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h i g h l i g h t s

� A novel heterogeneous catalyst b-potassium dizirconate (b-K2Zr2O5) was used for FAME production.
� 96.85% conversion of biodiesel from waste frying oil is achieved directly with the catalyst.
� The catalyst is stable up to five cycles without substantial loss in activity.
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a b s t r a c t

Biodiesel was synthesized from waste frying oil (WFO) using b-potassium dizirconate (b-K2Zr2O5) as a
novel heterogeneous catalyst. Synthesized catalyst was characterized by X-ray diffractometry (XRD),
thermogravimetric analysis (TGA), attenuated total reflectance fourier transform infrared spectroscopy
(ATR-FTIR), particle size analyser, scanning electron microscopy (SEM), BET surface area and basicity.
Various reaction conditions such as molar ratio of methanol: oil, catalyst amount (wt%), reaction
temperature, time and reusability of catalyst were studied for transesterification reaction with the
catalyst, b-K2Zr2O5. High biodiesel conversion of 96.85% was observed at a 10:1 M ratio (alcohol: oil),
4 wt% catalyst at 65 �C for 2 h. WFOwas characterized by GCMS and biodiesel conversion was ascertained
by Fourier transform nuclear magnetic resonance (1H and 13C FTNMR) spectroscopy. It was first time that
b-potassium dizirconate was used as a catalyst for biodiesel synthesis. The catalyst was reused up to five
times without significant loss in its activity. Physical and chemical properties of FAME such as flash point,
fire point, cloud point, density, and kinematic viscosity were deliberated.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Expeditious rise in population with industrialization has
resulted in energy paucity as well as global warming. According
to world fact book [1], in 2014 United States, China, Japan, India
and Korea are the top five countries in oil import. United States
imports 9,213,000 bbl/day of crude oil whereas China, Japan, India
and Korea import 5,664,000; 3,472,000; 3,272,000 and
2,590,000 bbl/day respectively. Oil consumption in these countries
is 19,150,000 bbl/day for United States, China consumes
9,400,000 bbl/day, Japan, India and Korea consume 4,452,000;
3,182,000 and 2,195,000 bbl/day respectively. These countries
heavily depend on the other nations for oil import, hence its obli-
gatory to search an alternate fuel source which can reduce this oil
demand. This rapid increment in fossil fuel depletion has insisted
scientists to look upon biodiesel as alternative source of energy.
Biodiesel, a renewable resource of energy is eco-friendly,
biodegradable, non-toxic and has potential to replace diesel fuel
and fulfil the demand of world energy [2–5]. Biodiesel exhibits
comparable characteristics to diesel and it also shows high cetane
number, high flash point, high lubricity and low viscosity [6–9].
Biodiesel is mixture of fatty acid methyl esters (FAME) which is
derived from either plant oil or animal fat [7]. Selection of feed-
stock plays a constitutive role in deciding the cost of biodiesel pro-
duction. Recently, waste frying oil (WFO) has been reported as a
potential feedstock material over the other vegetable oil sources
[10–13] which improves economic viability of biodiesel. Farooq
et al. reported that cost of raw material affects up to 70–95% of
total production cost of biodiesel and its cost might be decreased
60–70% by utilizing waste frying oil as a feedstock which dimin-
ishes its disposal problem [14]. Currently, researchers have
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reported waste frying oil as a convenient feedstock for biodiesel
production and for this biodiesel, combustion and emission charac-
teristics were also considered [15–19]. The most frequent method
used for biodiesel production is transesterification of the feedstock
in presence of alcohol and catalyst (homogeneous or heteroge-
neous). Generally, homogeneous catalysts (acid/base) are used
for biodiesel production via transesterification reaction because
of their better catalytic activity [20]. However, separation of homo-
geneous catalysts from synthesized biodiesel needs washing with
large amount of water which also results in the loss of fatty acid
methyl esters (FAME), more energy accumulation and produces
huge amount of waste water and this increases overall production
cost of biodiesel [21,22]. Hence, heterogeneous catalysts are supe-
rior since they can be purged by filtration and can be reinvigorated
and reused.

There are numerous zirconia supported catalysts that have been
recognised due to their redox properties and amphoteric nature
[23]. Furuta et al. [24] have reported Al2O3/ZrO2 (2.6 wt% of Al)
and TiO2/ZrO2 (11 wt% Ti) as zirconia based solid catalysts (amor-
phous), and obtained high conversion (>95%). This occurs because
of amphoteric nature shown by zirconia. One drawback of the reac-
tion was requirement of high temperature i.e. 448–473 K.

