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A B S T R A C T

Catalysis is the vertebra of most of commercial processes, which utilizes chemical reactions to transform reagents
into value added chemicals. Biodiesel synthesis from animal fats and edible vegetable oils via transesterification
over homogeneous catalysts is recently taken into account of untenable by the emerging biofuel industries, par-
ticularly by virtue of food vs. fuel counteraction, economic and environmental challenges blended with the feed-
stocks as well as catalytic systems, respectively. Therefore, present efforts concern with the preparation of a
novel PTSA-Si catalyst and its relevance for biodiesel synthesis from non-food castor oil. It has been manifested
from the experimental outcomes, the most relevant reaction parameters are, 5% PTSA-Si (w/w), 65 °C reaction
temperature, 1:11 O:M molar ratio and 10 h reaction time for 98.56% biodiesel yield. The PTSA-Si was appropri-
ately analyzed using FT-IR, SEM, XRD, BET, TGA-DTA and TPD-NH3 analysis. Since, castor oil and castor
biodiesel were analyzed using FT-IR, 1H &13C NMR analysis. Besides, biodiesel physico-chemical properties were
predicted and associated with ASTM fuel standards.

1. Introduction

The wind, solar and biomass energy are potential substitute in the
direction of petroleum based fuels and are excellent commercial
sources of renewable energy [1]. The insistence of biofuels as a green
fuel is accelerated advancement in the last decennium with a view to re-
duce our obsession on petroleum based fuels as a leading source of
transportation fuel as per the Kyoto protocol on emission control of
greenhouse gases [2]. Biofuels are compounds originated from biomass
that could directly be a substitute for, or be used as mixture with con-
ventional transportation fuels [3]. The biodiesel is a class of biofuel that
could be prepared from variety of feedstocks, assorted into three main
groups (i) vegetable oils, (ii) animal fats and (iii) waste frying oils [4]. A
fourth group of developing attention are the algal oils offering great oil
productiveness. However, the utilization of algal oil as an alternative is
still very finite due to high attributed expenses [5]. Presently, cooking
oils are being used in more than 95% of the global biodiesel preparation
[6]. The major sense behind utilization of cooking oil for biodiesel
preparation is that they are easily accessible from massive agricultural
formulation enterprises. Nonetheless, this is not a favourable direction
due to the significant percussions on food chain inviting to the so
known as food vs. fuel conflict [7]. To date, considerable non food oils

have also been examined as raw materials for biodiesel preparation
along with seed oils of jatropha curcas, calo-phyllum inophyllum, to-
bacco, rubber, mahua, karanja, castor and schleichera oleosa [8].
Among all the oil crops, the castor oil has the considerable oil yield ca-
pacity. It offers the higher yield of seeds and oil compositions in its
seeds. The major composition of ricinoleic acid is responsible for the
higher viscosity and density of castor oil. It has a potential to get dis-
solved in alcohol, which favours the transesterification reaction. The
main sense behind selection of castor oil as feedstocks for biodiesel
preparation in present study is its higher production in India, lower eco-
nomical cost and relevant fuel properties [9]. The physicochemical
properties of castor oil are listed in Table 1.

An interest of biodiesel as a green option to conventional fuel com-
prise its engine affinity and higher engine wear, high transportability,
easily availability, eco-friendliness, better combustion performance,
better energy generation, low sulfur and aromatic compositions, lead-
ing cetane index and greater biodegradability [12]. The combustion of
biodiesel offers more than 90% decrease in the total unspent hydrocar-
bons and a 75–90% weakens cyclic aromatic hydrocarbons emission re-
lated to the utilization of petroleum based fuels. Biodiesel also demon-
strates a noteworthy shrinkage in particulates matters as well as CO
with respect to fossil fuel [13]. The biodiesel is being prepared by using
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Table 1
Physicochemical properties of castor oil [10,11].
Sr. No. Properties Value

1. FFA (%) 0.264
2. Density (kg/m3) 962.8
3. Fire point (°C) 335
4. Flash point (°C) 298
5. Cloud point (°C) 15.8
6. Calorific value (kJ/kg) 35684.5
7. Kinematic viscosity (mm2/s) 43.1
8. Specific gravity 0.962
9. Cetane number 40
10. Iodine value (gI2/100 g) 100

homogeneous alkali and acidic catalysts like, KOH, NaOH, H2SO4, HCl
and HNO3 [14]. However, the biodiesel preparation using heteroge-
neous catalysts contributes a potential substitutive way for their eco-
nomical production [15]. Solid acids offer several intrinsic advantages
over liquid counterparts such as, easy separation, simple post treat-
ment, less waste emission and higher thermal stability [16,17]. Many
solid acids have been developed to compensate the conventional liquid
acids catalysts. However, most of the solid acid catalysts are less stable,
less active and more expensive than the liquid acid catalysts [18]. Solid
acid catalysts offer economic and process benefits, especially for low
cost feedstocks with high FFA content, enabling single step esterifica-
tion and transesterification of bio oils [19]. A wide range of solid acids
including heteropolyacids [20–22], sulfonated metal oxides [23,24],
carbons [25], and zeolites [26] have been employed for biodiesel
preparation, nevertheless, novel materials with tailored solvothermal
stability and recyclability are still sought. Mesoporous solid acid cata-
lysts are attractive in heterogeneous catalysis with a view to their tun-
able pore architectures, high surface areas, associated improved mass-
transport and potential to generate highly dispersed and active sites
[27]. There are several reports available for the single step biodiesel
preparation from waste oils using solid acids, including carbon based
solid acid [28], active clay [29], Zr-SBA-15 [30] and sulfated tin oxide
[31]. The waste oils contain FFAs and triglycerides; both of them form
biodiesel. Several benefits of biodiesel in association with petroleum
based diesel are that it is environment friendly and safer to use, as it is
being prepared from sustainable resources and contains little amounts
of sulfur. Even though, the cold flow assets, NOx discharge and higher
production expenses are major countenance that have to be defeated
[32].

