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Abstract

The increasing use of fossil fuel resources encompasses a burden on the production of
overall energy along with continual environmental concerns. The use of biofuels can play
a substantial role to contribute for energy production hence waste cooking oil (WCO)
utilized for biodiesel production. This study reports the synthesis of copper and calcium
based metal organic frameworks (MOFs) as catalysts in the steps of esterification and
transesterification. The synthesized catalysts were characterized with XRD, SEM and
TGA. XRD results showed sharp characteristics peaks while the crystal size to be 49.04
nm for Cu-MOF while 20.77 nm for Ca-MOF. SEM images showed cubical images of
1.5um and 2pum for both Cu-MOF and Ca-MOF respectively. TGA results showed that
both the materials decomposed at 600°C. The catalysts were then used for their application
in the process of biodiesel production from WCO. Furthermore, several standard testing
analysis techniques were used to compare the produced samples with standard
characteristics of biodiesel such as flashpoint, calorific value and product yield. Flashpoint
of Cu-MOF-BD was 130 °C, Ca-MOF-BD was 140 °C and Cu+Ca-MOF-BD was 130.5
°C while calorific value of 40 kJg* for each with a conversion of 78.33 %, 78 % and 85
% respectively. These synthesized catalysts acted as effective catalyst for biodiesel
production process where as the conversion efficiency can be increased further by
focusing on optimization of the transesterification and esterification reactions in future

studies.

Keywords: Metal organic framework, esterification, transesterification, biodiesel, waste

cooking oil.
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Chapter 1

Introduction

1.1 Background

The utilization of fossil fuel resources (coal, oil, natural gas and petrochemical) in
comparison to any other is majorly because of its higher energy potential but the increase
in non-renewable resource is leading towards the economic stress in terms of fuel prices
as a consequence of demand and supply strain [1][2]. Despite of these issues the use of
petrochemical fuels is necessary for some very important sectors like transportation,
power generation and agriculture. All this scenario will lead to the depletion of these petro
reserves and probable environmental problems sue to these fossil fuel reserves hence there
is a hype to find out substitute for them [3].The current society system largely relies on
the energy obtained from renewable energy resources like fossil fuels as their energy
content provision is far higher than any other resource. The major energy requirements
around the world are fulfilled by coal, oil, natural gas and petrochemical supplies hence
the utilization of fossil fuel resources is increasing day by day on a yearly data basis. This
conventional mean of energy production though on one hand is creating a strain between

the high price and demand supply gap [2].

As discussed above depletion of petro resources required for transportation along
with global warming is one of the major concerns to shift towards the renewable energy
resources hence we need an alternative which feasibly fits the requirements [4].
Renewable energy derived from biofuels could be a significant part of this sector and play
a vital role to improve the economy and environmental scenarios of the country [5].
Currently a potential amount of alcohol is produced from the sugarcane liquid waste with
a potential future upfront from sugarcane crop production [6][7]. Ideally the governmental
policies should designate a 10% of share in diesel consumption for blended biodiesel for

2025 though as per current ethanol seems to be a capable option as compared to biodiesel

1



hence reforms has to be made so that ethanol blended gasoline could be used as vehicle
fuel [8]. Certain policies are being proposed to promote the use and production of biofuels
which also increase the costs of imported oils. While two main types of biofuels are being
produced in practice as ethanol from corn and sugarcane and biodiesel from edible and
nonedible oils [9][7].

Due to the high density of diesel fuels in comparison to any other they are generally
used for the transportation, power production and agricultural concerns. Biodiesel is one
of the comparatively benign options of diesel with its main components as triglycerides
which are esters consisting of long chain acids and glycerol forming fatty acids. In specific
terms the mono alkyl esters of long chain fatty acids which are being derived from the
renewable sources namely vegetable oil or animal fat form biodiesel. This can be utilized

for the compression ignition engines [2].

Biodiesel is liquid form of fuel obtained from renewable resources like oil and fats
from plant and animal sources through a chemical conversion in the presence of alcohol
which alone or in blend with diesel can be used in engines [10]. Biodiesel is a potential
alternative for conventional fuels such as diesel due to the comparable properties of flow
and combustion with low emission profile [11]. Moreover biodiesel is oxygenated,
renewable, biodegradable and environmentally benign fuel. Because of the suitable
properties and the environment improvement due to it, many countries pay much attention
to Research and Development (R&D) of biodiesel industry and constitute favorable
legislation for it. The process of biodiesel production is basically the production of fatty
acid methyl esters produced from the conversion of triglycerides in the form of oils and
fats combined with an alcohol. Transesterification reaction takes place to complete the
conversion process after which the biodiesel sample is collected for further processing

which involves washing and drying of the biodiesel sample to prepare it for utilization.

Biodiesel production is a potential alternative with three generations of substrate
materials to perform the process of transesterification [12]. The first generation is of edible
plants e.g, corns and soyabeans, second generation involving cellulose in nonedible plants
e.g, wood, organic waste, food crop waste, specific biomass crops. Third generation is of

substrates which are grown for improvements in production biomass e.g algae. In specific
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reference to biodiesel production there are a number of variant plant species which can be
used for biodiesel production as their seeds are rich in oil e.g., Pongamia pinnata,
Cannabus, Jutropha and Ricinus commnis [13].

