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Abstract
Mesoporous Ia3d cubic structured KIT-6 support was prepared by hydrothermal strategy and heteropoly acid content (10, 
20 and 30%) was stacked on KIT-6 by wet-impregnation technique. The synthesized catalysts were characterized by XRD, 
 N2-sorption,  NH3-TPD, ATFT-IR, TEM and SEM–EDAX analyses. Acid properties of the supported catalysts were inves-
tigated by pyridine-adsorbed ATFT-IR and  NH3-TPD, respectively. Poly-anion coordination present in the catalyst was 
confirmed by the DRS-UV spectrum. The dispersion of heteropoly acid on the catalyst surface was observed by TEM 
analysis. Also, the presence of the elements such as W and P on the catalyst and its morphology were represented by the 
HRSEM–EDAX technique. The catalytic activity of HPWA/KIT-6 was investigated by the transesterification of neem oil 
with methanol. Among the different wt% catalyst, 20% catalyst showed highest neem oil conversion and selectivity at an 
optimized reaction temperature of 60 °C. Further, the spent catalyst was recovered and recycled three times, and it showed 
activity losses of less than 4%.
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Introduction

The expansive usage of diesel fuels from petroleum deriva-
tive has made a serious ecological issue, which is environ-
mental change and global warming [1]. Besides, the con-
suming of diesel fuel could discharge the toxin gasses, which 
are more destructive to the human well-being [2]. Further, 
energy security is considered as a fundamental factor in the 
decline of petroleum resources. Because of these environ-
mental difficulties, sustainable and clean energy sources 
are pulled in enthusiasm for the worldwide [2]. The current 
study demonstrates that the usage of biofuel from sustain-
able resources can essentially lessen the emission of ozone 
harming substances, like greenhouse gases (GHG) by uti-
lizing as a mix part of transportation fuel [3, 4]. Moreover, 
the significance of using biodiesel is its feasibility to reduce 
dependence on diesel. The mono-alkyl esters of long-chain 

fatty acids are called biodiesel, which is obtained from edi-
ble oil, non-edible oil and animal fats by the trans-esterifica-
tion process [5]. Among the sustainable sources, non-edible 
oil sources are financially ideal in biodiesel generation, and 
it does not compete with the existing edible  resources [6].

In this consideration, neem oil was an inexpensive feed-
stock for biodiesel production that effectively reduces pro-
duction cost. Neem oil appears light to dark brown in color, 
has the strong pungent odor, and contains triglycerides with 
a huge quantity of triterpenoids, which was accountable for 
the bitter flavor. Also, it contains some steroids like campes-
terol, beta-sitosterol, and stigmasterol [7]. The composition 
of neem oil fatty acids was Palmitic (12.01 wt%), Stearic 
(12.95 wt%), Oleic (34.09 wt%), Linoleic (38.26 wt%) and 
Lignoceric (0.3 wt%) and their acid value was 44 mg KOH/g 
of oil [8]. Moreover, it was widely available in India and its 
subcontinent. The inedible neem oil was a promising alter-
native for edible oil. Further, the neem oil obtained from the 
neem tree was simply grown in any climate, and its seed con-
tains 40% oil, which was more potential for biodiesel pro-
duction [9]. Besides, the high content of monosaturated fatty 
acid in neem oil has shown good biodiesel characteristics 
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[10]. However, the possible use of this oil in India is about 
1 million tons per year [7].

Biodiesel synthesized by transesterification of vegetable 
oils and animal fats utilizing homogeneous acid and base 
catalyst has seen a fold augment in the most recent couple 
of years for their trade and use as a mixing part in transpor-
tation fuels. Indeed, the usage of homogeneous acid and 
base catalysts has created serious impediments in the reac-
tion via corrosion and soap formation [11, 12]. Therefore, 
commercial biodiesel production utilizing ecologically well-
disposed technique using heterogeneous catalysts has a sig-
nificant interest in the industry. The production of biodiesel 
from non-edible oil via transesterification has been exam-
ined over numerous heterogeneous catalysts including metal 
oxides, sulphated zirconia, tungstated zirconia, etc. [13, 14]. 
However, these catalysts were suffered by mass transport 
because of their limited pore size and pore volume [15].

