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Synergistically stabilized SAPO-37-tetragonal
zirconia composites: a promising catalyst for ethyl
levulinate synthesis†

K. Khadheejath Shabana, Soumya B. Narendranath, N. P. Nimisha and
A. Sakthivel *

A tetragonal zirconia-faujasitic SAPO-37 zeolite composite (SAP-37ZR)

was synergistically stabilised at 550 8C using a temperature pro-

grammed reduction method. The presence of the zeolite-ZrO2 com-

posite phase was confirmed through powder XRD reflection, SEM and

TEM-ED pattern analyses. The developed SAP-37ZR composite, exhibit-

ing moderate acidity, was found to be highly active for the production

of ethyl levulinate (EL) from furfuryl alcohol with a 99% yield.

Silicoaluminophosphate (SAPO) based zeolite catalysts are well-
known for their roles in dewaxing, methanol-to-olefin (MTO)
conversion, and isomerization processes in the petroleum
industry.1 Compared to aluminosilicate-based zeolites, SAPOs
are preferred due to their moderate acidity and strong resis-
tance to coking. In this context, the faujasite-type SAPO-37, with
its large supercages similar to those in fluid catalytic cracking
(FCC) catalysts (such as ultrastable Y), is particularly promising
for bio-refineries.2 However, unlike zeolite Y, SAPO-37 suffers
from poor structural stability due to P–O–P bond hydrolysis,
which occurs when its b-cages are exposed to water molecules,
leading to framework disintegration.3 To address this, researchers
have focused on enhancing the stability of the SAPO-37 framework
by introducing hydrophobic environments through the intro-
duction of organosilane,4 metal–oxycarbide composites,5 vapor-
treatment,6 etc.

Transition metals, their oxides, and clay-based catalysts have
garnered significant attention in bio-refinery, and biomass con-
version to platform molecules, etc., owing to their diverse
physico-chemical properties.7,8 To address non-renewable fos-
sil fuel issues, biofuels are extracted from biomass, especially
lignocelluloses, which can be hydrolyzed into platform com-
pounds like furfuryl alcohol (FA) and levulinic acid. FA alcoholysis
produces alkyl levulinates, which are promising fuel additives

due to their high lubricity, low sulfur content, and superior flow
properties.8 In this regard, it is worth mentioning that zirconia
(ZrO2) exists in various forms, with meta-stable tetragonal zirconia
(t-ZrO2) being particularly recognized as a promising green catalyst
for numerous organic transformations.9 The presence of anionic
species such as sulfate,10 phosphate,11 or dopants like Y2O3

12 aids
in stabilizing tetragonal zirconia (t-ZrO2), making it suitable for
several chemical processes, including syngas conversion13 and
methanethiol synthesis.14 Encapsulating t-ZrO2 within confined
environments, such as mesoporous silica or zeolites, enhances its
acid–base and redox properties, thereby broadening its application
scope.15,16 Introducing a zirconium source into the SAPO-37 matrix
through post-synthetic methods, followed by heating under a
hydrogen atmosphere (temperature programmed reduction), facil-
itates the encapsulation of ZrO2 in the supercages of SAPO-37.
This process helps to stabilize the tetragonal phase of ZrO2

while preserving the SAPO-37 framework by maintaining surface
hydrophobicity.

The resulting tetragonal zirconia-SAPO-37 composite (SAP-
37ZR) has proven to be a promising catalyst for the preparation
of ethyl levulinate (EL), ethylfurfurylether, and g-valerolactone
(GVL), which are valuable as fuel additives, flavoring agents,
and transportation fuels. The inherent properties of the SAP-
37ZR catalyst enable tuning of the selectivity of EL and furfuryl
ether by simply adjusting the reaction temperature.

All the chemicals were used in their received form. The
parent SAPO-37 material was synthesized using a hydrothermal
method following the reported procedure.4 The parent SAPO-37
is represented as SAPO-37as, the SAPO-37 sample treated with
zirconium isopropoxide is labelled as SAP-37Z and those
obtained by subsequent reduction are represented as SAP-37ZR.
The synthesized materials were systematically characterized and
explored for ethyl levulinate synthesis from furfuryl alcohol (FA).
The details of the experimental procedures are summarised in
the ESI.† 17

