Scientific Voyage
Vol. 2, No. 2,
Page 1-18 (2021)

Publication

4 '
/‘ Apr. - Jun.

Irradiation Enhanced Synthesis and Characterization of
Biodiesel from Vegetable Oil-A Short Review

E? . | SCIENTIFIC VOYAGE R
\  /1 | A GCECT
L% ISSN: 2395-5546

Sriya Dutta, Sambarna Ghosal and Sampa Chakrabarti *

Department of Chemical Engineering, University of Calcutta, 92 Acharya P.C. Road,
Kolkata 700 009, W.B., India

Abstract: Depletion of petroleum resources continues to be an important global issue.
To overcome this issue, biodiesel is gaining more and more importance as an
alternative, renewable and sustainable fuel. Chemically biodiesel is ester of
monoalkyl fatty acid derived through catalytic transesterification process from mostly
non-edible vegetable oil. The transesterification process is influenced by the mode of
reaction condition, molar ratio of alcohol to oil, type of alcohol, reaction time and
temperature. Transesterification process by conventional heating needs more reaction
time which is dramatically reduced by using suitable irradiation techniques like
ultrasound, microwave or sunlight as heating sources. Other parameters like alcohol-
oil ratio and quantity of catalysts are also influenced by the irradiation. Choice of
catalyst along with the type of irradiation is also a critical parameter. Type and power
of irradiation also influence some of the process parameters. In this paper, available
literature on irradiation-enhanced synthesis of biodiesel with different combination of
oil and catalysts has been reviewed.
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1. Introduction

With the advancement of industrialized civilization, conventional fuels are getting
scarce and costly. Moreover emissions from their combustion pollute the environment.
Alternative and non-polluting fuels are therefore, demand of the day. Hydrogen,
natural gas or biofuels are among such alternative fuels that have high potential for
mass consumption.

Biofuels are organic combustible matter that are derived from biomass; biofuels
can be solid (wood or cow dung cake), liquid (alcohols) or gas (pyrolysis gas). The
advantage of biofuel is that, they recycle carbon dioxide without increasing the net
quantity of the same in the atmosphere, if their consumption is proportionate with
their generation. For internal combustion engines, liquid biofuels can be of two types
—bioalcohols and transformed oils. However, biofuel and biodiesel are not
synonymous- according to a few scientists, biofuels can be of three generations. The
first generation of biofuels includes edible oil used both for alcohol and biodiesel
production, the second generation comprises biofuels and biodiesel derived from non-
edible plant-products and the third generation includes biodiesels produced by the
microalgae.
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According to the American Society for Testing and Materials Standard
biodiesels are defined as ‘monoalkyl esters of long chain fatty acids derived from
renewable lipids such as vegetable oils or animal fats used in ignition engines’ [1].

Due to this similar structure as fossil fuel, biodiesel is accepted as a suitable
substitute and no modification is required for the engine. The major advantages of
biodiesel over the conventional diesel oil are its biodegradability, non-toxicity, low
emission profile, easy availability of raw materials and similar chemical structure.
Biodiesel is used either in the pure form or as a blend with fossil-diesel.

The history of exploring biodiesel is more than 100 years old. Rudolf Diesel
tested the performance of an engine with peanut oil in 1900 in Paris [2]. But due to
the low volatility, high viscosity, high flash point and residue after combustion they
could not be considered as an engine-fuel. Hence modification of vegetable oils were
necessary to make it suitable for injection in the engines were necessary. Trans-
esterification is one such modification [3].

The technology usually employed to produce biodiesel, is transesterification of
the vegetable oil. Many researches have shown that biodiesel production from non-
edible vegetable oil is more economic than edible oil source [4]. Transesterification is
the process of converting a vegetable oil into an ester using an alcohol (e.g. methanol,
ethanol), in presence of a catalyst like sodium hydroxide or potassium hydroxide with
glycerol as a byproduct [5]. In the conventional method, the necessary energy is
provided by heating accompanied by mechanical mixing. It needs much more reaction
time of more than an hour. Higher energy consumption, high equipment cost, usage of
excess amount of alcohol and longer reaction time are the drawbacks of conventional
method. Theoretically, each mole of biodiesel is generated out of 1 mole of alcohol
and 1/3 mole of triglyceride. However, an excess of alcohol is usually added to
increase the yield of biodiesel [6].

This reaction time can be minimized from one hour to five minutes by using
different irradiations as sources of energy [7]. Irradiation energy interacts with the
reactants at a molecular level, thus very efficient and rapid heating can be obtained.
Since the energy is interacting with the molecules at a very fast rate, the molecules do
not have time to relax and heat is generated at short times results speedy completion
of reaction.

2. Oils generally used for biodiesel

It is difficult to get raw material (vegetable oil) for production of biodiesel. If the
mono-unsaturated fatty acid content is high, kinematic viscosity, density and cold
flow properties may improve but properties like cetane number or calorific value may
deteriorate. On the other hand, with increasing chain length, the calorific value and
cetane number increases, but some other properties like oxygen content, kinematic
viscosity, density and cold properties are negatively affected [4].

A few oils used for production of biodiesel are rapeseed, soyabean, coconut, palm
[8], sunflower [9], corn, ricebran [10], castor [11], karanja [12], tobacco seed [13]
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and Jatropa [14]. Sometimes waste cooking oils are also used for synthesis of
biodiesel [15 -- 17].

3. Alcohols used for biodiesel products

The most used alcohol for biodiesel production is methanol; it does not form
azeotropic mixture with water and hence easy to separate after use. Ethanol and
isopropanol may also be used, but ethanol forms an azeotropic mixture with water. A
critical factor is the water content. Water interferes with transesterification reactions
when using alkaline catalyst and can result in poor yields of BD, high levels of soap,
FFA and triglycerides [18].
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Fig. 1: (a) Influence of water content on yield of biodiesel [19]; (b) Influence of
methanol: oil ratio on yield of biodiesel [20]

Alcohol to oil molar ratio is an important parameter in biodiesel production.
As this is a reversible reaction, one can increase the molar ratio of alcohol to obtain
more biodiesel. Also if excess alcohol is added to the oil, more undesirable product
glycerol is produced. Moreover it can dilute the catalyst concentration. Many
researchers have shown that 6:1 alcohol to oil molar ratio leads to maximum
production rate [21].

4. Transesterification mechanism
Synthesis of biodiesel through transesterification reaction refers to a catalytic

chemical reaction involving vegetable oil and alcohol to yield fatty acid alkyl esters
(biodiesel) and glycerol(by product) [22 —26].



Dutta, Ghosal & Chakrabarti

(o]
o] >—R1
R OH
2'/< “ 0—R
o 4+ 3R—OH ——— HO +
o Catalyst OH o
}"Ra

0 O0—R

Triglyceride Alcohol Glycerol Mixture of
alkyl esteres
(FAME)

R, Ry, R3= Hydrocarbon chain ranging from 15 to 21 carbon atoms
Fig. 2: Schematics of overall transesterification reaction [27]

Transesterification is the reaction of an oil or fat with an alcohol to form esters and
glycerol. There are three reaction steps are involved in the transesterification
process of triglycerides [28]. In the first step of reaction, triglyceride molecule
reacts with an alcohol molecule (mainly used methanol) to produce diglyceride and
a fatty acid alkyl ester. Then in the second reaction, diglyceride reacts with alcohol
to form monoglyceride and another molecule of fatty acid ester. In the third
reaction, monoglyceride reacts with alcohol to produce glycerol and a third
molecule of fatty acid ester.

Transesterification is either catalytic (acid or base) or non-catalytic (using
supercritical fluid) [29 — 33].
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Fig. 3: Mechanism of base catalyzed transesterification [34]
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For a base-catalyzed reaction, first a reaction of base with alcohol occurs to
form alkoxide with the protonated catalyst. Then nucleophilic attack takes place at
the carbonyl carbon of triglyceride molecule by alkoxide ion to form a tetrahedral
intermediate. This intermediate is rearranged to give rise to alkyl ester and a
diglyceride anion. Diglyceride anion deprotonates the catalyst to form active
catalyst and diglyceride. Thus diglyceride and monoglyceride are transformed into
alkyl ester (FAME) and glycerol using the same mechanism [35 — 38].

In case of an acid-catalyzed reaction, carbonyl oxygen is protonated by H*
which results in cation formation. Then nucleophilic attack of alcohol occurs to
produce tetrahedral intermediate. This intermediate is rearranged to release an alkyl
ester (FAME) and proton catalyst [39 —41].

For oils having high amount of free fatty acids, a two-step process, using two
types of catalysts, is recommended [42]. First acid catalyst is employed for
esterification of free fatty acid to ester. When free fatty acid level reaches less than
0.5-1%, then base catalyst is employed for transesterification step. But the major
drawback of this process is the requirement of extra separation stages, washing and
catalyst removal in both steps [43, 44].
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Fig. 4: Mechanism of acid catalyzed transesterification [45]

There may also be a few competitive side reactions. If water is present, especially
at a high temperature, it may hydrolyze the triglyceride to diglyceride and free fatty
acid. Another undesired side reaction is production of soap by the reaction of free
fatty acid and alkaline catalyst [46].

