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3D graphene aerogel (GA) was synthesized from graphene oxide (GO) using a hydrothermal procedure com-
bined with freeze-drying. Then, they were used to assemble the supported H3PW12O40 (HPW) catalysts. The op-
timization of the reaction parameters for levulinic acid esterification with ethanol was performed and the
catalytic performance of the HPW/GA catalysts was comparatively investigated. The results showed that these
catalysts had abundant porous structure. In particular, they were found to be efficient in the synthesis of ethyl
levulinate, which is promising in reducing the consumption of petroleum-derived fossil fuels.
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1. Introduction

As an alternative renewable energy resource, biofuel has attracted
considerable attention to meet the increasing demands for energy and
the growing level of greenhouse gases [1–4]. In particular, ethyl
levulinate is an excellent diesel miscible biofuel since it can be used
up to 5 wt% directly in regular diesel engines [5]. The conventional cat-
alysts for levulinic acid (LA) esterification are mineral acids such as HCl,
H2SO4 and H3PO4. Unfortunately, due to their un-recyclability, harsh re-
action conditions and operational problems, replacement of those ho-
mogeneous catalysts by the heterogeneous ones is highly desirable
[6]. On the other hand, 12-tungstophosphoric acid (HPW) with Keggin
structure has been widely used because of its strong acid and good
redox properties. However, the high solubility in polar solvents, low
thermal stability and low surface area restrict its application as a solid
acid catalyst. Supporting or encapsulating HPW species with strong dis-
persion on or in a suitable carrier with high surface area, which is insol-
uble in the reaction media, could overcome these limitations [7,8]. The
dispersion on or in the carriersmay increase the active sites of HPWspe-
cies and the interaction between HPW and carriers may restrain the
leaching of HPW from the resultant heterogeneous catalysts. This
could improve the catalytic activity and stability of HPW.

As one of the most prevailing 3D macroscopic architectures of
graphene, graphene aerogel (GA) exhibits intriguing features such as
high porosity, large specific surface area, and high electrical conductivi-
ty. Therefore, GA provides exceptional potential in a variety of sustain-
able applications including catalysis [9,10]. Even so, no work has been
reported on the application of GA in esterification reaction.

In the present work, GA was hydrothermally assembled and used as
supports to prepare HPW-based catalysts. The optimization of the reac-
tion conditions for LA esterificationwith ethanolwasperformed and the
catalytic performance of the resultant HPW/GA catalysts for the esterifi-
cation of LA was systematically investigated.

2. Experimental methods

GAwas prepared from graphene oxidewith a hydrothermalmethod
combined with freeze-drying [11] and HPW was synthesized with an
improved diethyl ether extraction method [12]. HPW/GA catalysts
were prepared by using an impregnation technique similar to that of
HSiW/MCM-41 [13] and the resultant catalysts were denoted as x wt%
HPW/GA (x = 5, 10, 15, 20, 25, 30, 35, 40, and 45, respectively).

The sampleswere characterized by X-ray diffraction (XRD), nitrogen
adsorption-desorption isotherms, scanning electronmicroscopy (SEM),
transmission electron microscopy (TEM), Fourier-Transform infrared
spectroscopy (FT-IR), and nitrogen adsorption-desorption isotherms.

The catalytic performance of the resultant catalysts for the esterifica-
tion of LAwith ethanolwas done in a round-bottomflask equippedwith
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amagnetic stirrer and awater-cooled condenser. The productswere an-
alyzed by a gas chromatograph (GC2010 II) equipped with an OV-1701
capillary column (30 m × 0.53 mm × 0.33 μm) and a FID detector.
45 wt% HPW/GA was repeatedly used to examine the recyclability of
the resultant catalysts. After each catalytic run, the catalystswere recov-
ered from the reaction solution by centrifugation, washed with ethanol
and dried at 70 °C.

The detailed information about this section was supplied in the
“Electronic Supplementary Material”.

3. Results and discussion

The XRD patterns shown in Fig. 1 reveal that only the characteristic
phase of GA exits in the resultant x wt% HPW/GA catalysts when x is
less than 10, suggesting that the HPW species are well dispersed. The
characteristic peaks of HPW appear when x is greater than or equal to
10 and the intensity increases with increasing HPW loading. The slight
change of the crystalline structure in the HPW/GA catalysts perhaps is
caused by the interaction of the oxygen-containing groups in GA and
HPW, which may affect the secondary structure of tungstophosphoric
acid.

