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CHAPTER-1

PREFACE




1. PREFACE

1.1 In this present study (first work) glycerol witlcedic acid esterification has been conducted in an
infrared irradiation aided batch reactor for maxation of combined selectivity of diacetin and ¢gén
using cost effective pork bone derived hydroxydpasiupported antimony (Sb) oxide catalyst (Sb-
HAp). Under derived optimal condition of 40% Sbqresor loading at 100°C reaction temperature and
6:1 AA:G mole ratio resulted in maximum diacetirddniacetin yield. XRD, FTIR, SEM, BET-BJH and
TGA analyses were performed to characterize theldped catalyst. The catalyst showed appreciable
specific surface area: 40°fy; pore volume: 0.0485 cc/g and mesoporosity &b Z8ong with prominent
crystalline phase of $0s. Furthermore, diacetin & triacetin yield in contienal heating system (DT
yield: 24%) indicated remarkable superiority of rared irradiation (DT yield: 60%) on product
specificity within 1h of reaction time. Additiong]lthe application of synthesized product as adelitd
palm biodiesel evinced 50% CO emission and 20% Hsgon reduction coupled with 2 degrees

depreciation in pour point. .

1.2 In the present work (second work) diesel enginession and its performance has been tested using
three different blends of triacetin and 2-ethyl yleacetate with palm biodiesel and their effect on
biodiesel property has been studied by perforntwege tests viz. flash point, pour point, cetaneb®amm
density, viscosity and acid values. These addithaage shown remarkable effect on pour point and NOx
emission resulting in a reduction ofGtand 74% respectively. However very little imprment has
been observed in terms of emissions and other enggmformance parameters (brake specific fuel
consumption and brake thermal efficiency. Thus tais be attributed to the fact that a single adaliti
cannot improve all the fuel properties therefordglend of additives can be used to amplify the fuel

performance.
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2. INTRODUCTION

A catalyst is defined as a substance which inceeasalecreases the rate of reaction without getting
consumed in the process. In recent years, the dietihtalyst has seen a surge for development &f co

effective catalyst derived from low cost materiaisinly waste materials. Using waste material to
develop the catalyst as well as the target produaites the overall process more cost effective and
environmentally friendly. Below we have discussdabwa utilization of various waste and their

transformation into cost effective valuable product

2.1 Catalyst Development from Waste Resources

Various reports show that increasing number of aietees are being done to prepare heterogeneou
catalysts from waste materials. In recent time rogEneous catalyst are being derived from various
waste resources viz. fly ash, egg shells, fishescadyster shell, mollusk shell, shrimp shell, ncuab
shell, turtle shell, clay which make the overaltatgst production cost effective. In addition tosto
effectiveness utilization of these waste are prgén opportunity for better waste management. Ak ea
year millions of tones of solid waste are generagedcatalyst development from these wastes can
provide a better solution in order to mitigate eommental pollution and high cost of catalyst
production. Fly ash is a waste material producednfcoal based power plants, brick kilns and coal
industry. Reports show that it has got wide fiefdapplication ranging from brick industry, cement
industry, tiles industry and in road constructitm.recent year municipal waste specifically slaeght
house waste has gained significant attention &arehers. A slaughter house waste consists of ¥0-15
bone which is a source of natural hydroxylapa#temarily hydroxylapatite is synthesized chemically
but it is not cost effective. Thus synthesis ofunalt hydroxylapatite has opened a new avenue. But
compared to chemically synthesized HAp very scamtyks have been reported using naturally
synthesized HAp. Report says that naturally syntleeshydroxylapatite can be used as a cost efiectiv
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catalyst as well as catalyst support for variousngical process. Thus in the present work an attéapt
been made to develop cost effective catalyst usstgral HAp derived from pork bone to valorize
glycerol to produce valuable ester preferentiallgl fadditives. In the subsequent section we wdbal
discuss about disadvantages of fossil fuel primatiesel, biodiesel as a potential renewable energy

source, its inferior quality and combating thenmgssuitable fuel additives.

2.1.1 Energy scenario: Fossil fuel

In this modern age fossil fuel being consideredhasprimary source of energy for almost all form of
work ranging from transportation sector, agricudtdield to industrial sector and also full fillingrious
human needs. This fossil fuel being non renewableture, its reserved is limited and depleting lokay
day. Hence the focus of researchers and scieatistss the globe is shifting towards more promising
alternative fuel. Researchers from every cornethefworld are over stretching themselves to find an
alternative fuel that could completely replace flokgel which is nonrenewable and releases harmful
emission .Due to the limited reserve of fossil fuehewable fuels are gaining momentum and becoming
more attractive. Thus, in this section we have madeffort to identify inferior emission quality én

their harmful effect on environment and human life.

2.1.1.1 Harmful Exhaust Emission of Diesel Fuel

Being the back bone of modern age, machinery tonaation to agriculture, diesel is the primary egerg
source. Diesel is a mixture of hydrocarbons ang produced from the distillation of crude. Diesel
emanates harmful emissions viz., carbon monoxide),(@ydrocarbon (HC), nitrogen oxide (NQ

sulpher dioxide (S@ and smoke etcMotsmeier et al., 2005 A detailed description of different

physical properties of diesel has been givendhle 2.1(Fernando et al., 2006




Table 2.1: Physical properties of diesel

Diesel Parameters Units Parameter Values
Density Kg/mt 845
Pour Point °C -10
Flash Point °C 61
Cloud Point °C -15t0 5
Cetane Index - 46
Cetane Number - 51
Kinematic Viscosity mifls 1.9-4.1

Furthermore, the smoke basically contain two pastdid particulate matter and organic component.
These organic compounds present in the smoke aeldiemission are minor in quantity. These
components are heavy organic compounds in natutéhay posses serious threats to human health viz
PAH, aldehydes etcA detailed description has been elaborateddmle 2.2encountering different
harmful components of diesel emission that may egelahuman health and our environmeMeijss et

al., 1995. Apart from carbon dioxide (Cpwhich is a major contributor of global warmingj, aher

components are immensely harmful to human health.

Table 2.2:Diesel Emission Constituents and their impact

Emission Constituent EN Standard(g/kwh) Impact
Formaldehydes - Carcinogenic in nature
Hydrocarbons (HC) 055 Causes resplra_tory irritation, carcinogehic
in nature
Sulpher dioxide(SQ) ] Causes resplratorzr:mtatlon, causes acid
. : Causes respiratory irritation, causes acid
Nitrogen oxides(NG) 3.5 rain
Carbon dioxide(Cg) - Causes global warming
Carbon monoxide( CO) 40 Poisonous to human, it blocks oxygen
supply to body




2.1.2 Renewable Fuel: Biodiesel

Renewable energy sources are the next best dlteyrta fossil fuel and at the same time these
renewable energy sources posses almost no threabhwimonment unlike fossil fuel. One of the
appealing and attractive renewable fuel sourcésodiesel. Biodiesel is fundamentally the mono balky
esters of vegetable oil or animal f@&harma et al., 2014 Transesterification of vegetable oil or animal
fat with an alcohol produces methyl ester whictknewn as biodiesel along with glycerol as a by-
product. The major advantage of biodiesel overaliesits environmental friendly nature, its emissi

is on lower side than diesel. Additionally, partate matter emission from biodiesel is much letisan
conventional diesel, also carbon related emissibncarbon monoxide (CO), hydrocarbon (HC), carbon
dioxide and other greenhouse gases from biodiesebuastion are quite less in comparison with diesel.
Therefore, biodiesel can be considered as nonamdcbiodegradable coupled with its superior emissio
characteristics. In addition to this, biodiesel tenblended with diesel in any proportion and it ba
used in most of the existing diesel engine withawoy upgradation. However biodiesel also acquires

certain pitfalls which have been covered understifesequent section.

2.1.2.1 Physical Properties of Biodiesel

Biodiesel possesses higher viscosity, molecularsmasur point and density than its contemporary
diesel fuel (Hoekman et al., 2012; Silitonga et al., 2013; Aslua et al., 2014. Having higher
viscosity and molecular mass, these result in wrkMe conditions during engine operations viz.rpoo
volatility, carbon deposition inside injector, po@tomization and finally rendering incomplete
combustion of biodiesgBagboy et al., 1987 A detailed description of different physical projes of
biodiesel has been tabulatedTiable 2.3(Vedaraman et al., 2011; Mofisur et al., 2012; Falttat al.,

2014 to understand its limitations.




Table 2.3: Physical Properties of biodiesel

Biodiesel Properties Units Values Standard Methods
Density kg/m?® 880 ASTM D 4052
Pour Point °C 13-16 ASTM D 97
Flash Point °C 160 ASTM D 92
Cloud Point °C 14-17 ASTM D 2500
Calorific Value mj/kg 38.69 ASTM D 240
Cetane Number - 50-52 ASTM D613
Viscosity at 46C mm/s 3.94 ASTM D 445
Oxidation Stability - 7.2 ASTM E 2412

2.1.2.2 Disadvantage Related to Biodiesel

FromTable 2.3 it is quite evident that some of its propertiesyncause difficulties in using biodiesel as

an effective fuel in cold climate. Indistinctly, aold climate, due to higher pour point of biodigban

conventional diesel fuel it may clog the engingefs resulting engine shut down. To address thiseis

winterization technique has been employed whichbleas expected to improve biodiesel cold property.

Furthermore, due to poor oxidation stability, sH#& of biodiesel is shorter than diesel, alsadagen

oxide emission from biodiesel (particularly fromlrpabiodiesel) combustion is quite high than diesel.

Therefore, for last few years, to promote biodiggelduction in need for greener fuel researchess ar

focusing on the development of suitable fuel addithat not only counteracts the limitation of besz|

but could also enhance its fuel property thus, mgkiodiesel competent with diesel. This can bd wel

achieved via using surplus glycerol from biodigadustry to generate an effective fuel additive.




2.1.3 Different Fuel Additive

Fuel additives are the chemical substances whiehused to improve or enhance the certain properties
of a fuel. According to their use fuel additivesuttbbe mixed with gasoline/petr@iVang et al.,200%
diesel, biodiesglRibeiro et al.,200y and aviation fuel in a proportion of less than el additive is a
chemical substance that helps in achieving betigme performance by keeping engine and its parts
clean and prevents incomplete combustion whichslgéadoetter and improved engine efficiency, less
emission of green house gases and harmful parcuteatter as well as fuel additive also protects
engine parts from corrosion which results in bettegine life(Chevron 2009. Addition of fuel additive
and alcohol to diesel significantly reduce thetipatate emissiongRakopoulos et al.,2008whereas
fuel additive addition to marine diesel fuel result significant reduction in carbon dioxide (§0
nitrogen oxide (NG) and particulate emission, and improves conceatratf oxygen and excess air
qguantity (Lin et al.,200§. For better jet engine performance fuel additige mixed in 1-70%
concentration, it minimizes the depositions ingagine and enhances the thermal stab(ftyrester et

al., 2003. The use of fuel additives and its wide field pphcation have been summarized below.

+ Improves cold flow property of biodiesel.

+ To meet fuel specification it is mixed with diegglgoline.

% Protects pipe lines, fuel tanks, engines from o

% Increases shelf life of fuel and fuel could be atbfor a longer time.

% Reduces pumping cost in fuel pipe lines.

+ Reduces emission and enhances engine performark@eping engine clean.