5. Catalysts used for synthesis of biodiesel

The catalysts in the conventional transesterification reaction may be homogeneous
or heterogencous. The most common homogenecous catalysts are alkaline sodium
hydroxide and potassium hydroxide. Acids may also be used as catalysts for oils with
high fatty acids, but the rate of reaction is too low for industrial production and acids
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also need a neutralization after the reaction is over [47]. Alkaline catalysts are less
corrosive than acids and gives faster reaction rate. Another drawback of acid
catalyzed process is catalyst separation after the reaction is over. So alkaline catalyzed
transesterification is more preferred than acid catalyzed processes [48].

Among the heterogeneous catalysts, alkaline earth oxides, alkali doped materials,
transition metal oxides, hydrotalcites, mesoporous silicas, hetero-polyacids, acidic
polymers and resins, waste carbon-derived solid acids or miscellaneous solid acids are
included. Transition metal oxides like TiO2 or ZnO act as photocatalysts under UV or
sunlight in light-enhanced transesterification process [47].

6. General characteristics and standards of biodiesel

The American Society for Testing and Materials (ASTM) standard D6751and the
Committee of Standardization in Europe (CEN) standard EN 14214 in Europe
stipulate several quality specifications that must be met before biodiesel can be used
as a direct fuel replacement or as blend with petroleum [49 — 52]. A summary of the
standards of the ASTM and EN are given in Table-1 below:

Table 1: ASTM and EN standards for biodiesel [ASTM D6751 and EN 14214]

Limits Test Method
Property Unit ASTM EN ASTM EN
D6751 14214 D6751 14214
Viscosity mm?/s 1.9-6.0 3.5-5.0 D445 EN ISO
at 40°C 3104
Flash point °C 130 101 D93 ISO CD
3679
Density at kg/m’ - 860-900 - EN SIO
15°C 3675
Cetane - 47 51 D613 ENISO
number 5165
Water mg/kg - 500 max - ENISO
content 12937
Methanol %(m/m) - 0.2 max - pr EN
content 141101
Acid value | mg KOH/g 0.80 max 0.5 max D664 pr EN
14101
Free %(m/m) 0.020max - D6584 pr EN
glycerol 14106
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In India, IS-15607-2016 describes the standard for Fatty acid methyl ester
(FAME). However the quality of blend biodiesel was governed by IS-15607-2005.
In Table-2 a few parameters as stipulated in both the standards are compared.

Table 2: Comparison of Indian standards for blend biodiesel and FAME [IS-15607-
2005 and 2016]

Limits Test Method
Property Unit IS-15607- | IS-15607- | IS-15607-2005 | IS-15607-2016
2005 2016
Viscosity | mm?s 2.5-6.0 3.5-5.0 ISO 3104 ISO 3104
at 40°C
Flash point °C 120 101 - ISO 2719
Density at | kg/m’ 860-900 860-900 ISO 3675 ISO 3675/1SO
15°C 12185/ D 4052
Cetane - 51 51 ISO 5156 ISO 5165
number
Water mg/kg 500 500 D 2709 ISO 3733/1SO
content 6296/ ISO
12937
Methanol | %(m/m) 0.2 0.2 EN 14110 EN 14110
content
Acid value mg 0.50 0.50 - EN
KOH/g 14104/ASTM
D 974
Free %(m/m) 0.02 0.02 D 6584 D 6584/EN
glycerol 14105/ EN
14106

7. Irradiation-enhanced synthesis of biodiesel using different irradiation sources

A group of irradiation-enhanced technology has been introduced for synthesis
of biodiesel including photocatalysis, ultrasonication and microwave irradiation. The
purpose of the irradiation is to provide more intimate contact and excitation of the
reactant. A few advantages are there for the irradiation-enhanced synthesis of
biodiesels over the conventional process - in most cases, the reaction conditions are
moderate, the closer contact between reactants leads to a significant reduction of both
catalyst and/or alcohol and higher biodiesel yield in less reaction time is reached [48].

Aim of this review is to compile the three above-mentioned techniques for the
irradiation-enhanced synthesis of biodiesel and also to compare the processes as well
as the quality of biodiesel obtained by such methods.

8. Ultrasound-enhanced synthesis of biodiesel

Sonochemistry refers to the application of the ultrasound with a frequency greater
than the upper limit of human hearing (~20 kHz to 10 MHz) into chemical reaction.
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Ultrasound energy is a useful tool to enhance both the mass transfer and chemical
reactions resulting in shorter reaction time, cheaper reagents and less extreme physical
conditions. Ultrasound wave alternately compresses and stretches the molecular
spacing of the medium during the chemical process and easily can make fine
emulsions from immiscible liquids. By introducing high power ultrasound into a
liquid medium, the sound waves are transmitted in the fluid and create alternating
high pressure (compression) and low pressure (rarefaction) cycles, with rates
depending on the frequency. During the low pressure cycle, high intensity ultrasonic
waves create small vacuum bubbles or voids in the liquid. Acoustic cavitation is the
growth and collapse of cavitation bubbles, which when exploded, generates an
increase in temperature in the reaction medium. This phenomenon is able to increase
the speed of the reaction and reduce the reaction time [53]. Among the irradiation
enhanced processes for synthesizing biodiesel ultrasonic process is the most suitable
for large scale production [48].
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Fig. 5: Ultrasound enhanced synthesis of biodiesel - a schematic diagram for the Set-
up [54]

There may be three types of devices for introducing ultrasound in the reaction
mixture — ultrasonic bath, ultrasonic probe or horn and sonochemical reactor. Bath
type sonicator passes ultrasound indirectly through the water taken in the bath to the
solution whereas probe type sonicator inserts ultrasound directly to the reaction
mixture [55]. Hence in bath type sonicator, the distribution of sound energy may not
be uniform and this is a limitation of the bath type sonicators.
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Fig. 6: Arrangements of probe and bath type sonicators [55]

In the study by Georgogianni et al. [5S6] an ultrasonic probe (24 kHz, 200W)
was used in the transesterification reaction of sunflower oil with methanol. After 20
min of reaction, a conversion of 95% was obtained at alcohol to oil molar ratio of 7:1
in the presence of 2% of the sodium hydroxide catalyst. The same authors obtained
96% yield in 40-60 minutes with rapeseed oil using a bath type ultrasonicator of same
power [57]. Fan et al. [58] also performed biodiesel production by using ultrasonic
probe (40kHz, 200W). They used cotton seed oil and methanol at alcohol to oil molar
ratio of 6:1 and 1% potassium hydroxide. In 5 min of reaction, it reached 96%
biodiesel yield. A 99% biodiesel yield was obtained by Santos et al. [59] by using
ultrasonic probe (40kHz,200W) at methanol to waste cooking oil molar ratio of 9:1
and 3% sulfuric acid catalyst. Babajide et al. [60] obtained 96.8% yield with waste
cooking (sunflower and soyabean) oil, 6:1 methanol and 0.75% KOH in 20 minutes
using 24kHz probe type sonicator. Hyyan et al. [61] obtained 96.3% yield with
methanol (7.5:1) using 0.7% H2SO4 catalyst in 300 minutes using 40 kHz bath type
sonicator. Kumar et al. [62] developed biodiesel from coconut oil catalyzed by
potassium hydroxide. An ultrasonic probe was used at 24kHz, 200W. After 7 min of
reaction , a maximum conversion of 98% was obtained with an ethanol to oil molar
ratio of 6:1, 0.75% catalyst concentration. Rapeseed oil at 45°C was used by Xuan et
al. [63] with 0.5% methanol and 4W sonication through a probe to get a yield of 80%
in 20 minutes. Deshmane et al. [64] produced biodiesel using an ultrasonic bath with
frequency of 25kHz. In this study, the highest conversion 80% was obtained at
isopropanol to palm oil molar ratio of 5:1 and 5% catalyst concentration. Thanh et al.
[65] also produced 99% biodiesel yield from canola oil by using ultrasonication (20
kHz) at methanol to oil molar ratio of 5:1 and 0.7% sodium hydroxide catalyst. 98%
biodiesel yield was achieved by Santos et al. [66] from oreochromisniloticus oil
catalyzed by sulfuric acid. The reaction was carried out under ultrasonication (40kHz)
at methanol to oil molar ratio of 9:1.



Dutta, Ghosal & Chakrabarti

A few process parameters are influenced by the ultrasound. Reaction time is
reduced from the order of hours in conventional process to the order of minutes by
using ultrasound. Due to an efficient dispersion, efficiency of catalysts, especially
that of heterogeneous catalysts are increased; required quantity of the catalyst is also
reduced. In conventional transesterification, energy is required both for agitation and
for heating the reaction mixture. Since ultrasound mixes and heats up the reaction
mixture at a time, some energy is saved. Alcohol: Oil ratio is an important parameter
— by using ultrasound, it is observed that less quantity of alcohol is required compared
to the conventional process for same yield of biodiesel [1].

