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, activity and process optimization
with a biomass-based thermal power plant's fly ash
as a potential catalyst for biodiesel production

Prashant Kumar,ab Mohammad Aslam,ac Neetu Singh,ab Sunil Mittal,d Ajay Bansal,b

Mithilesh Kumar Jhab and Anil Kumar Sarma*a

A typical thermal power plant operated using a solid biomass mixture as fuel, which comprised 70–80%

gram straw, 10–15% cotton straw, 5–10% wheat straw and leaves (2%) with a small quantity of coal

(1–2%) initially used for smooth ignition, produces a residue called Biomass-Based Thermal Power Plant

Fly Ash (BBTPFS). BBTPFS was investigated for composition and structural characterization using different

techniques. The versatile composition of the BBTPFS was confirmed by XRF analysis that indicated the

weight percent of different components viz. CaO (30.74%), SiO2 (27.87%), K2O (13.96%), MgO (6.67%),

SO3 (4.83%), Cl (3.36%), Al2O3 (2.83%), Fe2O3 (2.36%), P2O5 (1.34%), Na2O (1.14%), small quantities of TiO2,

SrO, MnO, BaO, ZrO2, ZnO, Rb2O, Br, Cr2O3, CuO, NiO and As2O3 as active ingredients. The SEM and

TEM image analysis showed the surface morphology of the BBTPFS which was found to be mixed in

nature, having 1 to 500 nm range particles with meso, micro and macro porosity. BBTPFS was used as a

catalyst for transesterification of Jatropha curcas oil having a high percentage of free fatty acids and

appropriate process optimization was achieved using the Taguchi-ANOVA method. It was observed that

at a temperature of 225 �C and an internal vapour pressure of 3.2 MPa in a batch reactor with 5%

catalyst loading, 1 : 9 mol mol�1 of oil–alcohol and 3 h reaction time, the optimum yield of biodiesel

obtained was �93.9%, which is in agreement with the theoretical value. The product quality was

assessed and found to conform to ASTM and EN-standards.
Introduction

Catalysis research during biodiesel production has gone forth
as a new wing for the conversion of low grade vegetable oils into
biodiesel at minimum efforts.1–3 The application of heteroge-
neous catalysts for biodiesel production is being investigated
throughout the world as evidenced from innumerable research
publications and patents.4–6 It becomes more signicant
economically if the catalyst applied could be generated at very
low cost or these are simply waste materials derived from a
renewable precursor.3,7

Biodiesel is produced from vegetable oils or animal fats
through transesterication reaction which uses alcohols in the
posture of a catalyst. The catalysts chemically coverts the
molecules of triglycerides into alkyl esters known as biodiesel
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fuels.8–10 The commonly used alcohols for the trans-
esterication include methanol and ethanol. Methanol is most
frequently used, due to its low cost and high activity.11 High FFA
(above 0.5%) containing oil is generally regarded as a low grade
feedstock endorsed to their affinity for saponication under
alkali catalyzed reaction. Therefore, high FFA containing oils is
generally transesteried in two steps: rst acid catalytic esteri-
cation followed by transesterication using alkali catalyst.
This is a tedious process as it requires settling of the water layer
in the rst step followed by transesterication in the presence of
an alkali catalyst in the second. A substantial amount of waste
water (about 4 times the volume of biodiesel) is generated
during water-wash of the acid catalytic reaction product in
esterication step. The drying of the esteried mixture and
subsequent use for transesterication is also a highly time
consuming process. Low grade vegetable oil having high
percentage of free fatty acids (FFA) or high moisture content
require high temperature reaction for catalytic conversion to
biodiesel in a single step as reported in a few literature
recently.12–14