Santiago-Torres et al. [25] reported Na2ZrO3 as a basic catalyst
for biodiesel production by using soybean oil feedstock and they
reported a conversion efficiency of 98.3% by using 3% (by weight)
catalyst at reaction time of 3 h. Intensification of basic character
of zirconia has been done by applying alkali promoters like KOH
[26], lanthanum oxide [27] and Mg metal [28]. Li et al. have syn-
thesized biodiesel by using Mg–Zr as a heterogeneous catalyst
[29]. Alkali zirconates have wide applications in carbon dioxide
adsorption but still have very petite attention for catalytic use in
biodiesel production [30]. Appliance of zirconia as a support mate-
rial ensued unique interface between support and active material
which may yield superior activity of the synthesized catalyst
[31]. Kulkarni et al. [32] have reported use of solid catalyst,
tungstophosphoric acid supported hydrous zirconia for esterifica-
tion and transesterification of canola oil and reported 90% of FAME
yield at 200 �C. Omar and Amin [33] obtained an yield of 40% of
biodiesel by using Sr/ZrO2 catalyst for WCO. Rattanaphra et al.
[34] performed transesterification of rapeseed oil by applying sul-
phated zirconia and attained 86% of FAME. Thus, most of the cata-
lysts based on zirconia support necessitate high temperature for
FAME production.

Gatehouse and Lloyd [35] synthesized and reported the crystal
structure of Beta-potassium dizirconate (b-K2Zr2O5) for the first
time in 1970. They prepared single crystal of beta potassium dizir-
conate by thermal decomposition process and have three dimen-
sional complex structure (orthorhombic) of distorted zirconium
dioxide octahedra and potassium ions but its application in the cat-
alytic field has not yet been explored.

The purpose of present work was to synthesize b-potassium
dizirconate (b-K2Zr2O5) as a heterogeneous catalyst. The synthe-
sized catalyst was characterized by Thermo-gravimetric analysis
(TGA), X-ray diffraction (XRD), Attenuated total reflectance Fourier
transform infrared spectroscopy (ATR-FTIR), Particle size analyser,
Scanning electron microscopy (SEM), BET surface area analyser and
basicity. Then, it was applied for transesterification of waste frying
oil, where the parameters such as catalyst concentration, molar
ratio, temperature, time and reusability of catalyst were examined.
The synthesized FAMEwas analysed by 1H and 13C FT-NMR and the
parameters such as density, cetane number, kinematic viscosity,
calorific value, flash point, fire point, cloud point, pour point and
ash content have been determined as per ASTM 6751 [36]
standards.
2. Experimental

2.1. Materials

Waste frying oil (WFO) was obtained from hostel of the insti-
tute and zirconium dioxide (ZrO2) from Kemphasol. The chemicals
methanol and potassium carbonate (K2CO3) used were purchased
from Merck. All the chemicals used were of analytical grade (AR).

2.2. Catalyst synthesis

Beta-potassium dizirconate (b-K2Zr2O5) was synthesized via
solid state reaction. In this method, zirconium dioxide (ZrO2) and
potassium carbonate (K2CO3) were mixed in their various Zr/K
molar ratios of 0.25:1, 0.50:1, 0.75:1, 1:1 and 1.25:1. Mixing was
done by ball milling for 2 h. Resultant mixture was calcined in a
muffle furnace at 850 �C for 4 h. Catalyst was then ground by using
pestle and mortar and then sieved to get fine powder. Finally,
prepared catalyst was placed in desiccator for further application.

2.3. Characterization of catalyst

TGA of the catalyst was conducted with PerkinElmer Pyris 1
TGA, Thermo gravimetric Analyzer. The rate of increase of temper-
ature was 20 �C per min. Powder X-ray diffraction (XRD) was
recorded on Rigaku MiniFlex 600 at 5 deg/min scan rate over a
2h range of 5–80�. Diffraction pattern observed in XRD were
compared with Joint Committee on Powder Diffraction Standards
(JCPDS). FTIR of catalyst were recorded on ALPHA BRUKER
Eco-ATR equipped with ZnSe ATR crystal in range of 500–
3500 cm�1. Particle size was analysed on DelsaTMNano Submicron
Particle Size and Zeta Potential Particle Analyzer, DelsaTMNano UI
Software Versions 2.31/2.03. Scanning electron microscopy (SEM)
was performed on ZEISS EVO 18 SEM having coating of quorum
model Q150R ES. Surface area was determined on Micromeritics
TriStar-3000 surface area analyser by using standard Brunauer–
Emmett–Teller (BET) method. Sample was degassed at 200 �C for
3 h under a nitrogen atmosphere to eradicate the physisorbed
moisture of the catalyst. The catalyst basicity was measured by
Hammett indicators benzene carboxylic acid titration method
[37,38] by using neutral red (H_ = 6.8), bromothymol blue
(H_ = 7.2), phenolphthalein (H_ = 9.3), Nile blue (H_ = 10.1),
tropaeolin-O (H_ = 11.1) and 2, 4-dinitroaniline (H_ = 15.0)
indicators. Physicochemical properties of prepared catalyst were
observed by these characterization techniques.