9. Microwave-enhanced synthesis of biodiesel

Among the sources of irradiation, microwave is an important one [67, 68].
Biodiesel can also be produced using microwaves. Microwaves are part of
electromagnetic waves between the radio frequency and inferred frequency ranges
(2.45GHz) [69, 70]. Conventional heating process in biodiesel production requires
large amount of heats and the temperature is applied to the material surface only
whereas microwave systems can directly transfer thermal energy into interior
molecules of the reactants [71]. Controlled and accurate heating, short reaction time,
quality and property improvement are the keys to choose microwave technique over
the conventional heating process [72].
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Fig. 7: Microwave enhanced synthesis of biodiesel - a schematic set-up [73]

Microwave irradiation rises the temperature of the whole volume evenly and
simultaneously whereas in conventional heating the reaction mixture in contact with
the vessel wall is heated first. If a molecule possesses a dipole moment, when it is
exposed to microwave irradiation, the dipole tries to align with the applied electric
field. Since the electric field is oscillating, the dipoles constantly try to realign to
follow this movement. This continual reorientation of the molecules results in friction
and thus heat . It needs less reaction time [74].

10
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One major issue of using microwaves is the high cost of the reactors —
researchers modified domestic microwave ovens into laboratory scale reactors to
overcome such problem [75].

Patil et al. [38] produced 92% biodiesel yield from waste cooking oil by using
microwave irradiation at methanol to oil molar ratio of 9:1 and 2% potassium
hydroxide catalyst. 98.85% biodiesel yield was reported by Azcan et al. [76] at 6:1
methanol to waste frying oil molar ratio catalyzed by 1.5% sodium methoxide under
microwave irradiation. Hincapé et al. [77] also performed biodiesel production by
using microwave irradiation. They used castor oil and ethanol at alcohol to oil molar
ratio of 10:1 and 1.5% potassium hydroxide. Li et al. [78] observed 93.51% biodiesel
from soybean oil catalyzed by sodium potassium tartrate doped zirconia under
microwave irradiation.

Process parameters that can influence the microwave-enhanced production of
biodiesel are catalyst type and quantity, reaction time, microwave power, fatty acid
and water content, reaction temperature and alcohol to oil ratio.

It was observed that an increase in microwave power generally increase the
percent yield upto a critical value, after that the yield decreases due to damage the
molecular structure of triglyceride at high power microwave irradiation Groisman and
Gedanken [79]. Sherbiny et al. [74] obtained 83% yield of biodiesel from Jatropha oil
in 30 minutes using 1% KOH and 1200 W power of microwave. However Lin and
Chen [80] achieved 90% yield with the same raw material and catalyst using 950W
microwave in 10 seconds.

The same trend is also found in case of irradiation time; increase in irradiation
time increases the yield upto a critical value. Castor oil with 5% H2SO; catalyst and
200W microwave power yielded 43% biodiesel in 10 minutes, 54% in 20 minutes
and 93% in 180 minutes [81].

Regarding heterogeneous catalysts, performance of CaO is good with
microwave. Particlesize of the solid catalyst is also a critical factor. Khemthong et al.
[82] used CaO powder with palm oil (olein) under 900W microwave. They obtained
96.7% yield in only 4 minutes. Soyabean oil yielded 96.6% biodiesel in 60 minutes
using 3% CaO nanoparticles under 300W microwave [83]. In 15 minutes the yield
was 56.2%.

Dielectric constant of a solution is a critical parameter to be considered for
biodiesel production using microwave irradiation. It was observed that using
microwave, quantity of alcohol required can be reduced compared to the conventional
process. It was also observed that a mixture of methanol and ethanol performed better
under microwave irradiation [84]. Optimum reaction temperature should be in the
range 50-60°C depending upon the boiling point of the alcohol used.

10. Enhanced photocatalytic synthesis of biodiesel

Solar energy is the ultimate source of energy on earth. Solar energy is the most
abundantly available renewable energy while the world is facing a crisis of the
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conventional energy. The term photocatalysis mean accelerating a chemical reaction
assisted by light. When light having energy greater than the band gap of the
semiconductor photocatalyst falls on it, an electron hole pair is generated which
promotes the chemical reaction [85]. Photocatalysts enhance the reaction of
conversion of free fatty acids to fatty acid alkyl esters [86]. In base-catalyzed
transesterification reaction a proton is removed from the alcohol, the alcohol becomes
more nucleophilic. Hence in a base-catalyzed reaction using NaOH as base, alcohol
undergoes oxidation. If a heterogeneous semiconductor photocatalyst such as ZnO is
used instead of base catalyst, the alcohol attracts the hole which is generated in by the
semiconductor catalyst as sunlight or UV light falls on it. Due to high oxidative
potential, the photo-generated holes (h") may react with CH3OH adsorbed on the
catalyst surface, producing hydrogen ions (H") and CH,0¢ radicals. Thus the alcohol, a
hole-scavenger, attracts the hole and gets oxidized. Photocatalytic oxidations of
primary, secondary, tertiary alcohol have been studied with TiO; particles suspended
in aqueous solution. Thus the photocatalytically generated holes oxidize alcohol into
carbonyl compound. Similar mechanism works in transesterification reaction. Alcohol
(methanol) is oxidized by the TiO, particles suspended in it under sunlight or UV
light. Thus the CH,0¢ radical reacts with the triglycerides, the free fatty acids present
in vegetable oil to produce fatty acids of methyl esters. Photogenerated holes and
electrons are consumed in the following way as proposed by Corro et al. [87].

CH3O-H +(h') - CH;0- + H' D
‘//Otﬂ‘\-l 4’0

BE-( + [8) —» R‘-—C\
“oH OH Q)

Solar photocatalytic reactions have been popular and effective over time
because the source of energy is completely inexpensive and environment friendly. But
many of the photocatalytic reactions take place under UV lamp because light of
ultraviolet spectrum may excite the photocatalyst with excitation energy higher than
its band gap. Low to medium pressure mercury lamps within the UV range for
photocatalysis degradation is used as well [88]. In different methods of waste glycerol
conversion the test runs are performed in the batch and semi-batch reactors equipped
with Xe lamps as a light source [89]. Much higher hydrogen productivity is observed
for the Titania modified by noble metals than for transition metal used for
modification. Thus UV light from Xenon lamps is another alternative for solar light.
However sunlight still remains the most feasible source for conducting photo catalytic
reactions. Corro et al. [87] reported the synthesis of biodiesel from Jatropha curcus
seed oil using heterogeneous semiconductor photocatalyst such as ZnO, SiO; and a
mixture of ZnO/SiO,. The photocatalysts were characterized by BET surface area,
UV-vis spectrometry, FTIR and XRD analysis. Specific surface area of the ZnO/SiO»
was 160 m*/g. The source of UV light was a 3W mercury lamp. They achieved about
100% conversion using a particular ratio of catalyst to oil keeping the methanol to oil
ratio at 12:1. The activity of the catalyst remained unchanged even after 10 cycles.

Oloruntoba and Hamza [90] synthesized 45.2 % ZnO /49.6% SiO; (by weight)
by mechanochemical route and utilized it for photocatalytic transesterification of
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waste cooking oil under visible light irradiation provided by a S00W halogen lamp;
methanol: oil ratio was 12:1. A blank photochemical experiment was also conducted
without the photocatalyst. Within 1 hour, yield was 87% for the photocatalytic
process whereas for the photochemical process it was only 35%. The catalysts were
characterized by XRD, UV-vis spectrometry, SEM and XRF.

TiO2 has wide applications as a photocatayst, but other than that when it is
treated with H2SOy4 it forms SO4?/ TiO2 which also reportedly increases the yield of
biodiesel through transesterification. Carlucci et al. [91], Chen et al. [92] and Peng et
al. [93] reported this where TiO2 can be used as a heterogeneous catalyst but not as a
photocatalyst.

11. Combination of irradiation enhanced processes

There are a few reports on the simultaneous application of ultrasound and
microwave irradiations for biodiesel production [94 — 96]. Martinez-Guerra and Gude
[97] used sodium hydroxide catalyst at 0.75 wt%, methanol-to-oil ratio of 6:1 and the
combined irradiation for 2 minutes to achieve a yield of 98%. Ardebili et al. [98]
showed that the overall production cost decreased by using combined microwave and
ultrasound. They have taken a catalyst concentration of 1.09% and a methanol-to-oil
molar ratio of 7:3.1 at 58.4°C to get a yield of 97% in about 2 minutes.

