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Abstract
The legal obligation to swiftly adopt renewable energies has been increased because of the continuous usage of fossil fuels. 
In this perspective, biomass serves as a pillar to improve the current conditions over different heterogeneous catalysts due to 
their known advantages. This work is focused on the synthesis of a novel catalyst comprising mono lacunary phosphotung-
state and zeolite HY. The catalyst was characterized by number of physicochemical techniques and evaluation of the activity 
of catalyst for the esterification of most promising bio platforms, levulinic acid and succinic acid to produce fuel additives. 
After a detailed optimization of both reactions, remarkable conversions of levulinic acid (77%) and succinic acid (96%) 
with turnover numbers of 2749 and 3427 respectively, were obtained. The order of the reaction and activation energy for the 
said reactions were calculated in the kinetic study. The sustainable nature of the catalyst was confirmed via regeneration and 
viability towards other bio-based molecules which enhances its industrial importance.
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1 Introduction

Keggin type of polyoxometalates (POMs) have attracted 
much attention in the past two decades because of their 
unusual and desirable properties as well as potential appli-
cations, mostly centred on catalysis. Polyoxometalates 
have the general formula  [XM12O40] n−, where X stands 
for the heteroatom (P, Si or B in their higher oxidation 
states), M is the addenda atom (V, Mo or W all are in 
respective higher oxidation states), and O is for oxygen 
[1]. By introducing a structural defect, it is possible to 
design polyoxometalates at the molecular level, giving 
rise to Lacunary polyoxometalates (LPOMs), a well-
known polyoxometalate family member. The wide range 
of structural configurations and unique electronic charac-
teristics of lacunary polyoxometalates make them fascinat-
ing within the boundaries of current research paradigm. 
The development of lacunary polyoxometalates is quite 
simple and can be accomplished in one of two ways: either 
by condensation of individual metal salts or by removing 
one or more metal–oxygen (M–O) units from the parent 
Keggin anion in alkaline media, and are referred to as 
mono lacunary polyoxometalates or poly lacunary (di and 
tri) polyoxometalates accordingly [2, 3].

Like polyoxometalates, lacunary polyoxometalates pro-
vide contributions to the area of catalysis as they possess 
different structural combinations and special electronic prop-
erties. By means of this, mono lacunary phosphotungstate 
 (PW11) were explored in the various catalytic reactions in 
homogeneous medium, but it suffers from well-known draw-
backs like confined stability, lower surface area, high solu-
bility in polar solvents, and uneasy separation from the reac-
tion mass. To navigate across these downsides, utilization of 
 PW11 as a heterogeneous catalyst by anchoring onto multiple 
supports [4–19]. In 2015,  TiO2 supported potassium salt of 
mono lacunary phosphotungstate was synthesized for the 
photolytic conversion of glucose by E. I. García-López et al. 
[4]. Further, in the same year, A. Patel et al. synthesized 
a mono lacunary phosphotungstate anchored to MCM-41 
and studied its catalytic activity in the transesterification 
of waste cooking oil for biodiesel production [5]. In 2016, 
the same group had developed catalysts for the oxidation 
of alkenes and alcohols that used mono lacunary phospho-
tungstate and two distinct types of mesoporous materi-
als (MCM-41 and MCM-48) [6]. Again, the same group 
reported the oxidative esterification of benzaldehyde over 
 ZrO2 supported Cs-salt of mono nickel substituted phos-
photungstate  (PW11Ni/ZrO2) [7]. After that in the same 
year, Y. Wang et al. developed a catalyst via immobiliza-
tion of sodium salt of mono lacunary phosphotungstate on 
quaternary ammonium functionalized chloromethylated 
polystyrene for oxidation of alcohols [8]. G. S. Armatas 

et al. developed a synthesis of photocatalyst for hydrogen 
evolution made up of ordered mesoporous mono lacunary 
polyoxometalate–organosilica frameworks, in the same year 
[9]. In 2017, A. Patel et al. performed glycerol esterification 
as well as oxidation by using, mesoporous materials (MCM-
41 and MCM-48) supported mono lacunary phosphotung-
state [10]. In 2021, H. Zhang et al. developed a catalyst via 
immobilization of potassium salt of mono lacunary phos-
photungstates on  ZrO2 nanofibers and used it in extraction 
catalytic oxidation desulfurization system [11]. In 2022, D. 
Contreras et al. reported tetra butyl ammonium (TBA) salts 
of Keggin-type polyoxoanions,  TBA4PW11V1O40 for the 
selective aerobic oxidation of benzyl alcohol [12]. After, in 
the same year, C. N. Kato et al. explored the effect on sin-
tering-resistance and photocatalysis by using a catalyst, two 
tungstates containing platinum nanoparticles (Pt Npts) that 
were obtained by air-calcining α-Keggin-type di platinum 
(II)-coordinated polyoxotungstates,  Cs3[α-PW11O39{cis-Pt 
 (NH3)2}2] ⋅8H2O [13]. The nano-sized organic–inorganic 
hybrid systems (TBA)7[PW11O39] as heterogeneous catalysts 
for the synthesis of phenyltrimethylsilanyloxy-acetonitrile 
derivatives by using aldehydes and ketones by M. M Heravi 
et al. in the same year [14]. Further, V. S. Korenev et al. 
studied the azide coordination to polyoxometalates and 
synthesized  (Bu4N)4.3K0.7[PW11O39FeIIIN3] ⋅2.5H2O [15]. 
Recently in 2023, K. Shakeela and R. Shaikh et al. reported 
synthesis of cyclic carbonates by using hybrid materials of 
different metals  (Cu2+,  Co2+ and  Ni2+) substituted phos-
photungstates and poly (diallyldimethylammonium) chlo-
ride polymer (PDDA) [16]. Further, in the same year V. S. 
Korenev et al. reported the synthesis and characterization 
of these lanthanide complexes with mono lacunary phos-
photungstates,  (Me4N)2K2 [Gd  (H2O)2PW11O39] ·5H2O, 
 (Me4N)6K2 [Gd  (H2O)3PW11O39]2·20H2O, and  (Me4N)7 K 
[Gd  (H2O)3PW11O39]2·12H2O [17]. Again, in the same year 
H. Zheng et al. reported styrene epoxidation catalysed by 
(MTOA)7PW11O39 which is made up of quaternary ammo-
niums and polyoxometalate [18]. Z. M. A. Merican et al. 
synthesized a series of POM@MOF nanocomposites made 
up of transition metals substituted Keggin-type  PW11 and 
a zirconium-based MOF-808(Zr) for oxidative desulfuriza-
tion of fuel oil [19]. It is worth mentioning that no available 
literature is on  PW11 on to ZHY for biomass conversion, 
despite this, it offers numerous advantages, particularly 
in the areas of detergents, gas separation, desiccants, and 
catalysts. Zeolites' primary uses as catalysts, in which three 
distinct classes can be used to categorize the catalysis over 
zeolites: The three types of reactions are: 1) inorganic, 2) 
organic, and 3) hydrocarbon conversion. The catalytic fea-
tures of zeolites include acidity, shape-selectivity, high sur-
face area, and structural stability, among many other special 
qualities.
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Amongst biomass conversion, Levulinic acid (C5), which 
ranks among the top twelve bio platform molecules, serves 
as a foundation for the investigation of further valuable 
chemicals, such as angelica lactones, 2-methyltetrahydro-
furan, alkyl levulinates, succinic acid, γ-valerolactone, and 
pyrrolidines [20]. The alkyl levulinates are widely employed 
in the biofuel and fragrance industries. Amongst them, 
n-butyl levulinates are in the spotlight with their multiple 
applications such as in flavour-enhancing agents, food con-
tact, cosmetics, polymer precursors, and most importantly 
of the recent trend, fuel additives [21].