GCMS of WCO were performed on Agilent 6890 GC and 5975
Mass Spectrometer at 250 �C inlet temperature, 280 �C auxiliary
temperature, 50 �C for two min and at the rate of 20 �C up to
250 �C then by 50 �C to 300 �C. 1H and 13C Fourier transform-
nuclear magnetic resonance (FT-NMR) spectra of raw feedstock
and synthesized FAME were recorded on BRUKER 500 AscendTM

500 (advance III HD) instrument by using CDCl3 as a solvent and
TMS as internal reference.

2.4. Biodiesel production via transesterification and analysis

Waste frying oil (WFO) which is used as a feedstock was first
filtered to eliminate the suspended matter present in the oil. Then
it was dried in a hot air oven at 110 �C for 2 h to eliminate the
moisture content. The acid value of WFO was determined as per
ASTM standard and observed to be 1.76 mg KOH/g. This acid value
of WFO is sufficiently low to proceed for direct transesterification.
Transesterification was carried out in 250 ml three neck round
bottom flask equipped with mechanical stirrer, condenser and
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thermometer in hot water bath. Activation of the catalyst (varied
from 1 wt% to 5 wt% of oil) has been done by dispersing it with
methanol at 45 �C for 30 min with continuous stirring. After activa-
tion, oil was added to the above mixture and then refluxed for 2 h
at 65 �C under constant stirring. Reaction mixture was transferred
into separating funnel overnight to separate three distinct phases
of methyl ester (top), glycerol (middle) and catalyst (bottom)
phases. Catalyst was collected and reused for further experiments
after activation. Excessive methanol present in the methyl ester
phase was evaporated by rotary evaporator and traces of water
by reacting with anhydrous Na2SO4 [39]. Ester content present in
biodiesel obtained from waste frying oil was determined by 1H
NMR using following expression [40,41]:

ME content ð%Þ ¼ ð2AME=3AaCH2Þ � 100 ð1Þ
where AME represents the integration value of methyl ester proton
and AaCH2 shows the integration value of methylene proton.

In the present study, optimization has been done by carrying
out reaction with varying ‘methanol: oil’ molar ratio from 4:1 to
12:1 by taking 1 wt% to 5 wt% of catalyst. The reaction time varied
from 30 min to 150 min and temperature from 45 �C to 75 �C.
3. Result and discussion

3.1. Characterization of catalyst

3.1.1. Thermogravimetric analysis (TGA)
Thermal characterization of the catalyst has been done by Ther-

mogravimetry analysis (TGA) for examination of decomposition
behaviour of the sample. Fig. 1 shows the thermogravimetric curve,
which displays the decomposition temperature regarding weight
loss of uncalcined sample. The results imply that 17.077% weight
loss occurred during the heating of 20.412 mg sample from 40 �C
to 900 �C at the rate of 20 �C/min when the sample was dispensed
for TGA analysis. Two stages of mass loss were observed. The first
weight loss is effect of water of crystallization observed at 40–
200 �C, which was roughly 13.09%. Then, second weight loss of
4.12% is attributed to release of carbon dioxide up to 800 �C and
after that no such weight loss was observed in the sample. TGA
results show that lower temperatures are requisite hence advanta-
geous and calcination were performed at 850 �C. This result inti-
mates the stabilization of b-potassium dizirconate (b-K2Zr2O5)
phase. Experimental conditions were responsible for surface com-
position which leads to the composition of oxo-bond that is M–O–
M. Carbonate present on the surface of oxide was responsible for
catalytic poisoning in transesterification with catalyst [41].
Fig. 1. TGA curve of uncalcined catalyst.
3.1.2. X ray diffraction (XRD)
In order to apprehend the crystalline structure of sample during

