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Abstract: The embedded immobilized enzymes (Rhizopus-oryzae) on the magnetic nanoparticles
(Fe304-NDPs) is a new application for the sustainable production of high-quality biodiesel. In this
study, biodiesel is derived from Kapok oil via ultrasonication (US)-assisted catalytic transesterification
method. A novel attempt is made to prepare magnetic nanoparticles embedded by an immobilized
enzyme to solve the problem of enzyme denaturation. This innovative method resulted in optimum
biodiesel conversion of 89 £ 1.17% under reactant molar ratio (methanol: oil) of 6:1, catalyst loading
10 wt% with a reaction time of 4 h at 60 °C. The kinetic and thermal study reveals that conversion of
Kapok oil to biodiesel follows a pseudo first-order reaction kinetic with a lower AE of 30.79 k] mol .
The AH was found to be 28.06 k] mol~! with a corresponding AS of —237.12 ] mol~! K~! for Fatty
Acid Methyl Ester formation. The AG was calculated to be from 102.28 to 109.40 kJ mol~! for
temperature from 313 K to 343 K. The positive value of AH and AG is an indication of endothermic
and non-spontaneous reaction. A negative AS indicates the reactant in the transition state possesses a
higher degree of ordered geometry than in its ground state. The immobilized catalysts provided great
advantages towards product separation and efficient biodiesel production. Highlights: 1. Effective
catalytic transesterification assisted by the ultrasonication method was used for bi-odiesel production.
2. Magnetite nanoparticles synthesized by the co-precipitation method were used as heteroge-neous
catalysts. 3. An immobilized enzyme (Rhizopus-oryzae) was embedded in the heterogeneous catalyst,
as it is reusable and cost-effective. 4. The maximum biodiesel yield obtained from Kapok oil was
93 + 1.04% by catalytic trans-esterification reactions.

Keywords: Kapok oil; transesterification; biodiesel; immobilized magnetite catalysts; kinetic and
thermodynamic analysis

1. Introduction

The economically significant production of carbon-neutral biodiesel from non-edible
oilseeds has attracted attention as the ultimate alternative to depleting resources of petro-
diesel [1]. The economic yet sustainable production of biodiesel from non-edible oilseeds as
feedstock has caught the attention as a promising alternative to conventional diesel due to
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its renewable and environmentally friendly nature [2,3]. In the wake of the issues concern-
ing the increased demand for edible vegetable oil, environmentalists are concerned about a
negative impact on the food chain due to biodiesel production. Consequently, researchers
have focused on non-agro based feedstock that is abundant such as Mahua, Jojoba, Jatropha
and microalgae as a major source to derive biodiesel [3-6]. Unlike edible oil seeds that
provide tough completion to using the land for production as the feedstock of biodiesel,
these non-edible oil plants grow in wastelands, which further aids as green cover to the
wastelands [7]. Besides, the decentralized nature of such a renewable energy technology
makes it well suited to the rural context [4,8]. In this regard, Ceiba pentandra, a non-edible
oilseed locally known as kapok, can be used as raw material for producing biodiesel of
high quality. It is mainly composed of cellulose, lignin, polysaccharide, and a small amount
of waxy coating to give it more hydrophobic characteristics [5]. In addition, the kapok
seed oil is relatively cheaper than other feedstocks and has good oxidation stability with
a saturated fatty acid of 71.95%, which is higher than that of coconut oil [6,8]. However,
the application and natural production of this non-edible oilseed remain underutilized.
The most common process to synthesize biodiesel also known as Fatty Acid Methyl Ester
(FAME), is by transesterification in presence of an alkaline, acidic, or enzymatic catalyst.
A previous study reported that kapok oil-derived biodiesel via transesterification had
properties that complied with the ASTM standard [5]. Over the past several years, a new
technology called enzyme-catalyzed transesterification assisted by ultrasonication has been
utilized to optimize the yield of biodiesel. The major advantage of ultrasonication is the
capability to remove the mass transfer limitation in the transesterification reaction [9], and
ultrasonication in the emulsification of the immiscible liquids reactants during biodiesel
production leads to the generation of microturbulence by a radial motion of cavitation
bubbles that affects the surface of the catalysts and generates a new active surface of the
catalysts. Hence, it is more suitable for producing biodiesel than magnetic or mechanically
stirring [10-13].