With the above considerations, a novel heterogeneous acid catalyst
of silica fused p-toluene sulfonic acid was freshly prepared by chemical
and physical modification of toluene and silica gel respectively. The
synthesized PTSA-Si was examined for single step biodiesel production
via transesterification of non food castor oil. It has been concluded from
the transesterification results of non food castor oil, the excellent exper-
imental parameters for the maximum biodiesel yield (98.56%) are, 5%
PTSA-Si (w/w), 65 °C reaction temperature, 1:11 O:M molar ratio and
10 h reaction span. The synthesized PTSA-Si has been assessed for re-
peatability study and commenced to be four time successfully reusable
without loss of their catalytic performance. The castor oil biodiesel has
also been examined for their physico-chemical properties estimation. It
has been observed from the study that all physico-chemical properties
are found to be within limits prescribed by ASTM standards.

2. Materials and method

2.1. Materials

The methanol (≥99.0%, EMPLURA), silica gel (96.1%, 60–120
mesh), toluene (≥99.0%, EMPLURA), sodium sulphate (99.0%, FINAR),
sulfuric acid (99.9%, RANKEM), methylene dichloride (99.8%, FINAR)
and n-hexane (99.9%, FINAR) were furnished by Aashka Scientific Co.,

Surat, Gujarat. The castor oil was purchased from local oil trader (Mal-
har trading), Surat, Gujarat, India. All reagent utilized in the present
study were of analytical grade and employed without additional purifi-
cation.

2.2. Instrumental techniques

The FT-IR spectrum PTSA-Si was executed on a FT-IR spectrometer
(Shimadzu). However, the FT-IR analysis of castor oil and castor
biodiesel were carried out on another FT-IR spectrometer
(PerkinElmer). The 1H NMR and 13C NMR analyses were done on a FT-
NMR spectrometer (Bruker 400 MHz NMR). The castor biodiesel (%)
yield was calculated on GC analysis (YL 6500 GC, SUPELCO C8– C24
FAME mixture). The wide angle X-ray diffraction pattern was recorded
on XRD (Rigaku). The specific surface area of PTSA-Si was predicted on
a porosimeter (2020, ASAP). The thermal strength of PTSA-Si was iden-
tified by TGA (PerkinElmer). The superficial morphologies of PTSA-Si
were recognized by SEM (S3400 N, Hitachi). The total bronsted acid
sites in the PTSA-Si were predicted by TPD-NH3 analysis (Chemisorb
2750).

2.3. Experimental

2.3.1. Synthesis of PTSA-Si hybrids
The PTSA-Si has been prepared by diminutive modification of the

reported method [33]. A 100 mL of toluene and 20 mL of concentrated-
sulfuric acid were transferred in a 250 mL glass reactor (FBF, adapted
with a dean stark assembly). The flask was heated with reflux at 160 °C
for 6 h. The water droplets began to produce at the same time as a start-
ing of the sulfonation reaction. The quantity of water collected in the
dean stark collector was measured at regular interval of times. On the
completion of 5 h of sulfonation, a 12.1 mL of water was measured and
the sulfonation was extended as far as no further water was produced.
On the completion of sulfonation, the heating was interrupted and reac-
tion mass was acquiesced to cool at ambient temperature. The crystal-
lization of p-toluene sulfonic acid (PTSA) has been carried out through
addition of 30 mL of distilled water. The PTSA has been isolated from
the reaction mass and washed with again 10 mL of water. The PTSA has
been purified by dissolving in small amount of hot water containing ac-
tivated charcoal. Finally, the PTSA has been recovered from the aque-
ous slurry and cooled with ice. A treatment of gaseous HClto this supper
cooled solution leads to the precipitation of white crystals of PTSA
(40.18 g). Then after, an equimolar quantity of silica gel was mixed to
these white crystals and mechanically stirred at room temperature for
1 h to support PTSA-Si via induction of intermutual hydrogen bonding
[34]. Ultimately, a 53.25 g freshly dried light gray fine powder of
PTSA-Si was achieved. The reaction strategy for production of PTSA-Si
is embossed in Fig. 1.

2.3.2. Catalytic performance test
The transesterification of castor oil was functioned out in 250 mL

flat bottom flask, which was adapted with reflux condenser, magnetic
stirrer and heating plate system. The required amounts of castor oil, %
PTSA-Si (w/w) and methanol were calculated stoichiometrically. The
desired amount of castor oil was added to flat bottom flask followed by
charging of PSTA-Si-methanol mixture. The reflux temperature (65 °C)
was maintained and reaction assembly were left uninterrupted for re-
quired time period. After the desired length of reaction time, the reac-
tion mixture was carefully shifted to the partition funnel for the parti-
tion of the product and by product. The separating funnel was again left
uninterrupted till the complete separation of biodiesel and glycerol lay-
ers as depicted in Fig. S1. The glycerol collected at the bottom was sepa-
rated first. The hot distilled water and anhydrous sodium sulphate were
used for the refining of biodiesel layer. Consciously to investigate the
significance of reaction parameters on the (%) yield of transesterifica-

2

http://www.prepchem.com/synthesis-of-hydrogen-chloride/


CO
RR

EC
TE

D
PR

OO
F

M.L. Savaliya et al. Chemistry of Inorganic Materials xxx (xxxx) 100005

Fig. 1. Reaction scheme for the preparation of PTSA-Si catalyst.

tion products, the reactions were carried out by changing catalyst con-
centration (1, 2, 3, 4, 5 and 6% w/w), O:M molar ratio (1:9, 1:10, 1:11
and 1:12) and reaction time (6, 7, 8, 9 and 10 h) at reflux temperature
(65 °C). All experiments have been executed in triplicates with a view
to find deviations in the biodiesel yield (%) after each successful experi-
ment. The scheme for the transesterification of castor oil has been
demonstrated in Fig. 2.

