carbon chain size ranging from Cg4 to C,, were
obtained. The effect of main reaction parameters was studied, with a special focus on the reaction temperature, stoichiometry
of reactants, concentration and nature of the catalyst. Insights on reaction mechanism were done and the activity of heteropoly
catalysts was discussed based on acid strength and softness of the heteropolyanions. The use of renewable raw material, the
mild reaction conditions (i.e., room temperature), and a recyclable solid catalyst are the some of the positive features of this
process. The alkyl levulinates obtained are renewable origin bioadditives that can be blended either to gasoline or diesel.
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which was thus successfully reused without loss activity.
In general, only solid-supported can be reused, however,
it commonly requires a laborious synthesis to supporting
the acid catalyst on high surface solid. In addition, solid
supported catalysts suffer with deactivation due to the high
polarity of reaction medium. All these drawbacks were cir-
cumvented herein.

Introduction

The inevitable depleting of the fossil fuels and the envi-
ronmental impact generated by the increase of the green-
house gases emission has motivated the chemical industries
to develop processes where renewable raw materials can
replace the petroleum-derived chemicals [1, 2]. In this sense,
lignocellulosic biomass has been recognized as a renewable
feedstock that can become an inexhaustible source of prod-
ucts for industrial application, reducing the consumption
of the petrochemicals and arising a strategically important
option from economic and environmental viewpoint [3, 4].
Feed crop residues, wood wastes, and other renewable bio-
mass by-products are highly available raw materials that are
a source of platform molecules for the future biorefinery
[5-7].

The acid hydrolysis of lignocellulosic feedstock (i.e.,
carbohydrates such as glucose and fructose) has as one of
the main products the levulinic acid, which is a versatile
building block to synthesize various interesting chemicals
for fragrance, food and pharmaceutical industries [8, 9].
Especially, alkyl levulinates are useful as fuel’s bioadditive
because have low toxicity and improve some main properties
such as flashpoint stability, lubricity, and the flow proper-
ties under low temperatures [10—13]. Indeed, alkyl levuli-
nates are structurally like the biodiesel, they feature better
oxidative stability and have less tendency to form undesir-
able gums [14]. Recently, several reviews have explored the
potentiality of alkyl levulinates as raw material [14-16].

Conventionally, esterification reactions have been cata-
lyzed by soluble mineral acid catalysts (i.e., sulfuric or
hydrochloric acids) [17, 18]. Although these processes
achieve high esters yield, they have great drawbacks such as
the large generation of residues and neutralization effluents,
the high corrosiveness, besides the great difficulty in han-
dling and reuse the liquid acid catalysts [19].

Recyclable solid materials with strong acidity can
potentially replace the conventional homogeneous acid
catalysts. A common strategy is supporting the Brgnsted
acids over solids that have a high surface area [20]. Nev-
ertheless, the main challenge is to obtain a stable catalyst
that resists to the leaching caused by the high medium
polarity. Different solids matrixes have been treated with
sulfonic or sulfuric acids, resulting in catalysts that were
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used in levulinic acid esterification processes [21-26].
However, in addition to the leaching, the sulfonic groups
of these catalysts can be alkylated and deactivated during
the esterification reactions with the alcohols [27].

Notwithstanding these challenges, some sulfonated het-
erogeneous catalysts have been successfully developed.
Guo et al. synthesized catalysts based on aryl sulfonic acid
functionalized hollow mesoporous carbon spheres (named
as ArSO;H-HMCSs) [28]. Those catalysts were assessed
in the synthesis of alkyl levulinates from furfuryl alcohol
and levulinic acid. They have found that ArSO;H-HMCSs
were more active than solid or liquid commercial catalysts
(i.e., Amberlyst-15 or sulfuric acid, respectively).

Lewis acid catalysts are also a viable alternative. Peng
et al. developed an interesting strategy to synthesize ethyl
levulinate by using the furfuryl alcohol as a substrate and
AIClj as the catalyst [29]. This simple commercial cata-
lyst was efficient and easily recovered and reused. Nev-
ertheless, this route of synthesis has a disadvantage; the
temperature required for the reaction of ring opening of
the furfuryl alcohol is higher than that used to esterify
the levulinic acid (i.e., 393 K and 333 K, respectively).
Moreover, the ethyl levulinate synthesis was efficient only
when a high molar ratio ethyl alcohol: furfuryl alcohol was
used (ca. 170:1).