Depending upon application fuel additives can lassified as follows. Cold flow improver namely
ethanol, polymethyl acrylate (PMA), which enhantescold weather operability of biodiesel, where as
oxygenated additive helps in better combustion puedluces minimal pollutants. Antioxidant additive
prevents gum formation in biodiesel by stoppingypwric chain reaction and improves stability in
storage. Few antioxidants are as follow pyrogaffl), propyl-gallate (PG), hydroxyanisol (BHA)
(Sohober et al., 2004Karavalakis et al., 20L1;1Joshi et al., 2013 Lubricity improver 1,2-ethanediol,
1,3-propanediol and 1,2,3-propanetriol helps in ronpg service life of engine and its parts by
minimizing friction (Batt et al., 199h Metal based additive such as NiO, Mn@ MgO improves

engine performance and reduces exhaust emigdishi et al., 200). Cetane number improver reduces

ignition delay, diesel consumption, exhaust emissiod enhances engine performance these includg¢

mainly 2-ethylhexyl nitrate, cyclohexyl nitrate aBemethoxyethyl ethgfUllman et al., 1994 Lu et al.,

2005.
2.1.3.1 Glycerol: Its history & application

The history of glycerol takes us back to around®BQC, when it was produced from the saponification
of fats (Christoph et al., 2006 Pagliaro et al., 200Y. The word glycerol is derived from the word
“glycos” a greek word means “sweet”. Sometimessiiso called as sugar alcohol. Till"26entury
glycerol was produced as a byproduct of soap imgu3there are various ways to produce glycerol
either by synthetic route or as a by-product ofdi@eel production. Glycerol is produced as a waste
product or as a by-product in biodiesel industrizjol is basically 10 wt% of total bio-diesel proddc
(Malero et al., 2012 In Europe since 2000 there is jump of 28% in l@edl production and it has
reached 5 million metric tons (MTm) of biodiesebg@uction of in 200g@Malero et al., 2008 where as

in US, from their existing biodiesel production aapy of approximately 300 million gallons per year

(gpy) they want to reach 600 million gpy in nextvfgears(Bowman et al., 2006 To meet the Kyoto
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protocol Canada aimed to produce 500 million Ifirear of biodiesel by the year 20{®mith et al.,
2009 whereas Malaysia is targeting to reach a biodipesdluction 500,000 tone per year (tpy). The
international biodiesel production trend shows thadv countries are focusing more towards greener
and cleaner fuel and this leads to an increaseduptmn of biodiesel and as a result a huge amofiint

surplus glycerol is also produced as a by-prodriuis surplus glycerol is of 888% purity(Pramanik

et al., 200%. The current market is unable to absorb this sgrglycerol and in addition to this crude
glycerol needs to be purified for industrial gradd®8% (Kenkal et al., 2008 A report by Tyson (2003)
indicated that due to this surplus glycerol prodrctost production of biodiesel could also be ghexp
from US$ 0.63 per liter to US$ 0.38 per lif€aliagro et al., 2008 Below givenFig. 2.1(Yazdani et
al., 20079 shows how over the years surplus glycerol is ptedudrom biodiesel industry and it leads to
the gradual fall in glycerol price. This conditiaruld give rise in a situation where glycerol wibt be
profitable for biorefiners and it will be considdras a wastéolmetz et al.,2006and it will also create

storage and disposal problem in environn{@&#-silva et al.,2000
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Fig. 2.1: Increasing production of biodiesel and arde glycerol lead to plummeting glycerol price
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Glycerol being colorless, transparent, odorless, togic, and sweet in nature, it has got wide raoige
application in different field of life viz. in food. beverage industry, in beauty cosmetic produicts,
pharmaceutical industry, in chemical industry,abdcco and resin industry etc. The existing maoket

glycerol and its consumption pattern is represeh&dw inFig. 2.2(Paglirao et al., 200Y.

Personal care
16%

Polyether/polyols
14%

Detergents
2%
Others

11% Cellophane

2%
Explosives

2%

Alkyd resins

8%

Triacetin
10%

Drugs and Pharma
18% Tobaco
6%

Fig. 2.2: Industry wise application of glycerol

The pie chart clearly shows that majority of thgcghol is consumed by pharmaceutical industry, food
& beverage industry, and beauty care industry 86,18 % and 16% respectively. Some other industry
viz. tobacco, detergent, explosive etc also consaititde amount of glycerol. But analyzing the etr

trend of glycerol consumption it can be well sa@ttexisting market is immature to consume the
surplus glycerol coming out from fast growing bieskl industry. To valorize this excess glycerol

various researches have been carried out in oodérahsform the low value glycerol by different
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strategies and approaches. Thus, the presentchsesm@are concentrating on transformation of glyicer

into fuel additives that could be used in fuel istiy.

2.1.3.2 Glycerol Transformation into Fuel Additive

In present years, glycerol has gained immense tattelor fuel additive synthesis. Conversion of
glycerol to valuable fuel additives is achievedotigh various chemical routes viz. esterification,
acetylation or etherification and many others whie@ve not been covered in the present thesis. The
reason behind its conversion is that, it cannotlibectly added to fuel because of its polymerizamgl
degrading nature. Thus, this could result in consatjal engine problems at high temperatures. Hence
glycerol is being transformed into effective fudbiive that will not only enhance fuel propertyt lman
also control exhaust emissions from diesel andiesadl A property comparisqi€lnakci et al., 2003

has been summarizedTmble 2.4to understand the applicability of diesel and @edl in Cl engine.

Table 2.4: Fuel property comparison between diesaind biodiesel

Fuel Property

Diesel (ASTM D975)

Biodiesel (D6751)

C/H ratio 6.82 6.53
Sulfur (wt. %) 0.041 0.0 to 0.005
Oxygen (wt. %) 0 11
Carbon (wt. %) 87 77
Hydrogen (wt. %) 13 12

The comparative study of properties between diesel biodiesel shows that biodiesel has higher

oxygen (Q) contents and lower carbon (C) value and it le@dbetter combustion in an engine and

13




lower exhaust emission except nitrogen oxide (N€dnission which is on the higher side. Howeves th

issue could be well addressed by using properddditive. Below some of the glycerol derived fuel

additives are given imable 2.5

Table 2.5: Glycerol based additives

Glycerol based additive

Application

Reference

Polyglycerol

Improves lubricity in chocolate

%)

Clacens et al.,2002

Glycerol Diacetate

Improves cold flow property &

viscosity of biodiesel

Melero et al.,2007

Goncalves et al.,2008

Glycerol Triacetate

Use to improve antiknocking
property of gasoline and

improves viscosity of fuel

Luque et al.,2008

Ferreira et al.,2009

Glycerol Acetal

Imparts oxidative stability to fug

Garcia et al.,2008

Di-tert-Butyl glycerol ether &
Tri-tert-butyl glycerol ether

Reduce viscosity, improve cold

flow property, reduce particulat

(4%

emission, green house gas
emission and unregulated

aldehyde in exhaust

Noureddini at al.,1998
Klepacova et al.,2007
Jamroz at al.,2007

Melero et al.,2008

Glycerol emerges as a significant worth chemicat ttan be converted into high value products. én th
prospect of world wide energy scenario glycerol (i@sat demand towards renewable sources, glycero
has proved to have tremendous potential to be foraned, thus supersede conventional petroleum

derived fuel additive. Many glycerol based esteaifion products such as diacetyl glycerol, trialcety

14




glycerol, and glyceryl monooleate have been identified a®ngatlly valuable additives for diesel,

gasoline, biodiesel and blend biodiesksel. Thus, the present researchers are contegtran

transformation of glycerol into fuel additives thaduld be used in fuel industry. Accordingly, inrou

present work, emphasis had been given on the ptioduaf a valuable additive that will finally gerate

proficient fuel rending higher fuel efficiency abdtter engine performance. The upcoming chaptér wil

give us an overview of the production of such gigtéased fuel additives and their applications in

diesel engine. The upcoming chapter will also ermasa the preparation method of these valuable

esters through catalytic route.
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3. LITERATURE REVIEW
3.1 Synthesis of Glycerol Based Fuel Additives UgirSolid Acid Catalysts

A detailed review has been performed in the follayvsection to understand the utility of glyceral fo
production of valuable fuel additives and its parfance when blended with diesel or biodiesel.
Furthermore, this literature review also encompashi#erent heterogeneous catalyst involved in fuel
additive synthesis

3.1.1 Synthesis of Valuable Esters Using HomogeneoGatalyst

A catalyst which remains in a reaction system delukith the reactants i.e. in a same phase with
reactants is called homogeneous catalyst. Homogsneatalysts are alternative to heterogeneous
catalysts. Homogeneous catalysts are employed fouga applications because of their unique
selectivity and conversion towards targeted pragudtor the production of valuable esters
homogeneous catalyst are also employed. Some ofdluable esters produced using homogeneous
catalyst are glycerol ketals, glycerol acetates larashched alcohol-derived fatty esters. Glycerdabke
(solketal) is a synthesised product of glycerol aoeétone and it is a well-known oxygenated fuel
additive. To catalyze this reaction various Brodsteid viz. phosphoric acid, sulfuric acid, hydroctc

acid or p-toluene sulfonic acid are used as a ysttébGirald et al., 2009. Another important ester
glycerol acetate which is extensively used as & ddditive is synthesized from the esterificatidn o
glycerol and acetic acid. The reaction has beealyzdd by p-toluene sulfonic acid with good
productivity of monoacetates, diacetates and trédeeas 40 wt.%, 27 wt.% and 33 wt.% respectively
(Girald et al., 2009. Therefore, despite having a unique selectivityg aonversion homogeneous
catalysts are still losing shine in front of hetgneous catalyst. This can be attributed to thetFat

separation of homogeneous catalyst from final reaanixture and its disposal incurs additional cost
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and may result environmental problems. In subsdgseeations we will be thus discussing about

heterogeneous catalyst and their application ith&gis of valuable fuel additives from glycerol.

3.1.1.1 Different Glycerol Based Fuel Additive Ests Using Heterogeneous Catalyst

Glycerol being a byproduct from biodiesel indussggignificantly gaining importance all over th@lgé
because of its availability in abundance and its taxic nature. Crude glycerol has low market value
that's why various researches are going on to avrgcerol as a value added product. In the lagt f
year various researches have been carried outsaadesult some of the valuable products have beer
identified as potential fuel additive viz. glycerether, glycerol acetal and acetyl glycerol. Glgter
based fuel additives are best alternative to exgstuel additives viz. methyl-tert-butyl ether (MERB
and ethyl tert-butyl ether (ETBE). MTBE & ETBE ameade from petroleum feed stoke and various
findings say that they cause health problems indruand animals and they are also known to pollute
underground water and aquatic life. Therefore, yotlesize valuable fuel additives using glycerol
various heterogeneous catalysts have been studimth Wwas been tabulated Tmble 3.1to identify the

research gap in the present research articles.