Vegetable oil after repetitive use for food preparation is referred as waste cooking
oil (WCO) which cannot be used for further consumption because the free fatty acid (FFA)
content has increased. Disposing this oil leads to several health and environmental
pollution problems hence the renewable energy research targets this oil usage for biodiesel
production being a cheap feedstock [14]. The qualities of waste cooking oil vary
depending on what conditions they are being used to prepare food like temperature and
time for frying. Any water content in the waste cooking oil can lead to hydrolysis or

saponification due to high FFA content during the process of transesterification [15].

The mechanism of transesterification involves a reaction between a lipid and an
alcohol to form esters with glycerol as a byproduct. This is a reversible reaction where its
stability towards product side is ensured by the use of excess alcohol. The standard
stoichiometry of transesterification is 3:1 for alcohol to lipids but it is sometimes increased
e.g., 6:1 to increase the amount of product yield. Transesterification involves three
consecutive reversible steps starting with conversion of triglycerides into diglycerides
then to monoglycerides. Finally the monoglycerides are converted into glycerol. Here one
ester molecule is yielded from each glyceride at each step. The equilibrium of the reaction
lies towards production of the fatty acid esters and glycerol though the reactions are

reversible [16].

Biodiesel is prepared with an alcohol in the presence of a catalyst by trans-
esterifying vegetable oils and animal fats [17][2]. During the process of biodiesel
production there are several contributing factors which effect the yield of the product such
as reaction time and temperature, oil to alcohol ratio, percentage of catalyst used and
stirring speed. In case of waste cooking a two-step conversion process is required namely
esterification followed by transesterification where the former one is basically a
pretreatment step to purify the substrate oil consisting of unknown composition and a

higher number of free fatty acid content. The reaction of esterification requires acidic



catalyst while a basic catalyst is a best fit for transesterification reaction while

improvement and optimization is always needed while using different catalysts [18].

The catalyst involved in the process of transesterification has a substantial effect
on the reaction considerably increasing the speed of the reaction. In comparison to acidic
catalysts which perform the reaction on high temperature like 100 °C and hours of reaction
time, the basic catalysts are in contrary and complete the reaction at room temperature
even. The commonly used alkalis are the hydroxides of sodium and potassium, carbonates
and alkoxides like methoxide, ethoxide, propoxide and butoxide [19].

Methanol, ethanol and butanol are the short chain alcohols which are usually
employed in the transesterification reaction. The cost and efficiency of performance is
basically considered while choosing any alcohol. Ethanol is easily produced from
renewable agriculture resources, also it is and extraction solvent having high dissolving
power for the oils so it is preferred over methanol for the transesterification of vegetable
oils. Moreover the extra carbon atom present in the ethanol molecule gives a margin to

increase the heat content and cetane number of the fuel produced [20].

1.2 Problem statement

Due to the lack of a well-developed, efficient and cost effective system for the
production of biodiesel, it is still considered as an expensive alternative in comparison to
petro diesel. This all happens due to the improper selection of raw material and catalyst
for the process accompanied with other technological deficiencies and factors effecting
the yield of biodiesel and its purity [21]. There is a variety of catalytic components which

are utilized in the process classified as acids, alkalis, solid catalysts and enzymes [22].

Homogenous catalysts are relatively low in their activity due to soap formation which
play a vital role in the inability to separate glycerol and purify fatty acid methyl ester
(FAME) with water [23]. For raw materials with high FFA content strong acidic catalysts
are preferable to be used because it will inhibit soap formation [24]. Heterogeneous solid
catalyst are a convenient option for easy separation and reusability [25] with larger surface

area to increase the active sites [24].



Metal organic frameworks (MOFs) are the emerging category of materials with
wide range of applications in scientific research e.g., energy storage, catalytic activities,
electrochemistry magnetism, drug delivery, adsorption and separation of gases and many
other. They are porous solids with a well-structured assembly of coordinated bonds
between their metal ions and organic ligands where a large number of synthesis
approaches are being considered [26]. MOFs have large surface area and multiple sites
for the catalytic application [27] making them a promising alternative to solid catalysts
utilized for biodiesel production due to their easy separation and reusability which benefits
their use in industrial scale [28]. Optimized synthesis of MOFs is considered as an
important upfront in research and development which will not only unleash the utmost
performance efficiency but also other approaches as cost and the sustainability of the

environment [29].

Copper-based MOF is a stable option in perspective of thermal and chemical
options with a large surface area, accessible metal ion sites and mild synthetic conditions
[28]. Copper based MOFs efficiently oxidize alcohols as heterogeneous catalysts
converting them into their corresponding products [30] hence it has been an efficient

catalyst when used for biodiesel production [29].