Concerned over this issue, it has focused attention on 
the mesoporous solid acid catalyst for biodiesel production 
because of their significant properties such as acidity and 
textural characteristics. Moreover, the mesoporous KIT-6 
support has a three-dimensional cubic morphology with 
interpenetrating bicontinuous channels, which could be a 
superior catalytic support for solid acid catalyst synthesis 
[16, 17]. However, Heteropolytungstic acid (HPWA) is a 
strong Bronsted acid, which is significant in acid-catalyzed 
reactions and paid more attention to environmental protec-
tion and economic concern because of their non-toxic and 
inexpensive nature [18]. Furthermore, compared with min-
eral acids, HPWA showed higher catalytic activity for a wide 
verity of catalytic reactions [19–21]. However, in homoge-
neous systems, it highly suffered from the disadvantages 
like difficulty in separation of the catalyst from the reaction 
mixture and inconvenience for continuous production. These 
issues were overcome using HPWA-supported KIT-6 het-
erogeneous catalyst, synthesized by the hydrothermal and 
impregnation method. The impregnation of HPWA on KIT-6 
support could significantly alter the textural properties of the 
catalyst. Furthermore, in the literature, various acid cata-
lysts have been studied for neem oil transesterification, in 
which considerable activities were observed [22–28]. How-
ever, the use of these acid catalysts has been of less inter-
est because of their toxicity, non-reusability, and restricted 
stabilities. Therefore, this problem has been recovered by 
heteropoly acid-supported KIT-6 catalyst, which has supe-
rior catalytic properties, i.e., resistance against pore block-
age, high surface area, thicker pore walls, and interconnected 
3D mesopores, which enhance the diffusion of the bulky 
molecule [29].

The present work reports for producing biodiesel via 
transesterification of neem oil using methanol as co-reactant. 
Further, a various weight percentage of  H3PW12O40 (10, 20, 
30%) was impregnated on KIT-6 and it was characterized 

by different physicochemical techniques. Moreover, its cata-
lytic activity was examined by liquid-phase transesterifica-
tion of neem oil under different experimental conditions. 
Besides, various reaction parameters such as temperature, 
time, catalysts amount, and methanol, to oil ratios have 
been optimized. Finally, the recyclability of the optimized 
catalyst has been studied and its activity has been evaluated 
under optimized reaction condition. Therefore, this study 
could afford significant information on properties of HPWA/
KIT-6 catalyst for improving the biodiesel yield via neem 
oil transesterification.

Experimental

Materials

Triblock copolymer (Pluronic P123,  EO20  PO70  EO20; 
Aldrich: Mol. Wt. 5800), tetraethylorthosilicate was 
obtained from Aldrich and Merck (98% pure). Hydrochlo-
ric acid, methanol, and n-butanol were obtained from SRL 
Biochem (India) Ltd, which was an AR-grade chemical. 
Commercial heteropoly acid such as  H3PW12O40·nH2O was 
obtained from SRL Biochem (India) Ltd. Neem oil was pur-
chased from the local market. All the chemicals were used 
as such without treatment.

Preparation of the catalysts

Mesoporous KIT-6 support was synthesized hydrother-
mally with molar ratios of 1 TEOS: 0.017 P123:1.83 HCl 
(35%):1.3 n-BuOH: 195  H2O [30]. In a polypropylene bottle, 
pluronic P123 4 g, 144-g distilled water, and 7.9 g of 35% 
HCl were mixed and stirred for 4 h at 35 °C to an obtained 
homogeneous solution. And then, 4-g n-butanol as a co-
solvent was added and stirring continued for another 1 h. 
After that, 8.6-g TEOS was added to the mixture and it was 
stirred for 24 h at 35 °C. Then, the whole mixture was placed 
in an air oven at 100 °C for 24 h. The obtained product was 
filtered and dried overnight in an air oven at 100 °C. The 
dried material was powdered and calcined at 540 °C for 8 h 
under the air atmosphere to remove the template.