The calcination of the as-prepared SAPO-37 leads to struc-
tural collapse and the formation of an amorphous phase due to
the water molecules trapped in the b-cages.3 The SAP-37ZR
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developed in the present studies exhibits framework vibrational
bands (Fig. S1, ESI†) even after TPR treatment at 550 1C,
supporting the encapsulation of t-ZrO2 in the channel and cage
of faujasite SAPO-37 to enable framework stability. The func-
tional groups and framework vibration of SAP-37ZR were fol-
lowed by FTIR spectral studies and showed characteristic
vibrational bands at 529 and 558 cm�1 attributed to the double
six-membered ring (D6R) of the faujasite-type SAPO-37.
A strong T–O–T (T – Al, P, or Si) asymmetric stretching band
in the region of 1100 cm�1 is characteristic of the ordered
zeolite framework.4

The SAPO-37 was prepared without introducing zirconia
collapsing upon calcination, forming an amorphous phase due
to the framework’s susceptibility to water. Fig. 1 shows the powder
XRD patterns of both parent SAPO-37 and SAP-37ZR. The XRD
patterns of both samples exhibit reflections at 2y values of 6.1,
10, 15.5, 18.6, 20.4, and 23.41, corresponding to the (111), (220),
(331), (333), (440), and (533) planes of the faujasite framework,
respectively. The SAP-37ZR, obtained by introducing a zirconia
source into the as-prepared SAPO-37, was followed by temperature-
programmed reduction (TPR) at 550 1C. The resulting SAP-37ZR
retains the X-ray reflections characteristic of the SAPO-37 frame-
work. In addition, peaks appear at 2y values of 30.4, 34.6, 35.4, 50,
50.4, 59.6, 60.5, 63.3, and 74.81, characteristic of the tetragonal-
zirconia phase (t-ZrO2).18 The powder XRD pattern of the zirconia-
loaded sample (SAP-37ZR) exhibited a decrease in the intensity
of the (111) and (220) reflections, which are characteristic of the
supercages of SAPO-37. This observation supports the encapsula-
tion of zirconia within the supercages of SAPO-37. Additionally, the
2y values corresponding to SAP-37ZR are shifted toward higher
angles compared to the parent SAPO-37, indicating the incorpora-
tion of t-ZrO2 within the faujasite structure and its condensation
on the zeolitic framework surface. The presence of phosphate
species in SAPO-37 facilitates the stabilization of tetragonal zirco-
nia within the framework, while the encapsulation of zirconia
helps maintain the integrity of the faujasite SAPO-37 framework.

Among the three zirconia polymorphs, t-ZrO2 is typically
stable above 1200 1C, while the monoclinic phase dominates at
lower temperatures. However, the high-temperature tetragonal

phase can be stabilized at lower temperatures by controlling
the crystallite size, adding surface impurities, or creating
oxygen vacancies through dopants like Y2O3.12 In this study,
the hydrogen atmosphere facilitated the removal of organic
templates from the faujasite cages, allowing zirconia to occupy
the supercages of SAPO-37 in its stabilized tetragonal phase.
The encapsulation of t-ZrO2 within the SAPO-37 framework
enhanced the structural stability, as confirmed by the powder
XRD pattern.

The presence of oxygen vacancies in SAP-37ZR was analyzed
using temperature-programmed oxidation (TPO) and electron
paramagnetic resonance (EPR) spectroscopy. The TPO profile of
SAP-37R, SAP-37ZR, and t-ZrO2 (Fig. S2, ESI†) displayed a peak
below 400 1C, indicating the presence of oxygen vacancies (OV).
EPR spectra of both SAP-37R and SAP-37ZR (Fig. 2) showed a
sharp signal at g = 2.00, attributed to electron trapping at the
oxygen vacancies.19 The SAPO-37 developed oxygen vacancies
when reduced at high temperature in the presence of hydrogen
flow. The presence of oxygen vacancies in the zeolite framework
is in agreement with the literature.20 These oxygen vacancies
within the framework help to stabilize t-ZrO2, and the incorpora-
tion of zirconia preserves the crystallinity of SAP-37ZR. The
presence of t-ZrO2 was confirmed by X-ray photoelectron spectro-
scopy (Fig. S3, ESI†). The Zr 3d spectra exhibited peaks at 181.6
and 184.1 eV, corresponding to the 3d5/2 and 3d3/2 spin–orbit
components, which are characteristic of Zr4+ in t-ZrO2.21

The field emission scanning electron micrographs (Fig. 3) of
SAP-37ZR show a distinct octahedral cubic crystal shape, which
is similar to the parent as-prepared SAPO-37 (Fig. S4, ESI†) with
appreciable crystallinity, characteristic of the faujasite zeolite
structure.5 The uniform cubic particle size is maintained even
after TPR treatment at 550 1C, indicating that the faujasite
framework of SAPO-37 remains intact, supported by the embed-
ding of zirconia within its channels and cavities. No additional
segregated impurities were observed on the surface of SAP-
37ZR, further confirming the encapsulation of ZrO2 within the
SAPO-37 framework. The HR-TEM image of SAP-37ZR (Fig. 4)
shows regularly aligned pores, with dark spots (Fig. S5, ESI†)
in the channels indicating the uniform distribution of t-ZrO2.