Thermal power plants are the major setup to satisfy energy
demands for the producing countries.15,16 The waste of thermal
power plant (coal or biomass based) is basically ash, which are
formed during combustion of solid fuels, 80% of which are real
This journal is © The Royal Society of Chemistry 2015
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ne in size and known as y ash and coarser materials that
extend downwards to the bottom of the furnace known as
bottom ash. Fly ash produced from the combustion of any form
of biomass is referred as “bio-ash”17 or Biomass-Based Thermal
Power Plant Fly Ash (BBTPFS). The properties and composition
of BBTPFS are dependent upon combustion technology (e.g.
xed bed or uidized bed etc.) and type of biomass used in
thermal power plant. BBTPFS differ from coal ashes, in partic-
ular in what feelings to its chemistry and mineralogy.18 Almost
90 metric ton y ash is generated per year in India. Growing
amounts of solid waste produced from thermal power plants,
and its administration is becoming a grave concern to the
environmentalists. In India alone, only 3% of y ash generated
is used while the developed countries like Germany, 80% of the
y ash generated is being utilized.16,19

Most of the BBTPFS produced is either disposed of in landll
or recycled on agricultural elds or forest without any restric-
tion.20 BBTPFS can also be used in cement production
industry.21–23 BBTPFS volumes are enhancing globally and then
as its administration cost. Thus, here in India, it is desired to
increase the utilization of y ash and to explore new elds
where y ash can be used.24 The sulphur content of biomass is
about 10 times lower than the coal and hence the BBTPFS are
also expected to have lower sulphur content. Apart from envi-
ronmental and solid waste management concerns discussed
above, greenhouse gases are also a matter of concern that has
increased drastically due to fossil fuel combustion.10 Alterna-
tive, non petroleum based fuel is immediate need of the society
to lessen CO2 emissions and also to partially compensate the
demand of oil based diesel.

The utilization of BBTPFS as heterogeneous catalyst for
biodiesel production can be a boon to society. Recently, a y ash
supported heterogeneous catalyst derived zeolite Na-X and K-X
ashes, coal y ash loaded with KNO3 and K2O was reported
worth production for biodiesel.6 Apart from y ash, boiler ash,7

wood ash,25 Musa balbisiana Colla underground stem ash14 and
Lemna perpusilla Torrey ash3 etc. were found instrumental in the
production of biodiesel. In all these potassium and sodium
predominates over other metals and were reported to be the
active component of catalysis process.

The objective of this study is to optimize the production of
biodiesel from Jatropha curcas L. Oil (JCO) having high
percentage of free fatty acids using BBTPFS as green catalyst.
BBTPFS catalyst was fully characterized by physical–chemical
means, with respect to available parameters and composition,
and measured for its potency during the transesterication
process. A literature search reects that little research has been
conducted using Taguchi's method for optimized production of
biodiesel, but the Taguchi's method has been gaining popu-
larity in optimizing process parameters for other engineered
products. In general, the numbers of experiments increases
with the growth of a number of process parameters. Instead, the
Taguchi method uses a particular design of orthogonal arrays to
examine the entire process parameter space with a compara-
tively lower activity.26

Furthermore, this eld was intended to make utilization of
the Taguchi's method and processes to maximise the yield of
This journal is © The Royal Society of Chemistry 2015
biodiesel (FAME) from high free fatty acid (FFA) containing JCO
uses the single step transesterication method under elevated
conditions. A complete picture of the fuel properties was also
investigated according to the accepted standard methods and
compared to ASTM D 6751 and EN 14214 biodiesel standards.

Material and methods

The JCO used for the design of experimental work was procured
from an oil marketing company of Rajasthan, India. The JCO
used to have acid value 18.4 mg KOH/g oil, while the initial
water content was 759 ppm and used as such without further
characterization as the same was properly stored and used
within a month time span. Although this JCO contains different
fatty acids of varying chain lengths and different degree of
unsaturation, yet it has four major fatty acids, namely, 32.3%
linoleic acid (C 18 : 2), 38.0% oleic acid (C 18 : 1), 16.9% pal-
mitic acid (C 16 : 0) and 8.6% stearic acid (18 : 0).23

The catalyst

BBTPFS generated from the combustion of a solid biomass
mainly comprised of 70–80% gram straw, 10–15% cotton straw,
5–10% wheat straw and small percentage of leaves (2%). This
was compiled from a thermal power plant situated in district
Bathinda of Punjab, India. The small quantity of coal (1–2%)
was also employed initially for the efficient combustion of
biomass as well as for the smooth operation of the thermal
plant. The generated BBTPFS was stored in glass bottles aer
treating for an hour at 550 �C in a muffle furnace.