thermal decomposition, X-ray diffraction (XRD) analysis of the cat-
alyst was performed. Fig. 2 shows the X-ray diffraction (XRD) pat-
tern of the catalyst synthesized by solid state method. From the
result, it can be observed that the peaks obtained were compared
with the Joint Committee on Powder Diffraction Standards (JCPDS)
Diffraction Data Base. The solid state method formed b-potassium
dizirconate (b-K2Zr2O5) as a preeminent phase. XRD was per-
formed in the scan range of 5–80� with 5�/min scan speed. Incre-
ment in calcination temperature is responsible for initiation of b-
potassium dizirconate (b-K2Zr2O5) formation due to solid state
reaction between ZrO2 and K2CO3. Prominent peak values are
matched with mixed phase of orthorhombic b-potassium dizir-
conate (b-K2Zr2O5), JCPDS file No. 72-1690 and monoclinic zirconia
(JCPDS file No. 88-2390). The intense peaks at 13.02�, 20.01�,
30.38�, 33.19�, 35.32� and 45.95� are attributed to b-potassium
dizirconate (b-K2Zr2O5) phase and other phases remain inattentive,
hence confirmed that catalyst has been synthesized by completion
of reaction between K2CO3 and ZrO2 [42] that had been used as
heterogeneous catalyst for biodiesel production. The smaller peaks
observed on XRD pattern were due to presence of ZrO2. Crystallite
size of potassium doped ZrO2 increased at high calcination temper-
ature due to sintering of particles. Zirconium oxide itself was cat-
alytically inactive for transesterification reaction in biodiesel
production. Under supercritical conditions, zirconium oxide acts
as active catalyst because of acidic properties [43]. Our considera-
tion was biodiesel production at amiable conditions and hence
simply solid state method were chosen for catalyst synthesis.
3.1.3. Attenuated total reflectance Fourier infrared (FT-IR) spectra
The X-ray diffraction (XRD) technique, as mentioned previously

is not more effective in estimating the appearance of non-
crystalline phases present in the sample when compound acquaint
on surface of the sample. Attenuated total reflectance Fourier infra-
red spectra (ATR-FTIR) of the catalyst were obtained for character-
ization. This technique is more sensitive for assimilation of phases.
Fig. 3 depicts the spectrum of synthesized catalyst. The intense
absorption bands were observed at 803, 630 and 520 cm�1. Among
them vibrations at 520 and 803 cm�1 occurred due to Zr–O stretch-
ing frequency [44–46]. Whereas, vibration at 630 cm�1 were
obtained due to presence of Zr–O–Zr stretching band [47]. FT-IR
results are found to be in good agreement with XRD results
obtained. Bands in the range of 500 cm�1 and 650 cm�1 were sup-
posed to appear and defined to metal–oxygen (M–O) bond which
absorbed energy in that region [44]. From Fig. 3, it has been
Fig. 2. XRD pattern of the b-K2Zr2O5 catalyst synthesized via solid-state reaction.
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Fig. 3. FTIR spectra of b-K2Zr2O5 catalyst.
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observed that the broad peaks due to carbonate presence were
observed between 1459 and 1656 cm�1 [48]. All the peaks present
are characteristics of the material; there is no evidence for any
organic content present in the synthesized sample.
3.1.4. Particle size analysis
The diameter of particle was measured with the particle size

analyser based on the principle of dynamic light scattering
Fig. 4. Particle size distribution. (A) Diameter with respect to differential intensity. (B) Di
number. (D) Natural logarithmic graph in between G1(t) plot and decay time.
method. In this, Photon correlation spectroscopy (PCS) measures
the intensity size distribution (weighted) and represented in form
of histogram as shown in Fig. 4(A). Magnitude of every peak is pro-
portional to percent of overall scattered intensity through parti-
cles. This instrument calculates intensity distributions and can
convert them to volume or number distributions. A volume distri-
bution (equivalent to weight distributions) will provide the rela-
tive volume of particles for each size present in sample. Results
obtained from intensity were dependent on scattering angle,
whereas in case of volume it is independent.

Volume distribution for the same sample was represented in
Fig. 4(B). Number Distribution can be calculated by volume per-
centage result divided by cubed diameter of particles as repre-
sented in Fig. 4(C). ‘ln(G1(t)) plot’ displays the natural
logarithmic graph in between ‘G1(t) Plot and decay time’ (Fig. 4
(D)). This designates the presence of any noise in the signal. ACF
existence can be confirmed by occurrence of smooth curve,
whereas due to noise in signal, ACF touches the baseline. All anal-
yses were repeated thrice at 25 �C in aqueous form at 10,585 cps
scattering intensity. Refractive index and viscosity was 1.3328
and 0.8818 cp respectively.