Different (10, 20, 30%) weight percentage of HPWA were 
loaded on support by wet-impregnation method using dode-
catungstophosphoric acid as the precursor. Pre-dried KIT-6 
1 g and 20-mL deionized water were taken in a round bot-
tom flask and stirred for few minutes. A desired amount of 
HPWA (e.g., 0.1 g for 10 wt%) was weighed and dissolved 
in 20-mL deionized water and this solution was added drop 
by drop to support material and stirred for 6 h. The residue 
was filtered and washed with deionized water. Finally, the 
impregnated material was dried at 100 °C and calcined in air 
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at 300 °C for 5 h [31]. The obtained material is represented 
as X % HPWA/KIT-6 (X = 10, 20, 30%).

Characterization techniques

XRD pattern of calcined support and catalyst was analyzed 
by XRD (Philips, Holland) using nickel-filtered Cu Kα radi-
ation (λ = 1.5406 Å). The surface area of the catalyst was 
measured by the ASAP-2010 volumetric adsorption analyzer 
manufactured by the micrometrics corporation (Norcross, 
GA). Before measurement, each sample was degassed at 
350 °C of pressure  10−5 Torr for 12 h in an outgassing sta-
tion of the sorption apparatus. The nitrogen-sorption iso-
therms were obtained by BET method over different rela-
tive pressures; the pore size measurement and wall thickness 
were obtained by BJH method using nitrogen-sorption iso-
therms. The total acid content of all the HPWA-supported 
catalyst was measured by temperature-programmed des-
orption of ammonia  (NH3-TPD) in a flow reactor (micro-
metrics instrument corporation chemisoft TP × V1.02 unit 
1-2750). The sample was pre-treated at 500 °C for 1 h in a 
flow of Helium, and then cooled to 100 °C with 10 vol.% 
 NH3 adsorption for half an hour. Further, the physisorbed 
ammonia was removed by purging with Helium until the 
baseline was stable at 100 °C, and then desorption started 
from 100 to 600 °C. The Bronsted and Lewis acid sites on 
the impregnated catalysts were analyzed by ex situ pyridine-
adsorbed AT-FTIR technique using Perkin Elmer Spectrum 
Two spectrophotometer. About 100 mg of the samples were 
dried at 100 °C for 1 h. After drying, the sample was wetted 
with 0.3 mL of pyridine for 5 h. To remove the physisorbed 
pyridine from the wetted sample, it was heated at 120 °C for 
1 h. After that the pyridine chemisorbed sample was mixed 
with KBr pellet, and the pellet was placed into the IR cell 
for recording the spectrum. The metal concentration in the 
impregnated catalyst was calculated by inductively coupled 
plasma optical emission spectrometry (ICP-OES) Perkin 
Elmer Optima 5300Dv instrument. Thermal gravimetric 
analysis (TGA) of support and catalysts was done on the 
waters TA instrument SDTQ 600. Surface morphology and 
elemental composition present in the catalyst were analyzed 
by HR-SEM with EDX using FEI Quanta FEG 200 instru-
ment. The TEM images of support and HPWA-supported 
catalyst were analyzed by TECHNAI 10-Philphs instrument. 
The samples for TEM analysis were prepared by ultrasonic 
dispersion of catalyst in acetone for 1 h and dispersed sam-
ples were placed on a copper grid and samples were dried 
till the solvent was evaporated and further analyzed by TEM 
instrument. A diffuse reflectance UV–visible spectrum of 
the sample was recorded using JASCO V650 spectropho-
tometer and  BaSO4 was used as the reference.