The synthesis of carbonate based metal precursor is of importance due to its excess
presence in mineral deposits. It has been experimented to be a versatile precursor having
a coordinated structure with probable scope of growth [31] , advantages in process ability

and clean reactivity.

1.3 Hypothesis

Synthesis of structured material can prove to be an efficient material for biodiesel
production with improved catalytic activity. As structured materials e.g., metal organic
framework will provide a larger surface area to carry on the reaction of biodiesel
production which will enhance the rate of reaction and will result in improved percentage
yield. Furthermore these materials being heterogeneous will help to avoid many other
shortcoming which occur during the synthesis of biodiesel e.g. saponification, catalyst

degradation and separation difficulties from the biodiesel sample [22].



1.4 Research objective
I. To synthesize and characterize Copper and Calcium based metal organic
frameworks (MOFs) for biodiesel production
ii.  To investigate the catalytic activity of Copper and Calcium based metal organic
frameworks for esterification and transesterification
iii.  Toanalyze the quality of the produced samples of biodiesel in accordance with the

given standards.

1.5 Organizational structure and scope of study

The organizational structure of the study starts with the synthesis of synthesis of
copper and calcium based metal organic frameworks (MOFs) which were then
characterized using X-ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and
Thermo Gravimetric Analysis (TGA) techniques. These MOFs were then used as catalysts
for the reaction of esterification and transesterification. Analysis of synthesized biodiesel
samples was done by performing standard tests of pH, flashpoint, calorific value, Gas
Chromatography Mass Spectroscopy (GCMS), Fourier Transform Infrared Spectroscopy
(FTIR), iodine number, cetane number, saponification value, viscosity, density, specific

gravity .

In this study copper and calcium based metal organic frameworks as catalysts are
synthesized and studied for biodiesel production keeping in consideration the issues
regarding production process like time, temperature and amount of catalyst required for
the conversion of substrate (triglyceride / oil) into biodiesel (FAME). While the substrate
studied here is waste cooking oil due to its availability, abundance, variant composition
and high number of free fatty acid number which will enable to optimize the results with
an even tricky substrate than using any unprocessed oil [21].



Summary

This chapter briefly discusses about the energy crisis in the country along with
environmental problems caused by the use of fossil fuel resources. Waste cooking oil is a
potential resource for biodiesel production which being a benign and renewable energy
resource. Moreover the process of biodiesel production is briefly discussed along with the
point of focus in this study which is the synthesis of a metal organic frameworks as a

prospective catalysts for the production process.
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Chapter 2

Literature review

2.1 Biodiesel overview

The energy demands is calculated to manifold by three times until 2050 as per
evaluation though the supply or production side does not seem to be very progressive and
reliable though the concerns are definitely required to intend towards energy production
from alternative renewable resources. The current perspective of research in the field of
biodiesel production targets on the production of biofuels as second generation with
substrates like non edible plants /foods and waste vegetable oil. GOP discharged the tax
and custom duty charges from the import of any utility required for biodiesel production
such as plant, machinery, equipment and other items to help Economic Coordination
Committee (ECC) of the cabinet to execute their decision of research and development in
this field. Pakistan State Oil (PSO) company started its working to meet the deadline of
10% share of biodiesel by 2025 for which it selected non-edible plants/seeds species, such
as castor, Jatropha, jojoba etc., for production of biodiesel. In Pakistan, the Alternative
Energy Development Board (AEDB) also launched biofuel initiatives [7].

Pakistan is a rich land full of natural species and agricultural equity where 70%
population works in farm fields and the soil survey classified into 79 types of soil
throughout the country. More than 80 million acres of land which is of deprived quality
and is best for cultivation of energy crops in Pakistan so this is a practical consideration
for bioenergy production. Alcohol is also required for the production of biodiesel which
is abundantly derived from sugarcane and synthesis of natural gas. The ultimate drawback
of biodiesel technology as a potential candidate for renewable energy is the absence of
awareness, education and collaboration between institutions. The 60% population located
in rural areas utilize conventional methods like woods and organic waste (animal and crop

residue) for domestic needs as they are unable to access commercial energy.
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Hence progress in the field of bioenergy is required to fulfill the country’s energy
requirement to a momentous level. Moreover the emissions from diesel have around 79%
highly toxic pollutants including inorganic and organic components which are not only
dangerous for the environment (global warming, greenhouse gas emissions and smog
formation) but for the health being carcinogenic and mutagenic such as sulfur oxide,
nitrogen oxide and particulate matter [32].

Almost 21 distillery units around the country sufficient to process around 2 million
tons of the molasses producing 400,000 tons of bioethanol are the main source of alcohol
production from sugar cane though it exceeds the country’s needs plus export by 318,000
tons. Thus we have sufficiently excess stock of alcohol for the process of
transesterification for biodiesel production. Although methanol is more often used for this
process because of its low price. Pakistan has the production capacity of 56 million tons
of biodiesel after cultivating all the uncultured land around while the current requirement
is nearly 8.5 million tons though a 10% increase of energy is expected per year. Hence
biodiesel has an encouraging future in Pakistan due to the availability of raw materials

and certain energy generation programs [33].