Table 3.1: Glycerol based fuel additives

Name of Catalyst Reaction Remarks Uses Reference
Glycerol derived conditions
additive
Diglyceride & Sulfonic | Temp. 125C, Longer reaction Improve Melero JA
Triglyceride of acid- Time time coupled with| viscosity & et al.,2007
Acetic acid modified | 4hr,G:AA 1:9 | higher molar ratiog  cold flow
SBA-15 Combined property
selectivity of
85%
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Name of Catalyst Reaction Remarks Uses Reference
Glycerol conditions
derived
additive
K-10 Temp. 306C,Time | High activation Goncalves
montmorillonite | 30min, Conversion, temperature & VLC et
96%; Combined low al.,2008
selectivity 98% | Triacetylglycerol
[TAG 5%)] selectivity
PMo(Dodeca Time 3hr;Cat Longer reaction
molybdophosporic loading time & very low )
acid) encaged in| 1.9wt%;Combined| Triacetylglycerol Ferriera et
USY Zeolite Selectivity 61% selectivity al.,2009
Diglyceride [TAG 2%] Improye
viscosity
& AgPW(Silver Temp.120°C;Time| High conversion| & cold Zhu et
Triglyceride exchanged 15min.;G:AA but at the expense  flow al.,2013
of Acetic phosphotungstic | 1:10;Cat loading of high molar property
acid acid) 1wt%;Conversion ratio and
96.8%; Combined| expensive catalyst
Selectivity 51.1%

TPA(12- Temp.100°C;Time| High temperature Patel &
tungstophosphorig  6hr; G:AA 1:6; & longer reaction Singh,2014
acid) anchored to time; low

MCM-41 Cat O._15gm; Triacetylglycerol

Converspn 87%; selectivity
Combined
Selectivity 75%
[TAG 15%)]
Glycerol Carboxylesterasal Time 15hr; Temp. Longer Reaction Fuel Park et
Monocaprin 50°C,Selectivity Time Lubricant| al.,2010
80%
Glycerol | Candida Antarctica Temp. 50°C; Time| Longer Reaction| Cetane | Kapoor &
Palmitate lipase B 24hr;Conversion Time Improver | Gupta,2012

90%:;Selectivity
53%
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Table 3.2: Glycerol based fuel additives (Continugd

Name of Catalyst Reaction Remarks Uses Reference
Glycerol conditions
derived
additive
Glyceryl Zinc Oxide | Temp. 150°C;G:0OA | High reaction Fuel Singh et
Monooleate (Zn0O) 4:1;6hr;conversion time and | Lubricant & al.,2013
90%:;selectivity temperature | pour point
80%:;cat loading depressant
.5wit%
Zeolite Temp. 100°C;Time | High reaction Machadoa et
24hr;Yield time and a al.,2000
20%;Selectivity of low yield
GML 65%
Aluminium Temp. 150°C;Time | High reaction Sathivel et
& Zirconium 18hr;Pressure 10 time and al.,2007
acid catalyst| Mpa;Conversion of | temperature
Glyceryl Lauric Acid (LA) 93% Fuel
Monolaurate SBA-15 Temp. 16%C, Time High Lubricant Hermida et
7hr;Conversion 90- | temperature al.,2011
95% & longer
reaction time
Mg-Al-CO3 Temp. 180°C; Time High Hemerski et
2hr;Conversion of LA| temperature al.,.2014
99%
SBA-15 Temp. 160°C; Time High Hoo &
6hr;Conversion of LA| temperature Abdullah,2014
70%;Yield of GML and longer

50%

reaction time

Thus, from the above literature reviews it can bactuded that synthesis of these valuable estérifie
products require higher reaction temperature omgdonreaction time for desired conversion and

selectivity. Whereas in some cases higher molaosrdtave been reported for the desired conversion
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coupled with the employment of expensive catalyStsthere is a need of intensive study to optimize
the reaction system to minimize these system caingérand maximize desired yield and selectivity in

an energy efficient pathway.

3.1.2 Different intensification methods

In recent years much focus and attention is beingngto save energy worldwide and the field of
chemical engineering is not an exception. Resesdre continuously focusing on new energy saving
methods and environmental friendly technology tpriove reaction system and it has attracted attentio
of researchers to find new avenues to improve otednprocesses. Literature review shows in the last
two decades some intensification methods have hes in chemical processes (esterification,
transesterification and etherification has beeneoey in the present thesis) and these have drawr

increasing interest among researchers. These neettedjiven below.

% Microwave activation

«» Ultrasonic activation

% Infrared activation

3.1.2.1 Microwave Activation

Microwave activation has been in large practicentensify a chemical reaction. Microwave irradiatio
lies in between infrared and radio wave in electigrnetic spectrum. Microwave activation is known to
improve energy efficiency on ground of highly foedsenergy to reaction system thus resulting in
increased rate of reaction, better energy manageamehincreased yield. Literature review shows that
microwave activation has been employed in variousendcal systems viz. esterification,

transesterificationKiss & Keglevich(2016 have reported to intensify the esterification gtlic
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phosphinic acids in the presence of ionic liquidsng microwave irradiation and it has resulted in
enhanced efficiency. In another wdBkiasri et al. (2015 has reported that application of microwave
irradiation in transesterification of Jatropha Gascoil has resulted in high biodiesel production in
shorter time. Microwave irradiation for biodieseloguction has resulted in higher conversion in
esterification of free fatty acids as reported lbgu et al. (2016. Hence it can be concluded that
application of microwave irradiation in chemicalopess saves time, energy, increases yield and

conversion.

3.1.2.2 Ultrasonic Activation

Ultrasonic activation has shown promising resuitsntensification of various chemical reactionsislt
known to enhance mixing and temperature of reachtiure simultaneously. The ultrasonic activation
which utilizes ultrasound as a tool to propel ocederate the chemical reaction has emerged as 4
promising field of research in the synthesis ofiamas chemical driven products with improved
conversion, better performance and shorter read¢tme. Many research articles have been reported
during the last few years on ultrasonic activatibrchemical processes which shows increasing istere
of researchers and scientific community towardsaatinic activation. Ultrasonic irradiation has fesii

in better esterification performance in terms daég8cation efficiency and reaction time for jgptoa oil
than mechanical stirring and hand shaking mixingreggrted byAndrade-Tacca et al(2014). In
another case ultrasonic activation has resulteshéreased rate of biodiesel production with shorter
reaction time and lower reaction temperature asrte@ byManeechakr et al(2015. Hajamini et al.
(2019 has successfully employed ultrasound radiatioresterification of waste fish oil and it has
resulted in reduced reaction time, lower molarorafi alcohol to oil and improved energy consumption
Hence it can be said that ultrasonic activatioansattractive technique to improve chemical process

performance.
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3.1.2.3 Infrared Activation

Infrared irradiation is invisible part of a eleatnagnetic spectrum. It is further divided into thiad
part near infrared (0.76—1.5m), middle infrared5€6.6m) and far infrared (5.6—1000 m). Infrared
irradiation can be used to intensify chemical reast by virtue of its heating capacity. One of thain
advantages of using infrared heating is its unifdr@ating which results in improved efficiency of a
chemical process. It is being used as a heatingcean many industrial applications viz. in glass
industry for annealing, in plastic industry andpinnt drying. But particularly in the field of checal
process intensification infrared irradiation has fgov applications. Very scanty work has been regubr
on infrared activation of chemical processes vigterfication, transesterification or biodiesel
production.Chakraborty & Sahu(2014 have utilized infrared assisted heating for bisdigoroduction
using waste goat tallow and as a result it hasl@@ted the conversion process in shorter timeltregu

in maximized biodiesel yield compare to conventlom@ating. Infrared irradiation has been used in
esterification between glycerol and lauric acid &nldas rendered in higher conversion in shorteeti
period thus making the system energy efficient tt@mventional conductive heating system as reported
by Chakraborty & Mandal(2015. In another work infrared assisted biodiesel pobidn from waste
mustard oil has shown fast production of biodiessipare to conventional heating and made the
process cost effective by saving time and energiejpsrted byPradhan et al.(2016. Thus from the
above literature review it can be concluded thaiability of uniform heating makes it a better opti

and so its application holds a promising futuregiarcess intensification of esterification reaction

3.1.3 Waste Management and its utilization

Development of catalyst from waste resource isliiigdvantageous as it will lower the overall cokt o

production and at the same time it will solve thgpdsal problem of waste materials in environment.
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Non efficient or under utilization of animal wastdich mainly consist of bones, scales or egg shells
and various body parts of animal will create enwinental pollution, health problem and as well as
disposal problem. Considering India which is waslthrgest house of farm animal viz. buffalos, goat,
sheep and poultry and growing at a rate of 6% peually (Jayathilakan et al.,201 It produces huge
amount of animal waste every year. A pig carcadsssf carcasses and lamb carcasses consist of 119
15% and 16% of bone respectively. These bones ramiging source of catalyst as well as catalyst
support that could be utilized in the developmemtl production of natural hydroxylapatite. Thus

utilization of animal bones could help in bettelidavaste management.

3.1.4 Cost Effective Catalyst Using Waste Resources

The field of catalysis is on revival. In last fevear various research has been carried out for thg
development and design of new catalyst derived fnatural waste or low cost material. To prepare a
cost effective heterogeneous acid catalyst a progisatalyst support has been considered that is
hydroxylapatite (HAp). These support posses a @mgiion exchange capacity, high adsorption
capacity, distinctive acid base property and noncity. These catalysts can be prepared either via
chemical route or can be derived from animal bosesles or egg shells. In next part we will be
discussing about synthesis of hydroxylapatite fronemical route as well as from natural waste

resources.

3.1.4.1 Chemical Preparation of HAp & its Applicatons

Hydroxylapatite (HAp) is a widely available natuyabccurring mineral calcium phosphate. Usually it
is denoted by Ga(POy)s(OH),. It is found from study that hydroxylapatite hasking similarity with
human hard tissue found in the bone. In induspiaktice hydroxylapatite is synthesized via several

chemical routes. Some of the well known methodsar®llow.
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Among these methods the most popular and widelgvi@d technique for hydroxylapatite synthesis is
wet chemical precipitation. Sometimes also calleghr@cipitation technique. This method was invented
by Yagai and Aoki as reported ouyer et al.(2000. This method utilizes calcium hydroxide
(Ca(OH)) and phosphoric acid gRO,) as the primary reaction material and apart frourbixylapatite

as a primary product this reaction leaves watex produced.

Hydroxylapatite (HAp) has got wide range of apdima. Owing to its great similarity with human bone
tissue it is widely used in medical field. The magpplication of hydroxylapatite that includes isem

below(Kantharia et al.,2014)
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Apart from these traditional applications new reskas have opened various new fields where HAp is
being considered as a potential game changero/izduce exhaust emission hydroxylapatite is used i
air filters and it is found to be very effective absorbing and decomposing carbon monoxide (CO)
(Nasr-Esfahani et al.,2012 In another new application hydroxylapatite-alggnacomplex were
employed as an adsorbent to remove fluorides usimgxchange mechanism and added advantage witl
this composite material is its biodegradable natun@ biocompatibilitPandi et al., 201% Some new
researches have also showed its promising and tgadtase in the field of protein separatidPofty &
Xenopolous ,20111 One major application which has emerged in retietd is in the field of catalysis.
Many report suggest that hydroxylapatite (HAp) ising used as a catalyst and catalyst support
successfullOkumara et al., 2018 In subsequent section we will be discussing alpoeparation of

hydroxylapatite from natural resources.

3.1.4.2 Preparation of HAp from Natural Resources

Although chemically synthesized hydroxypapatite (Hi#s widely used, in recent time naturally derived
hydroxypapatite has drawn the attention of vari@searchers across the globe. Natural hydroxylepati
(NHAp) can also be prepared or derived from nattgaburces viz. fish scale, animal bone, bird bone
and egg shellChakraborty et al(2014) has successfully derived natural hydroxypapakitd Ap) using
turkey bone and employed it as a catalyst afteciraion. This catalyst was further successfully
employed to optimize the production of biodiesehirindian mustard oil as reported by Chakraborty et
al. Initially turkey bone was boiled in deionizecater in order to remove flashy part and make it
deproteinized. Then turkey bone was converted rtelyfi powdered material in a ball mill using wet
grinding technique to obtain natural hydroxylapgatind finally it is subjected to calcination to eert it

to catalyst. Thus it can be concluded that natudgrived hydroxylapatite has exhibited very priafint
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performance as a support and catalyst. In nextosewte will discuss about application of HAp as a

catalyst and catalyst support in detail.

3.1.4.3 Application of Hydroxylapatite (HAp) as a Gtalyst & Catalyst Support

Application of hydroxylapatite in the field of céyais is a new avenue. The potential use of
hydroxylapatite as a catalyst and catalyst sugpastdrawn significant attention of researcher&aent
time. A detailed literature review shows that vasovorks have been reported using hydroxylapatite.
Table 3.3has been provided to understand the applicatiofiidp) as an effective catalyst as well as

promising cat support.