Catalytic experiments

The activity of the catalyst was evaluated by the transesteri-
fication of neem oil using a liquid-phase reactor. In a typical 
transesterification reaction, 10 g of neem oil was added in 3 
volumes of methanol with 0.35 g of the pre-treated catalyst. 
The reaction was carried out at 50–65 °C with reaction time 
1–5 h; at the end of the reaction, the reaction mixture was 
cooled to room temperature and the catalyst was separated 
by filtration. The progress of the reaction was monitored 
by TLC. The crude reaction mixture was transferred to the 
water/n-hexane mixture of 1:3 ratios. The reaction mixture 
was separated into two layers using separating funnel. The 
lower layer consisted of water, glycerol, and methanol mix-
tures; whereas, the upper layer being the fatty acid alkyl 
esters, the un-reacted oil and intermediate products. After 
the removal of a solvent from the organic phase, the result-
ing composition was analyzed by the gas chromatograph 
(ShimazuGC-17A) equipped with an FID detector using 
(Rtx-5; 30 m × 0.25 mm id) column and the product was 
confirmed by 1H NMR spectroscopy.

Results and discussion

X‑ray diffraction study

The low-angle X-ray diffraction pattern of bulk HPWA, KIT-
6, and HPWA-supported catalysts is represented in Fig. 1a. 
Low-angle XRD pattern showed diffraction peak at 0.89° 
(2θ) corresponding to (211) plane and a tiny peak at 1.1° 
(2θ) indexed to (220) plane, which was the characteristic 
of mesoporous KIT-6 materials. Furthermore, their unit 
cell parameter  ao value was calculated from the expression 
ao = √6d × d(211) and the values are represented in Table 1 
[30, 31]. The intensity of the main reflection peak (211) 
gradually decreased with increasing HPWA loading in the 
catalyst and it was evidenced by the increasing of ao value, 
and their values are shown in Table 1. Moreover, the dimin-
ishing of a peak in the catalyst could not affect the structure 
of KIT-6, as confirmed by retaining of mesopores in  N2 sorp-
tion isotherms, and it was shown in Fig. 2a, b. High-angle 
XRD patterns for bulk HPWA, KIT-6, and HPWA-loaded 
catalysts are represented in Fig. 1b. The highly sharp crys-
talline peak corresponding to bulk HPWA was observed in 
the 2θ range of 10–70 nm, which indicates a large crystalline 
phase of HPWA. However, on comparing with bulk HPWA, 
the peak intensity of HPWA-loaded catalysts was less; it may 
be due to the absence of bulk HPWA crystal phase on these 
catalysts, and it reveals that HPWA was highly dispersed on 
the KIT-6 support [32].
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Fig. 1  XRD pattern of KIT-6 and heteropoly acid (HPWA)-supported KIT-6 catalysts. a Low-angle XRD pattern. b High-angle XRD pattern

Table 1  Textural properties, 
surface acidity, and metal 
content of support and 
supported catalysts

SBET surface area, Pd pore diameter, Pw pore wall thickness
a Value obtained by low-angle XRD studies
b Surface area calculated by BET method using  N2-sorption isotherm
c Pore diameter (Pd) measured by BJH method from  N2-sorption analysis
d Pore volume estimated from  N2-sorption isotherm
e Pore Wall thickness of KIT-6 and HPWA-supported catalysts calculated by the definition [Pw = ao/2−PD 
where, ao = √6d × d(211)]
f Total acidity measured by  NH3-TPD analysis
g Values obtained by ICP–OES technique

Catalysts XRD 
 despacinga 
(Å)

ao (nm) Sb
BET  (m2/g) Pd

c (nm) Pv
d (cc/g) Pw

e (nm) Acidityf 
(mmol/g)

ICP–OES 
 Wg (wt%)

KIT-6 87.7 21.4 704.6 9.3 1.3 1.4 – –
10% HPWA/KIT-6 87.0 21.3 650.3 8.1 1.1 2.5 0.21 8.5
20% HPWA/KIT-6 92.2 22.5 635.7 8.1 0.6 3.1 0.28 15.3
30% HPWA/KIT-6 95.9 23.4 498.9 8.2 0.5 3.5 0.32 22.3