Keggin heteropolyacids (HPAs) have received a lot of
attention due to their easy synthesis and strong Brgnsted
acidity, being widely used in several acid-catalyzed reac-
tions [30-32]. However, they are solid with a low surface
area (i.e., 1-5 m?/g) [33]. Aiming to circumvent this draw-
back, several groups have supported the HPAs over solid
matrixes with higher surface area [34-37]. Nowadays, the
design of stable solid-supported acid catalysts for biofuels
production is still a great challenge [38, 39]. Baronetti et al.
synthesized several silica-included Wells—Dawson HPAs and
used they as catalysts to convert levulinic acid to ethyl lev-
ulinate. Although these catalysts had been repeatedly used
without loss activity, a high molar ratio of alcohol to acid
(ca. 1:64) was essential to achieve a high ester yield [40].
Guo et al. described the successful use of H,;SiW ,0,,/bi-
functionalized organosilica nanotubes ZrO, in esterification
of levulinic acid with different alcohols [41]. The laborious
synthesis of this catalyst hampers its use at industrial scale.

In this study, we established a route to synthesize alkyl
levulinates at room temperature using the H,SiW ,0,, as a
soluble and recyclable catalyst. A novel procedure allowed
recovery and reuse the homogeneous catalyst. The activity
of H,SiW,0,, was compared to the other soluble Keggin
HPAs and liquid Brgnsted acid catalysts. Alkyl levulinates
with carbon chain size of gasoline (C¢—C,) were efficiently
synthesized at room temperature when H,SiW,0,, was the
catalyst. The effects of the main reaction parameters were
assessed. We paid a special emphasis on reuse and recycle of
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H,SiW ,0,, catalyst, an aspect that distinguishes this homo-
geneous catalyst from the other ones.

Materials and Methods
Chemicals

All the chemicals and solvents were used as received. Het-
eropolyacids (i.e., H;PW,,0,44, H;PMo,,0,4,, H,SiW,0,),
and p-toluene sulfonic acid (99 wt%) were acquired from
Sigma-Aldrich. Levulinic acid (97 wt%), alkyl (i.e., methyl,
ethyl, propyl, isopropyl, butyl and benzyl) alcohols having
purity between 99.5 and 99.8% wt%, were also purchased
from Sigma-Aldrich. Sulfuric acid (98 wt%) were purchased
from Dinamica.

Catalytic Runs

Catalytic tests were carried in a glass reactor (50 mL) fitted
with a reflux condenser and sampling septum, under mag-
netic stirrer. Typically, Brgnsted acid catalyst (ca. 1 mol%
of H* ions in relation to the levulinic acid) and an adequate
amount of the alcohol (ca. 158.0 mmol) were dissolved,
and the reactor temperature was adjusted to 298 K. Then,
the reaction was started by adding of levulinic acid (ca.
8.8 mmol).

To monitoring the reactions, aliquots were collected at
regular time intervals and analyzed by chromatography gas,
in a Shimadzu 2014 plus gas chromatograph instrument
fitted with FID and a CP-WAX capillary chromatographic
column (25 mx0.32 mm X 0.30 um). Toluene was internal
standard. The plotting of GC peak areas of the products or
substrate in the calibrating curves allowed calculating the
conversion and the checking the reaction mass balance.

The selectivity of the main products was calculated fol-
lowing the Eq. 1, where rf correspond to the response factor
that was obtained from calibration curves built with the pure
products.

Selectivity(%) = (Apoq) 7f/ (Acons) X 100 1)

cons )

The E-factor calculation for the reaction of levulinic acid
esterification with ethanol was done in according with the
Eq. 2:

E-factor = [weight of levulinic acid (g)
+ weight of ethanol (g)
— weight of ethyl levulinate (g)
— weight of excess ethanol (g)]/
weight of ethyl levulinate (g) 2)

The reaction products were identified by GC/MS analyses
(Shimadzu MS-QP 2010 ultra, mass spectrometer, electronic
impact mode at 70 eV, coupled to a Shimadzu 2010 plus,
GC) and by comparison with the authentic samples.