Overlay graph has been plotted for normalised intensity distri-
bution as shown in Fig. 5.

From this overlay plot, it has been observed that for three nos.
of repetitions, average diameter was observed to be 0.398, 0.382
and 0.330 lm respectively as shown in Table 1.
ameter with respect to differential volume. (C) Diameter with respect to differential
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Fig. 5. Overlay plot for normalised intensity distribution.

Table 1
Normalised intensity distribution from overlay graph.

Repetition
no.

Average
diameter
(lm)

Polydispersity
index

D (10%)
(lm)

D (50%)
(lm)

D (90%)
(lm)

1 0.398 0.414 0.133 0.388 1.30
2 0.382 0.311 0.141 0.458 1.68
3 0.330 0.239 0.182 0.243 2.36

V. Singh et al. / Applied Energy 172 (2016) 23–33 27
Polydispersity index of the catalyst was 0.414, 0.311 and 0.239.
A three point condition D10, D50, and D90 were considered for par-
ticulate materials. D10 diameter was observed to be 0.132, 0.141,
0.182 lm for three repetitions. For D50 and D90 diameter it was
0.388, 0.458, 0.243 lm and 1.30, 1.68, 2.36 lm respectively.

3.1.5. Scanning electron microscopy (SEM)
Surface morphology and size of particle of the synthesized cat-

alyst have been studied by scanning electron microscope (SEM).
Microstructural characteristics of synthesized sample were
enhanced by using SEM (Fig. 6).

From SEM image, agglomeration of particles of irregular geom-
etry is seen. It can be attributed to doping of potassium which
forms comparatively smaller particles than ZrO2 available com-
mercially [49]. From Fig. 6, it is clear that size and shape of synthe-
sized catalyst are diverse as well as non-uniform. It is observable
that solid state method for guest compound and surface used for
support in activation purpose is propitious for high catalytic activ-
ity of the catalyst [50].

3.1.6. BET surface area and basicity
BET surface area of the synthesized b-potassium dizirconate (b-

K2Zr2O5) was conducted to obtain surface area, pore size and pore
volume. Single point surface area of the catalyst was obtained at P/
Po 0.3097 was 10.72 m2/g. BET surface area and Langmuir surface
area was found to be 10.88 m2/g and 16.75 m2/g respectively.
BJH adsorption and desorption cumulative surface area of pores
was 13.97 m2/g and 16.03 m2/g respectively. Though, surface area
was observed to be lesser, catalytic activity of b-potassium dizir-
conate (b-K2Zr2O5) was higher at appropriate reaction condition.
Pore volume at single point adsorption was 0.036 cm3/g with this
BJH adsorption and desorption cumulative volume were
0.034 cm3/g and 0.035 cm3/g respectively. BJH adsorption and des-
orption pore size was observed as 99.78 Å and 88.27 Å. According
to Horvath–Kawazoe method maximum pore volume at P/Po
0.099 was 0.0025 cm3/g which is very less and could be due to
competent pore plugging by size of potassium ions. Strength of
basic site plays substantial role in catalytic activity for transester-
ification reaction [49,51].

Basic strength of the synthesized catalyst was obtained because
of oxide ions which are nothing but Lewis base present on mixed
metal oxide apparent [37,38]. Basic site strength of b-potassium
dizirconate (b-K2Zr2O5) were calculated by simply Hammett indi-
cator benzene carboxylic acid titration method. In this method
total basic sites were calculated irrespective of position. This titra-
tion was held in presence of various indicators having pKBH+ in
between 6.8 and 15.0 (Neutral red, Bromothymol blue, Phenolph-
thalein, Nile blue, Trapeolin and 2,4-dinitroaniline). The total
basicity of b-potassium dizirconate (b-K2Zr2O5) was obtained as
1.75 mmol/g.
3.2. Characterization of feedstock (WFO) and FAME

WFO was characterized by GCMS for Fatty acid methyl esters
(FAME), the biodiesel produced from WFO by transesterification
were characterized by 1H and 13C NMR spectroscopy. Various reac-
tion parameters, such as catalyst concentration wt (%), molar ratio
(methanol: oil), reaction temperature, time and catalyst reusability
were optimized to obtain high conversion and high yield of
biodiesel.
3.2.1. Gas Chromatography Mass Spectroscopy (GCMS) of WFO
Gas Chromatography Mass Spectroscopy (GCMS) was used to

demonstrate the chemical composition of WFO (Fig. 7) with the
help of chromatogram.