At the same time, Succinic acid (C4), another impor-
tant bio platform molecule, is an intriguing building block 
for a variety of industrial chemicals that could eventually 
take the place of maleic anhydride. Several routes includ-
ing esterification, dehydration, dehydrogenation, amidation, 
hydrogenation, and polymerization were explored for the 
valorisation of succinic acid into value added products [22]. 
In the industrial sector, diesters of succinic acid are par-
ticularly popular due to their potential application as bio-
based solvents, plasticizers, food preservatives, medicines, 
and cosmetics [23]. The schematic representation of their 
applications is shown in scheme 1.

Due to the importance of the said bio platform molecules, 
it was thought to investigate the esterification reaction of 
C4 and C5 acids with n-butanol in order to synthesize fuel 
additives under mild conditions.

This article describes the synthesis and detailed char-
acterization of a novel heterogeneous catalyst comprising 
 PW11 and ZHY. The catalyst was evaluated for the synthe-
sis of fuel additives by the esterification of two major bio 
platform molecules, succinic acid and levulinic acid, with 
n-butanol. To achieve the maximum conversion as well as 
selectivity, experiments were carried out by varying num-
ber of reaction parameters (mole ratio, catalyst quantity, 

temperature, and time). Further, kinetic study was carried 
out to determine the activation energy, and the capacity for 
recycling across numerous catalytic cycles was also investi-
gated. The recovered and regenerated catalyst was explored 
for acidity measurement, FT-IR, TGA analysis and catalytic 
activity to show its sustainability. Further, the catalyst was 
evaluated to the esterification of various bio-based substrates 
to study its viability.

2  Experimental

2.1  Materials

All chemicals used were of A. R. grade. 12-Tungstophos-
phoric acid (extra pure), ammonium chloride (99%), 
n-butanol (> 99%), 1-propanol (> 99%), 1-pentanol (> 99%), 
1-hexanol (> 99%), 1- heptanol (> 99%), methanol (99%), 
ethanol (99%), dichloromethane (> 99%), disodium hydro-
gen phosphate (> 99%), sodium tungstate dihydrate (> 99%), 
succinic acid (99.5%), were used as received from Merck. 
Levulinic acid (> 98%) was acquired from Avra Synthesis 
Pvt. Ltd. Zeolite NaY was obtained commercially from Reli-
ance Industries Limited, Vadodara, Gujarat.

2.2  Synthesis

Synthesis of the catalyst was carried out in three steps.
Step I: Conversion of NaY to its protonic form Zeolite 

HY (ZHY).
Zeolite NaY was converted into its protonic form HY by 

the conventional ion exchange method earlier reported by 
our group [24]. Scheme 2 represents the sequential steps 
involved to obtained ZHY.

Step II: Synthesis of mono lacunary phosphotungstate 
 (PW11).

Sodium salt of  PW11  (Na7PW11O3913H2O) was synthe-
sized by following the method reported by our group [5], 
in which sodium tungstate dihydrate (0.22 mol, 72.5 g) and 
anhydrous disodium hydrogen phosphate (0.02 mol, 2.84 g) 
were dissolved in 150–200 mL of conductivity water. Then, 
the solution was heated at 80–90 °C. After that, the pH was 
adjusted to 4.8 by adding concentrated  HNO3 followed by a 
liquid–liquid extraction of acetone to isolate the heteropoly 
anion after the volume was decreased by evaporation to half. 
The extraction was repeated until the absence of nitrate ions. 
The extracted sodium salt was dried in the air which further 
designated as  PW11. (Scheme 3) (Yield = 85–90%).

Step III: Anchoring of  PW11 to ZHY.
Synthesis of a series of catalysts comprising 10–40 

weight % of  PW11 was carried out by the incipient wet 
impregnation method. 1 g of zeolite HY was suspended in 
an aqueous solution of  PW11 (0.1 g/10 mL to 0.4/ 40 mL 

Scheme 1: Applications of alkyl levulinates and succinates

Scheme 1  Applications of alkyl levulinates and succinates
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in distilled water). After stirring it for 5 h, the suspension 
was allowed to dry in the oven at 100 °C for 8 h. After-
wards, for complete drying put it for drying for 10 h. The 
obtained material was treated with 0.1 N HCl to exchange 

the  Na+ ions and then filtered, washed with distilled water, 
and dried at 100 °C. The obtained catalysts were designated 
as  (PW11)1/ZHY,  (PW11)2/ZHY,  (PW11)3/ZHY and  (PW11)4/
ZHY respectively.