Measurements of Acidity Strength

The catalysts acidity was measured by potentiometric titra-
tion, as describe by Pizzio et al. [42]. The electrode poten-
tial variation was measured with a potentiometer (i.e., Bel,
model W3B). Typically, an acetonitrile solution containing
the acid catalyst (ca. 100 mg) was titrated with n-butylamine
solution in toluene (ca. 0.025 mol L™1).

Product Chromatographic Separation
and Characterization

Reaction products were separated by column chromatog-
raphy (silica) using mixtures of hexane and ethyl acetate at
1:3 volume proportion as the eluent, and then identified by
GC/MS (Shimadzu MS-QP 2010 ultra mass spectrometer
instrument operating at 70 eV coupled Shimadzu 2010 GC)
by comparison with the authentic samples. Afterwards, they
were characterized by 'H and '3C NMR analyses and FT-IR/
ATR spectroscopy analyses. The main results are presented
in the supplemental material (Figs. SM1-SM4).

The NMRs spectra were taken in CDClj; solutions, using
a Varian 300 spectrometer at 300.13 and 75.47 MHz, respec-
tively. FT-IR/ATR spectroscopy analyses were recorded in
Varian spectrometer. The chemical shifts were expressed as
O (ppm) relatively to tetramethyl silane (TMS) as an internal
reference.

Recovery and Reuse of Catalyst

The catalyst recovery was performed through the liquid-lig-
uid extraction process. After the end of the reaction, the
remaining solution was concentrated in a rotatory evapo-
rator; a mixture of dichloromethane-water was added (ca.
10 mL 1:1). The organic phase was three times washed with
water (ca. 5 mL), and the aqueous phase containing the
catalyst was vapored until dry, providing the solid catalyst,
which was then reused in another catalytic run.

Results and Discussion

Effect of Catalyst Nature on the Levulinic Acid
Esterification with Ethyl Alcohol

The levulinic acid (1) esterification with alcohols is a revers-
ible reaction commonly carried out in the presence of liquid
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Brgnsted acid catalysts such as hydrochloric, p-toluenesul-
fonic or sulfuric acids. Herein, we have assessed this reac-
tion in the presence of silicotungstic acid and at room tem-
perature (Scheme 1).

Besides the acidic strength, the softness of the anion
present in the Brgnsted acid plays a key role in the cata-
lyst activity in esterification reactions. Therefore, we have
assessed the activity of Brgnsted acids with the same H*
concentration. Frequently, esterification reactions of (1)
have been carried out at the reflux temperature of alcohol
[39-41]. However, in a previous work, we have found that
H;PW ,,0,, catalyst was highly active in esterification reac-
tions of glycerol and fatty acids at room temperature [43,
44]. Therefore, this was the temperature selected herein. It
is worth mentioning that reaction initial conditions (Fig. 1)
were not optimized to provide the highest conversions.

The silicotungstic acid (i.e., H,SiW ,0,,) is a solid cata-
lyst easier to handling than traditional liquid Bronsted acid
catalysts. In addition, it was more active than sulfuric acid or
even other Keggin heteropolyacids studied (Fig. 1).

The leveling effect of solvent makes all these catalysts
equally stronger in water. However, this effect is absent
herein, because even being used at the same H' cations
concentration, different conversions were achieved in
esterification reactions of (1) (Fig. 1). The HPA catalysts
were more efficient than sulfuric and p-toluene sulfonic
acids. It can be attributed to the large radium of heter-
opolyanions, which have the highest softness due to their
higher charge delocalization. Experimentally, we have
found that the HPAs catalyst activity obeys the trends:
H,SiW ,040=H;PW ,04,>H;PMo,,0,,. This result agrees
with the literature that attributes higher pKa values for the
tungsten HPA catalysts [45].

The site of protons is an important issue to understand
this result. NMR experiments and DFT calculations demon-
strated that the protons of the H;PW,,0,, are placed on ter-
minal oxygen atom; whereas, the protons of the H;PMo;,0,,
are located on the oxygen of u,-oxo bridges [46]. These two
different positions explain why the acid strength of W and
Mo HPA:s is different.