One can see from Fig. 2 that the N2 adsorption-desorption isotherms
for the HPW/GA catalysts are similar to that of GA, indicating these cat-
alysts retain the textural structure of GA. The loading of HPW signifi-
cantly affects the textural parameters. As expected, both the specific
surface area and pore volume relative to those of GA (SBET =
270.1 m2 g−1, Vp = 0.2111 cm3 g−1) decrease with increasing HPW
loading. This could be attributed to the deposition of HPWspecies inside
the pores or dispersion of them on the surfaces of GA. Even so, The
HPW/GA catalysts display much higher textural parameters than that
of the pristine HPW (SBET = 5.4 m2 g−1, Vp = 0.0103 cm3 g−1), which
is attributed to the contribution of GA (Table 1). For instance, the pore
volume and surface area for 45 wt% HPW/GA are 0.0878 cm3 g−1 and
123.1 m2 g−1, respectively. The unique properties would be helpful
for increasing their catalytic activities. Meanwhile, the various loadings
of HPW have no much effect on the pore size. This may be explained
that part of HPW species block the microspores or are encapsulated in
the macropore of GA since these pores could not be detected by the
BJH method.

As shown in Fig. S1, the FT-IR spectrum of 5 wt% HPW/GA catalysts
only exhibits the characteristic IR bands of GA. The characteristic
bands of HPW, such as the asymmetry vibrations of P\\Oa (internal ox-
ygen connecting P andW, 1082 cm−1),W\\Od (terminal oxygen bond-
ing to W atom, 983 cm−1), W\\Ob\\W (edge-sharing oxygen
connecting W, 890 cm−1) and W\\Oc\\W (corner-sharing oxygen
connecting W3O13 units, 804 cm−1) [12], disappear in the catalysts.
This is ascribed to the dilution of GA. These bands appear in the case

of 25 wt% HPW/GA catalysts and the absorbance gradually increases
with increasing HPW loading, which could be used to identify the exis-
tence of Keggin phase in the resultant catalysts.

The morphology and structure of the 15 wt% HPW/GA catalysts are
characterized by SEM and TEM techniques (Fig. S2). As shown in
Fig. S2a, the catalysts retain the well-defined and interconnected 3D
porous network of GA, which is caused by the partial overlapping or co-
alescing of graphene sheets andmacroporous architectures [15]. Mean-
while, the HPW particles are anchored uniformly on or wrapped by
graphene sheets. This is also confirmed by the TEM images with differ-
ent magnifications shown in Fig. S2c and d.

Ethanol-to-LA molar ratio (nethanol/nLA) and reaction temperature
are optimized tomaximize LA conversion which is esterified with etha-
nol over 15 wt% HPW/GA catalysts. The value of nethanol/nLA is varied in
the range of 1.0–15.0 and their influences are depicted in Fig. 3a. LA con-
version is found to increase from 8.3% to 35.0% with increasing nethanol/
nLA from 1.0 to 10.0 since the esterification reaction is reversible and the
excess amount of ethanol used may favor the conversion of LA to some
extent. However, the conversion value decreases when nethanol/nLA is
further increased. This ismay be ascribed to thedecrease the contact op-
portunities for LA species with the catalysts due to the dilution of too
much ethanol. Thus, nethanol/nLA is optimized to be 10.0 under the reac-
tion conditions. As shown in Fig. 3b, the LA conversion increaseswith in-
creasing reaction time and changes from5.8% after 2 h to 18.0% after 9 h.
When the reaction time is further increased to 10 h, the value only in-
creases to 18.1%. Thus, 9 h is an optimum reaction time under the pres-
ent conditions. Fig. 3c shows the catalytic activities of the resultant x
wt% HPW/GA catalysts. It is found that the LA conversion increases
with increasing HPW loading. The value drastically increases from
11.2% to 89.1% when x increases from 5 to 45, which is consistent with
that of the Keggin-anion density (Table 1). On the other hand, in order
to reflect actual catalytic performance of HPW species in the resultant
catalysts, their activities are also compared with the TOF mode. As
shown in the inset of Fig. 3c, although the LA conversion and the
Keggin-anion density are the lowest for 5 wt% HPW/GA ascribed to
the lowest HPW loading and the highest surface area, it exhibits the
highest TOF value (0.031 molLA·h−1·gHPW−1 ) among the resultant cata-
lysts. As for 35 wt% HPW/GA catalysts, the LA conversion (70.3%) is
higher than the ones with low loadings (x = 5–30) and TOF value
(0.028 molLA·h−1·gHPW−1 ) is similar or even higher than the ones with
high loadings (x = 40, 45). Therefore, the optimized loading for HPW
on GA is 35 wt% under the present conditions.

In order to investigate the durability of these HPW/GA catalysts, a
typical recycle study on the sample with 45 wt% HPW loading is per-
formed, as shown in Fig. 3d. The LA conversion decreases from 89.1%
to 76.6% in the second cycle. Comparing with that of the fresh one, theFig. 1. XRD patterns of GA, HPW, and the xwt% HPW/GA catalysts.

Fig. 2. N2 adsorption-desorption isotherms of GA, HPW, and the xwt% HPW/GA catalysts.
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