Qil ILS
Methanol 1
catalyst \

BIODIESEL

Fig. 8: Simultaneous use of microwave and ultrasonic for biodiesel production [97]

12. Comparison of the three irradiation-enhanced processes in biodiesel
production

In terms of biodiesel production with different irradiation, main comparable factors
are heating mechanism, reaction time, energy consumption etc. Transesterification
reaction performed under conventional heating accompanied with mechanical mixing
takes longer processing time (1-2 h) as heat energy is transferred to the raw materials
through convection, conduction and radiation. High energy is consumed in
conventional heating process. The reaction time is significantly reduced by applying
ultrasound, microwave, photo-catalytic irradiation in transesterification of biodiesel.
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Microwaves (2.45 GHz) produce dielectric heating at molecular level of raw materials
which results the uniform heating and mixing in the reaction mixture at short time
period. On the other hand, ultrasound induces continuous rarefaction and compression
cycles of acoustic waves which produces micro bubbles to increase the activation
energy as well as mass transfer rate of the reaction mixture, thus reduces the reaction
time [99]. Ultraviolet lights can facilitate Transesterification reaction for synthesis of
biodiesel. In such cases, a suitable photo-catalyst is required. TiO2, ZnO are among
the efficient photo-catalysts used for production of biodiesel.

Refaat et al. [100] described the comparison of three processes in biodiesel
production in his report. They produced 95.79% biodiesel in 60 minutes by
conventional heating process at 6:1 methanol to waste vegetable oil molar ratio and
1% potassium hydroxide catalyst. This reaction was also carried out under ultrasound
irradiation by keeping all reaction conditions same. 98.26% biodiesel was achieved in
5 min under this technique. Again, microwave irradiation was employed in the third
set up with same reaction condition. 100% biodiesel yield was observed in 2 min.
This was the clear evidence of irradiation mechanism as time saving, energy efficient
and sustainable route of biodiesel production.

13. Conclusion and future perspectives

The present review summarized various irradiation-enhanced transesterification
processes for production of biodiesel from vegetable oil and alcohol. Irradiations
like light, ultrasound or microwave in presence of suitable catalysts can enhance the
rate of reaction thereby reducing reaction time. Amount of catalysts and alcohols
required are also reduced by irradiation improving the overall economy of the
process. Combination of two irradiations may further enhance the rate and economy.
However most of the available reports are of laboratory scale and scaling-up of
irradiation-enhanced processes are challenges to the engineers rather than the
scientists. Development of suitable catalysts suitable for each of the irradiation-
assisted processes are also a major issue. Combination of conventional with
irradiation- enhanced process or application of more than one irradiation may be
examined for process intensification.

To combat air pollution due to the emissions generated out of the fossil fuels,
especially petrol and diesel, mass production of biodiesel should be explored in an
economic and environment-friendly way.
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1. Introduction

Einstein’s general relativity, which was proposed in 1915 for accounting gravitational effect on
spacetime geometry, has been successful for demonstrating several phenomena related to astrophysics as
well as cosmology. Basically, the vacuum solution of the Einstein field equations by Schwarzschild in the
same year received an instant impact which however was based on the simplest assumption of static
configuration and thus lacks of physical reality of rotation. Much later, in the year 1963, Kerr [1] introduced
a rotation to the spherical system and thus provided a generalized solution to the Schwarzschild spacetime.

A good amount of subsequent works on the Kerr metric are available in literature [1 — 7] in connection
to its different mathematical as well as physical structures and properties. On the other hand, an efficient
mathematical tool is also available as background of the Kerr metric which is known as the Newman-
Penrose formalism [8] which has been followed by several interesting works [9 — 18].

In the present investigation we use a null tetrad in the Kerr spacetime to factor the metric tensor in
Boyer-Lindquist coordinates to construct a generator of the Lanczos potential for the conformal tensor. This
has been carried out in Sec. 2 whereas we present some relevant comments on the result of our investigation
in Sec. 3.

2. Mathematical Derivation

We shall employ the Newman-Penrose (NP) formalism [8 -- 18] with the null tetrad (I*,n*,m*,m*)
such that I® n, = —m® m_ = 1, then any metric tensor can be factored in the following form:

! Corresponding Author: jlopezb@ipn.mx
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Gap =lmnﬂ+iﬁna_maﬁﬁ_mﬁﬁ¢= 16 B,* Pug: @
where

Pt = % (mg, m* +m, m* — [, I* —n, n*), @)

which can be applied to the Kerr metric [1 -- 7] in Boyer-Lindquist coordinates (t, 7, &, @) [10, 11, 13, 19 --
22]:

7 _ 2Mr 2 z 7 7 aMar , 3 2 2 M e .7 .7 2
ds —(1— - )dt — dr- —Z df8*+ - Sin E'ritdtp—(r +a” + :rsm E)sm g de”,
A3)
A=r—iacosé, T =A4 =+? +a’ cos?s, C=r%—-2Mr+ a°
The interesting thing is that if we use the null tetrad:
ey — 1 2 2 _ (B — L .2 2
(1%) oS (r*+a*,—C,0,a), (n%) Norrs (r*+a°C,0a),
4)
ay 1 . .1 ey — 1 . .1
(m ) Tz (ﬂl, sind, 0, L’si-n g )J (m j VIE (G’., sind, O’L’S:’ﬂ 8 )J
then (2) acquires the structure:
-1 0 0 0 Goo 0 0 —gg
_ _1/ 0 1 0 0| _ _1 0 g1 0 0
(P#‘I) - (Pa#) _; 0 0 1 0 1" (Pav) - (Pvcr) - Z | 0 0 922 oPr (5)
0 0 0 -1 Gz 0 0 g
and (5) turns out to be a generator of the Lanczos potential K, [23 -- 29] for the Weyl tensor C,.g:
_ _f1 _ r—M ctgt
Ruva = Favip = Fapw + Gav Ay = Gap Ay » ‘(Au) - (5 va\’) - (0’ &c ' & ’0)’
(6)
K,uwz = - Kw.m: 4 Kuva + Kvnz,u + Kﬂ:,uv = 0’
verifying the Lanczos gauges [23]:
K}wv =0, K#va:n: =0, (7)
hence our potential (6) satisfies the Lanczos-Illge wave equation [30 -- 35] in this empty spacetime:
0K, = 0. (8)
The corresponding conformal tensor is generated via the expression:
C,'..L\'B:,G = K;.wu:,:,!? - K#vﬁ:rz + Ktz,@p:v - Kﬂ‘.’,‘?\{:# + chz g#ﬁ - Kv,i? gmx + K;..L,G Gve — K#n: gv,ﬁ’ ,
)
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which has type D in the Petrov classification [10, 11, 13, 27, 36].

The canonical null tetrad [37 -- 38] given in (4) implies the following spin coefficients:

(10)
e=y =Moo oy g = 2(B+p) p-p=2(e—2), W =—t=4(ep—1p),
thus (6) can be written in terms of the null tetrad:
Kope +1 Ko =2 [ (Ugp g + Vi 1) + 0y (M, (I, + 1) — Ugy m,— Vi M) +
+ 0y (Vo e+ Ugy Lo = Moy, (g + 1)) — Q3 (Vap M + U 7)), (11
M, =m,xm, +n,xl,, Uyp =M, x1y, Vo, =1, xm,,

with the NP components of the Lanczos potential:

0,=0,=-%, 0,=0,=-(3+2), ao,=0,=—-(5+Z%) oa,=0,=-2, (12

verifying (9), that is, the Weyl-Lanczos equations [17, 26 -- 29, 33, 39]:
Y, =2[60,-D,+ (—a—3F+7)0,+ 300, + (54 3 —2)0, — 3x0.],
2, = A0, + 360,60, —3D0. —(By+7+3u— D0, +3(-a—-F+7+1)0, + 600, +
+(3a—f+3n+7)0 +3(s— F—p + p)0; — 60,
Y, =A0, +60, 80, — DO, vy — (2u— A+ y+7)0 +(—a@+ f +7+21)Q; + 00, +
+i0,+(a—f+2rm+7)0;— (s +5— 5+ 2p)0, — k0, (13)
2P, = 3A0,+ 60, —360, - DO, —6vQ, +3(A—pu—-F+Y)0L + (—a+ 36+ 3t+T)0, +
+6i0. +3(—a—f+n+7)0,— (3e+5—5+3p)0,,
Y, = 2[An; — 60, —3v0, + (F+ 3y — 90, + 340, + (—3a— f +7)0,],

and also the NP version of the Lanczos differential gauge (7):
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AR, — 80, — 60, +D0, —2v0, + Bu+a+y -7, +(@— 38+ 71— 7)0, + 220, +
+(-a—f+7-3m)0;+(Bs+i—p—p)Q, =0,
AQ,— 680, — 80, +D0. + (p+a—-3y—¥)0,+(@+pf -7 +31)0, — 200, +
(14)
+(Ba—-f-n+T)0,+(F—=—p—3p)0; +2k0, =0,
A0, +60,+80, —DO, +v, + (y+7— 20—, + (—a+F+7—20)0, + o0y —

—A0,+ (—a+f+2n—7)0 4+ (—e—F4+2p+5)0, — k0, =0.