Fig. 2  a Nitrogen-sorption isotherm of KIT-6 and HPWA-supported catalysts. b BJH pore size distribution for KIT-6 and HPWA-supported 
catalysts
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Nitrogen‑sorption measurements

Nitrogen-sorption isotherms and their pore size distribu-
tion for the KIT-6 and HPWA-supported KIT-6 materials 
are shown in Fig. 2a, b, respectively. The BET surface area, 
average pore size and pore volume of all the prepared mate-
rials are shown in Table 1. The isotherms were assigned 
as type IV with capillary condensation of pore steps that 
occurred at 0.6–0.8, which was the characteristic of a large 
pore mesostructured material [33]. The surface area for 
KIT-6 support showed 704.6 m2  g−1. However, the surface 
area decreased in HPWA-supported catalysts on comparison 
with KIT-6 support, which may be due to the bulk HPWA 
species located on the external surface as well as on the 
pores of the catalyst [32]. The pore size distribution of 
KIT-6 and HPWA-loaded KIT-6 was calculated by the BJH 
method. The H1 broad hysteresis loop revealed that mate-
rials have good structural ordering with narrow pore size 
distribution [33]. However, the pore diameter was a maxi-
mum of 9.3 nm in KIT-6 support, whereas HPWA-supported 
catalyst shows 8.1 and 8.2 nm, respectively. The decreasing 
of pore diameter in HPWA-supported catalyst may be due 
to the partial pore block of support by bulk HPWA species.

Pyridine‑adsorbed AT‑FTIR spectroscopy study

Pyridine-adsorbed ATFT-IR spectra of KIT-6 support, bulk 
HPWA and HPWA-supported KIT-6 materials are presented 
in Fig. 3. The adsorption peak concerning KIT-6 was not 
observed, which confirmed the inertness of silica. How-
ever, the bulk HPWA showed a strong adsorption peak at 
1445 cm−1 due to pyridine adsorbed on Lewis (L-Py) acid 
sites and the band appeared at 1493 cm−1 was characteristics 
of both Lewis (L-Py) and Bronsted (Py-H+) acid sites [32, 

34]. Besides, the HPWA supported catalyst shows band at 
1493 cm−1 was due to pyridine adsorption on both Lewis 
(L-py) and Bronsted (L-H+) acid sites and a band appeared 
at 1445 cm−1 was due to pyridine adsorbed on Lewis (L-Py) 
acid sites [32, 35]. Moreover, a small intense peak was 
appeared at 1545 cm−1 exhibiting Bronsted (Py-H+) acid 
sites. These Bronsted acid sites formed on the catalyst due 
to the presence of small clusters of heteropoly acid [32, 
35&36]. While, the Lewis acid sites were formed due to the 
interaction of heteropoly acid with framework silica [32]. 
The peak intensity of 10%, 20% and 30% HPWA-supported 
catalyst slightly increased with increasing HPWA loading of 
10–30%. This indicates the increase of acidity with respect 
to HPWA loading; further, this result was supported by the 
quantified value obtained from  NH3-TPD analysis.

NH3‑TPD measurements

Figure 4 represented  NH3-TPD spectrum of 10% HPWA/
KIT-6, 20% HPWA/KIT-6 and 30% HPWA/KIT-6 catalysts. 
The acidic strength of different weight percentages of heter-
opoly acid-supported KIT-6 catalyst was determined by the 
area under desorption of ammonia. Mostly, the acid sites 
were classified based on desorption temperature, in which 
the temperature in the range 25–200 °C corresponds to weak, 
and the ammonia desorption temperature 200–400 °C and 
above 400 °C indicate medium and strong acid sites, respec-
tively [37, 38]. The  NH3-TPD spectrum of HPWA-supported 
catalysts showed desorption peak in the range of 100–390 °C 
indicating weak and medium acid sites. Their values are 
listed in Table 1, 0.21 mmol  NH3/g for 10% HPWA/KIT-6, 
0.28 mmol  NH3/g for 20% HPWA/KIT-6 and 0.32 mmol 
 NH3/g for 30% HPWA/KIT-6. The highest amount of acidity 

Fig. 3  Pyridine-adsorbed AT-FTIR spectra of KIT-6 and HPWA-sup-
ported catalysts Fig. 4  Ammonia-TPD spectra of HPWA-supported KIT-6 catalysts
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was observed in 30% HPWA catalyst, which may be due to 
the higher loading of heteropoly acid present on this catalyst.