Scheme 2  Ion exchange procedure for the conversion of NaY to ZHY

Scheme 3  Synthesis of  PW11
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2.3  Characterization

2.3.1  Acidity Measurements

1) Total acidity by n-butylamine titration. In this method, 
a 0.025 M solution of n-butylamine in Toluene as well as 
0.025 M Trichloroacetic acid (TCA) in Toluene was pre-
pared [25]. The 0.25 g material was allowed for suspension 
in 25 mL n-butylamine solution for 24 h and the excess base 
was titrated against Trichloroacetic acid using neutral red as 
an indicator. Total acidity was calculated by given formula:

Calculation for Acidity
After titration, Volume of Blank, V blank = X ml.
Volume of Actual = Y ml.
Therefore, V used = X–Y = Z ml.
1000 ml 1 M TCA = 73.13 gm n-BA.
Z ml 0.025 M TCA = ?
 = Z*0.025*73.13/1000 = A gm n-BA.
1*A/0.25 = B gm n-BA.
Acidity (mmol/gm) = mole/ gm = B gm of n-BA/molecu-

lar weight of n-BA.
2) The total acidic sites as well as types of acidic sites 

were determined by potentiometric titration by using a DIG-
ITAL pH METER DP 505 and pH/ Redox electrode & Con-
ductivity Sensor (TOSHCON). In which, a suspension of 
0.25 g of material was prepared in 25 mL of Acetonitrile and 
put in for stirring for about 12–15 min and initial electrode 
potential was measured (which indicates its acidic strength). 
A 0.05 N n-Butylamine (n-BA) solution in Acetonitrile 
(0.1 mL) was added to this suspension and allowed to stir 
for 3 h at 25 °C. Then potentiometrically, it was titrated 
against the same solution of n-Butylamine and the variation 
in electrode potential was noted with a digital pH meter. The 
acidic sites were calculated according to the following scale: 
Ei > 100 mV (very strong sites), 0 < Ei < 100 mV (strong 
sites), − 100 < Ei < 0 mV (weak sites) and Ei <  − 100 mV 
(very weak sites) [26].

2.3.2  Physicochemical Techniques

The BET (Brunauer–Emmett–Teller) surface area measure-
ments as well as the  N2 adsorption–desorption isotherms (at 
77 K) were recorded using Micromeritics ASAP 2010 (USA) 
volumetric static adsorption instrument. By using the BJH 
adsorption–desorption method, pore size distributions were 
calculated. For the elemental analysis, the JSM-7100F EDX-
SEM analyser was used. The Mettler Toledo Star SW 7.01 
was used under the nitrogen atmosphere for thermogravimetric 
analysis (TGA) with a flow rate of 2 mL  min−1 at 25–600 °C 
(ramp rate of 10 °C  min−1). The Fourier Transform Infrared 
(FT-IR) spectra were recorded in the range 4000–400  cm−1 by 
using a KBr disc on a Shimadzu instrument (IRAffinity-1S). 
The Powder X-ray diffraction (XRD) patterns for the samples 

were recorded using a Philips PW-1830 instrument in the 2θ 
range 5–90° (Cu Kα radiation λ = 1.54 Å). High resolution 
Transmission electron microscopy (HRTEM) was done by 
coating the samples on the Cu grid and scanned on a JEOL 
TEM instrument (model-JEM 2100) (JAPAN) with an accel-
eration voltage of 300 kV using carbon-coated 200 mesh.

2.4  Catalytic Activity

Esterification of levulinic acid and succinic acid with n-butanol 
were carried out in a 50 mL batch reactor. In which, acid 
(10 mmol), n-butanol (20 mmol or 30 mmol), and the catalyst 
were added and it was equipped with an air condenser, guard 
tube, and magnetic stirrer. With continuous stirring, the reac-
tion mixture was heated at desired temperature and time. After 
completion of the reaction, the reaction mixture was cooled to 
room temperature and diluted with 15 mL of Dichlorometh-
ane (DCM) or methanol and centrifugation was carried out. 
Further, the reactants and products were analysed by a gas 
chromatograph GC-FID (Shimadzu-2014) using a capillary 
column RTX-5 (internal diameter:0.25 mm, length:30 m). The 
GC temperature profile for identification of n-butyl levulinate 
is as follows: The initial temperature was 35 °C, which was 
increased up to 300 °C. The hold time for ramp rate was ini-
tially 2 min at 80 °C (equilibration time = 1.0 min) and then the 
rate increased by 10 up to 300 °C with a hold time of 6 min. 
For that, pressure = 100 kPa, total flow = 50.0 ml/min, column 
flow = 1.19 ml/min, linear velocity = 31.1 cm/sec and purge 
flow = 3.0 ml/min, were maintained. Likewise, for the iden-
tification of butyl succinates the following GC programming 
was applied: The temperature range was same as above (35 to 
300 0C). The hold time for ramp rate was initially 2 min at 80 
0C (equilibration time = 1.0 min) and then the rate increased 
by 25 up to 300 0C with a hold time of 5 min. These param-
eters, pressure = 69.4 kPa, total flow = 10.1 ml/min, column 
flow = 0.74 ml/min, linear velocity = 21.9 cm/sec and purge 
flow = 3.0 ml/min, were kept on for the same. The %conversion 
was calculated on the basis of acid. During the optimization 
of different main reaction parameters were performed thrice 
and the results were found to be reproducible with an error 
of ± 1%. The calculation for % conversion and % selectivity 
was obtained by the formulae given below.

Conversion =
initial mol − final mol

initial mol
× 100

Selectivity =

moles of product formed

moles of substrate consumed
× 100
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2.5  Leaching and Hot Filtration Test

The leaching test of active species from the support was 
carried out by following the same procedure as in literature 
[27]. Qualitative determination of heteropoly acids can be 
studied by treating it with a mild reducing agent such as 
ascorbic acid, giving heteropoly blue coloration. 1 g of syn-
thesized catalyst was suspended and kept in 10 mL water 
for 24 h. Then, the supernatant solution was decanted and 
treated with an ascorbic acid solution. As a result, no blue 
coloration was observed which specifies the absence of 
leaching of active species,  PW11 from the ZHY. Another 
method to find out the leaching of active species is a hot 
filtration test. It was checked through the residue obtained 
after the reaction. After the completion of the reaction, the 
reaction mass was filtered hot and the obtained filtrate was 
treated with the solution of ascorbic acid. The absence of 
blue colour indicates no leaching of  PW11 from ZHY.