Characterization of catalyst

BBTPFS was characterized using XRD, XRF, BET surface area
using nitrogen, thermo-gravimetric analysis (TGA), SEM and
TEM.

Basicity analysis

The basic strength of the catalysts (H_) was analyzed using
Hammett indicator. The basic strength of the catalysts was
interpreted as being more potent than the Hammett indicator if
it established a colour change but weaker if it showed no colour
change. About 100 mg of the catalyst sample was shaken with a
desirable amount of Hammett indicators diluted with methanol
and le to equilibrate for 2 hours until no further colour change
was observed. The colour of titrate was then recorded. The
following Hammett indicators were used: neutral red (H_¼ 6.8),
bromothymol blue (H_ ¼ 7.2), phenolphthalein (H_ ¼ 9.3), 2,4-
dinitroaniline (H_ ¼ 15.0), 4-nitroaniline (H_ ¼ 18.4).

Crystalline phase analysis

The powder X-ray diffraction analysis (XRD) was carried out
using PANalytical X'Pert Pro. The diffractometer employed Cu-
Ka radiation to produce diffraction patterns from powder
crystalline samples at ambient temperature. The Cu-Ka radia-
tion was produced by Philips glass diffraction, X-ray tube with
broad focus 2.7 kW type. All the samples were mounted on
RSC Adv., 2015, 5, 9946–9954 | 9947
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Table 1 Design of experiments, with four parameters at five-level, for
the production of JCO methyl esters

Parameters Unit Symbol

Levels

1 2 3 4 5

Catalyst loading % A 1 2 3 4 5
Molar ratio Mol. B 1 : 3 1 : 6 1 : 9 1 : 12 1 : 15
Reaction time (Minutes) C 60 90 120 150 180
Temperature �C D 150 175 200 225 250
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sample holder and the basal spacing was determined via
powder technique.

Elemental analysis

The elemental analysis of the catalyst was performed by X-ray
orescence technique with wavelength dispersive X-ray
uorescence-S8 Tiger from Bruker, Germany.

Surface area and particle size analysis

The total surface area of the catalysts was obtained by BET using
nitrogen adsorption at �195.850 �C. The analysis was con-
ducted using Micromeritics ASAP 2020 series using nitrogen
adsorption/desorption analyzer.

Morphological and structural study

The scanning electron microscopy with energy dispersive X-ray
detector (SEM-EDS) technique was used to obtain the informa-
tion on the morphology. The morphology of the catalyst was
studied using a FE-SEM QUANTA 200 FEG from FEI Netherlands.
Gold coating of the samples was performed with a sputter coater.

TEM study was done with a TEM TECNAI G2 20 S-TWIN (FEI
Netherlands) electron microscope. A drop of the sample
suspension diluted in alcohol was put onto a holey carbon lm
supported by a 3 mm copper grid and then observed.

Thermal stability of the catalyst

The thermal stability of the catalyst was found with a ther-
mogravimetric analyzer (TGA) of Perkin Elmer makes; model
number STA 6000. The weight loss of the catalyst was
considered within the temperature range of 30–1000 �C, and
heating rate 10 �C min�1 and constant ow of air and nitrogen
(20 � 0.5 ml min�1).

Catalyst reusability

The reusability of the BBTPFS catalysts was studied for the
transesterication of JCO and was reused for ve times aer
appropriate treatment. Aer each reaction, the catalyst was
separated by ltration from the reaction mixture. The used
catalyst was washed with acetone and then dried at room
temperature. The dried catalyst was then activated in the
furnace for 15 minutes at 550 �C and then used for the next
batch.