The factorization (1) gave the generator (2) of the Lanczos spin tensor, which allowed obtaining the vector

(6):

1

4)=(GP")=(0 =5 .22 0)=(f), f=4Ln(Csin®0), of=0, (15)

eC -] 2

so it is interesting to see that the following function:

F=Lny,® +37f, (16)
generates four spin coefficients:

£ = DF, y = —AF, B = 4F, o =—4F, (17)
in accordance with Nerozzi-Elbracht [40].
We note the Bianchi identities [10, 11, 13, 17, 27, 39, 41]:
p=DG, p=—AG, t=266G, m=-86, G=Lny" (18)

and the relations:

M-r

Df =-af =2t =l@e-p),  &f=-0f=-SL2-10p-m) (19)

6+2E

We can use (5), (6) and the Christoffel symbols for the Kerr metric [42] [or to apply (4), (10) and (12) in
(11)] to obtain the non-zero components of the Lanczos potential:

1
Kabc = 2 (gﬂ'c Fuab +93|: rsabj — Hac Ab B a,c =0,3, b=1,2,
(20)
_ = _Z(M-7)
Ky =, ctg 6, Kiz ec °
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that is:

1 . 1 1
Koo = = 3900 T JooAs: Kios = Kpao = =030 T G034y Kpaz = = [G33p T 9334y, b=12
20

Ky11 =811 43, Ki3: = 27 A4,

where we observe that Ky3, =0, V.

3. Conclusion

To summarize, in the present work we have shown derivation of the Lanczos potential through
factorization of the metric tensor in Kerr geometry on purely analytical basis. The possible physical meaning
of the Lanczos potential in general relativity, is an open problem. We believe that K,,, behaves in the

asymptotic region as a density for the angular momentum of a rotating black hole. It would be therefore
justified if one could find out a few applications of this result. Though at this moment we have no specific
applications of our result, however, we would like to mention that in a future project it is possible to study
the importance of Lanczos potential in astrophysical as well as cosmological models with angular
momentum, i.e., with rotation as in Kerr's black hole.
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1. Introduction

In modern cosmology, the main theme of research is on the issue of late time
cosmic acceleration phenomena. Supernovae type Ia provides strong evidence that
the universe is currently undergoing an accelerated phase of expansion. Plethora
of observations during the last two decades have confirmed the late time cosmic
acceleration of the universe [1,2,3,4,5,6,7]. These observations have developed a
curiosity among the cosmologists to explain this late time dynamics. In the purview
of General Relativity (GR), it becomes difficult to explain this issue. Therefore,
the idea of an unusual and exotic dark energy (DE) form with negative pressure
has been surfaced. The most intriguing thing is that, so far we do not exactly
know the nature and origin of this exotic energy source. The contribution of DE
as compared to the baryonic matter and dark matter in providing an anti gravity
effect to drive apart the universe for acceleration is the maximum. Recent Planck
data estimates a lion share of 68.3 percent in favour of DE [8,9,10]. The late time
cosmic dynamics and the consequent dark energy is understood through a dark
energy equation of state parameter w = %, where p and p respectively denote the
pressure and energy density of dark energy. There are approaches to study the
dark energy models, (i) geometrically modifying the gravity or (ii) incorporating
dark energy pressure and energy density in the matter part. We prefer the second
approach here.

In this project, we have derived the field equations of Einstein’s filed equation
in FRW space-time and the energy momentum tensor is that of dark energy. In the
field equations we have incorporated scale factors to get the background cosmology.
In Sec. 2, we have derived the field equations. In Sec. 3, the solutions of the field
equations using scale factors are obtained. The stability analysis and the luminosity
distance are obtained for the models in Secs. 4 and 5 respectively. Concluding
remarks are given in Sec. 6.
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2. Spacetime and field equations

In order to construct the cosmological model of the universe, we have considered
flat Friedmann-Robertson-Walker spacetime (FRW) in the form

ds? = —dt?® + a®(dz® + dy? + d2?), (1)

where a = a(t) be the average scale factor.
The spherical symmetric form of Eq. (1) can be written as

ds® = —dt® + a®(t)(dr® + r?d6? + r?sin® 0d¢?). (2)
The Einstein’s field equations can be expressed as
1
Gij = Rij — 5 Rgij = KTy, ®3)

where G;j, R;j, R, gij, T;j respectively represent the Einstein tensor, Ricci tensor,
Ricci scalar, invariant and energy momentum tensor. The invariant g;; can be
represented in matrix form as

a® 0 0 0
0 ar? 0 0

99=10 0 a22sin26 0 (4)
0 0 0 -1

The contravariant form of g%/ can be calculated as

__ cofactorofg;;ing

ij 5
|9i51 5)
% 0 0 0
0 22 0 0
gii = a?r 1 (6)
v 0 0 a2r?sin2 @ 0
0 0 0 -1
From the matrix, we can calculate the Christoffel symbols as
ak
Ogok | O9ck O
e=rg,=2— ck _ Zbe | 7
be = Tbek T 97 | 9z | Oz Ozk ™
The surviving Christoffel symbols are:
F114=%7 Iy = —r, I’313=—rsin20, F122=%,
I3 = %, I'Z, = —sinfcosd, I} = %, 'Sy =cot 6,
I, = %, It =aa, Iy =aar?, I =aar?sin?6.
Now, the Ricci tensor R;; can be calculated using the formula
o 0 b b b
Rij:R?j,a:@Fi —@Fij‘FFﬁ;Fja—Fz%Fab- (8)

For the spacetime 2, the Ricci tensor can be calculated as
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o .9
Roop = —a2r? (Q +2a_2) ,
29 . 9,(d  oa°
R33 = —a“r“sin 9<7+27),
a a
Ryq = 3%. (9)

Now, the Ricci Scalar R = g% R;; can be calculated as

a

a®  a
R:—G(afZ%—*). (10)
The energy momentum tensor can be described in the form of perfect fluid as

Ti; = (p + p)uiu; + pgij, (11)

where p and p respectively denote the pressure and energy density of the matter
field. Now, the non-vanishing energy momentum tensor can be calculated as

2
T11 = pa”,

2 2
Tag = pa“r”,
T3z = pa2r2 sin? g,

Tusa = p.

Now, we can obtain the Einstein’s field equations (3) in the following form
. <2
22+ 2 = _up, (12)
a a
3L = kp. (13)

3. Solution of the field Equations

In order to understand the background cosmology, we need to incorporate the
scale factor to obtain the solution to the filed equations. We have studied the
cosmological model by incorporating two types of scale factor such as (i) quasi lin-
ear scale factor, (ii) linear combinations of scale factor and (iii) bouncing scale factor.

8.1 Quasi linear scale factor

The quasi linear scale factor can be expressed in the form a = eHot _ Mlztz,
where Hy is the present value of the Hubble parameter and M be a constant.

Subsequently the Hubble parameter H can be derived as H = § = Ho — MGZt.
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Incorporating this form of quasi linear scale factor in Einstein’s field equations (12)
— (13), we can derive the pressure, energy density as

[ g e
p= M2t2 ’
® (eflot — 2557)?
Hot 2472 2 2Hot 42 Hy a2, Hot
p= 1[3H2]:§ H()e - Zwst :§ Hoe 0 +1”36t _TUM te° (15)
e e A e T

Subsequently the equation of state (EoS) parameter w = % can be calculated
as

p 3

2 2Hot 2 Hotpr2,2 2 _Hot 4,2
P _ 2 |Hoe 0—%meOMt—%MeO+%Mt+l (16)
(HoeHot — M2t)2 3]

The Null Energy Condition (NEC), Strong Energy Condition (SEC) and Domi-
nant Energy Condition (DEC) can be respectively calculated as,

 M*? +6M2 et (Hot — 2)2 — 2)

p+p - , (17)
MZ 2
36k (eHot — M )
2
6 [ M2 _ [2eHot
p+3p=— |: GH p (1)\/[2152 s (18)
eret = 13
2 _Hotnr24:2
2 | 3H32Het _ Hae W MU 2y Hotpg2y  Lpg2eHot 1 5 ppdy?
p=p=_ 19)

2¢2
(eHot — Mmt )2

The deceleration parameter, scalar expansion and the spatial volume can be
obtained as

Hot pr2 2 2 Hoty2 4,2
g i _ T(HEAH - SR - MG 4 M (20)
2 ’
a? H2e2Hot — 2M2t1goeﬂot + Ms‘;ﬁ
. [HoeHot _ Mzt]
6
g=3H=3% =3 — 1 (21)
a [eHot _ M2t2]
12
Mm*27°
V=ad= [eH"t -3 ] (22)
The geometrical diagnostic, state finder pair (r, s) can be obtained as
H o
r=q3 - (2+30)="— (23)
a
H MAHS3t4Hot M2 H3¢2¢2Hot
_ HRSMry Fmnt— T hape
2 202Hgt b
H363H0t+ M4H01t22eH0t _ 3M tHGOe ot ]\gféa
— 2[d@a® —a®
o ro1 2w -] o

® = 3(¢—05)  3a[—2ad— a2

9 [(%& _ tzéq )M26H0t + (H3t4 _ 51{2@2) M2eHot 4 Msts]

216

H3t* _ H3t HZt®  HZt :
[ng:sHOt_( g _ Hy +%) M2€2H0t+( ht? _ Hi +%) M462H0t]
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30 Dynamical and geometrical analysis of scale factor

Another geometric diagnostic methods is the Om(z) diagnostic that involves first
derivative of the scale factor and therefore becomes easier to apply to distinguish
between different dark energy models. The Om(z) parameter can be defined as

() = B’(z) -1 _ 32 — Ho(1+ 2)?
O W1 g a2 [0 12 1] =)

Hot— M282 ot M2\ 2 o ( Hot—M2t2
e’o 12 Hope™° 6 — Hg | e?® 12

2 (1 _ gHot _ M3t2
H3 (1 - eHot — M

’

where E(z) = Z—Oz is the dimensionless Hubble parameter and Hy is the Hubble
rate at present epoch. Also, the red shift can be expresses with respect to the scale
factor as, z = % — 1. Now, the throat radius of Morris-Thorne wormhole can be
obtained as

Ka n(eHUt — —]\/[122'52)

__hka__MC " "m) 26
2ca 2c(HoeHot — Mty (26)

It has been observed that when ¢ — 0, then R — —ﬁ whereas when ¢t — oo,
then R — —ﬁ. R =0 when Hot — 2Int = lnl\l/l—;.