3  Results and Discussion

3.1  Characterization

The results obtained by the elemental analysis of  PW11 pre-
sented in Table 1, which are quite in a good agreement with 
the calculated values [5]. Thes values indicates the success-
ful formation of  PW11.

Further, to ensure the lacuna formation, FT-IR was car-
ried out for  PW12 (Parent) as well as  PW11 (Fig. 1). By cre-
ating a defect in a parent species i.e.,  PW12, a sharp split in 
the P-O stretching is observed. The observed P-O stretching 
at 1086 and 1043  cm−1 is mainly due to the lowering of the 
symmetry from Td  (PW12) to Cs  (PW11) around the central 
heteroatom [29] which indicates the successful formation of 
lacuna. Bands at 863 and 808  cm−1 correspond to W-O-W 
asymmetric stretching, while W = O stretching was observed 
at 952  cm−1.

The total acidity of the support and catalyst was deter-
mined by n-butylamine titration and the results obtained 
are shown in Table 2. After the anchoring of active species 
into the support by impregnation, an increase in acidity was 

observed, which shows successful impregnation of active 
species into the pores of support. The Bronsted acidity 
present in  PW11 is responsible for the increment of acidity. 
However, only a slight decrease in the same was observed 
when the % loading was increased further to 40%. This is 
due to the blocking of pores on the surface for the active 
sites. Hence, 30% loading was chosen as optimal here. 
Further, the results were correlated with the potentiomet-
ric titration method in which the acidic strength as well as 
acidic sites of support and catalyst were calculated. The 
results obtained are shown in Table 2. The change in elec-
trode potential is observed as a function of mEq per gram of 
n-butylamine. ZHY shows an acidic nature, having an acidic 
strength of 289 mV and total acidic sites of 3.3  meqg−1. Here 
again, by increasing the % loading of  PW11 from 10 to 30%, 
the significant increase was observed in the acidic strength 
(425–452 mV) as well as in the total acidic sites (4.5–6.8 
 meqg−1) (Supplementary figure S1). The trend is same for 
both the titration methods. Once again, 30% was optimized. 
 (PW11)3/ZHY was selected for further study and renamed 
 PW11/ZHY.

Textural properties of support and catalyst are presented 
in Table 3.  PW11/ZHY exhibits lower surface area than ZHY. 
It gives the first indication of sufficient anchoring of active 
species inside the pores of support. The same is said for an 
increase in pore diameter as well as pore volume.

Figure 2 depicts the nitrogen adsorption–desorption 
isotherm of both the support and catalyst. In which, ZHY 
exhibits a type-I isotherm with a hysteresis loop of H1 
type that has cylindrical pores [28]. Note, these are the 
characteristics of the microporous material.  PW11/ZHY 
gives an identical isotherm with that of the ZHY which 

Table 1  Elemental analysis of  PW11

Elements present
in  PW11

Calculated Found by 
elemental 
analysis

W 65.2 65.8
P 0.99 1.01
O 27.5 27.9
Na 5.4 5.2

Fig. 1  FT-IR: Formation of mono lacunary from the parent phospho-
tungstates
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shows intact basic structure and successful anchoring of 
 PW11 into the pores of ZHY.

Table 4 shows the results of elemental analysis, and 
Fig. 3 presents its EDX mapping. The results are in good 
agreement with that the theoretical values which indicate 
the successful impregnation of  PW11.

The thermogravimetric analysis of ZHY shows weight 
loss in three steps. The very first weight loss of 20% cor-
responds to dehydration of the water adsorbed physically or 
chemically, in a temperature range between 60 and 150 °. 
Second weight loss was observed in a temperature range of 
150–250 °C and that was 6.01%, which lead to the elimina-
tion of water molecules produced by the dehydroxylation of 
silicate and aluminium [24]. The last weight loss of 3.63% 
showed the possibility of some impurities. Further, its stabil-
ity was observed up to 550 °C. Figure 4 shows the TGA of 
 PW11 and  PW11/ZHY. TGA of  PW11 shows a total weight 
loss of 11.04% in which initial weight loss of 7.3% in the 
temperature range of 60 to 230 °C is assigned to the loss of 
crystalline water, whereas the second weight loss of 3.74% 
corresponds to the distortion in the lacunary structure. 
TGA of  PW11/ZHY shows weight loss in two steps. Due 
to the loss of physically adsorbed water molecules, the ini-
tial weight loss of 19.88% was observed in the temperature 
range between 60 and 230 °C. After that, the final weight 
loss of 3.19% up to 560 °C was observed with the loss of 

Table 2  Acidity measurements of support and catalysts

Potentiometric titration n-Butylamine titration

Support/Catalysts Acidic 
Strength
(mV)

Types of
Acidic Sites  (meqg−1)

Total No of 
Acidic 
Sites
(meqg−1)

Total No of 
Acidic 
Sites
(mmolg−1)

Total acidity
(mmolg−1)

Very Strong Strong Weak

ZHY 289 0.4 0.4 2.5 3.3 0.66 0.83
(PW11)1/ZHY 425 2.5 1.9 1.0 4.5 0.9 0.93
(PW11)2/ZHY 440 2.9 2.0 1.2 5.3 1.06 1.13
(PW11)3/ZHY 452 3.1 2.4 1.3 6.8 1.36 1.33
(PW11)4/ZHY 450 3.0 1.6 1.4 6.0 1.20 1.30

Table 3  Textural properties of ZHY and  PW11/ZHY

Support/Catalyst Surface area 
 (m2/g)

Pore diameter 
(Å)

Pore 
Volume 
 (cm3/g)

ZHY 560 20.8 0.034
PW11/ZHY 224 22.7 0.029

Fig. 2  N2 adsorption–desorption isotherms of a ZHY and b  PW11/
ZHY

Table 4  Elemental analysis of 
 PW11/ZHY by EDX

Material Si (wt%) O (wt%) Al (wt%) P (wt%) W (wt%)

By EDX Theoretical By EDX Theoretical
PW11/ZHY 21.24 53.56 7.41 0.25 0.26 17.38 17.43
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crystalline water molecules present in the Keggin unit. No 
further weight loss indicates the stability of the catalyst at 
higher temperatures.