Design of experiment for the optimization of
transesterication process

Orthogonal arrays were used with the help of Taguchi's method for
experimental purpose. In this work, the effect of four parameters,
i.e. the molar ratio of alcohol to oil, reaction time, catalyst
concentration and reaction temperature for the production of JCO
biodiesel were optimized. These variables were named to have
larger effects on the production of biodiesel made from other
feedstock.27 We have taken to encompass all the grades in the
present study because based on different oil resources and catalyst,
the degree of importance of each optimal condition is very
different.28 A ve level, i.e. L-25 experimental model was picked out
9948 | RSC Adv., 2015, 5, 9946–9954
and experimentally studied. The diversity factors were studied by
crossing the orthogonal array of the control parameters, as indi-
cated in Tables 1 and 2. L-25 refers to a Latin square and the
experiment number. The numbers in Table 1 indicate the levels of
the parameters.

In this study, Minitab 16 soware was used to examine the
results and optimize the experimental parameters for the
automatic design and analysis of Taguchi experiments for
determining the command variables.
Statistical analysis of results

Signal-to-noise ratio. The Taguchi orthogonal array, is an
audio concept of signal-to-interference ratio (S/N), utilized to
gure the impact of noise components on the reaction. As such,
noise factors are elements that cannot be handled during the
running of the experimentations. These factors cause variations
in the response data and to be considered for analysing the
results. The S/N was dened as the least difference in response
that design should be observed as statistically signicant to the
measured standard deviation of the reaction. The signal was set
at 10% of the mean value of the JCO biodiesel content.

Analysis of variance (ANOVA). ANOVA was used to analyze
the experimental data obtained to ascertain the signicance of
each factor on the response. Combining ANOVA with the
Taguchi approach gives a systematic approach for optimization
of parameters with reference to their performance. The F-value
in ANOVA signies the validity of the null hypothesis. The F-test
was accomplished by calculating the corresponding P-value in
the F-value distribution curve. The null hypothesis is rejected if
the P-value for a factor is less than 0.05 (5%), and the factor is
considered to signicantly affect the response, i.e. the
percentage biodiesel yield in this experiment.

Catalytic activity analysis during transesterication reaction.
Transesterication reaction was carried in a High Pressure High
Temperature (HPHT) Bench Top Batch of 1.8 L capacity (Amar
Equipments Company, Mumbai, India). The transesterication
reaction was performed by varying temperature, oil to methanol
molar ratio, reaction time and catalyst loading as suggested by
Minitab 16 soware. The speed of the impeller was set at 550
RPM. Initially no pressure was applied to the reactor, which
increased up to 4.31 � 106 Pa by increasing internal vapor
pressure at 250 �C. The produced samples were collected aer
rapid cooling of the reactor using its integrated cooling system.
Then, samples were taken by opening the sampling bottom
This journal is © The Royal Society of Chemistry 2015
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Table 2 Orthogonal array used to design experiments with four parameters at five-levels, L-25 (5**4)

S. no. Catalyst loading (%) Molar Ratio Reaction time (min) Temperature (�C) Biodiesel yield (%) Error S/N ratio

1 1 3 60 150 29.73 0.11 29.46
2 1 6 90 175 36.95 0.18 31.35
3 1 9 120 200 42.50 0.92 32.57
4 1 12 150 225 48.057 0.66 33.64
5 1 15 180 250 53.61 0.40 34.58
6 2 3 90 200 48.83 0.08 33.77
7 2 6 120 225 54.38 0.18 34.71
8 2 9 150 250 59.93 0.44 35.55
9 2 12 180 150 55.45 0.76 34.88
10 2 15 60 175 58.44 0.23 35.33
11 3 3 120 250 66.25 0.27 36.42
12 3 6 150 150 61.77 0.07 35.81
13 3 9 180 175 68.99 0.00 36.78
14 3 12 60 200 70.31 0.32 36.94
15 3 15 90 225 75.87 0.58 37.60
16 4 3 150 175 75.32 0.84 37.54
17 4 6 180 200 80.87 0.10 38.16
18 4 9 60 225 82.19 0.42 38.30
19 4 12 90 250 87.74 0.68 38.86
20 4 15 120 150 83.25 0.48 38.41
21 5 3 180 225 85.74 0.80 38.66
22 5 6 60 250 86.76 0.78 38.77
23 5 9 90 150 89.58 0.31 39.04
24 5 12 120 175 89.80 0.75 39.06
25 5 15 150 200 92.35 0.49 39.31
Mean S/N ratio 36.22
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value. The samples collected from the reactor were allowed to
settle in a ventilator before analysis. The heavy weight catalyst
settled at the rear of the reactor and collected rst. The oily
phase was subsequently changed to the rotary vacuum evapo-
rator (Heydolph, Germany Make) to separate un-reacted meth-
anol at 45–50 �C and 2.25 � 103 Pa. The samples were then
centrifuged to separate the catalyst, glycerin (GL) and biodiesel.
The upper layer of the centrifuged sample consists of the oily
phase (biodiesel), the lower one of the glycerine, while in the
centre, between the oil and the glycerine phase appears the
catalyst. The catalyst was later washed using petroleum ether
and methanol to remove the bound ester in dispersed phase
and glycerol.