Furthermore, enzymatic transesterification using ultrasonication demonstrated not
only enhancement in catalytic activity but also stability of the enzyme. Besides, enhancing
the longevity of enzyme biocatalysts with optimized reaction time, reaction temperature,
and less power consumption make the process profitable [12,14-16]. From jatropha oilseed
using Al,O3/CH30OH, the conversion achieved was 84% with methanol /oil mole ratio
of 12:1, reaction time 4 h, and 6 wt% catalysts under 70 °C [17]. Cooking oil with the
immobilized enzyme (Novozym 435) under ultrasound irradiation achieved the FAME
conversion of 86.6% at 4 h [18]. Ethanol to soybean oil with a molar ratio of 3:1 at 70 °C
using 20 wt% of Novazym 435 was reported to achieve 88% FAME production after 240 min.
Ethanol to macauba oil molar ratio 9:1 at 65 °C with 20 wt% loading of Novazym 435 to
70% conversion of Macauba oil was obtained after 90 min [19]. Kumar et al. (2018) reported
biodiesel production employing ultrasound-assisted transesterification using Na/SiO,
as a catalyst. The ultrasonic irradiation of 50% amplitude at 0.7 cycle/second boosted
the rate of reaction with a biodiesel yield of more than 98% [20]. Also, the reaction time
was reduced to 90 s in comparison to a conventional processing time of 6 h. Overall, the
process provided simplicity in handling as the low-cost instruments were able to produce
high yields with catalyst regeneration. Although enzyme-based reactions consume less
energy, are more environmentally friendly, and do not promote side reactions, they are
expensive and their regeneration from the reaction mixture is difficult [21,22]. Therefore,
an enzyme-catalyzed process alone is not an economical process at the industrial level,
and immobilized-lipases-mediated transesterification seems to be a favorable option in
the future. Lipase in its free form is difficult to reuse and comparatively costly to the
alkali catalyst [23,24]. On the other hand, an immobilized lipase is reusable and flexible to
various engineering designs. Studies were conducted on the effect of two lipases in their
immobilized forms at 40 °C and methanol to oil ratio (6:1). The conversion was dependent
on the type of lipase species [25,26].
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Embedding immobilized enzyme on the magnetic nanoparticles is a bio-nanocatalyst
and a new application for the production of biodiesel from different feedstocks. Previ-
ous studies report the use of silica, iron, polymeric nanoparticles for lipase immobiliza-
tion [27-29]. However, nanoscale magnetite (Fe304) has an edge over the others when
used as support for enzyme immobilization since it favors the separation of immobilized
enzymes and enhanced stability with good binding efficiency, large surface area, low mass
transfer resistance and less fouling. In addition, it demonstrates super-paramagnetic proper-
ties with good biocompatibility [30]. To the best of our knowledge, the production of kapok
oil-derived biodiesel with catalyst has not been reported yet. In this paper, we discuss
the outcomes of experiments to achieve maximum extraction of kapok oil-based biodiesel
and magnetite nanoparticles as the catalysts synthesized by the co-precipitation method to
initiate the esterification reaction under the influence of ultrasound irradiation by the immo-
bilized enzyme (Rhizopus-oryzae) for making biodiesel. The fuel properties were determined
by ASTM D6751 standard methods [5]. The compositional analysis of synthesized biodiesel
was characterized by their hydrocarbon group using Gas Chromatography-Mass Spec-
trometry analysis (GC-MS). To confirm the presence of the volatile functional compounds,
Fourier Transform Infrared Spectroscopy analysis (FTIR) was used. Besides, real-time moni-
toring of the course of the transesterification reaction with the corresponding chemical shift
of hydroxylic protons of glycerol in the ester-rich phase and methanol was carried out using
Proton Nuclear Magnetic Resonance ('H NMR). Furthermore, kinetics and thermodynamic
aspects of the production of Kapok oil-derived biodiesel with catalyst were also reported
in this study.

2. Experimental Setup
2.1. Materials

Kapok seeds were obtained from Guwahati, India, and Rhyzopus-oryzae enzyme was
obtained from the Institute of Microbial Technology, Chandigarh, India. Methanol, sodium
hydroxide, iron chloride, potassium iodide, ammonia solution, glycerol and methanol were
procured from Sigma-Aldrich Co., Ltd. (Burlington, MA, USA). All chemicals used are of
analytical grade.

2.2. Procedure for Synthesis of Magnetite Nanoparticles

A 12.97% (w/v) iron (III) salt aqueous solution was prepared by anhydrous ferric
chloride (FeCls) dissolved in distilled water and 13.17% (w/v) of potassium iodide (KI),
also dissolved in distilled water to prepare an aqueous solution of potassium iodide.
Further, the prepared potassium iodide solution was mixed with iron (III) salt solution
in a 3:1 ratio at ambient temperature. Continuous stirring was applied for an hour to
achieve equilibrium. After that, filtration of precipitated iodine was carried out, followed
by distilled water wash and drying at 100 °C and finally weighed. The yield was 86.6%. The
whole volume of the filtration was hydrolyzed using ammonia (NHj3) solution (25%). Drop-
wise addition of solution was carried out with constant stirring until the black magnetite
(pH 10) precipitated completely. The magnetite nanoparticles that were obtained were
filtered, and this was followed by washing with distilled water and drying at 250 °C. It was
then weighed to achieve a yield of iron salts of 99% [29,31].