Table 3.3: Application of Hydroxylapatite (HAp) asa Catalyst & Catalyst Support

SL. No. Year Author’'s Name Application Catalyst Properties
BET | Acidity/Basicity
Surface
area
(m*g)
1 2001 Sebti et al. ZngHAp lewis acid-catalyst 38.26 -
for Friedel-Crafts Alkylation m?/g
Reaction.
2 2002 Sebti et al. HAp as a support in 38.26 -
Knoevenagel Reaction. m?lg
3 2003 Zahouily et al. HAp as an efficient catalyst|i 38.0 -
Michael's Addition Reaction., m?/g
4 2003 Venugopal & | Au-HAp catalyst in the water| 54.0 -
Scurrell gas shift reaction. m?/g
5 2004 Mori et al. Pd-HAp catalyst for oxidation 48.8 -
of alcohols. m?lg
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Table 3.4: Application of Hydroxylapatite (HAp) asa Catalyst & Catalyst Support (Continued)

SL.No.| Year Author’'s Name Application Catalyst Properties
BET Acidity/Basicity
Surface
area
(m’/g)
6 2010 Chakraborty et| Transesterification of soybean0.701n%/g | 1.6 mmol HCl/g
al. oil catalyzed by fly ash-HAp
catalyst
7 2011 Chakraborty et| Biodiesel synthesis using low 39 nf/g -
al. cost fish scale derived HAp
catalyst
8 2011 Huang et al. Au-HAp catalyst for low | 84 nf/g 0.70 mmol
temperature CO oxidation COJg
9 2012 Chakraborty & Ni-HAp catalyst for 90 nflg 7.52 mmol
Das esterification of free fatty acid NaOH/g
10 2013 Chakraborty & | Esterification of oleic acid 16.78 11.22 mmol
RoyChowdhury using Cu-HAp m?/g KOH/g
11 2014 Chakraborty el|  Optimization of biodiesel antlg 5.1 mmol HCl/g
at. production using biological
HAp as catalyst
12 2014 Chakraborty & Methyl oleate synthesis | 14.9 ni/g 10.336 mmol
RoyChowdhury| optimization using Fe-HAp KOH/g
13 2015 Gao et al. Gas phase dehydrogenation &7 nf/g 0.28 mmol
ethanol using maleic anhydride NH3/g
as hydrogen acceptor using
Cu-HAp as catalyst.
14 2015 Cai et al. Synthesis and antimicrobial 24.81 -
activity of mesoporous HAp-| m?g
ZnO nanofibers.
15 2015 Buasri et al. HAp catalyzed biodiesel| 21.19 -
production via microwave m?/g

irradiation.
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The above literature shows successful utilizatibhyalroxyapatite as a catalyst and catalyst support
various chemical reactions. The above observatandgmown that HAp can be used as a cost effectivg
catalyst and in many cases it has outperformed weipect to expensive metal oxide catalysts thus
making the overall process cost effective. Thersfor the present work, pork bone has been selasted
raw material to develop hydroxyapatite (HAp) and baen employed in the esterification of glycerol

with carboxylic acid.
3.1.5 Present Work: Literature Review
3.1.5.1 Diacetin and Triacetin Synthesis

Esterification of glycerol and acetic acid yieldsee products viz. monoacetin, diacetin and triacet
Among these monoacetin is used in polymer industiy in cryogenic. Whereas diacetin and triacetin
being the most important product of glycerol andti@cacid esterification are used as a fuel adelitiv
Some other applications also include as plasticizelvent, softening agent and in cosmetic industry
Literature review shows that diacetin and triacetam be used as a potential biodiesel additive to
improve its property. Earlier reported work showattno. of attempts have been made to maximize
second degree and third degree ester. Although fraelvie 3.1it can be concluded that synthesis of
diacetin & triacetin is quiet lengthy as it takemger reaction time upto 3hr and higher reaction
temperature upto 360 which makes the process economically unfavoraibein our present research
work we have made an effort to produce diacetimi&etin via esterification of glycerol and acedimd

in a shorter route. In the next section we willcdiss about various application of antimony oxide

catalyst which has been used as activating agattimpregnated on HAp support.
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3.1.5.2 Antimony as Catalyst

Different types of supported antimony oxide,Sf SkOs and ShO, catalysts have been prepared to
catalyze wide variety of chemical reactions. Amahgse oxides SB; is most important as a
commercial compound.Duh (2002 have applied antimony catalyst ¢(8B) for solid state
polycondensation of poly ethylene terephthalateT(PEo study the effect of antimony catalyst {8k

on solid state polycondensation (SSP) antimony ¢(®bcentration was varied between 0-210 ppm. It
was observed that activation energy of the prodesseased linearly when antimony (Sb) concentration
lied between 0-100 ppm and the rate of solid spaigcondensation (SSP) reached its maximum at
antimony (Sb) concentration of 150 ppm. Activatienergy for antimony catalyzed solid state
polycondensation was found to be 23.3 kcal/molrgitveony (Sb) concentration of 210 ppm where as
for uncatalyzed reaction it was 30.7 kcal/mol. Hoereit was observed that upon increasing antimony
(Sb) concentration frequency factor of the reactimereased due to hindrance created by antimony
molecules to heavier polymeric chain. Aluminum oped vanadium-antimony oxide catalyst
(VSbQ/Al,0O3) has been employed in dehydrogenation of ethykraavith carbon dioxide and its
effect was studied bipark et al.(2003. A comparative study was made between catalytiwigcof
alumina supported vanadium oxides ¥&,0z) and vanadium—antimony oxides (VS8 ,0s. It was
found that catalytic activity and on-stream stapitif vanadium-antimony oxide (VSR@\I,0s) catalyst
was superior to vanadium-antimony oxide /&1203) catalyst. The reason behind improved
performance of VSb@AI,O3 catalyst was addition of antimony into vanadiumdes (VQ/AI,O3)
which enhanced dispersion of active vanadium-ogi®,) as well as redox property of systezhang

et al. (2009 reported that very selective partial oxidationnwéthane (Cl) to formaldehyde (HCHO)
has been achieved using antimony oxides mainpD$Sbr SBOs highly dispersed on silica. Different

loading of antimony salt on silica has been rembrte has been found that antimony oxide (SbOx)
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loading up to a value of 20% in SbOx/Sias demonstrated very good selectivity towards
formaldehyde (HCHO) even at elevated temperatu@s6iC. At this temperature $0s/SiO, has been
reported to be more selective with selectivity ugtb% towards formaldehyde than ,89/SiO..
Mahajan et al. (2006 has reported the application of hydroxylapatiteAl supported antimony
catalyst (Sb-HAp) for stereo selective synthesis ti@ns-pyrano[3,2-c]quinolines from anilines,
benzaldehydes and 3,4-dihydro-2H-pyran (DHP). I ¥eaund that the catalyst very efficient with good
yield. The major advantage of the catalyst waseit®verability and it was reused ten timésang and

Liu (2008 found that antimony trichloride (Sbffldoped on silica gel (Sb&8i0;) acted as an efficient
catalyst for the synthesis of 9-ary-3,4,5,6,7,9amxroxanthene-1,8-diones by condensation of
aromatic aldehydes and 5,5-dimethyl-1,3-cyclohedame under solvent-free conditions. Application
of developed catalyst (Sb{3$i0O,) resulted in shorter reaction time, higher yietdodest reaction
condition, simple reaction set up and it also festureusability Darabi et al. (2009 reported that
presence of lewis acid sites on antimony chlorfsleGk) doped silica catalyst (SbZ$i0,) performed
very efficiently for the synthesis of quinoxalinertvatives even in the presence of low active sabst
Impregnation of antimony chloride (Sk{bn silica has appreciably increased the actibggause of
the formation of O—Sb—CIl bond which has facilitatesl stable lewis acid site during the course of
reaction. It was noted that the silica-antimonyodidle catalyst (Sb@ISiO,) showed long shelf life and
excellent activity in reaction as well its prepavatand handling was also user friendly. Even the
catalyst was recovered and reused four times withoy significant loss in its activity. The factath
SbCk did not leach makes SbCI3/SiO2 as alternativerbgémeous acid catalyst to the conventional
homogeneous acids at room temperatBan et al(2011) developed antimony (Sb) impregnated tin
oxide supported on carbon black (ATO/C) catalystgiprecipitation method and further treated ithwit

platinum (Pt-ATO/C) to enhance its catalytic adtivifor methanol oxidation. It was observed that Pt
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ATO/C catalyst showed a relatively higher activibyvards methanol oxidation than commercial Pt/C
catalyst (Pt-SnelC). The reason behind higher activity was antim{®ly) doping on tin oxide (Snp
and its electronic effects with Pt catalysts. Amting-doped metal oxides as a co-catalyst of Pt,ccbal

a promising and convenient methanol-oxidation anzatalyst. The above literature review has shown
that antimony has been used as a catalyst in \sadbemical reactions and as a result it has enblance
the overall reaction performance. Therefore, inghesent research work an attempt has been made t
develop heterogeneous catalyst using antimonydBmaturally derived hydroxylapatite (HAp) support

and applied in glyceryl synthesis.

3.1.5.4 Optimization Study using Taguchi Design

Previously, process optimization had been conductsithg classical method with large sets of
experimental trials, but in recent time a powei &thtistical tool, Taguchi J orthogonal matrix
(TOLM) had been applied in various processes duts tadvantages in providing sufficient information
about the undergoing process utilizing minimum expental trials and therefore enhancing process
robustnessGhowdhury et al., 2014, Kang et al., 2018\ripjit et al. (2012 has reported that Taguchi
optimization offered process solution in most ladiceconomical, and statistical ways. In this mdtho
best possible performance is achieved by reducungber of experiments and a set of optimum
experiments are generated using process factoshvidicalled orthogonal array. The obtained results
are analyzed and effect of process factors ardestusy analyzing means and variance. Thus in the
present work taguchi optimization a powerful statad tool has been used to optimize the process.

3.2 Ethyl Hexyl Acetate as Fuel Additive

Branched esters are well known for its improvemienicold flow properties. However, branched

alcohols have very low cetane number which maylr@sincomplete combustiorDunn et al., 200).
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FurthermoreKnothe et al. 2003eported cetane numbers of certain branched estect has desirable

cetane number.

Table 3.5: Cetane Number of fatty estersi{nothe et al., 2008

Acid

Alcohol Palmitic Palmitoleic Stearic Oleic Linoleic
Methyl 85.9 51 101 59.3 38.2
Ethyl 93.1 nd 97.7 67.8 39.6
Propyl 85 nd 90.9 58.8 44
Butyl 91.9 nd 92.5 61.6 53.5
iso-Propyl 82.6 nd 96.5 86.6 nd
iso-Butyl 83.6 nd 99.3 59.6 nd
2-Butyl 84.8 nd 97.5 71.9 nd
2-Ethylhexyl 98.2 nd 115.5 88.2 nd

It has been observed fromeble 3.5that 2-ethyl hexanol has promising cetane numbeerefore 2-
ethyl hexanol derived acetic ester has been ateinge fuel additive that is expected to reduce pour
point and has also expected to maintain the cetamiber thus resulting desirable fuel charactesstic
2-ethyl hexyl acetate produced through esterificatdf acetic acid with 2-ethyl-hexanol is a clear,
mobile liquid with a characteristic ester odbei(et al. 2013. 2-Ethylhexyl acetate is a hydrophobic yet
comparatively polar high boiler with good solveotyer for cellulose nitrate and many natural and syn
thetic resins. It is therefore useful in paint aating formulations, e. g. for cellulose nitratens. Its
properties can also be exploited in coatings fasbing on, dip-coating and spraying, and for siva-
mels. The main purpose of adding 2-ethylhexyl deatato improve flow and film formation. The prod-

uct is also a good coalescing aid for emulsiontpain
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4. AIMS AND OBJECTIVES

The aims and objectives of the project are:

1. Preparation of supported metal catalyst derfx@ut waste natural resources.

2. Characterization of developed solid acid catalys

3. Performance study of the solid acid catalyststerification reaction.

4. Application of electromagnetic radiation to imédy esterification reaction.

5. Optimization of the process using Taguchi Ortred Design.

6. Engine Emission and Engine Performance Study.
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5. MATERIALS AND METHODS

5.1 Reagents and Materials

Pork bone collected from local slaughter house.tiBcacid glacial (> 99%), glycerol anhydrous (>
98%), 25% aqueous ammonia solution, KOH, oxalid &sitrapure, methanol, molecular sieves (water
adsorbent) and antimony (Ill) chloride (> 98%) werecured from Merck, India and triacetin > 99%
pure from Sigma Aldrich. All the chemicals used tiois study are of analytical reagent grade.