FT-IR spectra of  PW11, ZHY, and  PW11/ZHY are shown 
in Fig. 5 FT-IR spectrum of ZHY shows broadband in the 
region of 3433  cm−1 which is attributed to the hydroxyl 
group of Si–OH bonds. The most intense bands of ZHY were 
located at about 1145  cm−1 and 1057  cm−1 corresponding 
to the internal Si − O(Si) and Si − O(Al) asymmetric stretch-
ing vibrations respectively of primary structural units, i.e., 
 SiO4 and  AlO4 tetrahedra. The bands at 785 and 578  cm−1 
confirm symmetric stretching vibrations of Si − O − Si or 
Si − O − Al bridges, respectively [24]. The absence of bands 
at 1086 and 952  cm−1 in the FT-IR of  PW11/ZHY indicates 
the superimposition with that of the bands of ZHY. Typical 
bands such as  PW11, at 1054, 795, and 776  cm−1 show that 
the primary structure of the Keggin unit is preserved even 
after impregnation on ZHY. Here, the change in intensity 
was observed due to strong interaction between the lacunary 
Keggin unit and silanol groups of the support.

The Powder XRD patterns for  PW11, ZHY, and  PW11/
ZHY are shown in Fig. 6. ZHY showed intense reflections 
at 2θ = 6.55°, 10.3°, 11.3°, 15.8°, 17.6°, and 23.7°; 27.7° 

corresponds to (111), (220), (311), (331), (511), (533), and 
(553) planes [30]. The X-ray diffraction pattern of  PW11/
ZHY followed a similar pattern as that of ZHY which 
showed the intact zeolite structure even after introducing 
the active species. However, the observed decrease in the 
characteristic peaks is assigned to the fact that, after impreg-
nation, the active species may reduce the scattering contrast 
between pore walls and pore spaces. The absence of charac-
teristic peaks of  PW11 suggests the good dispersion of  PW11 
inside the pores of ZHY.

Figure 7 displays the HRTEM images of ZHY and  PW11/
ZHY at different magnifications. Figure a, b shows uniform 
dispersion of pores in ZHY. The hexagonal crystalline shape 
having a long-range ordered zeolite crystallinity which is 
observed through the material as long parallel crystallo-
graphic planes [31]. From the HRTEM images of  PW11/
ZHY (Figure c, d), it is visible that the  PW11 species are 
well dispersed through pores of ZHY and importantly, which 
shows that the lacunary structure is retained.

Fig. 3  EDX mapping of  PW11/ZHY

Fig. 4  TGA plots of a  PW11 and b  PW11/ZHY

Fig. 5  FT-IR spectra of a  PW11, b ZHY and c  PW11/ZHY
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3.2  Catalytic Performance

3.2.1  Levulinic Acid Esterification with n‑Butanol

The general scheme of the esterification of levulinic acid 
with n-butanol using  PW11/ZHY to produce n-butyl levuli-
nate is presented in Scheme 4.

The effect of different parameters including the effect 
of loading amount of  PW11, the mole ratio of reactants, 
temperature, catalyst amount, and time was evaluated to 
get the maximum % conversion of n-butyl levulinate. The 
selectivity of product given here is of n-butyl levulinate, the 
intermediate here formed is pseudo butyl levulinate. The 
GC profiles for levulinic acid and product standard (n-butyl 
levulinate) and from that, GC profile of optimized conditions 
is also given in Supplementary figure S2.

The % loading of  PW11 ranging from 10 to 40% (Table 5) 
shows an increase in the conversion as well as selectivity 
up to 30% loading which may be due to the fact that, more 
amount of  PW11 will have more acidic sites. Later on, the 
trend reverses with further increase in % loading, and the 
conversion dropped down. The reason behind the decreased 
conversion is the blocking of catalytic active sites, as the 
excess catalytic active sites will increase the viscosity of 
the reaction mixture [32]. Hence, 30% loading was selected 
for the maximum conversion as well as selectivity. Further, 
all the reaction were carried out by taking 30%  PW11/ZHY 
and accordingly the influence of the different parameters is 
presented in the Fig. 8. The effect of catalyst amount was 
investigated by using 25, 50, and 75 mg of catalyst amount 
(Fig. 8b). By using the lowest amount of catalyst, the reac-
tion gave significant conversion as well as selectivity and 
also, there was no sharp change observed after increasing 
the catalyst amount. Further, excess use of catalyst amount 
showed the inverse trend which attributed to the fact that 
higher active sites present in the catalyst lead to hydrolysis 
and the reaction proceeds to reverse [33].

The study of the impact of time on the reaction is crucial 
in the reversible reaction and the obtained results are shown 
in Fig. 8c. As expected, with an increase in time the con-
version as well as selectivity was increased substantially. 
Further, on prolonging the time, the reaction conquers equi-
librium and the conversion was found to be decreased. This 
is attributed to the reversible nature of the reaction.

To restrict the progress of side reactions and achieve 
the favourable results, it is important to study the effect of 
molar ratio on the reaction [32]. Figure 8d shows the results 
obtained after examined the different molar ratio of levulinic 
acid to n-butanol. With increase in molar ratio, a significant 
increase in the conversion was observed. This happened 
because the tendency of the esterification process to reverse 
hydrolyse needs an excess of alcohol to push the equilibrium 
in the forward direction. But, further increase in the molar 

Fig. 6  XRD patterns of a  PW11, b ZHY and c  PW11/ZHY

Fig. 7  HRTEM images of a, b ZHY and, c, d  PW11/ZHY
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ratio led to increase a dilution in reaction media as well as 
it reduces a mass transfer which result to fall in conversion.