8.2 Linear combination of exponential scale factor

Another important scale factor to study the background cosmology is the
linear combination of exponential scale factor which can be described as a(t) =
oe + re~t. Unlike in exponential scale factor, this scale factor consisting of both
positive and negative exponential factor. The significance of the scale factor is that
when o = 0, the scale factor reduces to negative exponential factor whereas for
7 =0, it reduces to positive exponential function. The Hubble parameter H can be
obtained as H = % = % and subsequently H = % - Z—z = %.
Now from the Einstein’s field equations in FRW space-time, the pressure, energy
density and EoS parameter w = % can be obtained as

_ _)\_2 302e2M 4 372 72X | 957 @27)

L (gert 4 Te—Xt)2 ’
2

_ ﬁ geM — e M (28)

P T | oM treAt|
22Xt 2 —2Xt
w — _l 3o0%e”“™ 4+ 3% + 20T ' (29)
3 (gert — Te=At)2
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The deceleration parameter, scalar expansion and the volume of the model can
be obtained as

B _(1,_5. __(o’e>‘t+Te_>‘t)2 (30)
9="32 < (ceMt — re—At)2’
a oxeM — e M
9—3H—3a—3<m ) (31)
3
V=a= (aeM + Te_)‘t> . (32)

The Null Energy Condition (NEC), Strong Energy Condition (SEC) and Dom-
inant Energy Condition (DEC) for the linear combinations of exponential scale
factor can be respectively calculated as

2. —80T\?
=—-H=—+—1——— 33
P+ K k(oert + Te—At)2’ (33)
pt3p= C(H+HY) = 20X, (34)
_ 20 o 2X% [ 3022 4 37272 _ 207
p—p=[H+3H"| = = [ (oeMt + re—At)2 (35)
The state finder diagnostic pair (r, s) can be calculated as
H a®a oer 4 re M 2
T:ﬁ—(2+3q):ia,3 = W , (36)
_ 2 e 2 _ 2 2 _
s— T 1 _ '[aa h a.] _ 80T . (37)
3(¢—0.5)  3a[-2ad—a2] = 3(ceM + re—At)2

It can be noted here that if the diagnostic pair (r, s) approaches to (1, 0) at
late time of the cosmic evolution, the model is said to be Agpps model. Now the
other geometrical diagnostic Om(z) diagnostic can be calculated as

o= (1Ejr(23_—11 B Hz(l‘i_i]O(l +Z)§ ’ (38)
0 z) [(1 +2)% - 1]
whereE(z) = —m _ Hloa _ %'
The throat radius for this case can be obtained a
R(t)= - (o€ + e~ ) )

 2cA(oeMt — re M)

It can be noted that when ¢t — 0, then R — —% whereas when ¢ — oo,

then R — —%. Also R vanishes for 2\t = In (—I).
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32 Dynamical and geometrical analysis of scale factor

8.8 Bouncing scale factor

Before the onset of inflation where the universe undergoes an almost exponential
expansion, singularity occurs and therefore inflationary scenario fails to reconstruct
the complete past history of the universe. As a solution to the challenges faced
by the inflationary scenario, [11,12] proposed the matter bounce scenario. In the
matter bounce cosmology, the initial singularity can be suitable avoided. In this
scenario, matter dominates the universe at the bounce epoch and therefore it is
possible to generate the density fluctuation comparable to that of observations [13,
14]. In bouncing cosmologies there is an initial phase of contraction where matter
dominates the universe followed by a bounce without any singularity and then
there is a causal generation for fluctuation. In this section, we will investigate the
bouncing model in the presented framework to explore the geometrical degrees of
freedom to explain the late time cosmic speed up phenomenon This will also enable
us to investigate the bouncing behavior at an initial epoch. In order to investigate
the dynamics under the purview of bouncing scenario, we have considered the
dynamics of the models through the presumed bouncing scale factor, in the form
a(t) = aoe(t_t")zn, where ag > 0, n # 0. Subsequently the hubble parameter can
be obtained as H = 2n(t — to)?"~!. As in the previous cases, in this case also, we
can derive the matter pressure p, energy density p and EoS parameter w = % from

(12) - (13) as

p= —%[2H+3H2] - _4?”(15 1) 2(2n— 1)+ 3n(t —t0)®"],  (40)
p = 2 (an?(t — 10)*"2), (41)
w=_0 ‘é‘;} @ = 1) + 3n(t— t0)27). (42)
The NEC, SEC and DEC for the bouncing scale factor can be obtained as
p+p= —%4n(2n— 1)t — )22, (43)
p+3p= —g[4n2(t — )2 4 20 (2n — 1)(¢ — t0) "2, (44)
p—p = Lln(2n - 1)(t - 10)" +6n7(t — t0) "2, (45)

The physical parameters such as the deceleration Parameter, scalar expansion
and the volume can be calculated for the proposed bouncing scale factor as

2n —1)(t —tg) 2"
g=—|14@ )(2n 0) ] (46)
0 = 6n(t —to)2" 1, (47)
V= aBea(t t0)*" (48)

The parameters of geometrical diagnostics such as state finder pair (r, s) and
the om(z) can be derived as

=14 3(2n—1)2(i— to) (2n—1)(2n4_n )(t—tg)_4”7 (19)
~(20 = 1)(t —t0) " [6n+ (20— 2)(t —t0) *"] (50)

6n[(2n —1)(t — to) 2" — 3n]
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and
20\ _ 2 2
Om(z) = f (=) - 11 _ Ao H(+ Z)s , (51)
(42 =1 H3(1+2)2[(1+2)° 1]
_ % _a _ 2n(t—to)? !
where E(z) = Ho(l2) ~ Hoa — i )
The throat radius for the bouncing scale factor can be calculated as
Ka K
k= T 2a  4nc(t —tg)2n—1 (52)
It can observed that, when t — 0, R = —W and when ¢t — oo, R — 0.

4. Stability analysis

In order to claim that our constructed cosmological models are stable, we will
undertake the stability analysis of the cosmological models presented in the previous
section. This can be obtained by analyzing C2 = %%. It is worthy to mention here
that if C2 > 0, the model is stable and for C2 < 0, the model is unstable. Hence
we can write

d_p . 1201 (53)
dp ~ (0er + Te=)2((gert — re=A)2 — 1)(1 — (gert 4 Te—At)2)’
dp _ 3n(t —to)2" (54)

dp  (n—1)+3n(t—tg)2n’
5. Luminosity distance

In this section, we have discussed the cosmological parameters by calculating
the Luminosity distance. This can be calculated as

dL(z):rl(l—l—z)ao:ao(l—i-z)/%. (55)

The luminosity distance for quasi linear scale factor, linear combination of
exponential scale factor and bouncing scale factor can be respectively calculated as

dt
dr(z) = ao(1 +2) / m» (56)
dt
dp(z) = ao(1 +2) / S v (57)
dt
dr(z) = ao(1+2) / agalt—t)™ (58)

The distance modulus can be calculated as

u(z) =5 log dr(z) + 25. (59)
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The distance modulus for quasi linear scale factor, linear combination of ex-
ponential scale factor and bouncing scale factor can be respectively calculated
as

[ dt
/J,(Z) =5 log ao(l + Z) / eHot_W:| + 25, (60)
L 2
— 5 log |ao(1 di 25 61
u(z) =5 log _aO( +2) P Crp— s +25, (61)
i age(t=to)

6. Conclusion

The physical parameters of the cosmological models are derived using the scale
factors (i) quasi linear (ii) linear combination of exponential function, (iii) bouncing
scale factors. The equation of state parameter, from where the nature of universe
during evolution would be known, has been derived with respect to the cosmic time.
The energy conditions for these three models are derived along with the physical
parameters such as deceleration parameter, scalar expansion, volume, state finder
pair are also derived with respect to the cosmic time. The stability analysis are
performed along with the determination of luminosity distance. As a future work
to this project, the graphical representation of the parameters can be presented
and its behavior can be analyzed.
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were obtained from the archive of the Nobel Foundation. Results of their analysis are
given in the present communication.
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1. Introduction

The Scottish physicist Charles Thomson Rees Wilson (1869-1959), constructed an
apparatus to produce clouds under laboratory conditions. In 1911, Wilson took the first
photograph of ionized particles, and proved that the cloud chamber was suitable for the
investigations of radioactivity and atomic structure [1]. There are a number of articles
on Wilson’s life and science [2]. However, none of them deals with his nomination for
the prestigious Nobel Prize. The present article fulfils the gap.