2.3. Immobilization of Rhizopus-Oryzae Enzyme on Iron Nanoparticles

Magnetite nanoparticles were dispersed in 99.9% ethanol solution and then decanted
by the magnetic device. Immobilization of lipase was then accomplished by using a 1 mL
carrier, 1 mg of Rhizopus-oryzae enzyme, 2.5 mg of decanted magnetite nanoparticles, and
buffered by 0.5 mL phosphate salt (pH 6.5). The mixture was incubated at 4 °C for 12 h at
30 rpm. Thereafter, the mixture was kept for stirring at 5000 rpm for 5 min to remove the
insoluble part from the mixture. It was then washed with buffer to get rid of the unbound
proteins. Bradford’s technique was utilized to determine the concentration of proteins in
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the solution. Finally, an immobilized catalyst (lipase-MNPs) was stored at 4 °C for further
application [32,33].

2.4. Oil Extraction from the Kapok Oilseeds

The seeds are dried in sunlight for two to three days to remove moisture. After that,
the seeds are crushed, oven-dried at a temperature of 105 °C to eliminate any traces of
moisture [34]. Thereafter, the dried kapok seeds are weighed to 10 grams and positioned
on a thimble, which was placed into the Soxhlet apparatus. Petroleum benzene is used as a
solvent in this experiment with a solvent to seed ratio of 17.5% (v/w). It is then poured into
a three-necked round bottom flask connected with the extractor and joined by a condenser
on top to avoid any solvent losses. A temperature controller heater is used to maintain the
temperature in the apparatus. A thermometer is inserted in one of the necks of the flask to
measure the temperature, and 8 hours later, the process is stopped. The oil trapped in the
solvent is then separated using a rotary evaporator under vacuum pressure at 65 °C. This
extracted oil after evaporation is found to be 2.3 g by mass, while the yield of kapok oil
according to Equation (1) is calculated to be 23%.

Mass of extracted oil
Mass of seed fed

Yield (%) = %100 )

2.5. Physiochemical Properties of Kapok Oil

Physiochemical properties are performed to analyze the quality of the feedstock and
are presented in Table 1. In this experiment, 2 g of kapok oil has been taken in a conical
flask with 20 mL of neutralized alcohol solution and then kept for mixing using a magnetic
stirrer. The mixed solution was heated for 10 min followed by the addition of a few drops
of phenolphthalein indicator. The mixed solution is then put for titration against potassium
hydroxide solution (0.1 N) with a KOH volume of 6.621 mL. The appearance of a pink color
indicated the endpoint, then calculated the acid value and Free fatty acid (FFA) content.
On the other hand, 1 g of kapok oil was poured into a tared beaker. It was then dissolved
in 3 mL of ethanol. To the mixture, 25 mL, KOH of strength 0.5 N was added and stirred
well before being attached to the reflux condenser. An additional reflux condenser was
considered for the blank sample with the rest of the reagents present, excluding the fat.
These two flasks were kept for heating in a boiling water bath for half an hour and were
allowed to cool down, slowing to ambient temperature. A few drops of phenolphthalein
indicator were added to the flasks preceding the titration with KOH (0.5 N) until the pink
color disappeared to white color. The endpoint was found to be 25.25 mL for the blank
sample and 18.59 mL for the test sample. Saponification value is equal to mg of KOH
consumed by 1 gm fat.

Table 1. Physiochemical properties of Kapok oil.

Oil extraction yield 23%

Acid value 18.541 mg KOH/ g oil
Free fatty acid 9.317%

Saponification Value 186.813 mg KOH /g Fat
Specific gravity (at 20 °C) 0.850

pH 5.0

Kinematic viscosity (at 30 °C) 40 ¢St

The saponification value was calculated using Equation (2).

(B—T ) x28.05
Weight of fat

Saponification Value =

@

where B = blank volume (mL) of KOH consumed per gram of fat, T = tested volume (mL)
of KOH consumed per gram of fat [5].
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2.6. Catalytic Transesterification Assisted by Ultrasonication

The biodiesel formation reaction in presence of catalyst was performed using an
ultrasound bath. The bath consists of a turbine impeller with six blades, an immersed
glassy reactor 45 mm in inner diameter with a capacity of 0.05 liters maintained at three
inches height from its bottom surface, and a transducer (25 kHz). The ultrasonic bath
is operated at its highest delivery value with 15% duty, switching on and off-cycle after
15 min. The reactor containing methanol and oil in a 6:1 ratio was stirred at 100 rpm for
a reaction time of 4 h at an optimum temperature of 60 °C with 10% catalysts loading.
The product of the reaction is FAME with glycerol as a byproduct of some unconverted
methanol and catalysts. These are then moved into a rotary evaporator flask to recover
unconverted methanol as well as the immobilized catalyst [8,14].

3. Results and Discussion
3.1. Textural Characterization

The crystalline nature of magnetite samples was investigated by the XRD technique as
per procedure [35], presented in Figure 1a. The results showed that the sample has peaks at
26 of 30.36°, 35.74°, 43.52°, 53.95°, 57.34° and 63.0°, indicating their spinel phase structures
are in good agreement with the XRD standards for magnetite nanoparticles. The average
size of particles was estimated by the Debye-Scherrer Equation, as in Equation (3) [35].