5.2 Pork bone Processing

Pork bone, a municipal slaughter house waste washeuarigorously with hot distilled water to
eliminate fleshy and proteinaceous material. Tiennbaterial was ground into fine powder (150 mesh)
using laboratory crusher followed by ball milling dbtain pork bone derived hydroxyapatite (PHAp).
The PHAp was processed for wet impregnation usmgreny (lll) chloride (SbG) precursor in a
500ml three-neck glass flask which was equipped w&itcentrally fixed mechanical stirrer and two
reflux condensers. The mixture was stirred at 00 and 90°C for 4h followed by drying at £@0and
subsequent calcination at 500°C to develop Sb_Peialyst. Variable precursor loadings of 20 wt. %,
30 wt. % and 40 wt. % were used to prepare Sb_Pe¢tdqlysts and designated as SH 2, SH 3 and SH 4
respectively.

5.3 Experimental Design

The independent factors and their levels had beantigized in a bk orthogonal array using Taguchi

design. A standard Taguchi orthogonal rhatrix (TOLM) was used to execute the experiments i

triplicates using three levels of the four proceasameters viz., AA:G molar rat{@,,, ), Sb precursor

loading (a, ), catalyst concentratiofa_ ) and reaction temperatu(é, ) in AA-G esterification. The

TOLM was applied to understand the parametric &ffemd to determine a set of optimal process
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parameters corresponding to maximum combined ¥ietd 1) of diacetin and triacetinyf; ) through
SN ratios (Eq. 2) and analysis of variance (ANOWSing MINITAB-16 (Minitab Inc. USA for
Windows7) software. The nine experimental condgiane tabulated inable 5.1with corresponding

yields and SN ratio.

_ moles of (diacetin+ triacetin)formed 9
molesof G consumed

S/N=—10Iog(%z 21 ) (2)

i=1 DT,l
Where, i denotes number of replicationsjmplies number of trial experiments executed iragipular

parametric set values as elaboratedanle 5.1

Table 5.1: TOLM at different parametric conditions showing corresponding DT yield {5 ) and SN ratios.

8,r % %e * Yor (%) SN Ratio (dB)
(Wt. %) (Wt. %) °C)
21 20 3 90 6620.2 36.39
2:1 30 4 100 80.26+0.5 38.06
2:1 40 5 110 840.5 38.59
4:1 20 4 110 86.4+0.5 38.93
4:1 30 5 90 80.840.1 38.15
4:1 40 3 100 82+0.4 38.38
6:1 20 5 100 86.140.6 38.79
6:1 30 3 110 85.1140.5 38.70
6:1 40 4 90 86.840.1 38.99
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5.4 Catalyst Characterization

Structural features of pork bone supported Sb_Pldagalyst was evaluated using FTIR (Shimadzu
(alpha) from 400 to 4000 ¢ty analysis. Crystalline phases were identified bya}( diffraction (XRD)
using Rigaku Miniflex (Co., Japan) with Cuxksource with an Inel CPS 120 hemispherical detector
The scanning was done & fanging from 10° to 90° at a speed of 1 thiffthe specific surface area
(SSA) and pore size distribution of the generatatilgst sample was measured by BET and BJH
methods (Quantachrome make NOVA 4000e). Furtherngdfect of calcination temperature on PHAp
and dried Sb_PHAp had been evaluated using Pdtkimer TGA analyzer (Pyris Diamond TG/DTA)
in a platinum crucible under nitrogen atmosphef (tL/min) from 30 to 500°C. The morphology of
wet impregnated and calcined Sb_PHAp prepared tahapprecursor loading (determined by TOLM,
Table 5.7) were studied by a Scanning Electron MicroscogeMpat 17 KV (JEOL Ltd., Japan, model
JSM 6700F).

5.5 AA-G esterification using Sb_PHAp catalyst

The performance of the developed Sb_PHAp catalgst @valuated through AA-G esterification over a
fixed reaction time of 2h in a three-neck glassKlgcapacity: 250 mL) fitted with a centrally pldce
mechanical stirrer, a digital speed regulator (RERQ-121/D, AXIAL TURBINE) and two reflux
condensers holding measured amount of moleculzesiaere attached to the other two necks. IR
radiation (150W; far infrared wavelength: 2700-80,am) was employed to expedite the ester yield.
To determine the time required to achieve similar deld as in case of IRI, experiments were
performed at TOLM derived optimized parametric cambon, in a conventionally heated (300 W)
batch reactor (CHBR) and was compared with infraeelilation aided batch reactor (IRRABR) in terms

of energy efficiency.
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Furthermore, after completion of each reaction,rdaetion mixture was cooled and vacuum filtered to
separate catalyst and subsequently the filtrateswbfected to vacuum drying to remove traces oéwat
before GC-MS analysis. The ester obtained was sedlyusing GC-MS (Agilent 7890 gas
chromatograph coupled with HRMS Jeol, Accu TOF G@xh HP5 capillary column (30 m length,
0.32 mm i.d., 0.25 pm film thickness). The tempa@tprogram was as follows: 40 °C for 2 min, 10
°C/min up to 250 °C. Furthermore, following equasowere used to determine G conversion and

desired product selectivity using GC-MS data points

GConversion(%):( Moles of G consumed jx )
n

Molesof Ginitially take

Molesof desiredproductformed
x100 (4)
Totalproductmoles

ProductSeIectiviy:(

5.6 Reusability protocols for catalyst

The recovered catalyst was subsequently washed mathanol and oven dried at 105°C and then
reused for next catalytic run to estimate its rbugg characteristics.

5.7 Engine Performance Test

Single cylinder four stroke standard diesel endifregine Specifications, Make: Kirloskar AV-1, Rated
Power: 3.7 kW, 1500 rpm, Compression Ratio: 16d&nd variable from 13 to 20 (approx.), Cylinder
Capacity: 553 cc) had been used to evaluate thferpeance of experimentally synthesized product
(ESP) blended with palm biodiesel (B100). Engines waerated with varying engine speed of 1400-
1600 rpm. Engine runs had been conducted with B @@ DT blends (3 vol. % — 7 vol. %) and
compared with commercial triacetin using identibéénd proportions. Emission analysis had been
executed using exhaust gas analyzer having follpwieasurement range: CO: 0-15%; HC: 0-20,000

ppm; CQ: 0-20%; NOx: 0-5,000 ppm.
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6. RESULTS & DISCUSSION

6.1 Glycerol acetic acid esterification with pork lmne supported antimony HAp catalyst

6.1.1 ANOVA Study and Optimal Condition Evaluation

ANOVA analysis has been elaboratedlimble 6.iwhere it can be well identified that AA:G mole mati
and reaction temperature having p-valie05 are the most significant factors affectMgr (Eq. 1).
Whereas, catalyst concentration and Sb precursadirlg having p-value > 0.05 affect
Ypr insignificantly.

Table 6.1: Analysis of variance for DT Yield.

Source DF Seg. SS Adj. SS Adj. MS F p Valug
AAG (aMR) 1 161.31 161.31 161.31 13 0.023
Catalyst Concentratiora(:C ) 1 52.16 52.16 52.16 4.2 0.10
Reaction Temperatur@( ) 1 93.69 93.69 93.69 7.55 0.05
Error 4 49.64 49.64 12.41
Total 8 397.35
R 0.90

Additionally, F-valuesTable 6.) andA-values ((able 6.3 also evidence the significance of the process

factor over Y,;. Therefore, the comparative effects can be reptede in the order
ayr - ar = acc = ag. Which has also been well elaboratedramle 6.2depicting optimum values at the

respective levels of AA:G (Level 3), Sb precursamading (Level 3), catalyst concentration (Level 2)

and reaction temperature (Level 3) correspondirartoeve maximumn,; .
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Table 6.2:Response Table for Signal to Noise (SN) ratio.

evel B %, A a,
1 37.68 38.04 37.82 37.84
2 38.49 38.30 38.66 38.41
3 38.83 38.65 38.51 38.74
Delta 1.15 0.62 0.84 0.9
Rank 1 4 3 2

Fig. 6.1describes the individual effect of parametersémmis of SN ratios) oy, , which has also been
validated and explicated by taking individual expemtal trials while setting the other operating
parameters at their optimum

Main Effects Plot for SN Ratios
AAG Sb Precursor Loading (wt.%)

2 4 6 20 30 40

Catalvst Concentration (wt.%) Reaction Temperature (°C)

38.8-

Mean of SN Ratio

W
>
+a

38.0-

37.67

3 5 7 00 100 110

Signal-to-noise: Larger is better

Fig. 6.1 Individual Plot representing parametric efects.
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6.1.2 Contour plot

Contour plots were analyzed to visualize the eftécthe factors on responses. Overlay contour plots
describing the effect of significantly contributifactors.Effect of reaction parameters on DT vyield has
been represented ifg. 6.2using contour plot. In the figure area of DT yidlds been discretized in
different color shades, the region of dark greelorcrepresents the highest response and a region of
dark blue color represents lowest response. Frarfigjure it is quite clear that combined effects of
mole ratio and temperature have resulted in maxinRimyield of more than 90% followed by
precursor loading and catalyst concentration. Wdgerether interactive parameters show more or less
similar significance on DT yield. Overall, from tentour plot it can be concluded that all the apag
parameters have synergistic effect on DT yieldth@rmore, it is worthwhile to mention here that the
obtained experimental values are regressed wittaiti model to reduce the complexity of the present

system.

Contour Plot of DT Yield

a. b.
oy 40 £ 50 110 oT
) 5 g ] < 750
'g a5 = 45 105 W 750 - 775
= 5 & 775 - 200
5 30 £ 40 £ 100 [ 800 - 825
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§ 2% B as g %5 S50 - 875
& » glﬂ T W75 - %00
1 4 6972 4 6 z « 06 M >500
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4
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Precursor loading Precursor loading Catalyst concentration

Fig. 6.2 Contour Plot showing parameter interaction& DT yield
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6.1.3 Effect of Process Parameters on DT Yield

6.1.3.1 Effect of AA:G Mole Ratio

Influence of AA:G mole ratio was found maximum off Dield. AA:G mole ratio has been varied
between 2:1 to 8:1 to maximize DT yield, while atparameters has been fixed at their optimum levels
It was observed that increase in AA:G could enhaheeG conversion (Eq. 3) due to excess of AA in
the reaction systemFérreira et al.,2009 ; however further increase above 6:1 ratio resutt@zmal

change in G conversion and least alteration in 2Idy(Liao et al.,2009.

1004{ g———1m o a 100 4
a.
— -_—
z %1 z 801 Zh
u = RN
S o /\‘—‘ - 60 S gZ ;-j
3 R SErz
“ = R-E-
g g Rl
S 40 - 2 40 82y
z £ =S .2
[ o=
2 = O RH
51 3™ 9449
& ——4r 4 © <
0 T T T T T T T 0 T T T T T T T
2 4 6 8 20 100 110 120
Acetic Acid:Glycerol Mole Ratio Reaction Temperature(°C)

Fig. 6.3 Effect of a. AA:G mole ratio and b. Reactin Temperature on G conversion and ester yield (at
optimal condition).