Fig. 1: C.T.R. Wilson [Credit: Wiki — Public domain]

i Corresponding Author: rajinder.singh@uni-oldenburg.de
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To start with a short review of the work of the Indian physicist D.M. Bose, who
improved Wilson’s cloud chamber to study radioactive radiation, is given. It shows that
between 1914 and 1919, he made similar observations, for which C.T.R. Wilson was
awarded the Nobel Prize.

2. D.M. Bose and cloud chamber research work in Europe and Kolkata

D.M. Bose’s life and work are discussed by S.C. Roy and R. Singh in different
articles and books [3]. The following summary is taken from them.

Fig. 2: D.M. Bose [Credit: Bose Institute]

In 1907, D.M. Bose joined Christ's College, Cambridge. In the laboratory of J. J.
Thomson, he studied the nature of the condensed nuclei produced by incandescent
platinum wire in glass bulb saturated with water vapours. Bose obtained A.R.C.S.
Diploma and B.Sc. (first class) in Physics, from the Royal College of Science, London.
After staying for a short time in Calcutta, young D.M. Bose as a research scholar went
to Berlin for higher studied. In Berlin, his research guide was, E. Regener, who in the
“Naturwissenschaften” emphasized the importance of Wilson’s cloud chamber [4].

In Berlin, Bose improved Wilson’s cloud chamber. He replaced some of the
brass parts by glass. For instance, the piston was substituted by a glass valve of large
cross-section. With the improved expansion chamber, Bose showed: (i) the existence of
H-particles, which come into play after the collision of a-particles with hydrogen atoms,
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(i1) made the path of the colliding and deflecting a- and P particles visible and (iii)
observed the ionisation traces of gamma radiation in hydrogen [5].

In 1919 Bose returned back to India. He was the first person, who constructed
Wilson cloud chamber at the University of Calcutta. With S.K. Ghosh he wrote: “On the
photographing the ionization tracks of the rest atoms of radioactive elements.” They
photographed the tracks of the “rest atoms”, and confirmed the shape of ionisation
tracks of rest atoms as predicted by L. Wertenstein [6]. They also studied tracks of a-
particles in helium. “Besides the long range recoil helium atoms, we have obtained a
few photographs in which are shown the ionisation tracks of all the constituent parts of
a helium atom, namely, of the nucleus and the two bound electrons”, wrote the authors

[7].

D.M. Bose in a letter of May 10, 1923, wrote to the Nobel Laureate E. Rutherford,
that his explanation for the curved tracks of slow -particles is more or less as suggested
by A.H. Compton. Further, he told Rutherford that in Berlin:

“lI had obtained o-particle tracks of similar type also. I thought that such
discontinuities of tracks were due to the rapid alternation of charge of the ionizing
particles — a phenomenon whose possibility had been pointed out by (L.) Flamm.
But Prof. Regener was of opinion that they were rather due to the fluctuation in
the distribution of water vapours along the tracks.” (D.M. Bose to E. Rutherford,
May 10, 1923).

In his letter, Bose sent some photographs of observations, and wrote: “I have also
obtained one case in which a single electron is ejected from the point where a helium
nucleus has started its track.”

Shortly after the discoveries by A.H. Compton and C.T.R. Wilson (detail below), E.
Regener published the detailed summary of Bose’s thesis “Study of the passage of a-
and B-particles through gases” [8].

The Austrian Marietta Blau acclaimed Bose to be the first scientist who observed H-
particles with cloud chamber. This brought her to the idea to visualize cosmic rays with
emulsion [9]. K.ZW.F. Kohlrausch gave Bose credit to be the first person to study beta
particles with cloud chamber [10]. T. Alper acknowledged to H.A. Bumstead, C.T.R.
Wilson and Bose for making the y radiation visible with cloud chamber [11].

3. C.T.R. Wilson —Scientific work and nomination for the Nobel Prize

Main part of Wilson’s work on the behaviour of ions as condensation nuclei was
carried out between 1895 and 1900. As is evident from his list of publications, between
1901 and 1908, he mainly concentrated on atmospheric electricity and condensation
phenomena [12]. In 1910, he constructed a new type of expansion chamber in order to
observe the tracks of individual o~ and B-particles. The results produced with it were
not satisfactory [13]. In 1923, the cloud chamber was improved. He made investigations
on X-rays and P-particles. He was able to observe individual quanta of radiation, i.e.,
under suitable conditions identified electrons ejected by an atom. With that he proved
A.H. Compton’s view that “a single electron may be effective in scattering a quantum of
radiation and that in so doing it receives the whole momentum of the quantum” [14]. In
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the case of nitrogen, Wilson quantitatively confirmed Rutherford’s theory of nuclear
deflection, which predicted a definite amount of charge of deflecting nucleus [15].

On Jan. 7, 1915, R.J. Strutt (Lord Rayleigh) wrote a letter to the Nobel
Committee and nominated Wilson “for his researches on the condensation of water
vapours on gaseous ions (which have led to the methods in use for measuring the ionise
charge,) and on the track of the ionising rays from radioactive bodies.” In his second
letter of Jan. 5, 1915, Lord Rayleigh submitted copies of Wilson’s important papers. NC
did not take notice of Strutt’s nomination.The Physics Nobel Prize was awarded to
W.H. Bragg and his son W.L. Bragg, who, in 1912, discovered that the structure of
crystals could be determined by X-rays.In 1918, Edward B. Poulton, Oxford,nominated
William Crookes and C.T.R. Wilson for a shared prize [16]. Between 1919 and 1923,
Wilson was not proposed.

In 1923, A.H. Compton, U.S.A., showed that when X- rays are scattered by
electrons, due to inelastic collisions, there is an increase in the wavelength of the rays.
During the process, a part of the energy is transferred to the recoiling electrons. With
the experiment, he proved the quantum nature of radiation [17]. C.T.R. Wilson with the
improved cloud chamber reconfirmed Compton’s results. He also proved that his
chamber was “able to deal with individual quanta of radiation, in the sense that the track
of the electron ejected from the atom which emits the quantum of radiation and that of
the electron ejected from the atom which absorbs the radiation may under suitable
conditions be identified” [18].

For the Physics Nobel Prize for the year 1924, Wilson was nominated by his
countrymen Hugh F. Newall, E. Rutherford, and J.J. Thomson. On Dec. 17, 1923, H.F.
Newall wrote to the Nobel Committee that already in 1911, C.T.R. Wilson discovered a
method to make the ionised particles visible. In the following years he improved the
apparatus to observe the atomic disintegration. Newall stated:

“At a time when the indirect methods had perhaps yielded their harvest of results,
this impressive procedure came to provide immediate confirmation and extension,
and to push direct scrutiny of the history of the individual flying electron or ion
into new developments. The photographic records of their life histories and
interactions have ever since been indispensable to research in this domain.” (H.F.
Newall to the Nobel Committee, Dec. 17, 1923).

After telling the importance of Wilson’s work in the field of meteorology and cosmic
rays, he stated that Wilson’s

“recent papers condense the results of many years work on the effects of X-rays
and on the activities exhibited along the tracks of a-rays and B-rays, both directly
and in relation to the study of the characteristic radiations of elementary
substances under the action of X-rays; they will be a valuable mine for future
investigators in atomic science.” (H.F. Newall to the Nobel Committee, Dec. 17,
1923).

E. Rutherford and J.J. Thomson in a joint letter emphasized Wilson’s work in the
field of meteorology. They wrote that Wilson’s tracking method:

“...is based on his own discovery, made many years ago, that ions produced in
gases act as condensation nuclei under certain conditions. Photographs of these
trails show in a vivid and concrete way the processes occurring in the passage of
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ionizing radiations through gases.” (J.J. Thomson, E. Rutherford to the Nobel
Committee, Dec. 4, 1923).

They were also of the opinion that Wilson’s photographic method had not only
confirmed the general correctness of the existing ionisation and scattering theories, but
also hinted that we are still far from understanding the complicated processes that occur
due to the interaction of radiation like X-rays and a gas.

For the year 1924, the Nobel Prize was reserved as none of the nominees was seen as
candidate, who deserves the Prize.

For the Nobel Prize for the year 1925, the Director of Radium Institute in Vienna,
Stefan Meyer proposed Swede Manne Siegbahn and C.T.R. Wilson for the Nobel Prize
(S. Meyer to the Nobel Committee, Dec. 29, 1924). Other persons who nominated M.
Siegbahn were M. von Laue and E.P. Jordan [19].

The reserved prize from the year 1924 was awarded, in 1925, to the Manne Siegbahn
“for his discoveries and research in the field of X-ray spectroscopy” [20]. The prize for
the year 1925 was awarded jointly to James Franck and Gustav L. Hertz “for their
discovery of the laws governing the impact of an electron upon an atom” [21].