(kx A)

d= (B xcos0)

®G)
where d represents the particle size, 6 represents Bragg diffraction angle, k is Sherrer
constant (0.9), A is the wavelength of X-ray (0.15406 nm) and f3 represents the width of the
XRD peak at half maxima. The average crystallite sizes of the magnetic Fe3O4-NPs are
in the range of 17-25 nm. FTIR spectroscopy was used to identify the functional groups
of the active components based on the peak value in the region of infrared radiation [36].
The iron oxide nanoparticles (Fe3O4-NPs) were prepared by the co-precipitation method
and centrifuged for 2 min to isolate the Fe3O4-NPs from the compounds present in the
solution. The FTIR spectrum of the as-synthesized magnetite (shown in Figure 1b) exhibited
characteristic bands at 573 cm ! of magnetite, and the occurrence of a strong absorption
peak at 590 cm ™! is ascribed to the Fe-O bond of Fe;04 [35].

3.2. Temperature and Reaction Time Affecting the Yield of Biodiesel

Ultrasonic cavitation provides the necessary activation energy to increase the rate of
reaction since ultrasonic cavitation enhances the mixing [37]. From Figure 2a, the conversion
of biodiesel gradually increased from 53.2 & 1.03% to 88.2 &+ 0.58% with increased reaction
time from 1 to 4 h at a constant temperature of 60 °C under a reactant molar ratio (methanol
to Kapok oil) of 6:1, catalyst loading of 10 wt% and stirring at 100 rpm was observed, and
the rate of conversion quickly reached 88.2 & 0.58% during the first 4 h and the conversion
of 88.54 & 1.13% was detected after 4 h. The reason for the conversion rate being constant
after 4 h is due to the buildup of the product on the active sites resulting in less availability
of active surface area for the reaction and the reversible nature of the transesterification
reaction. On the other hand, as depicted in Figure 2b, on increasing the temperature of the
transesterification reaction from 40 °C to 70 °C, with other parameters remaining constant,
the conversion was gradually increased from 28.1 £ 1.13% to 92.4 &+ 0.91%, and the highest
conversion of 92.4 £ 0.91% was observed at a reaction temperature of 70 °C and a4 h
reaction time. At a constant reaction temperature of 60 °C, for varying reaction times
of 1 h, 2 h, 3 h and 4 h, respectively, the conversions were observed to be 51.2 & 0.83%,
68.1 £ 0.99%, 75.4 £+ 0.97%, and 88.6 & 1.06%, and there are no more changes in the
conversion of biodiesel after 4 h of the reaction time as the available surface area of the
catalyst decreased and the process reached steady-state. The results can be explained as
the lower viscosity of the reaction mixture at elevated temperatures increases cavitation,
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leading to enhancement in the mass transfer rate and biodiesel production. In addition,
there was a decrease in the activity of the catalyst at elevated temperatures due to the
thermal denaturation of the catalyst. Therefore, taking into consideration both the aspect
of temperature and reaction time, the optimum temperature was found to be 60 °C in

this study with a conversion of 88.6 £ 1.06% biodiesel. Similar work has been reported in
Table 2.
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Figure 1. Haracterizations of magnetite (a) XRD pattern of the magnetite; (b) FTIR spectrum of
the magnetite.
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Figure 2. The yield of biodiesel (a) Effect of reaction time at temperature 60 °C; (b) Effect of tempera-
ture 40 °C to 70 °C, respectively.

Table 2. Production of biodiesel using ultrasound-assisted biocatalyst transesterification by different

feedstocks.
Feedstock Bio-Catalyst Alcohol/Oil Reaction Condition Yield Ref.
Waste cottonseed oil Immg?}i]liizchﬁgzopus Eth";‘glo/ ‘215‘?1101“ Tﬁrer;iflfﬂfﬁfsf ' 98.7% [38]
o Frequency: 20 kI;IZ
Wastocookingol  "mmoblied ensyme - Dimethylaarborate/ gt T B661% 51

Frequency: 25 kHz
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Table 2. Cont.

Feedstock Bio-Catalyst Alcohol/Oil Reaction Condition Yield Ref.
Immobilized Candida Methanol/ fat molar Temperature: 50 °C,
Waste tallow antarctica lipase B ratio:81 Reaction time: 20 min 85.6 £ 0.08% [39]
(CALB) o Frequency: 20 kHz
T. lanuginose lipase
immobilized on . . .
Canola oil mesoporous sil- Methan(.)l(ml molar Reaction t%me. 6h 83.77% [40]
ica/superparamagnetic ratio:4.34 Frequency: 40 kHz
iron oxide
Chromobacterium

. viscosum lipase on Methanol/oil molar Reaction time: 30 min o ,

Jatropha curcas oil immobilized ratio:4:1 Frequency: 30 kHz 84.5£0.5% [41]
silica activated
E. aerogenes and

. Rhizopus oryzae3562 Methanol/oil molar Temperature: 55 °C, o )

Jatropha oil lipase immobilized on ratio:4:1 Reaction time: 48 h 9% 421
silica activated