Biodiesel analysis by GC. The biodiesel prepared was
analyzed using Agilent make Gas Chromatograph (GC). The
methodology used for analysis of biodiesel is similar as per our
previous report14 i.e. as per EN 14103 specications for %
conversion of ester while EN 14106 for analysis of mono-
glyceride, diglyceride and free glycerol.

Fuel characteristic analysis of the FAME. The fuel properties
of the biodiesel obtained were analysed using appropriate
ASTM D 6751 and EN 14214 standard procedure specied for
B100 biodiesel stocks.
Results and discussion
Characterization of BBTPFS catalyst

The basicity of the BBTPFS catalyst was found to be in the range
of 9.3 < H_ < 15.0. This catalyst was found stronger than the
This journal is © The Royal Society of Chemistry 2015
weakest indicator phenolphthalein (H_¼ 9.8) that established a
colour change from pink to colourless. However, it is weaker
than the strongest indicator i.e. 2,4-dinitroaniline (H_¼ 15.0) as
no colour change was observed.

The composition analysis using XRF conrms the presence
of CaO (30.74 wt%), SiO2 (27.87 wt%), K2O (13.96 wt%), MgO
(6.67 wt%), SO3 (4.83 wt%), Cl (3.36 wt%), Al2O3 (2.83 wt%),
Fe2O3 (2.36 wt%), P2O5 (1.34 wt%), Na2O (1.14 wt%), trace
amounts of TiO2, SrO, MnO, BaO, ZrO2, ZnO, Rb2O, Br, Cr2O3,
CuO, NiO and As2O3. The composition has been found to be
almost identical to the ash used in the cement industry. CaO is
present in highest percentage in BBTPFS catalyst. CaO and SiO2

dominate the major proportions and more than 50% of the
compositions of the BBTPFS catalyst comprised with these two.
Both are highly active, as indicated in the literature, SiO2 as
Sorbent while CaO to facilitate transesterication. Due to the
high CaO content, the ashes are classied as Class C [17–19, 26].
Even K2O, MgO, Al2O3 and some of the compounds present in
less amount (such as Na2O, TiO2, SrO and ZnO etc.) are proven
heterogeneous catalyst for biodiesel production.14,30

For BBTPFS catalyst XRD analysis (Fig. 1) ascertains the
presence of sharp peaks of CaO, CaCO3, mullite (mainly
aluminum oxide (Al2O3), silicon oxide (SiO2) and calcium sili-
cate (Ca2SiO4)), at 2q in between 20–21, 23–24, 27–31, 39–44, 47–
52 and 57–58 of crystalline phases, respectively.18 It has been
found that the surface area of the catalyst is 4.0953 m2 g�1, total
pore volume 0.004863 cm3 g�1 for pores smaller than 207.365 Å
(radius) at P/Po equal to 0.9004 and pore size expressed as
average pore radius is equal to 47.5 Å.
RSC Adv., 2015, 5, 9946–9954 | 9949
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Fig. 1 XRD pattern of BBTPFS showing different crystalline phases at specific 2q and identification of the components.