Before we proceed further with the case of Wilson, it will be worthwhile to say a few
words about A.H. Compton’s nomination, who shared the Nobel Prize with Wilson.

4. A.H. Compton’s nomination

In 1923, A.H. Compton showed that when X- rays are scattered by electrons;
due to inelastic collisions, there is an increase in the wavelength of the rays. During the
process, a part of the energy is transferred to the recoiling electrons [22].

The first time, A.H. Compton was nominated, for the prize for the year 1925, by
Henry G. Gale from Chicago. A year later, R.A. Millikan, A. Einstein, W. Wien, C.
Fabry, and W.L. Bragg proposed Compton [23]. In 1927, E.P. Jordan, M. von Laue,
H.F. Osborn, M. Planck, C.D. Walcott and W. Wien proposed Compton for the
unshared prize. M. Born and J. Franck were of the opinion that either Compton alone
should get the award, or it should be divided between W. Gerlach and O. Stern. R. Pohl
proposed that Compton and C. Ramsauer should share the prize [24].

Wilson’s nominators were the following Nobel Laureates: Jean Perrin from
France, J.J. Thomson, and E. Rutherford from U.K [25]. The French physicist J. Perrin
in a letter of Jan. 26, 1926, to the Nobel Committee gave credit to Wilson for
establishing a technique, with which the trajectories of the individual alpha- and beta
particles can be made visible. He stated that Wilson’s method can be used to understand
the mechanics of ionisation of gases by X-rays.This mechanism was studied in detail in
the laboratory of P. Auger, France. In U.K., Blackett’s work in Rutherford’s laboratory
proved that the same method allows us, to study the genesis of atoms from its individual
parts, under the influence of shooting alpha particles. (J. Perrin to the Nobel Committee,
Jan. 26, 1926).

J.J. Thomson’s letter, written on Jan. 26, 1927, was rather short. He emphasised
that Wilson’s method is the most direct and in some cases the only method to
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investigate the properties of the X-rays, a- and 3 particles. It had helped much for the
progress of modern physics.

E. Rutherford was determined to put Wilson’s case more strongly. On Jan. 27, 1927,
he wrote three and half pages long “Statement of claims of Professor C.T.R. Wilson
FRS.” Therein he stated:

“I think all physicists would agree that his pioneer work on the conditions of
formation of nuclei in dust free moist air is of the highest originality and merit.
The subsequent development of this discovery to show the tracks of individual
alpha and beta particles and the effects produced by the passage of X-rays and
other ionizing radiations through a gas, was a masterly piece of work carried out
with the technical perfection and refinement so characteristic of Professor
Wilson’s researches.”

In order to emphasize the affect of Wilson’s method on the contemporary research
Rutherford observed in the “Statement of claims ...

“The experiments of Wilson himself and later of A.H. Compton, (W.) Bothe,
(J.M.) Nuttall and (E.J.) Williams and others have shown that the scattering of
quantum is accompanied by the motion of the electron involved, and that this is in
the direction and magnitude to be expected on the theory. It would have been
difficult to obtain such information by any other method - data which are essential
for the verification of the theory.”

In “Statement of claim ...”, Rutherford called Wilson’s cloud chamber method as the
“Experimentum crucis” for the modern Physics. After naming Wilson’s method as the
most powerful tool to attack and solve the fundamental problems, he referred to his
nominator’s work in the field of meteorology and added, “All of this work is
characterized not only by great originality and experimental skill, but the results are
interpreted with judgement and vision.”

The Nobel Committee asked its expert to prepare a supplementary report on
Wilson’s scientific work (details below).

5. Evaluation of Wilson’s work by the expert M. Siegbahn

The Nobel Committee asked Manne Siegbahn to evaluate Wilson’s achievements. In
order to keep the length of article appropriate, only some of the highlights of the Report
of Expert, dated Aug. 9, 1927, (original is Swedish) are given below.

“As stated in the previous report (i.e., year 1924) Wilson’s method makes it
possible to study in details the phenomena that are related to the collisions of a-
particles in gas molecules. Also the method has been used to visualise a number
of properties of radiation related to its quantum nature.”

“Using cloud chamber, (P.) Auger studied the secondary betaparticles, which
come into existence due to the interaction of gas atoms and X-ray. Auger has
shown that Wilson’s method is an excellent substitute to the other techniques, and
in some particular cases it can be used to get more direct information, than had
been possible by other methods.”
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“Wilson’s method is complimentary to Scintillation and Geiger’s methods used
for the study of nucleus and oa-particle collision, and the path of particle traversed
by it. The observations regarding collision of nucleus and a-particles, in which the
photon is ejected from a nuclei (a rare phenomenon as observed by Rutherford)
was made by Paul M.S. Blackett, and W.D. Harkins and (H.A.) Shadduck (...)
using Wilson’s method.”

“In the end it must be stated that Wilson’s method is also applicable for the study
of Compton effect. Although the effect is assured by spectroscopic measurements,
yet the measurement of velocity and direction of electrons with the help of
Wilson’s method are of great value to explain this phenomenon.”

The opinion of the Nobel Committee about Wilson’s achievements is given in the
following section.

6. Opinion of the Nobel Committee

The Report to the Nobel Committee, dated Sept. 30, 1927 (henceforth RNC, original
in Swedish) shows that for the year 1927, 20 nominators proposed 34 nominees. The
Committee reported that Wilson, who since 1924 was nominated, this time had been
supported by the three Nobel Laureates. The Nobel Committee opined:

“From this supplemented inquiry it is clear through the investigations made by
Auger at the laboratory of Perrin, that Wilson’s method is a most valuable
complement to other methods. In certain cases his method gives more pertinent
information than is possible by other methods. The method has been applied in
several research projects, among other the study of the Compton effect. Although
this effect was verified through spectroscopy after the first demonstration through
ionisation methods, the demonstrations by Wilson have been of great value for the
clarification of the phenomenon.”

The general overall view of the Committee was:

“On the whole the method has shown to be a most valuable contribution to the
experimental methods of radioactivity and related subjects. The full significance
has been revealed only in recent time, and the committee members consider the
importance so great as to warrant the Nobel Prize in physics.”

The NC proposed to the Swedish Academy of Sciences that: “the 1927 price in
physics should be shared in equal parts between Prof. A.H. Compton, Chicago, for his
discovery of the effect named after him, and Prof. C.T.R. Wilson, Cambridge, for his
method of making the paths of electrically charged particles visible by condensation of
vapour.” The Swedish Academy of Sciences, which is the final authority to decide on
the Prize, also gave its adjudication as proposed by the Committee.

7. Conclusions

D.M. Bose learned to construct and work with the cloud chamber in the U.K.
and Germany. Based on the knowledge, he constructed the instruments at the University
of Calcutta. Bose’s case shows the transfer of technology and methodology from one
country to other.
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European scientists, such as, K.W.F. Kohlrausch, T. Alper, M. Blau, and E.
Regener appreciated Bose’s work. They even gave credit to Bose being the first in
observing some effect. However, none of the Europeans nominated Bose for the Nobel
Prize. Bose had no chance to win the Nobel Prize, because “no one can receive the prize
in a given year without being nominated for that year” [26]. However, the fact remains
that D.M. Bose along with S.K. Mitra were the first two Indian physicists, who were
asked by the Nobel Committee to send proposals. In a joint letter, they nominated M.N.
Saha. Details of Saha’s nomination and the opinion of the Nobel Committee are
explored elsewhere [27].

C.T.R. Wilson was often nominated for the Nobel Prize, but he was ignored. In
1927 NC or rather the Swedish Academy gave decision in his favour, because the full
significance of Wilson’s cloud chamber was revealed only after 1926.

The number of A.H. Compton’s nominators was much higher than C.T.R.
Wilson, still the NC proposed for a shared Nobel Prize. This suggests that the number of
nominations is irrelevant as far as the decision of the NC is concerned.
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STEVEN WEINBERG
(May 3, 1933 — July 23, 2021)

The Nobel Prize in Physics 1979 was awarded jointly to Sheldon Lee Glashow, Abdus
Salam and Steven Weinberg:

"for their contributions to the theory of the unified weak and electromagnetic interaction
between elementary particles, including, inter alia, the prediction of the weak neutral
current."

Steven Weinberg at the University of Texas at Austin in Austin, Texas, August 25, 2016.

""AS A THEORETICAL COSMOLOGIST I APPRECIATE GREATLY WEINBERG'S WORK THAT
BRIDGED THE GAP BETWEEN ASTRONOMY AND HIGH ENERGY PHYSICS INSPIRING MANY TO
WORK IN THIS BORDER AREA. I FOUND HIS CLASSIC TEXTBOOK "GRAVITATION AND
COSMOLOGY" VERY USEFUL, AND HOPE OTHERS WILL ALSO FIND IT S0.”

: Jayant Narlikar
Jul 25, 2021
(Exclusive comment for Scientific Voyage)