6.1.3.2 Effect of Temperature

Reaction temperature in case of IRRABR has beeiedidoetween 90 - 120°C to estimate the
conversion of G and yield of monoacetin, diacetid &iacetin while maintaining other parameters at
their optimum values. It can be well depicted frem 6.3bthat increase in temperature results in higher
G conversion lasan et al.,2018rom 80+1% - 99+1% and attains maximum at 110°Cicivh
corroborates well with findings ofRpdriguez et al.,2011 It has also been observed, that at lower

temperature, monoacetin availability was prepondeaad as the temperature increased DT yield hag

45




increased in expense of monoacetin yidldi (et al.,201) where water formed being adsorbed in
molecular sieves. Successively, excess AA reactls monoacetin and diacetin and forms triacetin.
Therefore, to maximize DT yield, optimum reactioemperature was selected at 110°C which
substantiates the selection of process parametet@fuchi prediction.

6.1.3.3 Effect of Catalyst Concentration

As exhibited inFig. 6.4aincrease in catalyst concentration from 2 to 4%thas resulted increase in G
conversion from 90£0.5% to 99+1% corresponding@®ancrease DT yield due to availability of more
active sites of the catalyddlaraju et al.,2010, while further increase has an antagonistic éffdach
may be due to the mass transfer hindrance cregtecdess amount of catalyst for a fixed volume of
reactor.

6.1.3.4 Effect of Sb precursor loading

Fig. 6.4bdepicts increase in Sb precursor loading froma28a wt. % results 4+0.6% more increase in
G conversion with 6£1% more increase in DT yiellisTcan be correlated to the fact that increaskbin
precursor loading results in increase in Lewis Bnohsted acidic sites of Sb_PHAp catalyst promoting
more nucleophilic attack of the hydroxyl group odmoacetin with AA adsorbed on the catalyst surface,

thus ensuing more conversion of monoacetin to tdraemd triacetin.
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Fig 6.4. Effect of a. catalyst concentration, b.t8precursor loading, Reaction time c. for IRRABR aml d.

for CHBR on glycerol conversion, diacetin and triaetin yield.

6.1.3.5 Effects of Reaction Time

Under optimal parametric condition, it has beeneobsd that increase in reaction time resulted

consistent G conversion with increase in DT yiglonf 60+1% obtained at 1h to 88+1% at 2h and

remained more or less constant with further inereas reaction time as depicted Q. 6.4c

Furthermore, in comparison with

) 6.4c also exemplifies the energy efficacy of IRI oved,C

consuming lesser reaction time for maximum DT yi€ldr 88+1% DT vyield, IRRABR consumed 2h at
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the energy input rate of 150 J/s whereas, CHBRuwuord 6h at the energy rate of 300 J/s. This implies
that to achieve maximum DT vyield at derived optimahdition CHBR consumed 6 folds higher energy
input compared IRRABR.

6.1.3.6 Effects of IR Activation at optimal conditon

It has been established that polar molecules giyatasorb electromagnetic radiation and get excite
from its ground state to vibrational state; thugating intense molecular collision promoting cheani
reaction Chakraborty et al.,201p It can be observed froifeble 6.3that, IR activation has profoundly
increased the DT selectivity compared to convealitveating. This phenomena advocates the fact thaf
the thermal energy generated in case of IR aatimatiromotes much faster stimulation of reactive
species; thus, enabling quick conversion of monoageto diacetin and triacetin. Even, in case of a
blank run, it has been observed that IR activatesulted 13% more G conversion with 36.3% yield
towards DT compared to conventional heating witly d9.3% DT yield under optimal condition.

Table 6.3: Effect of IR activation and different cdalysts on DT selectivity (Eq. 4).

Activation Catalyst G Yield (%)
Mode Used Conversion  Monoacetin Diacetin Triacetin
(%)

IR Blank 80+0.8 43.1 28 8.3

SH4 99+1 104 63.6 25

Amberlyst 15 99+1 7 66 26.8

Conventional Blank 67+0.6 56.1 10 0.3

Heating SH 4 95.8+1 57.4 33.43 4.8

Evidently, from ; it can also be inferred, that the prepared SHatalgst demonstrated

performance close to commercial Amberlyst 15 urgderilar operating condition; this advocates the

high efficacy of the prepared low cost catalyst.
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6.1.4 Catalyst Characterization

6.1.4.1 TGA Analysis

Thermo-gravimetric analysis (TGA) pictograriq. 6.5 demonstrates the weight loss of PHAp and
uncalcined SH 4 samples over heating range of B0OGOTGA indicates 27.55% and 33.24 % major
weight loss from PHAp and SH 4 samples respectideky to evaporation of absorbed water. Further
weight loss of 7.88% from PHAp and 4.23% from Skdadnples were also observed depicting water

loss from lattice surface owing to disintegratidm@cromolecules and other organic substances.

102.5
100
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£ 90
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80 | —NHAp

---SH 4 -
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72.26

50 100 150 200 250 300 330 400 430 500
Temperature (°C)

Fig. 6.5. TGA Analyses of NHAp and SH 4 samples.
On additional heating between 300-50019.1% weight loss from PHAp and 12.5% weighslorem
SH 4 can be correlated to solid state reactionesponding to the formation of gaseous elements ang
transformation of Sb@lto SkBOs (Yang et al.,201Rin PHAp and SH 4espectively. Na&- tricalcium
phosphate has been formed at ®(Kupiec & Wzorek,201Rin PHAp and SH 4 (confirmed in XRD
analyses). Since PHAp and SH 4 exhibited staber@aip to 500°C; hence, presence of all probable

crystalline phases could be expected upon caloimati this temperature.
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6.1.4.2 FTIR Analysis

The FTIR result corresponding to SH 2, SH 3 and4Stétalyst are shown iAg. 6.6 The FTIR peak
corresponding to 3404 chrepresents OHibration Chakraborty & RoyChowdhury,20)4whereas,
peak at 1634 cthdenote bending mode of OH group. The bending naad2840 critand 1538 cr
denotes O-C-O stretching. The bands at 1450 and 1400 cril represent carbonyl grou@gnosh et
al.,2009. FTIR wave number 2082 ¢hand 1995 ci represent COstretching vibration. Notably, the
broad peak located at 740 ¢morrespond to the presence ohSb(Miller et al.,1959. Additionally,
the peaks at 1050 ¢hm 608 cnt and 560 cnt characterize vibration of RGgroup Rehman et

al.,199%.
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Fig. 6.6. FTIR analyses of Sb_PHAp catalyst.
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6.1.4.3 XRD Analysis

XRD patterns of the prepared catalyst obtainatirae different precursor loadings (SH 2, SH 3
and SH 4) are illustrated ing. 6.7 Different crystalline phases present in the gatadample has been
identified and compared using standard JCPDS oambars 32-0044 and 33-0111 for antimony oxide
and 89-4405 for PHAp. Froraig. 6.7 it can be well identified that SH 4 and SH 3 posga®minent
cubic phase of Ss.4H,0. On the other side, SH 2 catalyst samples depietg low intensity
Sh0s.4H,0O peaks. Thus, increase in Sb precursor load caoddlify the peak intensity along with
narrowing of peak widthXiong et al.,2003 Furthermore, monoclinic HAp phases are also wfeskin
all catalyst samples, whereas, high intensity HApges have been detected in SH 2 catalyst compare
to catalysts having high Sb precursor loading. Tais be well credited to the fact that increas&hn
precursor doping could supress HAp peaks in SHHA S 3 catalyst samples. Interestingly, very low
intensity SO13 phases are also noticed in SH 4 and SH 3 whemeasjch peaks have been observed in

SH 2.
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Fig. 6.7. XRD analyses of Sb_PHAp catalyst.
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6.1.4.4 BET Analysis

Table 6.4illustrates BET surface area of Sb_PHap catal\®itsZ, SH 3 and SH 4). It has been clearly
portrayed that increase in Sb precursor loadin§H4 has increased the SSA of the catalyst by nearly
50% Park et al.,2003 with 4.5 nm average pore diameter. This hasifat#d more G conversion and
DT selectivity within shorter reaction time (2h).okkover, all the catalysts exhibited appreciables po
volume with higher percentage of total pore volumeéng occupied by mesopores; this facilitates easy
transport of reactants (molecular length of AA:Dritn and G: 0.435 nm) without any steric hindrance

(Konwar et al.,201}5 thus promoting higher G conversion.

Table 6.4: BET Surface Area and Product Distribution.

Catalyst SSA  Total Pore Nature G DT DT
m’/g  Pore Microporous Mesoporous Macroporous Conversion Yield Selectivity
Volume (%) (%) (%) %) (%) (%)
(cclg)
SH 2 12 0.017 58.7 41.22 - 95 82 86
SH3 19.61 0.041 25.2 64.81 10 97.5 86 87
SH4 40.02 0.0485 8.25 78 13.32 99.6 89 89.8

6.1.4.5 SEM Analysis

Microscopic analysis of dried and calcined SH 4alyst has been depicted g. 6.8aand 6.8b
respectively. Before calcination, the morphologyteé catalyst shows uneven distribution of non-
agglomerated granules over porous PHAp. Whereasalmmation, agglomeration of particles occurs

with irregular distribution of pores over smoothadgst support surface.
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Fig. 6.8. SEM Micrograph of a. dried SH 4 and b. dained SH 4.

6.1.4.6 Catalyst Recycling

Efficacy of heterogeneous catalyst depends onnitsterrupted reusability in experimental cycleseTh

SH 4 catalyst showing maximum G conversion and Eldywas separated by vacuum filtration after
each reaction cycle and washed thoroughly with emah until no reactant traces were left.
Subsequently, it was subjected to oven drying ubhtivas completely dry and then used for next
experimental trialFig. 6.9enumerates that the developed catalyst could Isedeior eight successive

experimental cycles giving 99+1 % G conversion ¢sieatly and after that there was a slight drofsin

conversion which may depict its loss in catalytt\aty.
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Fig. 6.9. SH 4 catalyst reusability in esterificatin of G with AA.

6.1.5 Probable Reaction Mechanism
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Fig. 6.10. Probable Reaction Mechanism for esterifation of G with AA.
Fig. 6.10illuminates, AA undergoes a nucleophilic attackhaibe Lewis acidic site of SH 4 catalyst
(Step 1). This attack results in protonation of ta@bonyl group present in the AA (Step 2), thus
acquiring a positive charg&érreira et al.,2009. Successively, the carbonyl atom gets attackethéy
OH group of G resulting an intermediate (Step 3hv@-O bond (Step 4, 550n et al.,201h Water

gets eliminated due to transfer of charges and gdtorbed on the molecular sieves along with
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generation of monoacetin (Step 6). Since, no standrance present in the catalyst (evidenced from
pore volume of SH 4), therefore, only 1-monoacét@s been detected in the product. Subsequently
formed 1-monoacetin reacts with the carbonyl groupA (Step 7, 8, 9) that has already been attached
to the catalyst surface yielding diacetin (Step.1Dhe diacetin consecutively undergoes further
esterification reaction with the excess acid presenhe system (Step 11, 12, 13) and finally reade
triacetin (Step 14)Zhu et al.,2013.

6.1.6 Fuel Property Evaluation

Table 6.5enunciates the addition effect of the experiméntsynthesized product (ESP) (containing
88+1% DT) on fuel properties of palm biodiesel (BL@nd its comparison with commercial triacetin
(CT). The additives have been added in varying @riogns from 3 - 7 vol. % and designated as BP3,
BP5 and BP7 for ESP and BC3, BC5 and BC7 for Cpeaetsvely. It is worthy to mention here, that
according to EN 14214 standard, triacetin vol. %biodiesel should not exceed 7.7 vol. %; hence, in
this study the blends have been kept within thegssigd rangeCasas et al.,20)0Table 6indicates
that after addition of both the synthesized produat commercial product, all the fuel propertiesldo
strictly follow the EN standards. Notably, increaseboth ESP and CT proportions has improved the
pour point of B100 which in compliance with the dgtwof (Garci’a et al.,2008. However, its further
addition has been restricted; since, it lowerdiflagint and cetane number. Therefdrable 7illustrates

the fact that the ESP demonstrated comparabletsesith CT.
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Table 6.5: Effect of commercial Triacetin and Expeimental Product application on Palm Biodiesel.