Fig. 2 SEM analysis of BBTPFS to depict the surface morphology.
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The SEM-EDX analysis (Fig. 2) of the BBTPFS catalyst was
conducted and conrmed the presence of C, O, Mg, Al, Si, P, S,
Cl, K, Ca and Fe. The typical elemental composition of the
BBTPFS catalyst has been represented in Table 3. The Fig. 2a
showed that the BBTPFS particles have irregular shape, like the
Table 3 Elemental composition of the BBTPFS catalyst

Element Weight% Atomic%

C 16.89 26.72
O 41.92 49.80
Mg 4.10 3.20
Al 1.51 1.06
Si 9.97 6.75
P 1.14 0.70
Cl 1.92 1.03
K 14.07 6.84
Ca 7.57 3.59
Fe 0.91 0.31
Total 100.00 100.00

9950 | RSC Adv., 2015, 5, 9946–9954
one reported by Rajamma et al.18 and revealed the presence of
voids or pores distributed over the BBTPFS catalyst surface31

having mesoporosity, micro porosity and macro porosity.
The structural information of the catalyst was studied from

the TEM (Fig. 3); that varies from single nanometric range to
Fig. 3 TEM analysis of BBTPFS catalyst at 100 nm scale.

This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Thermo Gravimetric Analysis (TGA) graph of BBTPFS under
constant nitrogen and air flow to differentiate %wt loss with increasing
temperature.

Fig. 5 The effect of catalyst reusability on JCO biodiesel yield (%).
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500 nm range, showing a homogeneous mixture of uneven
materials. The nano size, structural dimension and active
components of the BBTPFS catalyst provided effective surfaces
to their catalytic efficacy during transesterication of triglyc-
eride, irrespective of the FFAs present in the oil.

The thermogravimetric analysis (TGA) of the BBTPFS catalyst
is shown in Fig. 4, which has been plotted within the temper-
ature range (30–1000 �C), to determine the weight loss with
respect to temperature. It is obvious from the Fig. 4 that the
catalyst losses its moisture due to dehydration in the tempera-
ture ranges of 30–150 �C, devolatilization and then gradual
decomposition of the BBTPFS has been observed thereby
releasing small molecules. Moreover, it is also noted that 15%
losses are visible during the thermal decomposition of the
catalyst in both the N2 and air medium. CaO which represents
30% of the BBTPFS catalyst displays a high thermal stability at
any temperature within the prescribed limit of the TGA.29,31
Catalytic activity

It is obvious from the XRF analysis that the BBTPFS catalyst
consists of both acidic and alkaline nature species which
enhances the acid–base catalyzed transesterication reaction.
The acidic and alkaline species are still not present in equiva-
lent proportions in BBTPFS catalyst which practically makes it
of alkaline nature. During the transesterication reaction under
elevated temperature and pressure, water produced as the
byproduct from the free fatty acid esterication, reacts with SO3,
P2O5, K2O, Na2O and produces H2SO4, H3PO4 and KOH, NaOH
respectively, in situ that further accelerates the trans-
esterication reaction signicantly to achieve the desired
product with higher yield i.e. over all yield of biodiesel was
enhanced.30,32,33

K2O + H2O / 2KOH
This journal is © The Royal Society of Chemistry 2015
Na2O + H2O / 2NaOH

SO3 + H2O / H2SO4

P2O5 + 3H2O / 2H3PO4

Cl2 + H2O 4 HCl + HOCl

Nevertheless, this too causes negative impacts of deactiva-
tion of catalysts aer rst usage because the catalytic surface
partially decomposed. Thus, activation of the catalyst is an
inevitable step before reuse. Due to its efficient activity a single
step transesterication becomes feasible for high FFA contain-
ing JCO.