2.2 Biodiesel production

Biodiesel is an easily degradable and nontoxic fuel, free of exhaust gases in
comparison to comparison to conventional diesel fuel. The esterification and
transesterification reactions from vegetable oils or animal fats in the presence of alcohols
and acid base catalyst are implied for biodiesel production. There is a wide range of
homogenous and heterogeneous catalysts which is utilized for the synthesis of biodiesel
such as acidic, basic or enzymatic etc. [34]. Chemically, molecules of biodiesel are mono-

alkyl esters generally generated from esters of triglycerides.

[ Glycerol ]
N
Fatty . Fatty
acid ), acid tJ ) +[ Glycerol

Figure 1 Standard chemical reaction mechanism of biodiesel production
13



In particular, there are three transesterification systems based on vegetable oil or
animal fat, they are homogeneous, heterogeneous and enzymatic systems depending on
the catalyst used in the method. UVO is reacted with alcohol, due to improved
effectiveness, methanol is used in most instances. Ethanol and isopropyl alcohol, however,
can also be used in animal fats [35].

There are several parameters on which the process of transesterification hinge on
to have an optimized conversion which includes the properties of the substrate oil like
moisture and FFA content or other physical and chemical properties, duration of reaction,
rate of agitation or stirring, pressure, temperature, type of alcohol, molar ratio of alcohol
to oil, type of catalyst and its quantity. The yield and purity of the product depend on all
these parameters. The reaction temperature in this process plays an important role and
usually set closer to the boiling point of alcohol. A number of studies discussed the
reaction temperature to be maintained around 60 °C — 80 °C with an alcohol to oil molar
ratio of 6:1. This molar ratio of alcohol to oil is also an effective parameter though this
varies with type of catalyst and other factors in the reaction [36].

Table 1 discusses different researches carried out to produce biodiesel using waste
cooking oil as a substrate. The studies show that waste cooking oil is proved to be a
potential catalyst for biodiesel production with an approximate yield of 90 % using several
acidic and basic catalysts.

Waste cooking oil, otherwise discarded is one of the most cost-effective biodiesel
options. Since feedstock prices are one of the main issues about biodiesel production, the
use of waste cooking oil considerably improves biodiesel production’s financial viability.
Since big amounts of waste cooking oil are illegally dumped into waterways and landfills,
causing environmental pollution, the use of waste cooking oil to generate biodiesel as a
petro diesel replacement provides important benefits owing to pollution decrease [2]. The
production of biodiesel from waste cooking oils for diesel substitutes is particularly crucial
due to the declining trend in global oil reserves, environmental issues created by the use
of fossil fuel and the high price of petroleum products on the global market. Because of
its elevated viscosity, there are several issues with the use of unprocessed vegetable oils
in the ignition compression motors. The general method for the preparation of biodiesel is

performed through a reaction between oil and alcohol in the presence of a catalyst called
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Table 1 Researches carried out to convert waste cooking oil into biodiesel

Type/source of Catalvst Reaction  Qil to Alcohol Yield Conclusion Ref
oil y temp. (°C) ratio (%)
68-70
Food factory NaOH 60 - All the five tested parameters complied with the ASTM criteria for fuel specifications. [37]
Canola WCO NaOH 60 1:3 94 Fourteen out of eighteen tested variables met the ASTM principles for fuel standards. [38]
WCO KOH 40 1:6 99.5 Highest yield of 99.5 % under optimum conditions from both feed stocks. [39]

Cottonseed WCO Lipase 64 1:3 - Optimum reactant ratio was 3, where the observed reaction rate was maximum. [40]
WCO NaOH 60 1:7 87 A conversion yield of 87 % was achieved. [41]
WCO NaOH 70 1:10 88.6 The density of the biodiesel pro_duct was high energy which could be compared with [42]

fossil fuel based hydrocarbon.
WCO BaO and KOH 80 1: 6 9 Less than 10% of energy is consumed during microwave heating method than the traditional  [43]
one.

M'ég(‘; ngt oil NaOH 65 1:4 80 Optimized process parameters led to the maximum yield of 80 % by volume. [44]
WCo CZ0 55 1.8 97.71 The catalyst due to its large surface area was reused for 5 cycles resulting in increased yield. [45]
WCO Ce- Mg/Al203 60 1:6 97 Ceria cobalt used less amount of catalyst than ceria magnesium to obtain more yield of [46]

conversion due to its high surface area and fast activity.
WCo KOH 66.5 1:6.18 92.76 The optimum condition of biodiesel production were obtained at 1 wt.% KOH. [36]
HCI, H,SOq, .
WCo HsPOs KOH =0 1:2.5 94 Alkali catalyst for transesterification of WCO proved to be an efficient catalyst. [47]
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transesterification. While in case of waste cooking oil as substrate it has large number of free
fatty acid content hence esterification is performed prior to the step of transesterification. Both

of these reactions require catalysts to speed up the reaction in the presence of alcohol [48].