" H4SiW12040
60 ® HSPW12040
i A H3PMO12O40
50l 7 p-toluenesulfonic acid -
- | ]
< H,S0, . °
» blank-reaction -
;S 40 1 - : N *
: I
3 304
g o
5201 3 : )
A < <
10 <
0 > > > o
0 2 4 6 8
time / h

Fig. 1 Brgnsted acid-catalyzed esterification of (1) with (2) at room
temperature® “Reaction conditions: Levulinic acid (8.8 mmol); ethyl
alcohol (158.0 mmol); volume (10 mL); Brgnsted acid catalysts
(4 mol % of H* cations in relation to the acid); temperature (298 K)

In Table 1, we briefly summarized the main results of
solid or soluble catalysts reported in the literature related to
the esterification reactions of (1).

In general, the solid acid-catalyzed levulinic acid esteri-
fication reactions described in the literature were per-
formed at a temperature equal or higher than ethyl alcohol
reflux temperature (ca. 351 K) (Table 1). Although HPAs
are extensively used as solid-supported catalysts in LA
esterification reactions, different sulfonic acid solid cata-
lysts are also employed on these processes [49-52]. For
instance, Vaccaro and coworkers on the use of organic pol-
ymer supported catalysts for the esterification of (1) [49].

The most of catalysts listed in Table 1 were solid-sup-
ported, requiring an extensive synthesis work up. There-
fore, we realize that if the affordable commercially catalyst
(H,SiW ,0,,) was the most active at room temperature
(ca. 298 K), to optimize the reaction conditions to achieve
higher yield could be an important improvement for the
synthesis routes of alkyl levulinates.

(o) (o]
+ ROH = . HO
298K / 8h
o) o 0
1 2-9) R=CCy (2a-9a)

Scheme 1 H;SiW,,0,,-catalyzed esterification reaction of (1) with alcohols
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Table 1 Levulinic acid esterification with ethyl alcohol over solid catalysts

Catalyst Temp. (K)  Conv. (%) Ref. Catalyst Temp. (K)  Conv. (%) Ref.

H,PW,,0,/ZSM-5 351 94 [11]  ZrO,/SBA-15-SO;H 343 79 [23]

H,SiW,,0,,/Si0, 348 75 [39]  Hydrothermal SO;H-carbon 333 92 [26]

H,PW,,0,,/SiO, 351 76 [40]  SBA-15/SO;H 390 93 133]

AgH,PW ,0,9 393 92 [47]  SO,>/SnO, 343 54 [48]

H,PW,,0,/acid-treated clay 393 97 [20]  SO,>-Si0,/Zr0, 343 78 [20]

Sulfonic resin-supported acids 343-363 90-94 [49]  Sulfonic acid functionalized 338 97 [50]

organosilica nanohybrids

Mesoporous H;PW ,0,,/ZrO,-Si(Ph)Si 338 97 [51]  Ion exchange resins 353 99 [52]
Polystyrene supported-SO;H 343 96 [53]

700 . We verified that our results agree with the literature,

600 —HSW,0, which reports that with a decreasing of the anion charge

— HpPMo,0,, (i.e., PW,0,,*" <SiW,0,,7 its basicity also decreases;

5001 —HPW,0, therefore, the acidity of the catalyst also increases [54, 55].

400 —H,80, It explains why the H;PW,0,, is an acid stronger than

Z 300- — p-toluenesulfonic acid H,SiW,,0,,. Figure 1 shows that the tungsten heteropoly-

o 200 acids-catalyzed reactions accomplished higher conversion

100 than that with HyPMo,0,,. Timofeeva et al. verified the

o] same trend (i.e., H;PW,,04, > H,SiW,04,> H;PMo,,0,,)

in the acetic acid esterification with n-butyl alcohol [45].
-100 Other authors have demonstrated that regardless of lower
-200 ] 7 T p 7 5 acid strength, silicotungstate can be more active than phos-

Volume / mL

Fig. 2 Potentiometric titration with n-butylamine of the HPAs, sulfu-
ric and p-toluenesulfonic acid catalysts

Discussing the Activity and Acid Strength
of Catalysts

The measurement of initial electrode potential (Ei)
allows to classify the acidity strength of acid sites as;
Ei> 100 mV (very strong sites), 0 <Ei <100 mV (strong
sites), — 100 < Ei < 0 (weak sites) and Ei < — 100 mV (very
weak sites) [42]. The acidity strength of Brgnsted acid
catalysts was measured by potentiometric titration with
n-butylamine (Fig. 2).