Moreover, the reusability of the BBTPFS catalysts was studied
for the transesterication of JCO and was reused for ve times
as shown in Fig. 5, aer appropriate treatment of the catalyst in
Muffle furnace at 550 �C for 15 minutes. It has been clearly
observed Fig. 5 that the efficiency of the catalyst was reduced
more than 5% in rst two batches, while the efficiency of the
catalysts was reduced from 9–10% in the third and fourth
successive batches. Nevertheless, there has been observed a
negligible decrease in efficiency in the nal batch. Hence, the
catalyst can be recycled up to ve times, however aer activation
at 550 �C, successively, with the decrease in the efficiency not
exceeding more than 25%.
Process optimization by orthogonal arrays using Taguchi's
method

The Taguchi method can be employed for the optimization of
factor combination and to determine possible factor interac-
tions to ensure a robust design for the process of biodiesel
production. The Taguchi method provided a systematic and
efficient mathematical platform to analyse and optimise
process parameters using only a few well-dened experimental
sets.34 Analysis of variation (ANOVA) was used to optimise the
results from Taguchi method and to fetch the proportional
importance of each parameter. ANOVA results predicted cata-
lyst concentration as the most effective parameter for output of
biodiesel with the BBTPFS catalyst (Table 4).
RSC Adv., 2015, 5, 9946–9954 | 9951
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Table 4 Analysis of variancea

Source DF SS MS F P

Regression 4 8026.0 2006.5 397.27 0.000
Residual error 20 101.0 5.1
Total 24 8127.0

a The SS of parameter added together with SS of residual error to form
residual error SS(pooled). Signicant at 95% condence level: F (0.05, 2,
4)1/4 � 6 (F-test). DF indicates degree of freedom. SS and MS indicate
sum of square and mean square respectively.
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Signal-to-noise (S/N) ratio is the most important tool used in
the Taguchi robust parameter design. The S/N ratio can be used
to evaluate the deviation from the target of a quality charac-
teristic and variation of a system as shown in Fig. 6a. The higher
the S/N ratio is, the more robust the system will be.35 Three
attributes of quality characteristics were dened by Taguchi.
Based upon their characteristics, the S/N ratios are of three
different types, i.e. smaller-the-better, larger-the-better and
nominal-the-better. The S/N ratio, with a larger-the-better
characteristic can be expressed equally:
Fig. 6 (a) Main effects plot for S/N ratio of process variables. (b) Main
effects plot for means of process variables.

Fig. 7 Effects of various factors on transesterification reaction, (a)
molar ratio, (b) reaction time and (c) reaction temperature.
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Table 5 Regression analysis. The regression equation is; percentage
yield ¼ 5.38 + 12.2catalyst percentage + 0.937ratio + 0.0149reaction
time + 0.0771temperaturea

Predictor Coef. SE coef. T P

Constant 5.377 3.178 1.690 0.006
Catalyst percentage 12.194 0.318 38.370 0.000
Ratio 0.938 0.106 8.850 0.000
Reaction time 0.015 0.011 1.400 0.004
Temperature 0.077 0.013 6.060 0.000

a S ¼ 2.24740 RSq ¼ 98.8% RSq(adj) ¼ 98.5%.

Table 6 Sequential model sum of squaresa

Source DF Seq SS

Catalyst percentage 1 7178.7
Temperature 1 147.1
Molar ratio 1 425.8
Reaction time (minutes) 1 21.6

a DF: degree of freedom, Seq SS: sequential model sum of squares.

Table 7 Fuel properties of JCO biodiesel

Properties Biodiesel standard JCO biodiesel

Density at 15 �C (g cm�3) 0.875–0.900 0.852
IBP/FBP (�C) 310/480
Distillation characteristics:
(%recovery@330, 360, 365,
370, 427 �C)

90% 360 20.0
40.0
80.0
90.0
99.6

Flash point, (�C) 120 112 �C
Caloric value (MJ kg�1) 37.25 39.15
Viscosity@40 �C (mm2 s�1) 2.5–6 4.98
Acid value (mg KOH per g) 0.50 1.88
Cetane no. 47.0 48.5
Rams bottom carbon
residue (wt%) max

0.300 0.273

Copper strip corrosion 3 1a
Water and sediment
content (mg kg�1) max

500 800

Pour point �C max Winter +3
and summer +15

6

Oxidation stability
at 110 �C, h, min

6 0.74

Sulphur content (mg kg�1) max 15 4.9
Iodine value (gI2 per 100 g) max 120 81.9
Sodium mg kg�1 5 <1
Potassium mg kg�1 5 <1
Total (Na + K) mg kg�1 5
Free glycerol (%) max 0.2 0.155
Monoglycerides (%) max 0.8 0.014
Diglycerides (%) max 0.2 0.000
Triglycerides (%) max 0.2 0.010
Total glycerol
(free plus bound) (%) max

0.25 0.179

Sulfated ash (%) mass max 0.02 0.01
Total contamination 24 22
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hij ¼ �10 log

 
1

n

Xn
j¼1

1

yij2

!
(1)

where yij is the ith response of the jth experiment, n is the total
number of tests.