2.3 Current status of catalyst application for biodiesel production

A lot of research work has been going on for the synthesis of catalytic material to
enhance the process efficiency of any reaction [3]. Catalyst is the substance that
accelerates a chemical reaction without itself being affected. It will provide the sites for
the reactants to be activated and interacted together. On the other hand heterogeneous
catalyst are emerging to seek great attention due to their reusable and noncorrosive nature
carrying out transesterification and esterification reaction having acid and base both.
There are several reported examples of heterogeneous catalysts as metal oxides, mixed
metal oxides, alkali doped metal oxides and transition metal oxides etc [49].

Due to the short comings regarding source of raw material for the biodiesel
production, non-edible domain is gaining focus. Homogenous catalyst causes the problem
of intoxication and saponification during the conversion of Chinese tallow seed such as
KOH, NaOH and CH3ONa, due to higher acid value than rapeseed oil and soybean oil.
The conversion of Chinese tallow seed oil by using acid-tolerant solid base catalyst to
biodiesel. KF/CaO nanocatalyst synthesized through impregnation method showed 96.8
% biodiesel yield potential for industry use. Several countries like Germany, France, Italy,
USA, Japan and so on are utilizing large amount of biodiesel. The green approach of
heterogeneous catalyst use is introduced for the preparation of biodiesel which are
occasionally mass transfer resistant, time consuming and inefficient. The limited
applications for industry intrigue more focused research in this domain Biodiesel can also
be known as environmentally benign fuel. An easier transesterification process for palm
tree oil was carried out with help of TiO>—ZnO nano catalyst which is a stable and active
heterogeneous mixed metal oxide [50].

The developmental phase of biofuel energy largely depends upon catalytic
reactions. Moreover, the integration of nanotechnology in the catalytic activity of biofuel
production speeds up the process enhancing the product quality and amount of yield. The
common problems caused by the use of heterogeneous catalysts e.g., mass transfer

resistance, fast deactivation, time consumption and inefficiency; can be resolved by
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replacing them with nano regime catalysts. The most demanded type of biofuel as
biodiesel could be produced by nano catalysts which use nonedible feed substrate. The
research done yet directs towards the fact that application of nanosized catalysts advances
the production and efficiency rate of biofuel even at mild operation parameters with
comparison to bulk catalysts [51].

Table 2 discusses different catalyst used for biodiesel production using a various
substrates. Different studies are being carried out to produce biodiesel from variant
substrates using NaOH, KOH and other metal composites as catalysts giving potential

percentage yield.

2.4 Copper and calcium based catalyst for biodiesel production

Several studies have been done on the subject of biodiesel production using copper
and calcium as catalysts. Table 3 gives a brief review of a few researches done in this
regard.

Homogenous catalysts function at benign conditions with high reaction rate
resulting in saponification and difficult separation of the product [62]. Heterogeneous
catalysts are non-corrosive cheap, efficient in activity and environmental friendly. They
do not produce waste water and are an artifact or continuous and economic process of
biodiesel production. Metal oxides, inorganic acid salts and zeolites etc fall in this
category. Many metal oxides are reported as active catalysts for the process of biodiesel
production such as Ca, Mg, and Al while Cu based catalysts are rarely studied for this
purpose. A study reported the synthesis of mesoporous structure of Cu-based
supramolecular catalyst having a good catalytic activity for transesterification reaction
[63]. A research found that the heterogeneous copper dopped zinc oxide nanocatalyst has
enormous potential for biodiesel production from low-cost feedstock such as neem oil for
viable energy manufacturing [61]. Bifunctional heterogeneous catalyst are gaining
attention as they possess both acid and base to carry out the transesterification as well as
esterification reactions [64].
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Table 2 Different catalysts for biodiesel production from various substrates

. Oil to alcohol Reaction Reaction
Oil Catalyst . . . Ref.
ratio temperature (°C)  time (mins) Summary
Diesel engine performance and emission test on different Castor Biodiesel blends
Crude castor oil H.S04/ KOH 145 60 120 proved that it was suitable to be used as diesel blends with lower emission compared [52]
to conventional diesel.
Used
Groundnut oil Cs-TPA/SBAL; 16 60 120 A catalyst was synthesized to address the p[roblems of corrosion and reusability [53]
(UGO) which gave a higher yield of 91.55.
Used ve.getable H,SO, 140 6 120 Optimization study showed that 1:19.8 oil to alcohol ratio worked to 15-25% FFA [20]
ol ' range while 55 sulfuric acid worked for 15-355 of FFA.
30
weo H2S04/KOH 1:5 60 95.06% average biodiesel yield was achieved with WCO being a potential substrate. [54]
Recycled eggshells used as catalyst for bidiesel production for diesel engine
WCO Eggshell 1:9 85 165 Y 99 Y ort p g [55]
applications.
Neem Oil NaOH 1:3 55-61 300 Biodiesel with all fuel properties lying within the standard range was produced. [56]
Waste 88.6% yield of biodiesel was obtained at 70°C temperature with 3.0% NaOH from
sunflower oil NaOH 1:10 70 340 waste sunflower oil, making it a viable alternative of fossil fuels. [42]
Dairy waste 1.2 wt.% of
scum as a feed Potassium 1:6 75 30 96.7% biodiesel yield was obtained from waste dairy scum. (23]
stock Hydroxide
WCO KOH/NaOH 16 60 180 94.4% biodiesel with standard fuel properties was obtained using 0.4% KOH as [57]
' catalyst.
Sunflower oil Co/AlFe304 1:14 58 120 94.8% biodiesel yield was obtained under optimal conditions. (58]
. ZrO2 loaded with . . . » ) [59]
Soybean oil 1:16 60 120 98.03% yield was achieved with reusability of catalyst for five cycles.
C4H406HK
. . 98% yield was achieved with 200 mg catalyst loading under optimum reaction [60]
Palm oil TiO2-ZnO 1:12 60 300 .
conditions.
. 97.18% yield was obtained while for the sixth catalyst reuse cycle 73.95% was [61]
Neem oil Cz0 1:10 55 60