2.3.3. Biodiesel (%) yield estimation
The castor biodiesel (%) yields and their fatty acid methyl esters dis-

tribution were measured though GC investigation. The C8– C24 compo-
sition biodiesel mixture (SUPELCO) was involved as a measure for qual-
itative and quantitative persistence of biodiesel composition on GC
(specification: (30 m × 0.320 mm × 0.25 μm, FID, column: Agilent
DB-Wax-123-7032)). The peak areas have been accounted for the pro-
jection of fatty acid methyl esters composition of each castor biodiesel
sample after fatty acid methyl esters of the castor biodiesel samples
were identified. The conversion and (%) biodiesel yield were calculated
by following formula (i) and (ii) [35].

(1)

Where, C stand for the fatty acid methyl ester content, repre-
sent the total peaks area, refers to the methyl heptadecanoate (inter-
nal standard) peak area, and stands for the concentration (mg/
mL) and volume of internal standard (mL) respectively. The m stands
for the quantity of the castor biodiesel (mg).

(2)

Where represent the quantity of refined fatty acid methyl
esters obtained, stand for the quantity of castor oil selected and C
stand for the fatty acid methyl ester content estimated as mentioned
through equation (i). It has been found from the gas chromatogram of
castor biodiesel, the prepared biodiesel is offers several methylated
fatty acids like methyl ricinoleate, methyl oleate, methyl linoleate and
methyl stearate. The GC-FID chromatogram of castor biodiesel is men-
tioned in Fig. S2.

2.3.4. Mechanism of transesterification of castor oil over PTSA-Si
It has been already reported the transesterification of triglycerides

(oil) are being catalyzed by either acidic or alkaline catalysts. It in-
volves three successive reversible reactions. It has been observed that in
the transesterification reaction chain, the triglycerides is transformed
stepwise to diacylglycerol, monoacylglycerol and followed by glycer-

Fig. 2. Reaction scheme for the transesterification of castor oil to biodiesel.
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ine, which is associated with the production of 1 mol of biodiesel at
each stage [20]. The mechanism of castor oil transesterification also fol-
lows the same sequence. These steps composed of (i) Protonation (H+)
of one of the carbonyl group of castor oil through the PTSA-Si (ii) Nu-
cleophilic incursion of the methanol pointing to the carbonyl group that
yield a tetrahedral transitional product and (iii) Proton displacement
(H+) and disconnection of the tetrahedral intermediate yields biodiesel
and diacylglycerol. The displaced proton repeatedly consumed through
the leading PTSA-Si with a view to reproduce it for the next repetitive
use. This consolidated continuity will repeat by two times till thorough
synthesis of mixture of biodiesel and glycerol. The mechanism scheme
for the transesterification of castor oil is given in Fig. 3.

3. Results and discussion

Generally, the transesterification of oil demands a suitable catalyst
with a view to obtain desired production rates. The constitution of the
catalyst is remains essential since it regulate the configurations restric-
tions that the raw material must contain. Besides, the reaction parame-
ters and post isolation steps are pre-planned by the attributes of the cat-
alyst employed [36]. Generally, majority of oils are being transformed
into biodiesel using alkali catalyzed transesterification method. But
there are several uncommon cases wherein direct transesterification
cannot be carried out. Such cases appear in raw vegetable oils like
olive, jatropha, castor and cotton seed oil, etc. Such raw vegetable oils
possess high free fatty acids (FFAs) contents in their oil compositions, as
it forms soap on base catalyzed transesterification [10]. Therefore, it is

Fig. 3. Proposed reaction mechanism for the transesterification of castor oil to biodiesel.
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a demand of time to develop an efficient heterogeneous acid catalyst to
overcome such problems. Because, the heterogeneous acid catalysts can
concurrently conducts transesterification of TGs and esterification of
FFAs to biodiesel. Hence, it is not required to isolate free fatty acids
from the triglycerides [36]. With the above considerations, in the pre-
sent study, the biodiesel synthesis has been carried out by transesterifi-
cation of non food castor oil over PTSA-Si as a solid acid catalyst. In or-
der to optimize the process parameters, the biodiesel reactions were ex-
amined by varying catalyst concentration (1, 2, 3, 4, 5 and 6% w/w),
O:M molar ratio (1:9, 1:10, 1:11 and 1:12) and reaction time (6, 7, 8, 9
and 10 h) at reflux temperature (65 °C). All the experiments were func-
tioned at viscerous pressure till an attainment of the maximum conver-
sions. The results of castor biodiesel yields (%) with distinctive reaction
parameters have been tabularized in Table 2.

3.1. Influence of oil to methanol molar ratio

In pursuance to look into the cause of oil to methanol (O:M) molar
ratio on biodiesel (%) yields, all reactions were executed out at diverse
O:M molar ratio (1:9, 1:10, 1:11 and 1:12). In connection with Tables 2
and it has been confirmed that, the biodiesel yield (%) is precisely influ-
ence by diversifying methanol to oil (M:O) molar ratio. The biodiesel
(%) yield is gradually increased with the increasing M:O molar ratio.
With 1:9, 1:10, 1:11 and 1:12 O:M molar ratio, the maximum biodiesel
(%) yields were found to be 80.23%, 88.12%, 98.56% and 94.23% re-
spectively. The optimal biodiesel (%) yield (98.56%) was found with
1:11 O:M molar ratio. The backward reaction (alcoholysis of glycerol
and biodiesel) directly enhances upon keeping O:M molar ratio down
from 1:11. Accordingly, the reversible nature of the transesterification
is the responsible factor for the decrement in (%) yield of biodiesel at
O:M molar ratio below 1:11. It has also been perceived that the reduc-
tion in the biodiesel (%) yield above 1:11 O:M molar ratio and this may
in conjunction to the polar apparent of PTSA-Si and methyl alcohol.
Wherefore, it constantly raises the polarity of the transesterification, on
increasing of M:O molar ratio. In advance of, the reaction mechanism of
transesterification evidently acclaimed that, first oil must react with
catalyst. Though, as the quantity of alcohol increases, the reaction mass