Properties Palm BP3 BP5 BP7 BC3 BC5 BC7 EN
Biodiesel 14214
(B 100) 2008
Density g/cc 0.875 0.876 0.88 0.889 0.878 0.885 90.8 0.86-
0.90

Viscosity 4.482 4.49 4.492 4.496 4.483 4.486 4.49 3.5-5.0
mnY/s at 40°C

Flash Point, 164 150 135 125 156 155 143 101 min
°C
Acid No. 0.31 0.38 0.40 0.45 0.32 0.33 0.355 0.5 max
mgKOH/g
Cetane No 64.1 60 58 56.3 62 59.1 58 >51
Cloud Point, 17 16.2 15.8 15.0 16.0 15.5 14.9 Report
°C
Pour Point, °C 15 15.1 14.0 13.0 14.5 13.2 12.5 Report

6.1.7 Engine Characteristics

6.1.7.1 Engine Emission

Figure 6.11represents emission values obtained for diffetesttfuels operated at engine speeds 1400-
1650 rpm. As observed frofig. 6.11athat increase in vol. % of both CT and the E®Buited almost
50% decrease in CO emission; thus exhibiting mampiete combustion. This has resulted due to
presence of higher oxygen in the blended fuélgm & Masjuki,2009. Additionally, slight increase

in CO, emission [ ) has been detected on addition of CT and BSkqrda et al.,201p
Whereas/[Fig. 6.11crepresents the data points for NOx emission, ieaés/that addition of both ESP
and CT subtly affected NOx emission by only 2%, ahhinay be related to the slightly slower burning
rate of the blended fuels due to comparatively fowetane value than B100. Furthermore, almost 20%
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reduction in HC emission has also been recordeddth ESP and CT, this may be ascribed to the

higher oxygen content of the blended fuel; thusaem cleaner burning of fuel.
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Fig. 6.11. Engine emission values for different tefuels.

6.1.7.2 Variation of engine emission with engine spd

6.1.7.2.1 Carbon monoxide (CO) emission

The CO emission for six different blend and neatdi@sel is represented Ig. 6.12a CO being an
intermediate combustion product resulted from inpl@t@ combustion of fuel. On complete combustion
it is converted to C® And the reason is shortage of air or low gas tatpre which leads to
incomplete combustiorA@aileh et al., 2012 The present experimental study shows CO emissare

lies in between 0.03-0.32 vol% and with increasengine speed CO emission decreases in the teste
engine speed range except for neat biodiesel wdtiolws a decreasing trend upto 1500 rpm and then i

increases. The decrease in CO emission is expduatetb availability of higher oxygen in biodieseld
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triacetin which result in complete combustion. Taxplanation is in compliance with the research by
Kalam & Masjuki (2008 andLapuerta & Armas(2008.

6.1.7.2.2 Carbon dioxide (C®) emission

The CQ emission for neat biodiesel and six biodiesel thlesth additive is shown irfrig. 6.12b.The
observation shows that G@&mission value lies in between 2.25-5.45 vol% af@g @mission decreases
with increase in engine speed for all biodiesehtland neat biodiesel. The trend shows that ahddf
additive increases G@mission which shows availability of more oxygen)(@r complete combustion
(Oprescu et al., 2004 The CQ emission from neat biodiesel is lowest comparedilitother biodiesel

blends. This can be attributed to higher CO emmsamexemplified ifrig. 11a
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Fig. 6.12. Exhaust emission characteristics for pai biodiesl based diesel engine at different speeakfa.

CO b. CO,

6.1.7.2.3 Hydrocarbon (HC) Emission
Hydrocarbon emission (HC) for six different biodieblends and neat biodiesel is representedidn
6.13a The HC emission value lies in the range of 52%ppm for all the blends. From the figure it

can be illustrated that increase in additive pewmgg has reduced HC emission to a greater exteat N
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biodiesel results in maximum HC emission probahlg ¢b less oxygen content compared to blended
biodiesel. Furthermorgig. 6.13aalso enumerates that pure triacetin has resultee neduction in HC
emission compared to the experimentally synthespeatiuct containing mixtures of monoacetin,
diacetin and triacetin. This can be attributechi éxcess ©content of triacetin around 53% as reported
earlier. This explanation is in compliance with #tedy made byiuang et al., 2009

6.1.7.2.4 Nitrogen oxide (NOx) Emission

Formation of NOx during combustion period is maidhwen by fuel type (high cetane number / high
oxygen content) and engine operating conditionse Titrogen oxide (NOx) emission for the six
different blends of biodiesel and neat biodiesealifierent engine speed is givenhiy. 6.13b Emission

of NOx gradually reduces with increase in engineesbfor all the blends as observed from the figure.
This can be attributed to the fact that since, peakylinder pressure and temperature are funatioa
point at which ignition results within the engingcle; therefore, engine speed directly functioresiz
NOx emission resulting lower NOx emission at higspeed having lower combustion temperature

(Chong et al., 201p
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Fig. 6.13. Exhaust emission characteristics for pai biodiesl based diesel engine at different speeakfa.
HC and b. NOx.

60




6.1.7.3 Engine Performance Analysis

Lower exhaust gas temperature is an indicationoofipiete fuel combustiorf;ig 6.14aexhibits that
blended fuels resulted lower exhaust gas temperati@picting complete combustion which has been
advocated by lower CO and HC emissidBelicet et al.,2016 Furthermore, brake specific fuel
consumption (BSFC) for the blended fuels are coatpagly higher than B100~(g. 6.141), because the
blended fuels have relatively higher density angeloheating valueGasas et al.,2010)-ig. 6.14c
depicts energy in terms of heat input, requireddse of B100 to maintain the combustion uniformity
whereas additions of CT and ESP display lower imgait which may be accredited to its higher density
that results in higher fuel injection rendering mognergy release during combustidbagas et
al.,2010) Besides, CT has shown lower heat input compaoe&3P because of the presence of
monoglycerides and diglycerides in ESP. Brake tlaéefficiency (BTE) as visualized fromig. 6.14d
enumerates that addition of CT as well as ESP caddlt slight improvement in BTE which may due

to higher density of the blended fuBlehcet et al.,2015compared to B 100.
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6.1.8 Variation of Engine Performance with engine |geed

6.1.8.1 Brake specific fuel consumption (BSFC)

The brake specific fuel consumption (BSFC) of sifedent biodiesel-additive blends and neat biodlies
tested in a diesel engine is shownFilg. 6.15a The trend shows that with increase in engine speed
BSFC for all biodiesel blends increases. Howevee fiodiesel has also shown similar profile butas
resulted in highest BSFC through out the engimeamnong all biodiesel blends. This could be well
explained by the fact that pure biodiesel has higlemsity and requires a greater mass than the othe
biodiesel-additive blends in order to produce thme engine output. This result is in accordancé wit

the study made b@ner & Altun (2009.

6.1.8.2 Brake Thermal Efficiency (BTE)

The variation of brake thermal efficiency (BTE) wiengine speed for different biodiesel blends and
pure biodiesel is shown iRig. 6.15h Brake thermal efficiency indicates how efficignén engine is
extracting energy from fuel and converting it imechanical energyl he trend shows that with increase
in engine speed brake thermal efficiency (BTE) dases for all biodiesel blends and pure biodiesels.
However pure biodiesel has shown lowest efficiemeyong all the blends. The reason is availability of
less oxygen for late combustion period whereastaddiof additive in other biodiesel blends has
increased oxygen availability resulted in betteskler thermal efficiency. Whereas increasing engine
speed has resulted in lower residence time foriésedl blends to convert fuel chemical energy ta hea

energy thus resulted in lower BTE at higher engineed Chong et al., 201p
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6.1.8.3 Heat Input (HI)

Variation in heat input requirement of differenbiesel blend and pure biodiesel with engine speed
given inFig. 6.16a.The trend shows that with increase in engine spead input decreases gradually
for all biodiesel blends. Whereas pure biodiesed slaown higher heat requirement than any other
biodiesel blends. The possible reason could bdadbility of more oxygen in blended biodiesel which

results in better heat input than pure biodiesel.
6.1.8.4 Exhaust Gas Temperature (EGT)

Fig. 6.16bshows the variation of exhaust gas temperaturealfiothe six biodiesel blends and pure
biodiesel tested in a diesel engine with engineedpén general a lower exhaust gas temperature
indicates better combustion and performar@eauhan et al., 2010 The observation shows that with

increase in engine speed exhaust gas temperatareades for all blends. Except pure biodiesel all

biodiesel blends have resulted in a similar EGTiler¢260-290°C) whereas biodiesel has resulted in
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maximum EGT of 368C. Higher EGT profile shown by pure biodiesel i®da the increased heat loss,
which is also clear from its lower brake thermdlcggncy compared to all other biodiesel blen@s (
Sakthivel et al., 2014 Also the addition of additive into biodiesel bts results in higher availability of
oxygen while it decreases the overall energy cdraefuel and combined effect of these two resudts

lower combustion and exhaust temperatuélsnaz et al., 2014

—=—BP3
—s—BPS

g &

Heat Input (KW)
B
T

Exhaust Gas Temperature (°C)
g
=

1450 1500 155 1600 1450 1500 1550 1600
Engine Speed (rpm) Engine Speed (rpm)
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6.2 Performance and emission analysis of diesel emg fuelled with biodiesel & biodiesel-additive
blends (2-Ethyl hexyl acetate and Triacetin)

6.2.1 Comparative study on fuel properties of biodisel and blended biodiesel

The present work shows the effect of fuel additbre biodiesel property. Triacetin and ethyl hexyl
acetate are used as potential fuel additive ang #re blended with biodiesel in three different
volumetric proportion viz. 1:1, 6:4 and 7:3 respesly. Later these blends were tested in laboratory
study the effect of additive on biodiesel properiy. flash point, pour point, cetane number, demnsit
acid number and viscosity.

6.2.1.1 Effect on Flash point

To study the effect of triacetin (TA) and ethyl gkacetate (EHA) on flash point of biodiesel three
different blends were prepared with varying projorof triacetin and ethyl hexyl acetate. The aledi
response is shown iRig. 6.17a The trend shows that with increase in EHA pemgatin biodiesel
blend flash point of the mixture decreases whetbaseffect of TA is negligible. This could be
explained by the fact that EHA it shelf has lowsfiapoint at 7% which reduces flash point of pure
biodiesel (164C) significantly {/edaraman et al., 2091 Thus further addition of EHA above a certain
ratio in biodiesel additive has been restricted.