Each peak corresponds to fatty acid present in the sample and
was identified and shown in Table 2 with retention time and cor-
responding acid with the help of library match.
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Fig. 6. SEM images of the b-K2Zr2O5 synthesized catalyst.

Fig. 7. GCMS Chromatogram of WFO.

Table 2
Composition of WFO from GCMS analysis.

Peak Retention
time

Structure Library
match (%)

1 10.8395 Hexadecanoic acid, trimethylsilyl ester 96
2 11.5622 11-trans-Octadecanoic acid,

trimethylsilyl ester
93

3 11.6445 Octadecanoic acid, trimethylsilyl ester 96
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3.2.2. 1H and 13C NMR spectroscopy
1H NMR spectrum of WFO and FAME were compared and

demonstrated in Fig. 8. The conversion of FAME fromWFO was cal-
culated by taking the values of integrated signal at 3.664 ppm
(methoxy group of FAME i.e. AME) and 2.285 ppm (methylene
group i.e. ACH2) Fig. 8(B).

Conversion was calculated using equation 1and was found to be
96.85%. These two peaks were used for conformation of existence
of methyl ester in FAME which were absent in WFO (Fig. 8A). Other
decipherable peaks were at 0.868 ppm of terminal methyl proton;
peak at 1.254 ppm was related to methylene proton on carbon
chain. Signal at 1.606 ppm was due to presence of methylene pro-
ton of b-carbonyl whereas signal at 5.340 ppm was related to ole-
finic protons [52,53].

In 13C NMR spectrum ofWFO, three peaks of carbonyl present in
triglycerides (triacylglycerol backbone) were observed at 173.036,
173.457 and 173.493 ppm as shown in Fig. 9(A). Peaks at 128.094
and 130.425 were due to presence of unsaturation while other



Fig. 8. (A) 1H NMR spectrum of WFO (B) 1H NMR spectrum of FAME obtained from b-K2Zr2O5 catalyst at concentration of 4 wt%, 10:1 M ratio of methanol: oil, 2 h at 65 �C.
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peaks at 14.269 and 14.312 ppm were due to occurrence of termi-
nal carbon of methyl group. Peaks obtained from 22 to 34 ppm rep-
resent the presence of methylene carbons of long chain of
triglyceride. Peak at 62.304 and 69.092 ppm signifies a-CH2O and
b-CH2O of triacylglycerol.

13C NMR spectrum of FAME, Fig. 9(B), exhibits the characteristic
peaks of ester carbonyl (�COO�) and C�O at 174.515 and
51.634 ppm, respectively which was absent inWFO [36]. The peaks
at 130.422 and 128.119 ppm specified the unsaturation in methyl
esters. Additional peaks at 14.268 and 14.313 ppm were present
due to terminal carbon of methyl groups and remaining signals
in between 22–34 ppm are associated to methylene carbons of
long carbon chain in fatty acid methyl esters (FAME).
3.3. Effect of various reaction parameters on transesterification

The catalyst b-potassium dizirconate (b-K2Zr2O5) was found to
be more efficient and was used for optimization of reaction param-
eters for its improved catalytic activity. Sequences of transesterifi-
cation process were carried out in presence of b-potassium
dizirconate (b-K2Zr2O5) in order to accomplish the reaction condi-
tions for optimization and reusability of b-potassium dizirconate
(b-K2Zr2O5) was also assessed.
3.3.1. Effect of Zr/K ratio
Series of experiments was carried by using various Zr/K ratios

for optimization purpose. Table 3 summarized the evaluation for
all catalyst synthesized from various ratios. From Table 3, it has
been observed that as Zr/K ratio increases from 0.25:1 to 1.25:1,
FAME conversion rises. At 0.25:1, 0.50:1, 0.75:1 M ratios, % FAME
conversion was found to be 60.13, 71.58, and 80.74 respectively.
However, 1:1 Zr/K ratio gives conversion of 96.85 % after 2 h of
reaction time at 65 �C and molar ratio of 1:10 (oil:methanol) at
4.0 wt% of catalyst by transesterification reaction. Further, incre-
ment in Zr/K ratio reduces the FAME conversion and hence opti-
mum conversion was obtained at 1.25:1 M ratio and chosen for
optimization purpose.
3.3.2. Catalyst amount (wt%)
The effect of catalyst concentration on conversion of FAME was