Fig. 1 Powder XRD patterns of (a) SAPO-37 as and (b) SAP-37 ZR. Fig. 2 EPR spectra of (a) SAP-37R and (b) SAP-37ZR.
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The selected area electron diffraction (SAED) pattern confirms
the presence of the (101), (200), and (211) planes of t-ZrO2.18

The chemical environment and elemental coordination of the
SAP-37ZR sample were investigated using MAS NMR spectro-
scopy (Fig. S6, ESI†). The 29Si MAS NMR spectrum displayed
broad resonance peaks at �91 ppm and �110 ppm, corres-
ponding to Q3 Si(3Al,1Si) and Q4 Si(0Al,4Si) environments,
respectively, indicating the presence of silicon in well condensed
states within the framework.22

The 27Al MAS NMR spectrum exhibited a primary signal
around 40 ppm, attributed to tetrahedrally coordinated alumi-
nium in the SAPO framework. A smaller peak near 0 ppm was
also observed, associated with hexacoordinated aluminium
(Al(VI)), originating from extra-framework aluminium species.
The 31P MAS NMR spectrum of SAP-37ZR showed a strong
resonance at �27 ppm, corresponding to tetrahedrally coordi-
nated phosphorus (P(4Al)), which is indicative of a well-
crystallized SAPO-37 framework.23 These findings from the
NMR analysis confirm the integrity of the SAPO-37 structure and
the presence of zirconia encapsulation without significantly
disrupting the framework.

The TG-DTA profiles of the as-prepared zirconia-incorporated
SAPO-37 and the samples after temperature-programmed reduc-
tion (TPR) are shown in Fig. S7 (ESI†). The as-prepared SAPO-37
with zirconium isopropoxide (wet impregnated) exhibited an
overall weight loss of about 27%. The initial 7% weight loss
below 200 1C corresponds to the desorption of physisorbed
water molecules. The subsequent 20% weight loss above 200 1C
is attributed to the decomposition of organic templates, such as

tetrapropylammonium (TPA+), tetramethylammonium (TMA+),
and residual zirconium isopropoxide.4 After TPR treatment, the
SAP-37ZR sample displayed only a 2% weight loss above 200 1C,
indicating that the TPR method effectively removed the organic
templates, resulting in the formation of tetragonal zirconia
within the channels and cavities of the SAPO-37 framework.
Additionally, the predominant desorption of water below
100 1C in SAP-37ZR suggests enhanced accessibility of the
zeolite pores, confirming the retention of the porous faujasite
structure after zirconia incorporation, which is in agreement
with powder XRD, SEM and TEM studies.

In order to assess the surface acidity of the material,
temperature-programmed desorption of ammonia (NH3-TPD)
was conducted, and the results are shown in Fig. S8 (ESI†). The
sample exhibited three broad desorption peaks in the ranges of
100–200 1C, 200–425 1C, and 460–575 1C, corresponding to
weak, moderate, and strong acidic sites, respectively. The total
acidity was measured as 0.375 mmol g�1, which is comparable
to that of faujasite-type zeolite materials. The introduction of
zirconia increased the acidity of the faujasitic SAPO-37. Nitro-
gen sorption analysis (Fig. S9, ESI†) revealed a sharp uptake in
the p/p0 range below 0.1, confirming the preservation of the
zeolite framework.