. . PDA-lipase immobilized Methanol/oil molar Temperature: 37 °C, o ,

Cooking oil on Fe;Oy4- ratio:6:1 Reaction time: 30 h 92% [43]
Rhizopus-oryzae lipase . Temperature: 60 °C,
Kapok oil immobilization on Methanol/oil molar Reaction time: 4 h 93 £+ 1.04% This work

magnetic Fe304-NPs

ratio:6:1

Frequency: 25 kHz

3.3. Effect of Catalysts Loading on the Yield of Biodiesel

Due to the high cost of enzymes, it is important to optimize the number of catalysts in
the reaction. The amount of immobilized catalysts used for the reaction is a critical aspect
in deciding the cost of production and the applicability at the industrial scale. To examine
the effect of catalyst loading on the transesterification, the reaction was carried out under
ultrasonic irradiation at different reaction times. The catalyst loading was taken at 5 wt% to
20% (w/w) with constant methanol to oil molar ratio (6:1). The obtained results are depicted
in Figure 3a. When the loading was increased from 5 wt% to 20 wt%, there is an increase in
the yield of biodiesel from 75.4 4= 1.02% to 93 = 1.04% after 4 h. It is noteworthy that since
the reaction involved enzymatic catalysis, where the catalyst and reactants are in a different
phase, the application of ultrasonication in the transesterification reaction played a vital
role in the conversion of biodiesel. In comparison to the conventional method, ultrasonic
cavitation provides better mixing by reducing the required activation for the chemical
reaction to occur thereby increasing the catalyst efficiency. Hence, the catalyst reactivity
is enhanced with the increased availability of surface area to reactants. As a result of this,
optimum conversion was achieved even at a lower catalyst loading of 10%, which is in
good agreement with the previous result [41]. Increasing the catalyst loading to 20% did not
necessarily result in an increment of conversion. On the contrary, a slight decrement from
89 + 1.17% to 85.3 £ 0.98% was observed. Another possible explanation for such behavior
is the aggregation of the catalyst. The kapok oil generally affected the interface of the
catalyst while activation of the catalysts unmasked and restructured the active site through
conformational changes of the enzyme’s molecule. The increased catalyst loading increased
the hydrolysis of the kapok oil, which in turn increased the water molecule on the interface,
which aggregated the catalysts and blocked the available surface area of the catalyst to
reduce the active sites [44]. The excess catalyst concentration has also increased the viscosity
of mixing in the oil-water interface and reduced the limits of mass transfer [45,46], and
therefore, the activity of the catalyst gradually decreased with an increase in the loading.
Therefore, even after 15 wt% of catalyst, loading did not necessarily increase the conversion
of biodiesel significantly. As illustrated in the isopleth in Figure 3b, the optimum yield
region of biodiesel has been established, and the catalyst loading of 10 wt% was found to be
an optimum concentration to minimize the hydrolysis of the methanol to oil and maximize
the activity of the catalyst.
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Figure 3. (a) Effect of catalyst loading on yield of biodiesel at optimum temperature of 60 °C for
varying reaction time; (b) The optimum yield region isopleth diagram.

3.4. Characterizations of Kapok Biodiesel

The GC-MS analysis has been carried out for the kapok biodiesel as per the standard
procedure [47]. The original kapok oil extracted demonstrated the presence of major fatty
acids between C11:0 and C24:0 as undecylic acid, tridecyclic acid, pentadecyclic acid,
ginkgolic acid, myristic acid, oleic acid, margaric acid, gondoic acid, arachidic acid, behenic
acid, tricosanic acid and lignoceric acid [47,48]. Among the resulting fatty acids, short-chain
hydrocarbons between C11:0 and C15:0 hold the major mass fraction composition, and
transesterification leads to a reduction in the content of the FFA value.

The FAME in the Kapok biodiesel was identified through GC-MS in Figure 4 and
tabulated in Table 3. The obtained values in GC-MS were compared with GC-MS library
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data to determine the components in the unknown spectrum. Hydrocarbon grouping is dif-
ferentiated as <C14, C14-C20 and C20-C30 to the retention time of standard hydrocarbons
and molecular carbon chain length. The prepared KOME (Kapok oil methyl ester) contains
(C17H307) 20.44% of the peak area [49,50]. The average molecular weight of FAME in
Kapok biodiesel is 288.387 (gm/gm mole) and was determined by Equation (4).

The average molecular weight of Kapok biodiesel = Zf\il (X; x M;) (4)

where X is the composition of hydrocarbon i and M; is the molecular weight of Hydrocarbon i.
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Figure 4. GC-MS Chromatogram of Kapok biodiesel.

Table 3. Major fatty acids of Kapok oil-derived Biodiesel as per GC-MS analysis.