Diffuse reflectance UV–visible spectroscopy 
(DRS‑UV)

Figure 5 represents the DRS-UV visible spectra of bulk 
HPWA and 10%, 20%, 30% HPWA-supported KIT-6 

catalysts. The metal ion coordination present in the frame-
work or the extra framework in the catalyst was confirmed 
by this technique [39]. As represented in Fig. 5, the bulk 
HPWA sample shows a band at 260 nm, which confirms 
the presence of polyanions. However, HPWA-loaded 
catalyst shows broadband at 265 nm, and a small shift 
was characteristics of charge transfer in tungstophosphate 
anion  PW12O40

3− [40]. Also, this small shift was uniformly 
observed in all the supported catalyst, whereas the inten-
sity sharply increased as the wt% increases. However, the 
bulk HPWA shows the additional broad signal at 360 nm, 
which was assigned as  WO3 clusters and these clusters 
were not seen in the HPWA-supported catalysts [40].

HR‑SEM with EDAX analysis

Scanning electron microscopic images of KIT-6 and 
HPWA-supported KIT-6 catalysts are shown in Fig. 6. The 
morphology of the catalyst confirmed the typical images 
of mesoporous materials. However, the clear dispersion 
of heteropolyanion in the catalyst surface was not identi-
fied in this technique. Furthermore, the electron-dispersive 
X-ray spectrum (EDAX) of 20% HPWA/KIT-6 catalyst is 
represented in Fig. 6b which showed the presence of Si, 
O, P and W elements in this catalyst.Fig. 5  UV–visible diffuse reflectance spectroscopy for bulk HPWA 

and HPWA supported catalysts

Fig. 6  HR-SEM images with 
EDAX spectrum of HPWA-sup-
ported catalysts. a 10% HPWA/
KIT-6, b 20% HPWA/KIT-6 
with EDAX spectrum, c 30% 
HPWA/KIT-6
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Transmittance electron microscopy (TEM) study

TEM analysis investigates metal dispersion and surface mor-
phology of support and HPWA-supported catalysts, which 
are shown in Fig. 7a–d. The TEM image of KIT-6 depicted 
in Fig. 7a revealed an open channel mesopore structure. 
However, the images represented in Fig. 7b–d for HPWA-
supported catalysts were completely different from the origi-
nal KIT-6 support. The distribution of smaller heteropoly 
acid particles on the catalyst surface was not seen, due to the 
formation of a heteropoly acid cluster on the catalyst surface. 
The dispersion of HPWA species on the catalyst surface was 
differed on a percentage of heteropoly acid loaded. Figure 7b 
illustrated a 10% HPWA-loaded catalyst, where the irregu-
lar distribution of heteropoly acid clusters was seen on the 
surface and further their pores were clearly observed. How-
ever, the clusters seen in the 20% HPWA-loaded catalyst 
were relatively smaller than the 10% HPWA-loaded catalyst. 
In the case of 30% HPWA-loaded catalyst, the heteropoly 
acid was highly diffused to surface and it shows higher pore 
blockage. The size of clusters was higher than the average 
pore size of HPWA-supported catalysts, which indicates that 
most of the particles were located on the external surface of 
the catalysts [36].