Another important parameter, a reaction temperature, 
which governs the reaction rate, its influence was studied 
and obtained results are depicted in Fig. 8e. A drastic rise 
in the conversion was observed by increasing a tempera-
ture. This leads to high collision occurred from high ther-
mal energy and mass transfer rates which result in a high 
conversion rate. After 90 ℃, no significant increase in the % 
conversion was observed.

From the above detailed study, these are the optimized 
conditions to achieve maximum % conversion and selectivity 
using  PW11/ZHY as a catalyst: Molar ratio of acid to alcohol 
1:2, amount of catalyst 25 mg (Active amount = 5.77 mg), 
reaction temperature = 90 °C and reaction time = 12 h, Turn-
o v e r  n u m b e r  ( T O N )  =  2 7 4 9 . 
( TON =

number of moles of substrate reacted

number of moles of catalyst
).

3.2.2  Succinic Acid Esterification with n‑Butanol

Later on,  PW11/ZHY was investigated for the organic trans-
formation of another bio platform molecule. Scheme 5 
depicted the di-esterification of succinic acid with n-butanol 
using  PW11/ZHY to yield both mono and dibutyl succinates. 
A detailed optimization study was conducted by studying 
the influence of various reaction parameters, similarly to 
the previous section.

The feasibility of the reaction was checked first with 
the catalysts having different % loading amounts of  PW11. 
From the Fig. 9a it was observed that here also, 30% loaded 

catalyst gave maximum conversion of succinic acid with 
diester (Dibutyl succinate) selectivity.

Further, experiments were conducted with varied ratios 
to examine the impact of the mole ratio (Fig. 9b). The acid 
conversion as well as production of the diester, both aided 
by increasing the molar ratio. It should be noted that too 
much alcohol can dilute the reaction mixture and prevent 
the second esterification from occurring.

Figure 9c shows the impact of the catalyst amount. The 
conversion of acid should rise as catalyst amount increases 
since there are more number of acidic sites available. How-
ever, in this case, lowest amount of catalyst was sufficient to 
obtain the highest conversion and selectivity. Beyond that, 
less acid conversion was observed, which could be explained 
by the rise in overall solid mass density at higher catalyst 
concentrations.

Similarly, the influence of temperature and time was stud-
ied (Fig. 9d, e). Both parameters are vital for the reaction 
to proceed successfully and to yield the selectivity of the 
diester formation. With elevated temperature, the conversion 
increases tremendously to fourfold at 90 ℃. As the reaction 
is endothermic, higher temperature promotes molecular col-
lisions as well as di-esterification. Likewise, the conversion 
hiked with increased time and beyond that, a prolonged time 
did not significantly contribute to the conversion rate as well 
as selectivity.

The optimized reaction conditions for maximum conver-
sion of succinic acid (96%) and selectivity of diester (61%) 
are, mole ratio 1:3; catalyst amount 25 mg; temperature 90 
℃ and time 12 h. The TON was found to be 3427. The GC 
profile for the optimized conditions is given in the Supple-
mentary figure S3.

3.3  Kinetics: Determination of Activation Energy 
(Ea)

Activation energy for esterification of levulinic acid as well 
as succinic acid with n-butanol:

At intervals of 4, 6, 8, 10, and 12 h, kinetic studies of 
levulinic esterification with n-butanol were conducted in 
a temperature range of 70–100 °C. The rate constant was 
calculated graphically (1/a–x vs time) for each temperature, 
and found to follow the 2nd order (Table 6) in which the 
graph shows a straight line with  R2 values ≥ 0.95 (Fig. 10a). 
It is important to calculate activation energy for a particular 
system to check its trueness towards the chemical step. The 

Scheme 4  Catalytic per-
formance of  PW11/ZHY in 
levulinic esterification with 
n-butanol

Table 5  Effect of % loading of  PW11

Reaction conditions: Mole ratio: 1:2, Catalyst amount: 25 mg, Tem-
perature: 90 °C, Time:8 h

% loading of 
 PW11

% Conversion % Selectivity

%n-butyl
levulinate

% 
pseudo
butyl 
levuli-
nate

10 43 80 20
20 53 88 12
30 65 93 07
40 61 92 08
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Fig. 10a also shows a graph of lnk vs 1/T and from that, the 
activation energy was calculated using the Arrhenius equa-
tion. It was found to be 88 kJ/mol.

Likewise, for succinic acid esterification, the graph of 1/
(a–x) versus time (Fig. 10b) was plotted for different time 
intervals (6, 8, 10 and 12 h) at 70 to 100 °C, shows a linear 
relationship with respect to time confirming the second-
order dependence of reaction. Table shows the rate constants 
at different temperatures and from that, the graph of lnk 

vs 1/T was plotted. The activation energy was found to be 
127 kJ/mol.

A literature study says that if the activation energy 
exceeds 25 kJ/mol then the reaction is governed truly by 
chemical step [34]. In the present study, the activation 
energy for both the reactions is greater than 25 kJ/mol which 
confirms that the reactions are truly governed by a chemi-
cal step.

The order of the activation energy: Levulinic acid (88 kJ/
mol) < Succinic acid (127 kJ/mol)]. This can be further 

Fig. 8  a Effect of % loading of  PW11. Mole ratio: 1:2, Catalyst 
amount: 25 mg, Temperature: 90  °C, Time:8 h; b Effect of catalyst 
amount. Mole ratio: 1:2, Temperature:90  °C, Time: 8 h; c Effect of 
time. Mole ratio: 1:2, Catalyst amount: 25 mg, Temperature: 90 °C; 

d Effect of mole ratio. Catalyst amount: 25 mg, Temperature: 90 °C, 
Time:12 h; e Effect of temperature. Mole ratio: 1:2, Catalyst amount: 
25 mg, Time:12 h
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justified as levulinic acid is a monocarboxylic keto acid, 
which means it only require one acid group to convert into 
the desired ester. In contrast, succinic acid which is a diacid, 
has two carboxylic acid groups, that requires more catalytic 
sites and a longer reaction time to undergo di-esterification 
in order to produce the desired diester. The obtained activa-
tion energy is in good agreement with this.