investigated from 1 wt% to 5 wt% of oil using ‘10:1 methanol: oil
molar ratio’ at 65 �C for 2 h (Fig. 10(a)). The results indicated that
conversion of FAME increased as catalyst concentration was raised
from 1 wt% to 5 wt% where, maximum conversion (96.85%) was
achieved at 4 wt% concentration. This shows that availability of
active sites increased for transesterification process [54]. Further
increment in catalyst concentration beyond the optimum value
(4 wt%) shows reduction in FAME conversion. This reduction could
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Fig. 9. (A) 13C NMR spectrum of WFO (B) 13C NMR spectrum of FAME obtained from b-K2Zr2O5 catalyst at concentration of 4 wt%, 10:1 M ratio of methanol: oil, 2 h at 65 �C.

Table 3
Effect of various molar ratios of Zr/K on % FAME conversion.

Catalyst molar ratio (Zr/K) % FAME Conversion

0.25:1 60.13
0.50:1 71.58
0.75:1 80.74
1:1 96.85
1.25:1 89.07

30 V. Singh et al. / Applied Energy 172 (2016) 23–33
be due to soap formation which raises viscosity of reactant and
ultimately inhibits the reaction [55]. As a result 4 wt% of catalyst
was chosen for optimization purpose.

3.3.3. Molar ratio
Excess of methanol is essential to carry out transesterification

reaction since the process is reversible as well as to enhance the
reaction rate [56]. High amount of methoxide ion generated on
the surface of catalyst due to excess of methanol addition leads
to shift in equilibrium in forward direction and also increases bio-
diesel conversion [57]. The effect of methanol: oil molar ratio was
studied in the range of 4:1–12:1, by keeping rest of the parameters
constant, that is 4 wt% catalyst concentration at 65 �C for 2 h. The
results shows that FAME conversion significantly increases as
methanol: oil molar ratios were raised from 4:1 to 12:1 (Fig. 10
(b)). Further increment in molar ratio beyond the optimum value
10:1 (where conversion obtained 96.85%) did not enhance the
reaction rate. This is due to dissolution of produced glycerol into
the excess methanol which inhibits the reaction and interrupts in
glycerol separation and this resulted in reduction in FAME conver-
sion by shifting equilibrium in opposite direction [58].
3.3.4. Reaction temperature
To overcome the diffusion resistance mounted due to distinct

phases of oil, methanol and heterogeneous catalyst which reduces
FAME conversion, appropriate temperature is necessary for high
yield of reaction. In literature, it has been reported that catalyst
based on ZrO2 required higher reaction temperature for FAME con-
version. Omar and Amin [33] synthesized 79.7% of FAME by using
Zr/ZrO2 in 2.8 h at 115.5 �C from WCO. Jitputti et al. [59] has
reported transesterification of coconut oil by using KNO3/ZrO2 for
4 h at reaction temperature 200 �C and obtained 70.7% of FAME.

Effect of reaction temperature on FAME conversion was carried
out in the range of 45–75 �C at 10:1 methanol:oil molar ratio, 4 wt
% catalyst for 2 h as shown in Fig. 10(c). Result showed that conver-
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Fig. 10. (a) Effect of catalyst concentration on conversion (%) of waste cooking oil methyl esters [methanol: oil ratio, 10:1; temperature, 65 �C; time 2 h]. (b) Effect of
methanol ratio to oil on conversion (%) of methyl ester [catalyst amount 4.0 wt%; reaction temperature 65 �C; reaction time 2 h]. (c) Effect of temperature on conversion (%) of
methyl ester [methanol: oil ratio, 10:1; catalyst amount 4 wt%; time 2 h]. (d) Effect of reaction time on conversion (%) [catalyst amount 4.0 wt%; methanol: oil ratio, 10:1;
reaction temperature 65 �C].
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sion increased as the temperature was raised up to 65 �C and opti-
mum conversion obtained was 96.85%. Further increase in temper-
ature reduces the conversion since methanol vaporizes at high
Fig. 11. b-K2Zr2O5 reutilization analysis up to six transesterification reactions
performed with 4 �wt% of catalyst, at 65 �C for 2 h.
temperature and inhibits the process [58,60]. At that temperature
which surpasses the boiling temperature of methanol, it starts to
vaporize by forming bubbles and this inhibits the reaction and ulti-
mately decreases the conversion of FAME obtained because of two
phase interface [60].
3.3.5. Reaction time
Effect of reaction time on the FAME conversion was studied by

carrying out reaction at various time ranging from 30 min to
150 min by keeping other parameters as 10:1 methanol: oil molar
ratio, 4 wt% catalyst at temperature 65 �C constant. Maximum con-
version viz. 96.85% has been achieved at 120 min with no further
increment with time and becomes constant after 120 min as
shown in Fig. 10(d).
3.3.6. Catalyst reusability
Use of heterogeneous catalyst is advantageous over the homo-

geneous catalyst because of its reusability. This test was performed
for 4 wt% catalyst only. After each run, the catalyst was washed
with hot methanol to eliminate organic impurities present on the
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Table 4
Characteristics of WFO methyl ester.