Table 2
Results of castor biodiesel yield (%) with peculiar reaction parameters at
65 °C.
Sr. No. O:M molar ratio Reaction time (h) % (w/w) PTSA-Si Biodiesel Yielda (%)

1. 1:9 6 5% 46.51 ± 0.93
2. 1:9 7 5% 59.36 ± 1.31
3. 1:9 8 5% 65.78 ± 0.70
4. 1:9 9 5% 72.32 ± 0.96
5. 1:9 10 5% 80.23 ± 0.91
6. 1:10 6 5% 58.98 ± 0.96
7. 1:10 7 5% 72.65 ± 0.89
8. 1:10 8 5% 79.25 ± 1.32
9. 1:10 9 5% 83.65 ± 0.78
10. 1:10 10 5% 88.12 ± 0.81
11. 1:11 6 5% 68.54 ± 0.91
12. 1:11 7 5% 80.29 ± 1.28
13. 1:11 8 5% 88.65 ± 1.21
14. 1:11 9 5% 91.32 ± 0.98
15. 1:11 10 5% 98.56 ± 0.99
16. 1:12 6 5% 66.32 ± 1.11
17. 1:12 7 5% 77.54 ± 0.78
18. 1:12 8 5% 86.32 ± 1.09
19. 1:12 9 5% 90.32 ± 1.16
20. 1:12 10 5% 94.23 ± 0.93
21. 1:11 10 1% 22.34 ± 1.31
22. 1:11 10 2% 38.35 ± 0.70
23. 1:11 10 3% 54.23 ± 1.11
24. 1:11 10 4% 82.56 ± 1.02
25. 1:11 10 6% 98.24 ± 0.98
a (n=3) All experiments have been carried out in triplicates.

is also starts to increase its polarity. Therefore, contrary to oil aspect,
the PTSA-Si constantly displaced to the alcohol aspect. Wherefore, the
connections of PTSA-Si in the direction of methanol phase become ab-
solutely energetic than connections of PTSA-Si in the direction of oil
phase. Consequently, the shrinkage in the biodiesel (%) yield was no-
ticed above 1:11 O:M molar ratio. The bar graph indicating an effect of
O:M molar ratio approaching biodiesel (%) yield is manifested in Fig. 4.

3.2. Influence of reaction time (h)

In pursuance to look into the effect of reaction span (h) in direction
of biodiesel (%) yield, all experiments were studied employing diversi-
fied span of reaction times (6, 7, 8, 9 and 10 h). In connection with
Tables 2 and it has been perceived that the 1:11 O:M molar ratio
demonstrates optimum yield of biodiesel (98.56%). Thus, 1:11 O:M mo-
lar ratio was preferred as an optimal ratio to examine biodiesel synthe-
sis employing diversified span of reaction times. From the observations,
it can be evidenced that, with 6 h, 7 h, 8 h, 9 h and 10 h reaction times,
the optimal biodiesel (%) yields observed were 68.54%, 80.29%,
88.65%, 91.32% and 98.56% respectively. alongside 10 h reaction
time, it indicates almost complete conversion of castor oil into
biodiesel, thus, the reaction time (h) was not studied beyond 10 h span.
The bar graph indicating an effect of reaction time (h) approaching
biodiesel (%) yield has been manifested in Fig. 5.

3.3. Influence of PTSA-Si quantity (% w/w)

In pursuance to look into the cause of PTSA-Si quantity (% w/w) on
biodiesel (%) yields, all experiments were executed by shifting PTSA-Si
concentration (1, 2, 3, 4, 5 and 6% w/w). In connection with Tables 2
and it was realized that, the biodiesel (%) yield increases on increasing
the catalyst quantity (% w/w). In the case of 1%, 2%, 3%, 4%, 5% and
6% catalyst quantity (w/w), the biodiesel (%) yield were found to be
22.34%, 38.35%, 54.23%, 82.56, 98.56% and 98.24% respectively at
optimum O:M molar ratio. The PTSA-Si quantity above 5% (w/w) does-
n't symbolize any noticeable improvement in the biodiesel (%) yield
rather the (%) yield of biodiesel is slight decreased with 6% catalyst due
to increment of the polarity of the reaction on increment of the % cata-
lyst (w/w). Accordingly, it was observed from the reaction outcomes, as
catalyst quantity (% w/w) increases, the biodiesel (%) yield also in-
creases. It has also been perceived that the slight reduction in the
biodiesel (%) yield with 6% catalyst (w/w) and this may in conjunction
to the polar apparent of PTSA-Si and methyl alcohol. Wherefore, it con-

Fig. 4. Impact of oil to methanol molar ratio on the (%) yield of biodiesel (Reac-
tion time: 10 h and PTSA-Si: 5% (w/w)).

5



CO
RR

EC
TE

D
PR

OO
F

M.L. Savaliya et al. Chemistry of Inorganic Materials xxx (xxxx) 100005

Fig. 5. Impact of reaction time (h) on the (%) yield of biodiesel (O:M molar ra-
tio: 1:12 and PTSA-Si: 5% (w/w)).

stantly raises the polarity of the transesterification, on increasing of
PTSA-Si concentration. In advance of the reaction mechanism of trans-
esterification evidently acclaimed that, first oil must react with catalyst.
Though, as the concentration of catalyst increases, the reaction mass is
starts to increase its polarity. Therefore, contrary to oil aspect, the
PTSA-Si constantly displaced to the alcohol phase. Wherefore, the con-
nections of PTSA-Si in the direction of methanol phase become ab-
solutely energetic than connections of PTSA-Si in the direction of oil
phase. The bar graph indicating an effect of PTSA-Si quantity (% w/w)
approaching biodiesel (%) yield is manifested Fig. 6.