TGA analysis

The thermal stability of KIT-6 and HPWA-supported KIT-6 
catalysts was investigated by TGA under the air atmos-
phere, which is represented in Fig. 8. The KIT-6 support 
shows degradation at 110 °C, due to water loss. However, 

Fig. 7  TEM images of a KIT-6, 
b 10% HPWA/KIT-6, c 20% 
HPWA/KIT-6, and d 30% 
HPWA/KIT-6 catalysts

Fig. 8  Thermal gravimetric analysis of KIT-6, 10% HPWA/KIT-6, 
20% HPWA/KIT-6 and 30% HPWA/KIT-6
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no degradation point was seen from 110 to 700 °C, which 
confirms that the KIT-6 withstand temperature up to 700 °C. 
Moreover, a different pattern was observed for HPWA-sup-
ported catalysts. All the supported catalyst showed degra-
dation temperature below 110 °C due to physisorbed water. 
Nevertheless, a small degradation was observed at 200 °C 
due to the loss of water molecules per Keggin unit of het-
eropoly acid [41]. However, the degradation observed at 
460 °C was due to the loss of acidic protons and the starting 
decomposition point of Keggin structure [42].

Catalytic studies

Effect of heteropoly acid loading over KIT‑6

The transesterification activity of different wt% loaded 
HPWA catalysts is represented in Fig. 9. The loading of 
HPWA has a significant impact on the conversion of neem 
oil, particularly, 20% HPWA/KIT-6 catalyst showed higher 
conversion. The increasing order of trans-esterification 
activity was 20% HPWA/KIT-6 (90%) > 30% HPWA/KIT-6 
(82%) > 10% HPWA/KIT-6 (70%), respectively. Among the 
catalyst, 10% of HPWA shows that lower conversion may be 
due to the low loading of HPWA. Furthermore, 30% HPWA 
catalyst shows conversion lesser than that of 20% HPWA 
catalyst, due to their high HPWA amount, it reduces sur-
face area and pore volume. However, the higher conversion 
was obtained for 20% HPWA/KIT-6 due to their medium 
acid sites and moderate acid values, and these values lie 
in-between the 10% and 30% HPWA catalyst. Not only that, 
their surface area (635.7 m2/g), pore volume (0.6 cc/g), 

optimum tungsten percentage from ICPOES 15.3% and fine 
dispersion of small clusters of HPWA on the catalyst surface 
play a significant role in higher neem oil conversion.

Effect of reaction temperature

The effect of reaction temperature on the conversion of 
neem oil with methanol over 20% HPWA/KIT-6 catalyst 
was investigated in the temperature between 50 and 65 °C 
at 3 h under liquid-phase condition, which is represented 
in Fig. 10. The conversion increases on increasing reaction 
temperature and the maximum conversion 88% achieved 
at 60 °C. Initially, monoglycerides (MG) and diglycerides 
(DG) were obtained at lower temperatures and on increasing 
the temperatures, these glycerides were fully converted into 
FAME (Fatty acid methyl ester) even though a trace quantity 
of monoglyceride was obtained. From this study, the reac-
tion temperature of 60 °C was identified as the optimum for 
further reaction.

Effect of reaction time

Figure 11 illustrated the conversion and selectivity of neem 
oil with respect to run duration. Neem oil conversion of 90% 
was achieved at 3 h with 20% HPWA/KIT-6 catalyst. The 
influence of reaction time was significant in 20% HPWA/
KIT-6 catalyst. It shows that the conversion increased 1–3 
h, and after 3 h, the conversion decreased. It may be due to 
the deactivation of the catalyst under these reaction condi-
tions. However, the FAME selectivity was obtained at all run 
duration and the maximum FAME was observed at beyond 
3 h. Initially, the conversion of MG and DG was low and on 

Fig. 9  Influence of HPWA loading over KIT-6 in the transesteri-
fication of neem oil [Reaction condition: catalyst, 0.35  g; oil, 10  g; 
60 °C; run time, 3 h; MeOH/oil (mole), 10]

Fig. 10  Effect of reaction temperature over 20% HPWA/KIT-6 in 
transesterification of neem oil [Reaction condition: catalyst, 0.35  g; 
oil, 10 g; 50–65 °C; run time, 3 h; MeOH/oil (mole), 10]
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increasing the time, their conversion increased, which may 
be due to the rapid FAME desorption [43].