All the catalysts have very strong acid sites
and had their protons totally titrated with n-buty-
lamine. The trend of acid strength was as follow:
H;PW,,0,,> H;PMo0,,0,,> H,SiW,0,, > p-toluene
sulfonic acid > H,SO,. The presence of two protons with
different acid strength was confirmed by the profile of the
titration curve of sulfuric acid that displayed two plateaus
corresponding to the different endpoints. On the other
hand, it was not possible to differentiate the acid strength
of protons belonging to the same heteropolyacid (Fig. 2).

photungstate due to the higher softness of SiW ,0,,*~ anion
[47, 48]. With a higher softness, the negative charge of het-
eropolyanions is more efficiently dispersed. This ability
depends on the double bond polarization M=0O, (i.e., W or
Mo—terminal oxygen), which left less distributed the nega-
tive charge of the anion [20].

Thus, we can conclude that the silicotungstic acid was
the most active due to higher softness of SiW ,0,,*" anion,
which stabilizes the protonated intermediate formed in the
esterification reaction of levulinic acid (Scheme 2) [47, 48].
Consequently, even being a weaker acid than H;PW ,0,,,
the H,SiW ,0,, was the most efficient catalyst (Fig. 1).

H,SiW,,0,,-Catalyzed Levulinic Acid Esterification
Reactions with C,H;OH: Effect of Catalyst
Concentration

Although the catalyst concentration has no effect on reaction
equilibrium, our goal was establishing which load should be
used to achieve the highest conversion within the shortest
time, regardless the equilibrium has been or not reached.
An increase of the catalyst concentration resulted in
higher conversions (Fig. 3). Notwithstanding the catalyst
concentration, the reactions achieved the maximum con-
version within two first hours of reaction, undergoing only
a slight increase after this time (Fig. 3a). The conversion
remained almost constant after this period, probably due to

@ Springer
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Scheme 2 Interactions between Keggin anion and protonate intermediates during esterification reaction® *To simplify, we omitted the total
charge of Keggin anion as well as the protons generated by total dissociation of HPA

90 - 8.Omol%A
A
A 4 6.0mol % =
75 . " =
| 0,
. 604 . 4.0 mol A)}
s > >2.0 mol %
c u > <
2 ¥, s 1.0mol % ©
o 1 > <
€ 30 = ‘
8 7 <
> o 0.5 mol %
15 : v v v v
v
0 T T T T T T T T T T T T T T T

time/h

(@

I conversion
EZZ ethyl levulinate selectivity

conversion / %

0.5 1.0 20 4.0 6.0 8.0
catalyst concentration / mol %

(b)

Fig.3 Effects of catalyst load in the conversion a and b selectivity of H,SiW,0,,-catalyzed esterification reactions of (1) with (2)* “Reaction
conditions: (1) (8.8 mmol); (2) (158.0 mmol); reaction volume (10 mL); time (8 h); temperature (298 K)

the water formed in the reaction, which shifts the equilib-
rium toward reactants. To avoid this drawback, the water
can be removed from the reaction by azeotropic distillation,
using Dean—Stark apparatus, however, it is out of the scope
of the present work.

Although the reaction conversion has been improved by
increasing catalyst load, the ethyl levulinate (2a) selectivity
remained always equal or higher than 90% (Fig. 3b). There-
fore, no concurrent reaction has occurred when the catalyst
load was increased.

The E-factor value (obtained from Eq. 2, see experimen-
tal section) was calculated for the catalytic run with 8 mol
% of catalyst load was 0.53, considering ca. 95% recovery
rate of alcohol excess. This very low result is an important
feature, that in according with the literature suggest that our
catalytic reaction is efficient at a (multi) gram scale [53].

@ Springer

Effect of Reactants Molar Ratio
on H,SiW,,0,,-Catalyzed Levulinic Acid
Esterification with Ethyl Alcohol

The efficiency of H,SiW,0,, catalyst in reactions with
different reactants stoichiometry was assessed varying the
proportion of acid to alcohol from 1:1 to 1:18. The kinetic
curves are shown in Fig. 4.