3.4. FT-IR analysis of PTSA-Si

The FTIR spectroscopy is a precise technique being used particularly
for identifying organic chemicals in a whole range of applications. An
absorption pattern of synthesized PTSA-Si catalyst is accustomed by the
existence of characteristic bands at 3439.19 cm−1(stretching, intermol-
ecular H- bonding, O–H), 3036.06 cm−1 (stretching, C–H),
2918.40 cm−1 (stretching, CH3), 1629.90 cm−1 (bending, C C),
1206.33 cm−1 (stretching, C–S), 1143.83 cm−1 (stretching, O S O
(by virtue of –SO3H group)), 1066.67 cm−1 (stretching, S O),
1016.52 cm−1 (stretching, O–Si–O), 815.92 cm−1 (p-substituted ben-

Fig. 6. Impact of % PTSA-Si (w/w) on the (%) yield of biodiesel (O:M molar ra-
tio: 1:11 and Reaction time: 10 h).

zene ring) and 692.47 cm−1 (bending, C–H) subsequently. The FT-IR
graph of PTSA-Si is mentioned in Fig. 7.

3.5. Morphological study of PTSA-Si catalyst

An external morphology and structural orientation of PTSA-Si has
been studied by scanning electron microscopic analysis. It has been ob-
served from the SEM micrographs of PTSA-Si catalyst, the PTSA parti-
cles are found with aggregates of irregular size and shapes after sulfona-
tion with sulfuric acid. Whereas, the silica gel particles are found with
finer needles of pentagonal shape. It has been well reported that silica
particles are found to have smoother surface. However, on treatment
with p-toluene sulfonic acid, they are found with rough surface. The av-
erage particle size of PTSA-Si has been found in the range of
1.07–1.66 μm. Muthu et al. (2014) have synthesized sulfated zirconia
catalyst via solvent free method and evaluated for the biodiesel synthe-
sis using neem oil. From the SEM micrograph of sulfated zirconia, they
realized that the particle size of sulfated zirconia is in the range of
20–30 μm and is in an agglomerated form on calcination at 600 °C [37].
The SEM micrographs of PTSA-Si are picturized in Fig. 8.

3.6. The crystalline structure of the PTSA-Si

The texture characteristics of PTSA-Si were analyzed by X-ray dif-
fraction analysis. The X-Ray diffractogram displayed characteristics dif-
fraction pattern showing crystalline nature of PTSA-Si. The diffrac-
togram displayed particular diffraction impression confirming crys-
talline texture of PTSA-Si. The particular peaks recognized at
2θ = 9.22 (deg.) (face-centered cubic), 2θ = 13.04 (deg.) (body-
centered cubic), 2θ = 15.14 (deg.) (face-centered cubic/diamond cu-
bic), 2θ = 16.84 (deg.) (body-centered cubic/simple cubic),
2θ = 18.10 (deg.) (face-centered cubic/simple cubic), 2θ = 22.12
(deg.) (simple cubic), 2θ = 24.08 (deg.) (body-centered cubic),
2θ = 24.62 (deg.) (body-centered cubic), 2θ = 25.60 (deg.) (body-
centered cubic/simple cubic), 2θ = 27.16 (deg.) (body-centered cu-
bic), 2θ = 28.12 (deg.) (face-centered cubic) and 2θ = 76.16 (deg.)
(face-centered cubic) are associated with the existence of silica gel crys-
tals (JCPDS-29-1129). Although, knife-edged peaks observed at
2θ = 31.74 (deg.), 2θ = 34.02 (deg.), 2θ = 38.42 (deg.), 2θ = 42.92
(deg.), 2θ = 43.72 (deg.), 2θ = 45.80 (deg.) and 2θ = 52.68 (deg.)
are peculiarity of p-toluene sulfonic acid (JCPDS-39-1699). The wide
angle X-Ray diffractogram of PTSA-Si has been demonstrated in Fig. 9.

3.7. Determination of thermal stability

The thermal strength of the PTSA-Si was assured by TGA examina-
tion. The weight loss of PTSA-Si was measured as behaviour of raise in
temperature or heating rate. The TGA-DTA curve of PTSA-Si displays a
natural three stage disintegration diagram. The three steps in disinte-
gration diagram can be predicted by loss of moisture, decomposition of

Fig. 7. FT-IR spectrum of PTSA-Si.
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Fig. 8. SEM micrographs of PTSA-Si.

Fig. 9. The wide angel X-Ray diffractogram of PTSA-Si.

sulfonic acid group (-SO3H) and total degradation and decomposition of
PTSA. The first weight loss (10.68%) is observed in temperature do-
main of 30–150 °C is due to disintegration of absorbed moisture on cat-
alyst surface. The second weight loss (45.03%) is observed in tempera-
ture domain of 150–400 °C is accredited with the disintegration of sul-
fonic acid groups (-SO3H) of the toluene. The second derivative of DTA
also confirms the disintegration of sulfonic acid groups from the
toluene. However, the third weight loss (5.49%) is observed in temper-
ature domain of 400–910 °C is an account for the decomposition of
toluene. In the present study all transesterification reactions have been
carried out at reflux temperature (65 °C). However, in the TGA curve of
PTSA-Si, it was recognized that the first weight loss (10.68%) is ob-
served in temperature scale of 30–150 °C is due to disintegration of ab-
sorbed moisture on PTSA-Si surface. Hence, the PTSA-Si offers a better
thermal stability at reflux temperature. Ferreira e Santos et al. (2014)
have prepared a novel ZrO2–SiO2 mixed oxides and evaluated for the
thermal stability study. From the TGA thermogram of ZrO2–SiO2 mixed
oxides, they found that the almost constant decrease of mass in the
scale of 100–200 °C, which is due to the decomposition of water, impu-
rities, alkoxides, and unspent solvents. Although, beyond 700 °C tem-

perature, the weight loss is accredited to the dehydroxilation of the cat-
alyst framework [38]. The TGA thermogram of PTSA-Si is depicted in
Fig. 10.