Retention Time (min) Component Name Molecularweight Composition (%)
4.028 13-Tetradecynoic acid, methyl ester 238 1.283
5.648 13,16-Octadecadiynoic acid, methyl ester 290 10.275
7.115 Nonanoic acid, methyl ester 172 2.209
14.494 Pentadecanoic acid, methyl ester 270 16.984
20.480 7-Hexadecenoic acid, methyl ester 268 20.439
20.78 Docosanoic acid, methyl ester 354 1.607
22.20 Tricosanoic acid, methyl ester 368 3.992
23.90 Tetracosanoic acid, methyl ester 382 15.862
25.66 Pentacosanoic acid, methyl ester 396 1.988
28.26 Hexacosanoic acid, methyl ester 410 1.501

Additionally, the presence of various functional groups of Kapok biodiesel was iden-
tified by FTIR spectrums following standard procedure [47] and depicted in Figure 5 to
confirm the progress of biodiesel formation with the presence of volatile compounds at
varying bending vibrations as alcohols, aldehydes, esters, alkanes, and derivatives of
carboxylic acid. The occurrence of the weak-medium peak at 722 cm~! and 880 cm ™!
showed the presence of aromatic alkyne group -CHj, and benzene derivatives (branched
along with Cl and Br). Esters (RCOOR) are known to be phenomenal components for
biodiesel, contributing to the major stretching areas between 1016 cm ! to 1246 cm~! and
the signal at 1743 cm~! with continuous, broad, strong-medium signal. The peak in the
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region of 1743 cm~! with C=0 group and stretch vibration corresponds to the presence of
the carbonyl group, and peaks at 2925 cm ! and 2854 cm ™! correspond to the presence
of an alkane group with C-H bonding and stretch vibration characteristics. The existence
of carboxylic derivative (C-H) is identified by the inconsistent strong signal obtained at
areas of 2854 cm ! and 2925 cm~!. The medium signals found at 1363 cm ! to 1465 cm ™!
and 3468 cm~! showed the presence of phenols, aldehydes, and alkene groups at a very
minimal level. A peak at 3468 cm~! for the alcohol functional group was recorded with
the O-H group and stretch vibration. Peaks in the region of 1596 cm ! and 1465 cm ™!
indicated fat and aromatic components with C=C group by stretch vibration [47].
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Figure 5. FTIR spectrum of Kapok biodiesel.

Biodiesel of kapok oil was identified with 'H-NMR spectroscopy, which classifies the
presence of hydroxyl functional groups at various places of a carbon chain [51]. "H NMR
spectrum of Kapok oil biodiesel is presented in Figure 6. The presence of alkyl, alkynes,
ethers, alcohols with o-proton shift and esters are observed. The peak appearing between
1.32 ppm to 2.82 ppm confirmed the presence of alkyl and alkyne groups with the «-proton
shift. A peak with medium signals between 3.52 ppm to 3.67 ppm indicates the presence
of ethers and alcohols. However, the occurrence of the peak between 3.84 to 4.18 ppm
ensures the presence of the esters in major composition and 5.36 ppm ensures the presence
of alkenes [48,52].

3.5. Kinetic and Thermodynamic Modeling of the Transesterification Process

The triglycerides of kapok oil are converted to methyl ester on the immobilized mag-
netite catalyst surface, and an excess amount of methanol is used to increase the miscibility
of methanol and produce higher methyl esters. The methanol/oil molar ratio should be
higher than that of the stoichiometric ratio to drive the reaction towards completion to
produce the maximum methyl esters and prevent the backward reaction according to Le
Chateleir’s principle [27,53]. The chemical reactions of triglycerides were split into three
steps: adsorption; surface reaction; and desorption. The surface reaction is considered as
the rate-determining step of transesterification reaction, which involves the breaking and
formation of bonds during the chemical reaction to generate methyl ester with the help
of a catalyst during the reaction, and the three consecutive reversible reactions (5a) [12],
adsorption reaction (5b), surface reaction (5c), desorption (5d) and overall reactions (5e)
are illustrated in Table 4. Where [Cpg] and [S] are the overall surface concentration of
the catalyst and vacant site of the catalyst, [Crg]|, [C1c.S], [CsL-S] and [Cpreoy] are the
concentration of triglycerides, adsorbed triglyceride at the active site, adsorbed glycerol on
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the active site and concentration of methanol. K4, Ky,.s and K; are the equilibrium rate
constants of adsorption, desorption, and surface reaction. r,4, r;y and rs are the rates of
adsorption, desorption and surface reaction and 74 is the rate of overall triglycerides
reaction. Here ko and k,p are the forward and backward rate constants of the adsorption
reaction between triglycerides and the catalyst. ks, and ks, are the forward and backward
rate constants of the surface reaction with methanol. k;, and k;, are the forward and

backward rate constants during desorption of the catalyst from glycerol.
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Figure 6. H-NMR spectrum of Kapok biodiesel to analyze the carbon chain.
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Table 4. Catalytic transesterification reactions.