achieved.
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As already discussed, the step of transesterification is more efficiently done in the
presence of base catalyst as acid catalyst hence it is generally experienced for the process
of production of biodiesel [65]. The research focus considered here is to achieve the high
number of active sites while using hetererogenous catalysts to improve the reaction
mechanism and product output with special consideration to the certain limiting factors
like saponification, reusability, ambient temperature and cost of the catalyst [66]. Ca based
catalyst is one of the most studied systems for biodiesel production due to high activity,
availability and its low cost [10]. A large number of researches related to the application
of Ca based catalyst where it has shown varying conversion rates of oil into biodiesesel
reaching to the record of 100 % [31].

Catalysts are commonly prepared using co-precipitation, solvothermal, sol-gel,
impregnation, and hydrothermal Methods. Catalysts used in this study are copper and
calcium based in the form of their metal organic frameworks (MOFs) synthesized by
hydrothermal and solvothermal methods respectively. Copper based catalysts are rarely
studied in general and not in MOF form while calcium based catalysts are already reported
as efficient ones for biodiesel production but not much of the study is done for their MOF
structure as well. Copper being acidic in nature will be used in the form of MOF to
optimize the esterification reaction of the biodiesel production process while calcium
being basic in nature will be used to work on the transesterification step. Table 3 shows
Copper and Calcium based catalyst used for biodiesel production. Different metal
composites are being synthesized to produce biodiesel from soyabean oil, hempseed oil,

waste cooking oil, chineese tallow seed oil, neem oil and rubber seed oil etc.

2.5 Significance of operating conditions in biodiesel production

There are several operating conditions which are being monitored during the process
of biodiesel production. Four basic factors which majorly impact the biodiesel production
are discussed below such as alcohol to oil ratio, reaction time, reaction temperature and

catalyst loading.
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Table 3 Copper and calcium based catalyst used for biodiesel productio

Qil Catalyst Summary Ref.

Hempseed oil Cu/SroO 10% of the Cu/SrO presented a high catalytic performance for the process of tranesterifiation. [19]

Soyabean oil Cu/SrO At optimum conditions of 65°C temperature, Sh reaction time, 1:6.75 oil to alcohol ratio and 1.5 % [29]
catalyst loading, maximum conversion of soyabean oil into biodiesel.

WCO CZO nanocomposite  97.71% biodiesel yield was obtained at optimum conditions being 50 min reaction time, 55°C [45]
temperature, 1:8 oil to alcohol ratio and 12% catalyst loading.

Neem oil CZO nanocatalyst 97.18% biodiesel yield was obtained at optimum conditions being 60 min reaction time, 55°C [61]
temperature, 1:10 oil to alcohol ratio and 10% catalyst loading. While 73.95% of yield was achieved
with catalyst re-used for sixth cycle.

Oleic acid copper (11)-alginate 71.8% biodiesel yield was obtained at optimum conditions being 3h reaction time, 70°C temperature, [67]
1:10 oil to alcohol ratio and 250 mg catalyst loading.

WCO calcium titanate (CT) 80.0 % biodiesel yield was obtained at optimum conditions being 60 min reaction time, 65°C [68]
temperature, 1:15 oil to alcohol ratio and 1% catalyst loading.

Soyabean oil Ni/zn/Fe,O, doped Biodiesel yield was obtained using 10 g soya bean oil at optimum conditions being 2h reaction time, [69]

with Cu 160°C temperature, 1:20 oil to alcohol ratio and 4% catalyst loading.
Xanthium copper-based 88.63 % biodiesel yield was obtained at optimum conditions being 9h reaction time, 120-C temperature, [63]
sibiricum Patr oil supramolecular  (5- 1:40 oil to alcohol ratio and 8% catalyst loading.
cyclodextrins)

rubber seed oil (Cuo/C) Esterification reaction was performed at optimum conditions being 6h reaction time, 65°C temperature, [70]
1:10 oil to alcohol ratio and 8% catalyst loading.