3.8. Determination of surface area of PTSA-Si

The specific surface area of PTSA-Si was executed by Brunauer-
Emmet-Teller (BET) surface area analysis and the results are tabular-
ized in Table 3.

From the BET isotherm of PTSA-Si, it has been observed that the cat-
alyst offers a specific surface area of 9.61 m2/g, pore volume of
0.99 cm³/g and pore size of 2.50 nm. The lower pore volume and pore
size itself express that the existence of sulfonic acid (-SO3H) groups on

Fig. 10. TGA-DTA profile of PTSA-Si.

Table 3
Results of specific surface area, pore volume and pore size of PTSA-Si.
Sr.
No.

Catalyst Specific surface area
(m2/g)

Pore volume (P/Po)
(cm³/g)

Pore size
(nm)

1. PTSA-Si 9.61 0.99 2.50
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the porous surface of PTSA-Si catalyst. The hysteresis of PTSA-Si has
been found typically of type-IV, which indicates the presence of meso-
porous structure of PTSA-Si. This conclusion is also identical with re-
ported literature [39]. Ferreira e Santos al. have prepared a novel
ZrO2–SiO2 mixed oxides and evaluated for the specific surface area de-
termination. They observed that the catalyst offers a specific surface
area of 1742 m2/g and BET isotherm found of type- IV indicating the
presence of mesoporous structure of ZrO2–SiO2 mixed oxides [38]. The
BET isotherm of PTSA-Si has been demonstrated in Fig. 11.

3.9. Determination of acidity of PTSA-Si

The total active sites (H+) in PTSA-Si were measured using TPD-
NH3 analysis and results are tabularized in Table 4.

In connection to the TPD-NH3 spectrum of PTSA-Si, it was found
that the catalyst offers a bronsted acidity of 1.49 mmol/g at 194.8 °C,
which confirms the presence of acid/super acid sites on the PTSA-Si sur-
face. Ferreira e Santos et al. have prepared a novel ZrO2–SiO2 mixed
oxides and evaluated for the total acidity determination by TPD-NH3
analysis. From the TPD-NH3 spectrum of ZrO2–SiO2 mixed oxides, they
observed that the catalyst offers an acidity of 476 mmol/g, which af-
firmed the existence of acid/super acid sites on the sulfonated materials
[38]. The TPD-NH3 spectrum of PTSA-Si is demonstrated in Fig. S3.

3.10. FT-IR analysis of CO

The FT-IR spectrum of castor oil (CO) is accustomed with the pres-
ence of characteristics bands at 2926.01 cm−1 (CH3 stretching),
2852.72 cm−1 (CH2 stretching), 2029.11 cm−1 (C C stretching),
1743.65 cm−1 (C O stretching), 1462.04 cm−1 (CH bending),
1163.08 cm−1 and 1095.57 (C–O stretching) and 725.23 cm−1 (CH
rocking) respectively. The FT-IR spectrum of CO is illustrated in Fig. S4
(a).

3.11. FT-IR analysis of CB

The FT-IR spectrum of castor biodiesel (CB) is accustomed with the
presence of an essential bands at 2926.01 cm−1 (CH3 stretching),

Fig. 11. BET profile of PTSA-Si.

Table 4
Physico-chemical properties of PTSA-Si.
Sr.
No.

Catalyst Temperature at maximum
(°C)

Acidity) (mmol/
g)

Volume (mL/g
STP)

1. PTSA-Si 194.8 1.49 6.94

2854.65 cm−1 (CH2 stretching), 2046.47 cm−1 (C C stretching),
1737.86 cm−1 (C O stretching), 1460.11 and 1436.97 cm−1 (CH
bending), 1195.87, 1172.72 cm−1 and 1012.63 cm−1 (C–O stretching)
and 725.23 cm−1 (CH rocking) respectively. The FT-IR spectrum of CB
is illustrated in Fig. S4 (b).

3.12. 1H NMR analysis CO

The proton nuclear magnetic resonance (1H NMR) is a spectroscopic
technique generally used for structural determination of organic mole-
cules. The structure of castor oil was accustomed by an essential peaks
at 5.33–5.40 ppm (unsaturated olefinic –CH CH- protons),
4.24–4.39 ppm (CH–CH2 protons), 4.11 ppm (O–CH2 protons),
3.35–3.39 ppm (-OH protons), 2.50 ppm (α-CH2 protons),
2.23–2.28 ppm (β-CH2 protons) and 2.02–2.09 ppm (CH3 protons) re-
spectively. The 1H NMR spectrum of CO is illustrated in Fig. S5 (a).

3.13. 1H NMR analysis CB

The structure of castor biodiesel was accustomed by the presence of
an essential peaks at 7.28 ppm (CDCl3 solvent), 5.28–5.50 ppm (unsat-
urated olefinic –CH CH- protons), 4.81–4.84 ppm (CH–CH2 protons),
3.54–3.60 ppm (CH3O-methoxy protons), 2.22–2.26 ppm (α-CH2 pro-
tons) and 2.14–2.21 ppm (β-CH2 protons) respectively. The 1H NMR
spectrum of CB is illustrated in Fig. S5 (b).

3.14. 13C NMR analysis of CO

The structure of castor oil was also accustomed by the presence of
an essential peaks at 171.98–172.31 ppm (C O carbons),
126.58–130.26 ppm (olefinic carbons), 69.72 ppm (CH–O carbons),
68.69 ppm (CH2–O carbons), 61.73 ppm (CH3 carbon),
36.45–40.08 ppm (DMSO solvent) and 28.39–36.45 ppm (aliphatic car-
bons) respectively. The 13C NMR spectrum of CO is illustrated in Fig. S6
(a).