Consecutive Reversible Reactions of Triglyceride

Equation
[ Triglyceride(TG)+MeOH«— Diglycerides(DGL)+Biodiesel (FAME) J :

-‘:: L[ DiglyceridestMeOH<«>Monoglycerides(MGL)+Biodiesel ] _:1' (5a)
Step Reactions Rate Equations Equilibrium Constants
Adsorption reaction Atr,; =0

ito— rad = kar[C1G][S] — kap[CrG.S T 5b
TG magnetite <2;1110cm.‘alyst TGS ad ar[CrG][S] 1177[ 1G-S Ky = Ilc% _ [[gTTGG][SS]] (5b)
Surface reaction Atrs =0,
TG.S + MeOH + GL.S + FAME s = ksr[Cre-S][Cmeon] = ksp[CoL-SI[Crame] K, = ke — [Cor-S)[Criosiese] (5¢)

ksp [Crc-S][Cmeon]
Desorption reaction Atry =0,
GLS +> GL+5S rq = kay[Crc.S] — kdp [CaL][S] Koo = ]]:l _ [Calls] (5d)
dp [Crc.S]

Overall reaction _ _dCr6 _ kCrnliC 3 Rate constant at a constant amount of MeOH Ge)
TG +3MeOH ¢ GL + 3FAME reame = =it = K[Cra][Cumeon] k1 = k[Cumeon]’
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The surface reaction was the slowest process. Thus the rate of adsorption (5a) and des-
orption (5d) can be neglected. Hence overall surface concentration is the sum of the vacant
surface concentration, the concentration of adsorbed triglyceride, and the concentration
of the adsorbed glycerol, as described in Equation (6). From Table 4, the equilibrium rate
constants of adsorption, surface reaction, and desorption are rearranged and substituted in
Equations (6) and surface rate Equation (5c) to obtain Equations (7) and (8) [5,10,54].

[Cos] = [Ccr-S] + [S] + [C16-S] (6)
[S] — [COS} o (7)
(1 + Kags[Cra] + g2
Reactant 1.7 Product with Impurities
......................... ‘\\ fC" Crinns ..‘-'
tksr Kaas- CosCheort [CTG'—"%GLBI—M}’: ”~ ®)
_Paninsssssusssssannsnnnnan ) x4 'KS.C.‘Mf,QH"‘ _(k\l C
Eh [CoL] TN TG
(1 + Kads [CTG] + K ) y
des

In the catalytic transesterification reaction, the rate of adsorption is much less and the

rate of desorption is very high on the catalyst. However both terms K,;s[Cr¢| and %
are considered as zero, and glycerol is immiscible into the mixture of biodiesel-MeOH
due to low solubility ([Cgr] = 0), so the surface reaction is purportedly not favorable to
the reversible side. Therefore during the transesterification reaction, the excess amount
of methanol was used ([Cpeon] > [Crg|), meaning change in concentration of methanol
is negligible, and thus all final rate constants can be set as k; in Equation (8), whereas
ki implies the final rate constant and is equal to the ks;.K;35.Cos. Cameon, indicating a
pseudo-first-order kinetic for the surface reaction and overall reaction. The overall transes-
terification reaction (5e) is listed according to Equation (5a), where three moles of MeOH are
required and k is the rate constant. From the above surface reaction discussion, a pseudo-
first-order kinetic model for the transesterification reaction was assumed in Equation (9)
since the amount of methanol is fixed. From the rate of surface reaction in Equation (8)
to the overall transesterification reaction in Equation (9), the rate of both reactions are
mathematically and theoretically proved as pseudo-first-order kinetic models.

dCrg dCTG t
_ 16 _ 1 :_/ :k/dt 9
TFAME T 1[Crc] 1Crc0 Cro L )

Equation (9) can be integrated with boundary condition time at 0 to t to obtain
Equation (10).
1
o (1 — XpaME) fat (10
where k1 = k[Cpre0 H]3 is the rate constant (h~1) based on the mass balance obtained in
Equation (9) and rpap is the rate of reaction of triglycerides, Cr¢ is the final concentration
of triglycerides at time t, Cro is the initial concentration of triglycerides at time 0, XpamE
represents the conversion of triglyceride at a given time t.

Values of rate constants calculated using Equation (10) for given reaction time and
temperatures from 40 °C to 70 °C by the corresponding regression equations are shown in
Table 5. These temperatures were under the range of liquid and vapor phases of MeOH
in the reaction. When the reaction was conducted above the boiling point of methanol
(65 °C), bubbles were formed in the solution, which increased the evaporation rate. This
rate of evaporation affected the mass transfer on the interface and decreased the mixing
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time between methanol and oil, causing a decrease in the formation of biodiesel above
the boiling point of methanol. However, in Figure 2b, the yield of the biodiesel increased
even at 70 °C as a result of ultrasonication. The ultrasonication provided the energy to
generate the cavitation bubbles and micro-emulsion by mixing methanol/oil to support
the maximum temperature (70 °C) near the interface of the immiscible phase [19].

Table 5. Effect of the temperature vs. time.