WCO Ca(OCH3)2 90.2% biodiesel yield was obtained at optimum conditions being 90 min reaction time, 65°C [71]
temperature, 1:6 oil to alcohol ratio, 7000 rpm rotation and 4% catalyst loading.

Chinese tallow KF/CaO nanocatalyst 96.8% biodiesel yield was obtained under optimum conditions. [72]

seed oil
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2.5.1 Alcohol to oil ratio

The excess amount of alcohol during the biodiesel reaction process corresponds to
the complete conversion of oils and fats into esters in a short time period. To ensure a
complete transesterification reaction, the molar ratio of alcohol to triglycerides should be
optimized to reach the suitable ratio. Theoretically, one mole of methanol is required for
the esterification of one mole of FFA, however, excess amount of methanol results in
enhanced FFA conversion [47]. Although alcohol has to removed or recovered from the

biodiesel later on for product purification purposes [73] [74].

2.5.2 Reaction time

The conversion into esters is directly proportional to the increase in reaction time
until it reaches to an optimum time period as per required for the specific substrate and
catalyst type. Although the reaction time majorly depends upon the presence of reactants.
The conversion rate of fatty acid esters increases with reaction time [75] while to have
great yield with low production cost the reaction time must be optimized [3]. The rate of
esterification generally increases with time but after a certain limit the activity becomes

constant despite of the increase in time.

2.5.3 Reaction temperature

The increase in the reaction temperature decreases the viscosities of oils which
results in a greater reaction rate in a shorter time period. While the temperature must be
lower than the boiling point of the alcohol. Moreover after an optimal temperature, further
increase starts the reaction of saponification. The step of esterification is found to be
temperature specific. The optimal temperature ranged between 50 - 60 °C, depending on
the oil used [34].

2.5.4 Catalyst loading

Catalyst loading can affect the yield of the biodiesel product. The increase in
catalyst concentration directly correlates with the conversion rate of substrate into
biodiesel. Furthermore an incomplete amount of catalyst results in the incomplete
conversion of the triglycerides into fatty acid esters. The optimal condition of catalyst
concentration is about 1.5 wt.% for NaOH which is the most commonly used catalyst [76].
There is a variety of catalytic components which are utilized in the process of

transesterification such as carbonates, hydroxides and alkoxides classified as acids,
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alkalis, solid catalysts and enzymes to produce around 10 million tons of biodiesel fuel
from vegetable oil [22]. Catalyst choice mainly depends on the amount of FFA and raw
materials in the oil for example oils having high water and FFA content will be preferably
undergo transesterification with acidic catalysts with high temperatures (60-100 °C) and
longer reaction time (2-10 h) along with corrosion of the equipment [22]. The
concentration of right amount of catalyst can be maintained by performing optimization
reactions for a certain type of substrate. Otherwise it could lead to incomplete reaction or
saponification.
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Summary

This chapter reviews the potential of biodiesel as a renewable energy source in
Pakistan initially, then the current status of biodiesel production around the world and in
Pakistan in specific reference to waste cooking oil. The second part of the review of
literature covers the assessment of the current status of catalyst synthesis for biodiesel
production in world and Pakistan accompanying the review of copper and calcium-based
catalyst for biodiesel production. Due to the short comings regarding source of raw material
for the biodiesel production, non-edible domain is gaining focus. For the commercial
execution of transesterification process it is required to prepare cost effective heterogeneous
catalysts as this is the limiting factor for their application in industrial use. The energy released
from biomass is renewable and environmentally friendly, so it is strongly recommended to be
applied while introducing nanotechnology research to biomass conversion has witnessed rapid
growth. Metal organic frameworks have high specific surface and high catalysis activities,
may solve the above problems. They have become the focus of recent research. Moreover,
the factors effecting the biodiesel production are also discussed along with their

significance.
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Chapter 3

Materials and methods

Copper and calcium-based metal organic frameworks (MOFs) are synthesized in this

study by solvothermal and hydrothermal method respectively. The prepared MOF

materials are heterogeneous solid catalysts. After the characteristic analysis, these

catalysts were then used for the esterification and transesterification of waste cooking oil

and methanol.

3.1 Materials used for experimentation

Table 4 List of chemicals used in the synthesis of materials

Sr  Name Purity Purpose

#

1 Methanol (MeOH) 99% Material Synthesis and
Purification

2 Dimethylformamide (DMF) 99% Material Synthesis and
Purification

3 Distilled Water (DW) 99% Material Synthesis

4 Benzene-1, 4-dicarboxylic acid (BDC) 98%

5 Copper(ll) sulfate pentahydrate 99%

(CuS04.5H20)
6 Calcium carbonate (CaCOs) 99%
7 Sulfuric acid (H2S0a4) 98%
8 Potassium hydroxide (KOH) 85%

Material Synthesis
Material Synthesis

Material Synthesis
Material Synthesis
Material Synthesis
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3.2 Material synthesis
3.2.1 Synthesis of copper based metal organic framework