3.15. 13C NMR analysis of CB

The structure of castor biodiesel is also accustomed by the presence
of an essential peaks at 173.50–176.38 ppm (C O carbons),
124.27–132.90 ppm (olefinic carbons), 76.82–77.45 ppm (CDCl3-
solvent), 63.28–73.62 ppm (CH–O carbons), 51.37 ppm (O–CH3 car-
bon) and 27.31–36.78 ppm (aliphatic carbons) respectively. The 13C
NMR spectrum of synthesized CB is illustrated in Fig. S6 (b).

3.16. Comparison of catalytic exertion of PTSA-Si

The resemblance of catalytic activity of any catalyst is of significant
important in order to ensure the activity of synthesized catalysts with
existing literature [36]. Further, it also helps to design an economical
viable production process. Table 5 represents the resemblance of cat-
alytic activity of PTSA-Si with outcomes of existing literature for the
equivalent class of heterogeneous bronsted acid catalysts examined for
biodiesel production through castor oil transesterification.

From Table 5 it was ascertained that PTSA-Si offers noteworthy cat-
alytic execution for the transesterification of castor oil as a means of
biodiesel synthesis. In current investigation, the suggested fundamental
reaction parameters found for the maximum biodiesel yield (%) are;
65 °C reaction temperature, 1:11 O:M molar ratio, 5% (w/w) PTSA-Si
and 10 h reaction span, for 98.56% biodiesel conversion. It was also
been established from Table 5, the outcomes of the current investiga-
tion are conveniently corresponding to the outcomes of existing litera-
ture for the identical class of heterogeneous bronsted catalysts, where
analogously rigorous reaction conditions were demanded [42,45–48].
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Table 5
Comparison of catalytic activity of PTSA-Si with reported results (Feedstock: Castor oil).
Sr. No Catalyst Reaction Conditions Biodiesel yield (%) Ref. Sr. No Catalyst Reaction Conditions

Reaction Temp. (°C) Catalyst % (w/w) O:M molar ratio Reaction time (h)

1. PTSA-Si 65 5.0 1:11 10 98.56 Present study
2. Iron (II) doped zinc oxide nanocatalyst 55 14 1:12 50 min. 91.0 [40]
3. Sulphonated phenyl silane montmorillonite 60 5.0 1:12 300 min. 89.8 [41]
4. Super acidic sulfonated modified mica catalyst 60 6.0 1:12 300 min. 90.0 [42]
5. Supported polyaniline-sulphate 55 4.3 1:29 10 78.0 [43]
6. Tin (IV) complexes 150 1.0 1:4 4.0 61.0 [44]
7. Solid supported acidic salt catalyst 70 5.0 1:40 5.0 95.0 [45]
8. sulfated titania 120 1.0 1:6 1.0 25.0 [46]
9. Iron nanocatalyst 65 1.0 1:9 150 min. 85.0 [47]
10. Sulfonated activated-carbons 65 5.0 1:12 60 min 94.0 [48]

3.17. Moisture absorption sensitivity of PTSA-Si

The synthesized PTSA-Si was also evaluated for their moisture ab-
sorption sensitivity. Therefore, herein, the prescribed quantity of PTSA-
Si was transferred in a glass bottle which kept in stabile wetness at
room temperature for certain days with a view to permit the moisture
absorption on the PTSA-Si catalyst. The PTSA-Si catalyst was weighed
at regular slot of times. The moisture absorption rate (W%) of the PTSA-
Si catalyst was determined through following formula (iii).

(3)

Where, Δm belongs to the increased weight and m0 belongs to the
initial weight of the PTSA-Si sample. The impact of moisture exposure
time (h) on the moisture absorption rate of PTSA-Si is illustrated in Fig.
S7.

From Fig. S7, it was examined that, the moisture absorption profile
is continuously increasing alongside increasing in the moisture revela-
tion span (h) up to 90 h. However, beyond 90 h of moisture exposure
time (h), the PTSA-Si doesn't display any noteworthy intensification in
its weight. It is almost saturated by the atmospheric moisture. The p-
toluene sulfonic acid (PTSA) surface present a one hydroxyl (-OH)
groups in conjunction to one sulfonic (-SO3H) acid group in their frame-
work. Therefore, due to polar composition of PTSA-Si, it holds a ten-
dency to freely consume the moisture against steady humidity atmos-
phere.

3.18. Influence of repetitive runs of PTSA-Si on castor biodiesel (%) yield

The production expense of biodiesel itself decides their accessible
and large scale commercialization [36]. The catalyst reusability is a
considerable feature for the measurement of an economical viability of
the production process. Therefore, with an intention to cut down an
economical expense of biodiesel production, the PTSA-Si was evaluated
for their possible recyclability in the castor oil transesterification. Ac-
cordingly, in present work, after each successful cycle, the PTSA-Si was
detached out from the reaction batch by means of vacuum separation
and mediated with few quantity of methylene dichloride with a view to
expel impurities like, unused castor oil, glycerol and unused alcohol.
Before the repetitive use, the purified PTSA-Si was putted up in an air
dryer at 100 °C for 24 h with a view to remove volatile solvent and re-
generation of active centres (H+) on the toluene surface. It was ob-
served through execution of castor oil transesterification, the PTSA-Si
could have a significant potential to recycle four times left out charac-
teristic desertion of catalytic performance. This reusability might be
due to the stability of PTSA-Si and the strong attachment of sulfonic
acid group (-SO3H) with toluene. Nonetheless, the minor reduction in
the (%) yield of castor biodiesel has been noticed during the repetitive
cycles of PTSA-Si. An extraction of active site (H+) or physicochemical
change of PTSA-Si framework at 65 °C temperature could responsible

for the deactivation of PTSA-Si. The toluene sustains its structure over
the castor oil transesterification without any severe change. The virgin
PTSA-Si could displays optimum conversion of castor oil to biodiesel
equal to 98.56%. While, it's first, second, third and fourth repetitive run
could displays optimum transformations of oil to biodiesel up to
94.25%, 90.26%, 86.28% and 81.20% subsequently. Liu et al. (2008)
have synthesized sulfonated ordered mesoporous carbon (OMC-SO3H)
and examined for biodiesel synthesis through esterification of oleic
acid. From the reusability study of the OMC-SO3H catalyst, they con-
cluded that the OMC-SO3H catalyst can be reusable for four successful
times without noticeable loss of catalytic exertion. They also concluded
that the reusability is due to the thermal stability of OMC-SO3H and the
strong coupling of sulfonic acid group with carbon [49]. An impact of
PTSA-Si runs on the biodiesel (%) yield is exemplified in Fig. 12.