Parameters ASTM test method used ASTM-6751 biodiesel WFO methyl ester

Acid value (mg KOH/g) D664-07 <0.8 1.76
Density (40 �C, g cm�3) D1448-1972 0.86–0.90 0.880
Kinematic viscosity (cSt at 40 �C) D445 1.9–6.0 4.02
Cetane number D613 47 min 49.70
Calorific value (MJ/kg) D6751/DIN51900 35 min 38.81
Flash point (�C) D93 100–170 142
Fire point (�C) D93 157
Cloud point (�C) D2500 �3 to 12 6
Pour point (�C) D97-05 �15 to 16 3
Ash content (%) D482 <0.02 0.05
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catalyst surface. Washed catalyst was dried in hot air oven at
110 �C for 5–6 h followed by calcination for 2 h at 600 �C. It was
observed that activity of catalyst decreased continuously up to
the six runs (Fig. 11).

Further, it is clear from this figure that the catalyst worked with
80% efficiency after 4 runs and also, the efficiency of catalyst
decreased from �95 to 80% in five runs. Thus, catalyst can be effi-
ciently used for five runs without significant loss of activity. This
will result in decreased cost of transesterification reaction. Cat-
alytic activity drops since catalyst is completely covered with pro-
duct which diminishes opportunity for contact of catalyst and
methanol [61].
3.4. Characteristics of FAME synthesized from WFO

The synthesized FAME from WFO was characterized for its fuel
and physical property retaining methods of American Society for
Testing and Materials (ASTM). Fuel characteristics as well as vari-
ous parameters of FAME were accomplished as per ASTM D6751
[36] standard as shown in Table 4. The acid value of WFO methyl
ester was observed to be 1.76 mg of KOH/g and was within ASTM
standard for carrying transesterification.

The density and kinematic viscosity of FAME were found to be
0.880 g cm�3 and 4.02 cSt at 40 �C respectively and were within
ASTM limits for biodiesel. Viscosity is most essential characteristic
of biodiesel, since it disturbs fuel injection equipment’s operation.
Viscosity is directly commensurable to density and by performing
simply transesterification reaction viscosity can be decreased.
Cetane number of the biodiesel plays an important role for fuel
quality and correlates it with combustion quality and ignition
delay time; hence a competent cetane number is obligatory for
good engine performance. Cetane number of FAME was observed
to be 49.70 as per ASTM standard D613. The calorific value of the
fuel was observed to be 38.81 MJ/kg. The flash point as well as fire
point of FAME was observed to be 142 �C and 157 �C respectively,
which was within ASTM range and deliberated as safe limit for
storage and transportation. Cloud point and pour point were deter-
mined as 6 �C and 3 �C respectively and were within ASTM range.
Ash content obtained was found to be 0.05% and was slightly above
the ASTM standard range.
4. Conclusion

b-potassium dizirconate (b-K2Zr2O5), heterogeneous catalyst
was synthesized, characterized by TGA, XRD, ATR-FTIR, SEM, BET
and basicity. This material was successfully used for transesterifi-
cation of waste frying oil for synthesis of biodiesel. Catalyst was
found to be effective for transesterification of waste frying oil
(WFO). The FAME produced through transesterification was char-
acterized. At the optimized conditions of reaction that is methanol:
oil molar ratio 10:1, catalyst concentration of 4 wt%, time 2 h at
65 �C reaction temperature conversion of FAME was observed to
be 96.85%. Catalytic reusability has been studied and from this it
was observed that catalyst has stability up to five runs. The charac-
teristics of the FAME like acid value, density, kinematic viscosity,
cetane number and calorific value, flash point, fire point, cloud
point, pour point and ash content were within ASTM D6751 stan-
dard. Thus, the FAME obtained from WFO was economically feasi-
ble and retained superior quality. All of these above results
intimate that b-potassium dizirconate (b-K2Zr2O5) could become
an alternative heterogeneous catalyst for economically viable bio-
diesel production.
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