The runs with bigger proportions between (2) and (1)
achieved higher initial rate and reached the greater con-
versions. For the molar ratios greater than 1:15, a mini-
mum beneficial effect was accomplished. Although 1:15
represent an excess of alcohol, it is important to note that
this reactant can be easily distilled and reused. In addi-
tion, the literature describes that other routes to synthesize



Waste and Biomass Valorization (2020) 11:1895-1904

1901

90 1 1:18
] 1:15 ¢
*
75- s o 112 O
] s 1:9 .
° . o A v
R0 v 16
5 v
© 457 < 13 <
g 1 <
§ 304 <
>
154, > 11
0 T T T T T T T T
0 1 2 3 4
time / h

Fig.4 Effects of the reactants stoichiometry in the conversion of
H,SiW ,0,-catalyzed esterification of (1) with (2)* “Reaction con-
ditions: H,;SiW,0,, (8 mol%); temperature (298 K); time (8 h); (1)
(8.8 mmol); of (2) (158.0 mmol); volume (10 mL)

levulinate alkyl (i.e., starting from the furfuryl alcohol)
requires proportions even higher than 1:15 (ca. 1: 64) [40].

Effect of the Alcohol Carbon Chain
on the H,SiW,,0,,-Catalyzed Levulinic Acid
Esterification

Esterification reactions may be affected by the nature of the
alcohols. The steric hindrance on hydroxyl group of alcohol
could hamper the attack on the carbonyl group of the acid
that will result in lower formation of ester. To investigate

100
methyl alcohol
n-propyl alcohol ~ €thy! alcohol [1
80 2 n-butyl alcohol
>
2 2-butyl arcohol
< 60 > v v
c
-% 2-propyl-alcohol
g 40 . -
8 . * benzyl alcohol
20 o
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0 2 4 6 8
time /h
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100 +

80+

[22]
o
1

percent / %
N
T

204 pr

o

this effect, the levulinic acid was esterified with different
alcohols in the presence of H,SiW ,0,, catalyst (Fig. 5).

It was observed that in the reactions with primary alco-
hols containing until four carbon atoms, conversion rates
higher or equal to 90% were achieved (see Fig. 5a). This is
an attractive result because these esters have carbon chain
size appropriated for be an additive to the biogasoline.

Conversely, when secondary or tertiary alcohols were
the substrates, the conversion to the respective esters was
significant lower. This diminishing was more pronounced
when comparing the conversion rate of butyl alcohols (i.e.,
90 (5), 70 (6), and 14% (7), respectively, Fig. 5b). The role
of catalyst consists in protonating the levulinic acid carbonyl
group, generating a sp’-intermediate. When there is a large
steric hindrance on the hydroxyl group of the alcohol, the
attack of carbonylic carbon atom of protonated acid is prob-
ably less efficient, which reduce the ester yield.

Alkyl esters selectivity was also significantly lower
when secondary or tertiary alcohols were the reactants. No
byproducts were detected by GC analyses. However, it is
possible that dehydration products of alcohols (i.e., vola-
tile olefins) have been formed in the reaction, nonetheless,
they were not detected by chromatography analysis. This
low selectivity may be also attributed to the formation of
oligomers from branched alcohols, which are equally unde-
tectable by GC analysis.

In Table 2, we are comparing the theoretical conversions
calculated from thermodynamic equilibrium and those
experimentally determined on the H,SiW,0,,-catalyzed
reactions.

The thermodynamic data showed that excepted the fert-
butyl alcohol (7) (Entry 7, Table 2), all the other alcohols

[l conversion
[ ester selectivity

etl

alcohols

(b)

Fig.5 Effects of alcohol in the conversion a and b selectivity of H,SiW,,0,-catalyzed esterification of (1)* “Reaction conditions: H,SiW,0,,
(8 mol%); time (8 h); temperature; (298 K); volume (10 mL); (1) (8.8 mmol); alkyl alcohol (158.0 mmol)
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Table 2 Esterification of (1) with alkyl alcohol: theoretical versus
experimental data

Entry Alcohol (num- Conversions
ber) Theoretical H,SiW,,0,,-  Ester
equilibrium catalyzed reac- selectivity
(%) tion (%)° (%)°
1 Ethyl (2) 99.9 90 95 (2a)
2 Methyl (3) 100.0 92 96 (3a)
3 n-Propyl (4) 99.9 90 94 (4a)
4 sec-Propyl (5) 95.6 68 34 (5a)
5 n-Butyl (6) 99.8 91 90 (6a)
6 sec-Butyl (7) 86.4 72 40 (7a)
7 tert-Butyl (8) 28.9 14 34 (8a)
8 Benzyl (9) 99.9 40 90 (9a)