6.2.1.2 Effect on Pour point

The effect of taiacetin (TA) and ethyl hexyl acet@EHA) on biodiesel blends are showrin. 6.17h
Three different biodiesel blends were formulateshgiTA & EHA in different proportion. Pure palm
biodiesel has a pour point of °8 (laboratory tested). The trend shows that aduitb additive has
resulted in a decrease in pour point of pure bgelieThe fact is that branched alcohols are wedkn
for their pour point reduction. EHA has its freegipoint at -93C whereas TA has -7C (Hancock et

al., 1949. So a mixture of these two has resulted in aggbée reduction of 4 when blended in 7:3
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ratio with biodiesel Casas et al., 2000 Thus this particular blend of triacetin and ethgxyl acetate

could be used as a potential cold flow improver endbling biodiesel to be used in cold climate.
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Fig. 6.17. Effect of additive on different biodieseblends a. Flash Point b. Pour Point

6.2.1.3 Effect on Cetane number

Effect on cetane number of palm biodiesel afteratheition of triacetin and ethyl hexyl acetatehis\sn

in Fig. 6.18a Cetane number is a measure to examine diesalepgiformance and it is defined as the
mixture of cetane and isocetane that possessesthe ignition delay. Higher the cetane number tesse
will be the ignition delay and better will be thegine performance. Our study shows that addition of
additive has resulted in a reduction in cetane rermiyhen TA and EHA blended in a proportion of 1:1
it has resulted in a very close value of 64.1 t@Bpure biodiesel. This result could be explaibgdhe
fact that TA and EHA have cetane number of 15 @hdedpectively which on addition has resulted in a
reduction Knothe et al., 2008

6.2.1.4 Effect on Density

Effect of triacetin and ethyl hexyl acetate on dignef palm biodiesel is represented fing. 6.18hb

Density of a fuel is an important parameter to laguthe quantity of fuel to be injected and
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performance of an engine during combustidndthe et al., 200b The study shows that addition of TA
and EHA has resulted in an increase in densityiodiésel in the range of 880-891 kg/mvhereas
density of palm biodiesel is at 875 kdinThe fact that EHA has a density of 870 kysmilar to
biodiesel has very negligible effect on blendedil@eel whereas the effect of TA on blended biodiese
is more prominent because of the fact that TA haersity of 1160 kg/fhand thus an increase in

triacetin proportion increases density of biodiddehd Garcia et al., 2008
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6.2.1.5 Effect on Viscosity

Triacetin (TA) and ethyl hexyl acetate (EHA) arexed with palm biodiesel in three different
proportions and their effect is shownHiy. 6.19a Kinematic viscosity is an important parameter chhi
regulates the quantity of a fuel to be injected aachbustion of a fuel. An increased viscosity cause
choking in fuel line and leads to poor combustioe tb insufficient supply of fuel in engine anddily
results in increased temperature and NOx emisdbtte{bach et al., 2004 The present trend shows
that additives have a very marginal effect on l®edl viscosity which lies in the range of 4.5-4c&t
whereas Palm biodiesel has a viscosity of 4.482at86C. This result can be attributed to the fact that
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triacetin has viscosity at 7.83 ¢St which is muaghbr than biodiesel, is compensated by EHA which

has density at 1.15 ¢St and thus it has resultea similar viscosity to biodieseBéka & Isayama,

2009.

6.2.1.6 Effect on Acid value

Effect of triacetin and ethyl hexyl acetate on acdlie of biodiesel is shown dng. 6.19b Acid value

of a fuel is calculated to characterize its stapiiuring storage. The present study shows on asong

additive proportion there is a slight increase érdavalue however it remains under tolerance liofit

0.56 mg KOH/g set by European standard (EN 140xt)ia et al., 2008 Thus it is evident from the

study that application of TA and EHA doesn't affextid value of biodiesel and can be used as

potential oxygenated additive.
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6.2.2 Comparative study on diesel engine emissiomelled with biodiesel and blended biodiesel
Three different biodiesel blends were formulatethgigriacetin (TA) and ethyl hexyl acetate (EHA) in
the ration of 1:1, 6:4 and 7:3 (vol.%). Then thm@rformance in terms of emission was tested iresadli
engine.

6.2.2.1 Carbon monoxide (CO) emission

Incomplete combustion of fuel results in generatddrcarbon monoxide. As depicted from thRe).
6.20athe general trend shows that with increase inrengpeed CO emission decreases. B100 show$
maximum CO emission whereas, in case of blenddd,furerease in vol. percent of TA (from 1 vol %
to 7 vol. %) in the mixed blend resulted decreas€® emission due to its higher oxygen contents Thi
signifies complete combustion. Furthermore, inoeaaengine speed prevents the formation of rieh fu
zone which thus enables complete transformatidd®@to CQ (Liaquata et al., 201p

6.2.2.2 Carbon dioxide (CQ) emission

Lower CO emission is representative of higher,@mission which signifies complete combustion.
Therefore B100 showing comparatively more CO eroissi Fig. 6.20adepicts lower C@emission in
Fig. 6.20b compare to the blended fuels. Similarly increaseTA vol% enumerated complete
combustion and demonstrated more or less lineatibmof engine speed. This can be attributed ¢o th
fact that increase in TA % has increased the oxygement of the blended fuel causing earlier
combustion rendering more time for transformatidnC® to CQ thus resulting 13% and 20.6%

increase in C@emission compared to B10Byhan et al., 200b
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Fig. 6.20. Exhaust emission variation with enginspeed fuelled with blended biodiesel in diesel emgi for

a. CO emission b. CQ@emission
6.2.2.3 Nitrogen oxide (NOx) emission
Formation of nitrogen oxide (NOx) occurs during dustion stage and it is mainly governed by fuel
type and engine operating conditions. EmissionBlOk clearly reduce with increasing engine speed,
regardless of fuel type. This is due to the facit theak in-cylinder pressure and temperature are
dependent on at which point ignition occurs wittiie engine cycle, rather than the absolute time, it
explains why for the lower engine speed has higf@remissionsChong et al., 201p Since, B100 has
higher cetane number results in rapid combusti@t fgads to higher peak pressure and in-cylinder
temperature resulting higher NOx emission compdcetlended fuels. Furthermore, it can well be
identified from theFig.6.21athat increase in EHA vol. % in the mixed blendutes lower NOXx
emission which may be due to slower burning offtiet having low cetane number.
6.2.2.4 Hydrocarbon (HC) emission
Emission of the unburned hydrocarbon (UHC) und#erint operating speeds has been represented in

Fig. 6.21b.UHC is found to decrease with increasing engireedpThe reason for lower HC emissions
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can be due to the higher oxygen content in fueiddewhich helps to complete oxidations in rick-air
fuel mixture zones by increasing the oxidation tieacratio. Interestingly increase in EHA content i
the blends from 1vol.% ,3vol%,and 4vol% resultedaduction of UHC by 8.55%, 12.27%, and 14.535
% respectively whereas, B100 although have higle¢ane number show higher UHC since initial
incorporation of oxygen molecules present in B1&lits in localized burning thus resulting generati

of UHC (Song et al., 2006
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Fig. 6.21. Exhaust emission variation with enginspeed fuelled with blended biodiesel in diesel emgi for
a. NOx emission b. HC emission

6.2.3 Comparative study on engine performance fuetl with biodiesel and blended biodiesel
6.2.3.1 Exhaust Gas Temperature (EGT)

In analyzing the emission characteristics of aaliesgine the exhaust gas temperature is an imgorta
indicator of the heat of the fuels tested at thenlwastion period. The variation of exhaust gas
temperature with respect to engine speed for thedefuels is shown irig. 6.22a The emission
measurements were taken for approximately threeutesn after the temperature and emissions
guantities stabilize for a given engine operatiagdition (Chong et al., 201p It can be observed in this
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figure that increase in triacetin (TA) blend prajpam has resulted reduction in exhaust gas temperat
of fuel since the fuel constitutes around 53% oxygentent which has also been evidenced by lower
CO emission. Furthermore the blended fuel resutiedax 25% reduction in EGT compared to B100
depicting complete combustion.

6.2.3.2 Brake Thermal Efficiency (BTE)

Fig. 6.22bshows effect of engine speed on brake thermalieffty of a diesel engine fuelled with three
different blends of biodiesel and pure biodiesele@f the main problems in diesel engine combustion
despite its lean operating nature is the low akbiditg of localized oxygen at the late combustidmape.
This is due to the mixing-controlled combustion gghat the end having consumed most of the oxygen
in the vicinity. The oxygenated fuel blends supplxygen at the late combustion phase thus regultin
improved brake thermal efficiency. Since TA consamajor amount of oxygen hence, it shows better
brake thermal efficiency compared to B100. It cdso ae revealed from theig. 6.22bthat only
increase in TA vol % has resulted high brake thérefiéciency. However, increase in engine speed
results in decrease in brake thermal efficiency ttuéess residence time for conversion of chemical
energy of fuel into heat energ8ilitonga et al., 2018

6.2.3.3 Brake Specific Fuel Consumption (BSFC)

The brake specific fuel consumption (BSFC) of thd#féerent blends of biodiesel and neat biodiesel
under different operating speeds is showiim 6.22¢ The general trend shows that with increase in
engine speed BSFC increases for all blend typesn Rhe figure it can be concluded that no such
improvement in BSFC of B100 and blended biodiesébwaer engine speed whereas slight increase in
BSFC is observed in blended fuels due to lowerneetaumber and higher densities. Biodiesel blend

containing TA to EHA 7:3 (vol. %) has resulted iighrer BSFC throughout engine run however,
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increase in EHA content has resulted decreasernisityeand viscosity of the blend biodiesel resigjtin

better fuel atomization rendering slight improvemerBSFC allinayagam et al., 2014
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7. Conclusion

7.1 Glycerol acetic acid esterification with pork lmne supported antimony HAp catalyst

The present study demonstrates successful apphicafipork bone as a source of catalyst support for
subsequent application in synthesis of commerciafgortant fuel additives. The prepared catalyst
exhibited good stability and resulted good reustgbior subsequent eight experimental trials with
uninterrupted glycerol conversion and diacetinadetin selectivity. Noticeably, an energy-efficient
infrared excitation could result much higher conelirselectivity of diacetin and triacetin compared t
conventional heating within a significantly shorteaction time of 2h thus implicating energy eftiga

of infrared radiation over conventional heatinggliehi optimization could adequately identify thesho
significant parameters affecting desired produetdyi Remarkably, the optimally synthesized product
developed through energy-efficient infrared radiatiexhibited equivalent potency in comparison with

commercially available product in terms of fuel peaies, engine performance and emission attributes

7.2 Emission and performance study of diesel engirieelled with TA-EHA-Biodiesel blend

Blend of triacetin and 2-ethyl hexyl acetate hawakkable effect on pour point. It has resulted in

appreciable reduction in pour point and NOx emissimwever very slight reduction has been observed
in other emissions and other engine performancanpeters (brake specific fuel consumption and brake
thermal efficiency). Additionally, excess additioasults in lowering of cetane number. This can be
attributed to the fact that a single additive canmgprove all the fuel properties therefore, aniaddal

blend is required which will be able to amplify thuel performance.
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8. FUTURE SCOPE OF WORK

1. Apart from antimony (Sb) different transition tae viz. Ti, Vd can be impregnated on HAp support
to derive cost effective catalyst which could haetter performance.

2. Developed Sb_HAp catalyst can possibly be agphiether glycerol based esterification reactions.
3. Determination of reaction kinetics is one impatttask to be completed.

4. Existing reaction has been carried out in albatactor and it can be conducted in catalytic pdck
bed reactor.

5. To make the esterification process even moreeftective different intensification methods colile
applied and compared.

6. In this present work cost effective catalyst baen developed from synthesis of municipal solid

waste so this idea could be actualized to prodoseeffective catalyst on industrial scale.
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APPENDIX I:

ABBREVIATIONS:

TA Triacetin

XRD Xray diffraction

EHA Ethyl hexyl acetate

DT Diacetin & Triacetin

SSA Specific surface area

KOH Potassium hydroxide

NHAp Natural hydroxylapaptite

TOLM Taguchi orthogonaldmatrix

SSP Solid state polycondensation

TGA Thermogravimetric analysis

SEM Scanning electron microscopy

BET Brunauer Emmett and Teller

BSFC Brake specific fuel consumption
EGT Exhaust gas temperature

BTE Brake thermal efficiency

CHBR Conventionally heated batch reactor
IRRABR Infrared radiation aided batch reactor
GC-MS Gas chromatography mass spectroscopy
ESP Experimentally synthesized product
FTIR Fourier transform infrared spectrqsco
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