The S/N ratios for the twenty ve sets of experiments are
likewise presented in Table 2. The average yield of JCO biodiesel
and the S/N ratio were 67.44% and 36.22, respectively. Themean
S/N ratio, which was estimated from the gist of the parameters
and the interactions at assigned levels, was the average of all the
S/N ratios of a set of control parameters at a paid level as
indicated in Table 2. The donation of an experimental param-
eter was estimated from the maximum difference in the values
between the mean S/N ratios and means as shown in Fig. 6b.
The order of inuence of the parameters in terms of the yield of
JCO biodiesel was: A (catalyst concentration) > B (molar ratio) >
D (reaction temperature) > C (reaction time). The effects of S/N
ratios (Fig. 6a) and the effects of means (Fig. 6b) are in
concordance with the above trend.

Biodiesel production was observed as optimum at 225 �C,
5% catalyst concentration (w/v); and 1/9 oil/methanol molar
ratio, average yield of JCO biodiesel and the S/N ratio were
93.93% and 39.99, as ascertained from the Taguchi's method.
The effects of various factors on transesterication reaction,
molar ratio, reaction time and reaction temperature have been
presented in Fig. 7a–c respectively, that describes their 3D
variation with respect to each other correlating with wt% yield
of biodiesel.

This had been experimentally conrmed with 94% biodiesel
yield in less than three hours in the presence of BBTPFS cata-
lyst. The equation obtained from regression analysis (Tables 4
and 5) is as listed beneath:
This journal is © The Royal Society of Chemistry 2015
Percentage yield ¼ 5.38 + 12.2catalyst percentage + 0.937ratio

+ 0.0149reaction time + 0.0771temperature(2)

This equation signies that the variable quantities required
for the reaction to produce biodiesel could be optimized and
catalyst plays the vital role during the reaction to proceed at a
better rate (Table 6).
Fuel property analysis of the biodiesel

JCO biodiesel obtained as per suggestion of Taguchi's Method
using Minitab 16 soware was analyzed using appropriate
ASTM and European standards aer purication (Table 7). The
products were found as per specication. The free fatty acids
were reduced to 0.94% from 9.2% originally present in the oil.
The fuel properties of the biodiesel obtained are as enlisted in
Table 7. These values clearly demonstrate that the biodiesel
obtained can be used as substitute of petroleum diesel without
further treatment. Leaching of sodium and potassium ion was
almost negligible (<1 mg kg�1) in the biodiesel obtained. Hence
no further treatment was needed.
RSC Adv., 2015, 5, 9946–9954 | 9953
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Conclusion

BBTPFS catalyst was found instrumental in the production of
Biodiesel from high FFA containing JCO. The catalyst acts on
two stages, rst, the reduction of free fatty acids to ester
(esterication) at elevated temperature and pressure; conver-
sion of triglycerides to esters and glycerol in the second. The
outcomes show that the process parameters effect the trans-
esterication reaction according in following order: A (catalyst
concentration) > B (molar ratio) > D (reaction temperature) > C
(reaction time). An optimized parameter combination for the
maximum JCO biodiesel production was generated utilizing the
signal-to-interference (S/N) ratio and was found at 225 �C, 5%
Catalyst concentration (w/v); and 1/9 oil/methanol molar ratio
in 3 hours. This can denitely offer a pathway for efficient
utilization of BBTPFS as catalyst for transesterication of oils
having high FFA contents, such as used frying oils also. Further,
extended studies will be embraced in all the uncovered area
such as detail active acidic and basic sites, surface deactivation
of catalyst during the reaction and reusability for large scale
biodiesel production in the future scope of employment.
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