3.4  Control Experiments

For both reactions, control experiments using  PW11 and 
ZHY alone were conducted and compared with those using 
the catalyst under optimized reaction conditions in order to 
understand the contribution of each species. From Table 7, 
it is visible that the conversion of both acids was found to 
be lower when ZHY alone was employed in the reactions 
than when  PW11 was used alone. Whereas with the cata-
lyst, significant conversion (77% of levulinic acid and 96% 
% of succinic acid with 95% and 61% selectivity towards 
respective desired esters) which is higher compared to that 
of individual species was achieved.

These findings suggest that the Bronsted acidity of 
 PW11 is a key factor which drives the reaction while, the 
β-cage like structure and geometry of ZHY will easily 
accommodate the reactant molecules and hence the esteri-
fication fits well. Hence, by combining the complementary 
properties of  PW11 and ZHY, we were able to synthesize 
a heterogeneous catalyst that works really well in synergy 
to create the value-added products butyl levulinate and 
butyl succinate.

3.5  Regeneration and Recycling Studies

Studies on the regeneration and recycling of heterogene-
ous catalysts can be used to estimate the entire expense of 
production and feasibility. The catalyst was regenerated by 
using a simpler procedure. The reaction mixture was diluted 
with DCM (for levulinic acid esterification) or methanol (for 

succinic acid esterification) after the first cycle, and the cata-
lyst was separated by centrifugation method. The collected 
catalyst was further washed with fresh methanol, followed 
by water, and dried in an oven at 100 ℃ for approximately 
2 h and employed for the next cycle. The regenerated cata-
lyst is designated as R-PW11/ZHY. Figure 11 displays the 
findings attained for both reactions which demonstrate the 
consistent activity of the catalyst up to 3 or 4 cycles. The 
recycling experiments thus confirms the sustainability of the 
catalyst by showing that the  PW11 species does not leach 
from the ZHY and that it is stable enough to be used for 
numerous cycles.

3.6  Characterization of Regenerated Catalyst

The regenerated catalyst was characterized by acidity meas-
urements, FT-IR and TGA.

The n-butylamine titration shows total acidity of the 
regenerated catalyst (1.32 mmol/g) was almost found to be 
like that of the fresh catalyst (1.33 mmol/g). From FT-IR 
analysis (Supplementary figure S4), the presence of all the 
characteristic bands of Keggin unit and that of the support 
indicates the stability and firm interaction of  PW11 with 
ZHY. TGA analysis of regenerated catalyst shows very less 
change in the weight loss which may be attributed to the loss 
in catalyst amount in the recycling studies. (Table 8).

3.7  Relative Reactivity of Different Acids 
and Alcohols

PW11/ZHY was used to synthesize a variety of (industrially 
important) bio-based esters with a selectivity of 55–98% 
(Fig. 12). The figure depicted that the increase in carbon 
chain length of primary alcohols leads to an increase in % 
conversion. But there were controversial results in the case 
of methanol and ethanol as they have lower boiling points as 
compared to other primary alcohols. Therefore, the reaction 
was put in the pressure tube, while the remaining are in a 
batch reactor and so the results are different from the trend. 

Scheme 5  Catalytic performance of  PW11/ZHY in succinic esterification with n-butanol
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Fig. 9  a Effect of % loading of  PW11. Mole ratio: 1:2, Catalyst 
amount: 25  mg, Temperature: 90  °C, Time:8  h; b. Effect of mole 
ratio. Catalyst amount: 25  mg, Temperature: 90  °C, Time:12  h; c 
Effect of catalyst amount. Mole ratio: 1:3, Temperature:90 °C, Time: 

8 h; d Effect of time. Mole ratio: 1:3, Catalyst amount: 25 mg, Tem-
perature: 90  °C; e Effect of temperature. Mole ratio: 1:3, Catalyst 
amount: 25 mg, Time:12 h

Table 6  Rate constants  (M−1  min−1),  R2 values at different temperatures and activation energy

Levulinic acid esterification Succinic acid esterification

Temp. (K) Rate constant k 
 (M−1  min−1)

R2 Activation energy Ea (kJ/mol) Temp. (K) Rate constant k
(M−1  min−1)

R2 Activation energy Ea
(kJ/mol)

343 6.57 ×  10–5 0.9958 88
R2 = 0.9987

343 6.88 ×  10–5 0.9898 127
R2 = 0.9945353 1.25 ×  10–4 0.9889 353 8.02 ×  10–5 0.9967

363 3.71 ×  10–4 0.9933 363 1.26 ×  10–4 0.9950
373 7.47 ×  10–4 0.9882 373 1.36 ×  10–3 0.9897
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Longer chain alcohols could be attributed to steric hindrance 
at the hydroxyl group of the alcohol, effectively allowing 
nucleophilic attack to the carbonyl carbon of the carboxylic 

acid group of acid. Steric hindrance is known to slow down 
the reaction due to steric bulkiness, thereby blocking the 
access of the carboxylic acid to the esterification system. 

Fig. 10  a Levulinic acid esteri-
fication Plots of 1/(a–x) vs Time 
(min) and Plot of lnk vs 1/T 
b Succinic acid esterification 
Plots of 1/(a–x) vs Time (min) 
and Plot of lnk vs 1/T
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Steric hindrance can also be observed when molecules sur-
rounding the active site unintentionally mask it due to their 
configuration. Steric hindrance also causes poor conversion 
to longer carbon chain length primary alcohols. This can 
be seen in the case of succinic acid esterification. However, 
in our case, we obtained controversial results for levulinic 
acid esterification. In which, the %conversion, as well as 

selectivity of corresponding esters increase with increasing 
chain length. This could be attributed to electronic factors 
that promote stabilization of the formed carbocation inter-
mediate to ester formation, despite the presence of stearic 
hindrance. The esterification of both the acids with longer 
chain alcohols reflects very little literature. All the synthe-
sized alkyl esters with carbon chain length up to C7 are wor-
thy as they have a wide range of applications in industries. 
It is to be noted that, by varying the main reaction param-
eters the better results can be obtained for all the valuable 
bio-based esters. The catalysts, therefore, show remarkable 
reactivity towards the formation of the corresponding esters, 
exploring a versatile catalytic approach to acids.