The material displayed a surface area of 119 m2 g�1, with a
pore volume of 0.231 cm3 g�1, likely due to the encapsulation of
tetragonal zirconia within the channels and cavities of the
SAPO-37ZR framework. The as-prepared SAPO-37 exhibited a
surface area of 50 m2 g�1, which increased to 119 m2 g�1 for
SAP-37ZR, indicating stabilization of the SAPO-37 framework.
The thermal stability of SAP-37ZR was evaluated at 650 1C, and
the powder XRD pattern of the resulting sample (Fig. S10, ESI†)
showed diffraction peaks characteristic of SAPO-37 and t-ZrO2.
The well-characterized SAP-37ZR samples were investigated for
the synthesis of alkyl levulinate from furfuryl alcohol (FA), and
the effect of reactant concentration was analyzed by varying the
FA concentration from 2 to 8 mmol (Fig. S11, ESI†). The results
indicated similar FA conversion across this concentration range
when using 0.05 g of catalyst. Notably, high selectivity for ethyl
levulinate (EL) was observed at 4 mmol FA, while a maximum
FA conversion of 99%, accompanied by 80% ethyl-furfuryl ether
(EFE), was achieved at 8 mmol FA. Reactions with ethanol were
conducted both with and without the catalyst over a tempera-
ture range of 120–190 1C (Fig. S12, ESI†). At lower temperatures
without the catalyst, the reaction showed poor conversion, with
EFE (499%) as the main product. The use of the SAPO-37ZR
catalyst significantly increased FA conversion and resulted
in a substantial amount of EL (Table 1). As the temperature
increased from 120 to 190 1C, FA conversion rose, peaking at
99% (see Table 1). Concurrently, the selectivity for EL increased
substantially. At 190 1C, FA conversion reached its maximum
with exclusive EL formation (over 99%). At lower temperatures,
EFE was the predominant intermediate, which was further
converted to EL at higher temperatures.

Although both bare SAPO-37 (SAP-37R) and t-ZrO2 showed
comparable conversion, their selectivity toward EL was insig-
nificant (Table 1 and Fig. S13, ESI†). The SAPO-37ZR catalyst,

Fig. 3 FE-SEM images of SAP-37 ZR.

Fig. 4 HR-TEM image and ED pattern of SAP-37 ZR.
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developed by encapsulating t-ZrO2 inside the faujasite SAPO-37,
facilitates the exclusive formation of ethyl levulinate (EL). The
introduction of zirconia increased the acidity of the faujasitic
SAPO-37. Furfuryl alcohol molecules were activated by the
acidic sites of the tetragonal-ZrO2/SAPO-37 composite and then
reacted with ethanol molecules to form ethyl levulinate. The
acidic sites provided by the tetragonal zirconia enhanced the
catalytic activity. To confirm this, we also conducted reactions
using sulfated zirconia, which showed good conversion and
comparable ethyl levulinate selectivity. To further understand
the influence of alcohol on FA conversion, reactions were
studied at 170 1C using alcohols of varying chain lengths.
Regardless of the alcohol used, the FA conversion exceeded
95%. The major products formed were alkyl furfuryl ether
(about 60–90%) and alkyl levulinate (10–40%). When ethanol
was the alkylating agent, increasing the reaction temperature to
190 1C facilitated complete FA conversion with exclusive for-
mation of ethyl levulinate (over 99%), which has a potential
anti-knocking index. The catalyst demonstrated comparable
conversion in recycling studies (Fig. S14, ESI†); however, a
decrease in conversion was observed, likely due to the chemi-
sorption of reactant molecules on the surface of SAPO-37ZR.
To recover its activity, the catalyst was regenerated by high-
temperature treatment, which restored complete conversion
and exclusive formation of ethyl levulinate (Fig. S13, ESI†).

The crystal structure, morphology, and textural properties
of the used catalyst were analyzed using powder XRD, field
emission scanning electron microscopy (FESEM), thermogravi-
metric (TG) analysis, and N2 sorption studies. The powder XRD
and FESEM (Fig. S15 and S16, ESI†) analyses confirmed the
retention of the crystalline structure and morphology of the
used catalyst. The observed decrease in surface area of the used
catalyst is attributed to the chemisorption of organic species on
the framework during the reaction. TGA of the used sample
indicated (Fig. S7c, ESI†) weight loss of 8%, characteristic of
chemisorbed organic moieties, which is responsible for the slight
decrease in conversion during recycling studies. In summary, this
study presents the first report on a tetragonal zirconia-SAPO-37
faujasite zeolite composite that is synergistically stabilized under
TPR conditions. The acidity of the catalyst demonstrates signifi-
cant potential for the selective conversion of furfuryl alcohol to
ethyl-furfuryl ether and ethyl levulinate.
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Table 1 Product distribution at 140 and 190 1C with and without catalyst

Conversion
of FA (%)

Selectivity at
140 1C (%)

Selectivity at
190 1C (%)

140 1C 190 1C EFE EL EFE EL

Without catalyst 13 4 99 499 — 94 6
SAP-37ZR 91 499 87 13 — 499
SAP-37R 64 499 95 05 39 61
t-ZrO2 16 499 92 08 88 22
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