Temperature (°C) Regression Equation R? Rate Constant k1 (h—1)
40 y =0.2124x + 0.1006 0.994 0.212
50 y = 0.2459x + 0.2062 0.998 0.246
60 y = 0.4622x + 0.2029 0.953 0.466
70 y = 0.5423x + 0.1965 0.908 0.542

The relation between rate constant and temperature is stated by the Arrhenius
Equation (11) [5].
E:\1
Inky = <_R) T + Inko (11)
where, R, k1, kg and E, are denote the gas constant (8.314 ] mol~! K1), rate constant (h™1),
the pre-exponential factor (h~!), and activation energy (k] mol™!), respectively. From
Equation (11), a linear correlation exists between Ink; and 1/T. Therefore, the Arrhenius
parameters kg and E; are evaluated by regression linear methods, % represents the slope
and In kg is the intercept. An equation Inkyvs 1/T gives a linear regression to prove
the pseudo-first-order kinetic was well fit to the transesterification process. The values
of kg and E, of the transesterification reaction were determined as 27,446.66 h~! and
30.79 k] mol~!. A higher value of rate constant and lower value of activation energy
specifies that the rate of transesterification reaction was fast using an immobilized catalyst.
Very few studies have been dedicated to understanding the kinetics of the transesterification
process via ultrasonic systems with catalysts.The activation energy reported was 33.6-84
kJ mol~! [18,27,55]. In comparison, the activation energy for the reaction in the present
study is lower than the rest as a result of higher mass transfer rates and higher yield of the
biodiesel.
Furthermore, the thermodynamic properties of the transesterification reaction were
determined by the “Eyring-Polanyi” theory, and the reaction rate can be expressed as

Equation (12).
ki, AH\ 1 kp AS
() = (_R)T + {’”W + R} (12)

Then Gibbs’s free energy can be calculated by Equation (13) [55].
AG = (—AS)T+ AH (13)

where k; is the rate constant (s71), at temperature T (K), k;, = Boltzmann constant
(1.38 x 102 J/K), h = Planck’s constant (6.63 x 1073*J. s), AH = enthalpy of activation
(k] mol~1), AS = entropy of activation (J mol~! K™1), AG = Gibbs free energy (kJ mol~1).

The value of the standard enthalpy (AH) and entropy (AS) for the transesterification reac-

tion was determined from the slope and intercept of the Eyring plot (! n(kT1 )Vs. %) as shown

in Figure 7a. The values of the thermodynamic properties of the transesterification reaction
are given in Table 6, indicating the positive value of AH heat input is required to raise the
energy level for the reactant to transform to their transition state from the product [56].
The reaction temperature has a strong influence on the rate of biodiesel production as the
reaction was typically endothermic. The negative value of entropy (AS) indicates that the
degree of ordered alignment of the transition state is better as compared to reactant in the
ground state. In Figure 7b, the positive value of Gibbs free energy (AG) indicates that the re-
action was unspontaneous and endergonic [57]. The immobilized magnetite catalyst-based
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transesterification reaction of Gibbs free energy and enthalpy are comparatively better than
those of the heterogeneous and homogenous catalytic transesterification reaction and only
a few works have been reported in the literature [24,27,55].
15.6 110
® ° 109 ® yad
15.4 T ° : .
y = 3.3754x + 47602 108
~ 15.21 R* =091 107 y=02371x+28.063 rd
2 E e g
. g 1067 y
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Figure 7. (a) The Eyring plot (1/T vs In k/T); (b) A plot of AG vs. T of used catalyst-based transesteri-

fication reaction.

Table 6. Different thermodynamic parameters with calculated values of the transesterification reaction.

Terms Description Value
ko Frequency factor (h~!) 27,446.66
AE Activation Energy (kJ mol~1) 30.79
AH Enthalpy (k] mol ') 28.06
AS Entropy (J mol~!1 K~ 1) —237.12
AG Gibbs free energy (Kmol 1)

313K 102.28
323 K 104.65
333 K 107.02
343 K 109.40

4. Conclusions

In summary, a simple and economical pathway for deriving biodiesel from Kapok
(Ceiba pentandra) oil has been successfully developed with a thorough investigation into its
thermodynamics as well as kinetics. An innovative technique is adopted using magnetic
nanoparticles embedded in immobilized Rhizopus oryzae assisted by ultrasonication to
initiate the transesterification reaction. Employing the co-precipitation method in an
aqueous solution using single iron (III) salt the magnetite nanoparticles were synthesized.
The produced biodiesel has no side products. The use of ultrasonication aided in lowering
the activation energy of the pseudo first-order kinetic reaction to the lowest value ever
reported achieving a conversion of 93 + 1.04% with minimum catalyst loading of 10 wt%
within a short reaction time of 4 h and temperature of 60 °C. Besides, the employment of
iron nanoparticles resulted in higher loading of the immobilized catalyst with the quick
substrate-enzyme complex formation, which also contributed to the higher conversion.
Thus the amalgamation of the bio-nanocatalyst together with ultrasonication demonstrated
manifold advantages for generating a high yield of biodiesel employing an abundant
non-agro based oilseed. The simplicity of the process makes it desirable over conventional
routes to produce biodiesel with huge potential for scale-up from lab to industrial scale in
the future.
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