Effect of MeOH/oil molar ratio

The effect of oil to methanol molar ratio for neem oil con-
version and FAME selectivity is represented in Fig. 12. The 
influence of oil to methanol molar ratio creates a significant 
improvement in the transesterification of neem oil. However, 
the conversion increases on increasing the oil to methanol 
ratio and the maximum conversion 100% was obtained in 
higher methanol ratio; it reveals that the maximum meth-
anol content in the reaction mixture could increase the 

triglyceride conversion [44], and also the product selectivity 
of FAME significantly increased at higher methanol ratio.

Reusability

The reusability and reproducibility of a 20% HPWA/KIT-6 
catalyst were studied under optimum reaction conditions. 
Once the reaction was completed, the catalyst was recov-
ered by filtration and followed by acetone wash. Further, 
the catalyst was dried and reused for a consequent experi-
ment, after the addition of new oil and methanol under the 
optimum conditions. In the first catalytic cycle, it showed 
conversion of 84% and after succeeding cycles, the conver-
sion decreased which may be due to loss of tungsten in the 
reaction mixture. These results suggested that 20% HPWA/
KIT-6 catalyst significantly showed conversion of 80% up 
to three cycles. The leaching of tungsten species in 20% 
HPWA/KIT-6 catalyst was measured by ICP–OES tech-
niques, which is represented in Table 2. The tungsten wt% 
obtained from these techniques towards the succeeding reac-
tion cycles, i.e., first, second and third for 20% HPWA/KIT-6 
catalyst was 12.3, 11.2 and 10.8, respectively. Furthermore, 
the tungsten loss was observed maximum in the first cycle; 
whereas in the second and third cycles, it decreased.

Conclusions

Three different weight percentages of heteropoly acid-
supported mesoporous KIT-6 catalysts were synthesized 
by wet-impregnation method, characterized and applied 
to liquid-phase neem oil transesterification to fatty acid 
methyl ester. The order of trans-esterification activity was 
20% HPWA/KIT-6 (90%) > 30% HPWA/KIT-6 (82%) > 10% 
HPWA/KIT-6 (70%), respectively. About 90% conversion 
and high FAME yield were observed in 20% HPWA catalyst. 
Furthermore, the catalyst possesses the nature of Bronsted 
acid sites, large surface area, pore size, and fine dispersion 

Fig. 11  Effect of reaction time with respect to 20% HPWA/KIT-6 in 
transesterification of neem oil [Reaction conditions: catalyst, 0.35 g; 
oil, 10 g; 60 °C; run time, 1–5 h; MeOH/oil (mole), 10]

Fig. 12  Effect of MeOH/oil ratio with respect to 20% HPWA/KIT-6 
in transesterification of neem oil (reaction conditions: catalyst, 0.35 g; 
oil, 10 g; 60 °C; run time, 3 h)

Table 2  Recyclability of 20% HPWA/KIT-6 catalyst

Reaction condition: catalyst, 0.35 g; oil, 10 g; 60 °C; run time, 3 h; 
MeOH/oil (mole), 10
a Tungsten content in 20% HPWA/KIT-6 taken by ICP–OES technique
b Tungsten present in reaction mixture after every cycles measured by 
ICP–OES technique

Cycles Wa (wt%) Conversion 
(%)

Wb (wt%) Yield of 
FAME 
(%)

Fresh 15.3 90 – 98
1 12.3 84 2.8 93
2 11.2 80 1.0 90
3 10.8 78 0.2 85
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of small HPWA clusters on the surface was responsible for 
higher neem oil conversion, further these results well agreed 
with  N2-Sorption and TEM analysis. Besides, the higher 
loading of 30% HPWA catalyst could not give higher conver-
sion when compared with 20% HPWA catalyst, because their 
low surface area and bulk species of HPWA highly block 
the pore size of the catalyst. The leaching study of the 20% 
HPWA catalyst, combined with the analysis of leached tung-
sten, indicated that the tungsten species practically leached 
as maximum as 4% up to three cycles in the reaction mixture 
under hydrothermal reaction condition.
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