“Theoretical data were obtained in a software Aspen Plus v10; UNI-
FAC method

PReaction conditions: H,SiW,0,, (8 mol %); time (8 h); tem-
perature; (298 K); volume (10 mL); (1) (8.8 mmol); alkyl alcohol
(158.0 mmol)

should be efficiently esterified with levulinic acid at room
temperature reaching high conversions (Table 2). Nonethe-
less, it was essentially confirmed only for the primary alco-
hols. We can conclude that in some cases, the time reaction
it was unable to the equilibrium be reached (i.e., reactions
with (8), Entry 8, Table 2). On the other hand, when the
substrates were the secondary alcohols (i.e., entries 4 and
6, respectively; Table 2), the ester selectivity was consider-
ably low, therefore, as the theoretical calculations considered
only the esterification reaction, a direct comparison of con-
versions it is not adequate.

Reuse and Recycle of H,SiW,,0,, Catalyst
in Homogeneous Phase

The H,SiW,,0,, heteropolyacid is a solid catalyst, but
completely soluble in the reaction medium. However, we
envisage that a simple procedure may be used to recovery
and reuse the catalyst. A simple liquid-liquid extraction was
performed; a water-dichloromethane mixture was added to
the reaction solution providing a biphasic mixture where
products (organic phase) and catalyst (aqueous phase) was
separated. After the water vaporization, the solid catalyst
was collected and reused. The results of recovery and reuse
of the catalyst are shown in Fig. 6.

The high recovery rate suggests that procedure used
to catalyst recovery was efficient. In addition, no typi-
cal absorption band of Keggin heteropolyacid anion was
observed in the FT-IR spectra analyses of purified prod-
ucts. We have found that the procedure to recovering the
catalyst do not compromised its performance; indeed, the

@ Springer

EZ2 ethyl levulinate yield
B recovery rate

percent / %

second third

fresh first
catalytic runs

Fig.6 H,SiW,0,, catalyst recovery rates and ester yield obtained in
esterification of (1) with (2)* “Reaction conditions: H,SiW,,0,, cata-
lyst (8 mol%); (1) to (2) molar ratio (1:18); time (8 h); reaction vol-
ume (10 mL)

H,SiW,0,, catalyst was successfully reused without activ-
ity loss (Fig. 6).

Alternatively, the use of dichloromethane was avoided
following a procedure where after the end of reaction, the
solvent alcohol was vapored, and ethyl acetate was added to
the reaction solution, which was eluted in silica column to
removal the catalyst from products and the substrate unre-
acted. The washing of silica with hot water provide a solu-
tion containing the catalyst, which after vaporization give
the solid catalyst, already to be once more used. Similarly,
as in the previous procedure, the catalyst was successfully
recovered and reused without loss activity.

It is noteworthy that the procedure to recovery the homog-
enous catalyst should not be considered an additional step,
because to separate and purify the products after finish of
reactions are steps obligatory. Therefore, even though if a
heterogeneous catalyst had been used, this procedure will
continue to be required.

Finally, we would like to highlight that the performance
of soluble H,SiW,0,, was equal or superior to the solid-
supported acid catalysts, which generally works well only at
reflux temperature of the alcohol.

Conclusion

An efficient process to convert levulinic acid to alkyl esters
at room temperature was developed. Among the several
Brgnsted acids evaluated, Keggin heteropolyacid contain-
ing tungsten (i.e., H,SiW,0,,) was the most active and
selective catalyst. The activity of catalysts was discussed
in terms of acid strength and softness of the anions. The
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effects of main reaction parameters were assessed. In the
presence of catalytic amounts of H,SiW,,0,, dissolved in
alcoholic solutions at room temperature, the levulinic acid
was converted to esters with high conversions (ca. 90%,
C,—C, primary alcohols) and selectivity (ca. 90%). These
esters have adequate carbon chain size to be blended with
gasoline (C4—C,). Although soluble, H,SiW,0,, catalyst
was easily recovered through the liquid-liquid extraction
process and was reused without activity loss.
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