Table 7  Control experiments

Reaction conditions: mole ratio: a1:2, b1:3; reaction temperature: 
a, b90 °C, reaction time: a, b12 h. Catalyst amount 1 = a, b19.23  mg, 
2 = a, b 5.77 mg (active amount of  PW11), 3 = a, b 25 mg

Catalyst/Sup-
port

Levulinic acid with 
n-butanol a

Succinic acid with 
n-butanol b

%Conversion %Selectiv-
ity of esters

%Conversion %Selec-
tivity of 
diesters

1ZHY 56 93 60 39
2PW11 61 93 67 51
3PW11/ZHY 77 95 96 61

Fig. 11  Recycling experiments 
for the esterification reaction of 
a Levulinic acid and b Succinic 
acid, with n-butanol in their 
optimized reaction conditions

Table 8  Textural properties of 
fresh and regenerated catalysts 
for TGA analysis

Catalyst Total weight loss 
by TGA analysis

Fresh 23.07%
Regenerated 23.57%
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3.8  Reaction Mechanism

The reaction mechanism for the esterification of levulinic 
acid with n-butanol is previously reported by our group [27]. 
In the esterification of levulinic acid, an acid adsorption on 
the Brønsted acid sites of  PW11/ZHY leads to the forma-
tion of a protonated acid intermediate which will increase 
the electrophilicity of carbonyl carbon. Simultaneously, the 
carbonyl carbon is attacked by the nucleophilic oxygen of 
alcohol to form oxonium ion intermediate. After that, the 
tetrahedral intermediate loses a water molecule and produces 
n-butyl levulinate. The Brønsted acidity of  PW11 as well as 
Lewis acid sites of ZHY plays a significant role in govern-
ing the reaction in a forward direction. Also, the activity of 
ZHY is related to the formation of the transition state inside 
the channels [24]. The available acidic sites of  PW11/ZHY 
promote the proton accessibility and favour the overall reac-
tion (Scheme 6).

In the esterification of succinic acid, Both the monoester 
and diester will arise during the esterification of succinic 
acid and are anticipated to follow the same reaction process 
dependent on the competitive adsorption of alcohol and the 
acidity of the catalyst. The catalyst initially attracted the 
carbonyl group of succinic acid, which was then activated 
by the Bronsted acidic sites of  PW11. A protonated interme-
diate, as a result will function as an electrophile. Alcohol 

acts as a nucleophile in this situation. This nucleophile will 
attack the carbonyl carbon that has been activated and pro-
duce a tetrahedral intermediate as a result. An intermediate 
is created when a water molecule is lost, and this mono butyl 
succinate is then desorbed. The formation of dibutyl suc-
cinate from the mono butyl succinate is the same. Because 
the present catalyst,  PW11/ZHY, offers more Bronsted acidic 
sites, more carboxylic acid groups can be activated, increas-
ing diester formation and conversion. Because diesters are 
generated via Bronsted acidic sites [27] and ZHY is rich in 
Lewis acidity, mono-esterification is more likely to occur on 
this support (ZHY) than di-esterification (Scheme 7). This 
was also explained in the control experiments.

3.9  Comparison with Reported Catalytic Systems & 
Novelty of the Present Work

The present catalyst was compared to several success-
fully developed catalytic systems that produced butyl lev-
ulinates [35–40]. These systems were primarily impacted 
by harsh reaction conditions, specifically those exceeding 
100 0C, high catalyst concentrations (~ 2 to 5% higher than 
the present catalyst), and high acid to alcohol molar ratios 
(between 2 and 5% higher than the present catalyst). There-
fore, the superiority of the current catalyst is its ability to 
achieve noticeable activity under mild reaction conditions, 
such as 90 0C, with a small amount of catalyst usage, 25 mg 
and a molar ratio of 1:2. Concurrently, the activity of various 
known catalysts [27, 41–45] for the production of butyl suc-
cinates was compared. The present catalyst performs better 
here as well because it was employed at a lower temperature 
and with a smaller (2–19%) catalyst amount than previously 
reported. Additionally, the entire process is solvent-free and 

Note: Both the set of reactions were put in their optimized conditions

Fig. 12  Esterification of levulinic acid/succinic acid with different 
alcohols Note: Both the set of reactions were put in their optimized 
conditions

Scheme 6  Proposed mechanistic pathway for the levulinic esterifica-
tion using  PW11/ZHY
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hence does not require the use of solvents, unlike reported 
methods that use various solvents, which are not even con-
sidered as green chemicals, which diminishes the sustain-
ability of the process.

In contrast to these systems, the current method operates 
at mild reaction conditions and most significantly, it is a 
solvent-free process. It was discovered, meanwhile, that no 
attempt has been made to employ lacunary phosphotung-
state-based catalysts up until the date. For both of these 
conversions, the present catalyst is unique in its form. From 
the perspective of environmental and economic issues, the 
synthesis of butyl levulinate and butyl succinates is now 
more sustainable and greener when taking into account the 
aforementioned factors.

4  Conclusion

The successful synthesis via incipient wet impregnation of a 
novel sustainable heterogenous catalyst containing  PW11 and 
ZHY was carried out. The detailed characterizations using 
variety of physicochemical techniques revealed the efficient 
synthesis of the mono lacunary species  PW11 as well as its 
anchoring and interaction with ZHY. The catalyst demon-
strated its promising activity by giving appreciable conver-
sions of bio platform molecules to fuel additives, which falls 
under the performance of hexagonal channels of ZHY that 
easily accommodate the Bronsted acidity of  PW11 that yields 
to maximum % conversion (77–96%) as well as selectivity 
of the desirable product (61–95%). The sustainability of the 
catalyst was found up to several cycles without significant 
loss of activity. In order to confirm the catalyst's adaptability, 
it was also used for the synthesis of other bio-based esters, 
which ultimately had a commercial impact. In a nutshell, 
the entire idea behind the present investigation is to develop 

novel materials that are adept for offering sufficient energy 
sources to meet the globe’s current energy needs.
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