3.19. Assessment of fuel properties of castor biodiesel

The castor oil plant grows in a hot and humid environment; it has a
growing season of 4–5 months. The castor oil is a colourless to very pale
yellow viscous liquid with moderate or no odour or taste. Castor oil of-
fers a very lower pour and cloud points which make castor biodiesel a
good alternative in winter season [50]. The physico-chemical proper-
ties of biodiesel can diversify considerably from one raw material to an-
other owing to its somewhat high molecular mass than conventional
diesel. The considerable fuel standard systems like ASTM, AOCS, IS,
JIS, BS and EU are fruitful for the correlation of the physico-chemical
properties of biodiesel produced from diversified oils. The physico-
chemical properties are useful for any fuel to determine their engine
performance, emission, storage and transportations conditions. The fuel

Fig. 12. Impact of PTSA-Si runs time on the (%) yield of biodiesel ((i) 1:11 oil to
methanol molar ratio, (ii) 5% PTSA-Si catalyst (w/w), (iii) 65 °C reaction tem-
perature and (iv) 10 h reaction time).

9



CO
RR

EC
TE

D
PR

OO
F

M.L. Savaliya et al. Chemistry of Inorganic Materials xxx (xxxx) 100005

properties of castor biodiesel with contrast to ASTM standards have
been tabularized in Table 6.

The cetane number was measured on cetane analyser (AFIDA 2805).
The density of castor biodiesel was measured by hydrometer mecha-
nism. The acid and iodine values have been measured by titration meth-
ods. The specific gravity of biodiesel has been calculated using specific
gravity bottles. Flash and fire points were predicted by closed cup tester
(ADITYA-SUNBIM). The refractive index has been measure by refrac-
tometer (Anton parr, abbemat 300). The cloud and pour points have
been determined on cloud and pour point analyzer (ALANready, CPP
5Gs). The calorific value of castor biodiesel has been determined
through oxygen bomb calorimeter (Parr 6400 calorimeter). The kine-
matic viscosity and viscosity were measured on viscometer (Aditya 01).
From Tables 6 and it was recognized that all physico-chemical proper-
ties of castor biodiesel are according to the test restrictions, which are
established by ASTM standards.

3.20. Industrial aspect of the process

An economical viability is very necessary with a view to explore
preparation of biodiesel at commercial spectrum [36,51]. When small-
scale manufacturers embark on survey of the finances of biodiesel pro-
duction, they frequently discover it complex to acquire oil at a lower
cost for cost-effective production. The oil is the potential contributor to
the cost (more than 80%) of biodiesel manufacturing [36,51]. Fresh oil
obtained from an oilseed manufacturer tends to be the chief quality,
most consistent and easily available. However, it also is expected to be
a very costly resource of vegetable oil. The biodiesel reaction absorbs
11% methanol (% w/w) in the transesterification process. Nonetheless,
most manufacturers utilize between 18 and 22% methanol to certify a
more complete conversion and make use of all quantity of oil during re-
action. Small-scale biodiesel production economics can vary consider-
ably depending on specific manufacturer's selection of oil source, ma-
chinery, merchandise and the expense of manpower. However, several
fundamental controversies affect all small-scale manufacturers. Thus,
Present work will deals with the usage of non-edible castor oil as an oil
source for biodiesel preparation, because of non-edibility, the castor oil
is cheap and readily available in the oil market. In addition, reusability
of PTSA-Si will be taken in to the account, as heterogeneous class of cat-
alyst. The preparation cost for PTSA-Si would not involve large cost
with a view to only single step sulfonation is carried out for its prepara-
tion. Therefore, this process would offers an economical biodiesel man-
ufacturing using milder reaction parameters.

Table 6
Fuel properties of castor biodiesel in contrast to ASTM standards.
Entry
No.

Properties Biodiesel ASTM
Limits

Standard method

1. Density (40 °C) kg/m3 872 860–900 EN14214-2008
2. Flash point (°C) 168 >130 ASTM D92
3. Kinematic viscosity at 40 °C

(mm2/s)
6.12 1.9-6.0 ASTM D 6751-

12
4. Cetane index 49.85 52.0 ASTM D 976
5. Cloud point (°C) −3.4 −15 to 5 ASTM D 2500
6. Net calorific value (MJ/kg) 40.20 – IS 1448 P 33

1991
7. Fire point (°C) 175 >140 ASTM D94
8. Specific gravity 0.87 0.860–

0.900
ASTM D 4052

9. Acid value (mgKOH/g) 0.64 0.8 ASTM D 6751-
09

10 Iodine value (g I2/100 g oil) 83.24 120 EN14214-2008
11. Pour point (°C) −19 −15 ASTM D97
12. Refractive index 1.45 – ASTM D 960-79

4. Conclusion

In current investigation, a promising four time reusable PTSA-Si is
freshly prepared and investigated for transesterification of castor oil re-
garding biodiesel production. It has been manifested against the reac-
tion outcomes; the better relevant reaction parameters for biodiesel
synthesis as a means of transesterification of castor oil are; 5% PTSA-Si
(w/w), 65 °C reaction temperature, 1:11 O:M molar ratio and 10 h reac-
tion time for 98.56% biodiesel yield. In view of synchronously conduc-
tion of an esterification and transesterification by PTSA-Si catalyst,
thus, it is not significant to segregate FFAs from castor oil and therefore,
it yields economical biodiesel with appreciated conversion.
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