The synthesis of copper based metal organic framework (Cu-MOF) was done by
using solvothermal method [77]. The 1:1 ratio of the metal salt (CuSO4.5H,0) and
Benzene-1, 4-dicarboxylic acid (BDC) were dissolved in distilled water and
Dimethylformamide (DMF) respectively and after mixing together in beaker, it was kept
on a hotplate with stirring at 85 °C for 24 hours [77]. Afterwards filtration was done to
remove the extra solvent followed up by oven drying at 80 °C for 7-8 hours. Prior to its
use in application process vacuum oven drying was also done at 80 °C for 3-4 hours to
enhance the catalytic activity of the sample. Figure 2 represents the graphical sketch of

the synthesis methodology.
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Powdered Cu-MOF
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Figure 2 Graphical representation of the synthesis of Cu-MOF
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3.2.2 Synthesis of calcium based metal organic framework

The synthesis of calcium based metal organic framework (Ca-MOF) was done by
using hydrothermal method. The 1:1 ratio of the metal salt (CaCOs) and Benzene-1,4-
dicarboxylic acid (BDC) were dissolved in distilled water and Dimethylformamide (DMF)
respectively and sealed in an autoclave, the sample was kept in the oven for 48 hours at
110 °C [78]. Afterwards filtration was done to remove the extra solvent followed up by
oven drying at 80 °C for 7-8 hours. Prior to its use in application process vacuum oven

drying was also done at 80 °C for 3-4 hours to enhance the catalytic activity of the sample.

- N
CaCo; [
+DW .
Sample sealed in
Autoclave and
kept in oven for
48hrs at 110°C
K Drying Ej
L' J Sample ’
— Filtration I
Powdered Ca-MOF
Catalyst
L _/

Figure 3 Graphical representation of the synthesis of Ca-MOF

3.3 Material characterization techniques
Research based on material synthesis highly requires characteristic analysis which is
being done with the help of a number of characterization techniques available. This

includes the examination of structure, elemental composition and other chemical or
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physical properties which help in the accurate assessment of the sample to be used for
further application process.

Crystal size, purity, dimensions of single unit, lattice parameters and other related
information is obtained from X-ray diffractrometry (XRD) analysis. The XRD analysis
was performed using Bruker's X-ray Diffractometer (D8 Advance) see supporting
information in (Appendix 1, Figure S 1) connected with computer interface having Cu Ko
atA=1.5 A.

The sample material was finely ground and kept on a well of plastic disc. All the
XRDs were performed using 26 value from 5 ° to 50 ° with a step of 0.05 °/min.

All the XRD patterns were analyzed using JADE software and peaks were
identified through Search/match option with built in ICSD (Inorganic Crystal Structure
Database) repository of software. The graphs were made on ORIGIN software. The output
of an XRD scan is a spectrum with the y-axis being the intensity and x-axis is 26, where
6 is the angle of incident X-rays on the sample. Certain peaks arise because of the phase
shift of the diffracted X-ray due to the lattice spacing of the material.

The diffraction follows Bragg’s law as shown in Equation 3.1:
nA=2dsiné (3.1)

The crystal size of the MOF particles was calculated using Scherer’s Equation which is
Equation 3.2.
0.94

D= Bcosé (3:2)

Where n is an integer, A the wavelength of the light, d is the spacing between crystal planes
in the material, and 6 is the angle of the incident light.

The morphology of the synthesized material was assessed taking its images using
scanning electron microscopy (SEM). TESCAN VEGAN 3 was used to perform the SEM
analysis (Appendix 1, Figure S 2). Powder samples were deposited on carbon tape fixed
on a stage and was put inside the equipment. It was operated at 20 kV high voltage with

secondary electron detector and tungsten detector type at angle of 45 °C. The lense of the
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gun was lab-6. The sample SEM images were taken at three different magnifications of 2
pm, 5 um and 10 pm.

To determine the thermal behavior of synthesized materials, TGA measurements
were done using SHIMADZU-DTG 60H instrument (Appendix 1, Figure S 3). The
thermograms were taken in continuous Nitrogen flow atmosphere (50mi/min) from 20 °C
to 800 °C with sample held in alumina pan and weight loss against temperature plots were
prepared for each sample. The temperature specifications of the sample for degradation at
multiple steps were as for Pyrolysis: 80 — 120 °C, for Decomposition: 300 — 450 °C and
for Combustion: > 450 °C.

3.4 Biodiesel production
3.4.1 Sampling of substrate waste cooking oil

The substrate waste cooking oil (WCO) was collected from locally. Oil was first
filtered to remove any insoluble contaminations followed by heating it at 100 °C for
moisture evaporation. Further the sample of WCO was stored at room temperature for
biodiesel production reaction.

3.4.2 Pretreatment of waste cooking oil / esterification

The substrate oils having higher level of free fatty acid (FFA) content could
undergo several side reactions in case of biodiesel production process hence its necessary
to pretreat them. The substrate here in the research study is waste cooking oil (WCO)
which has a higher FFA content and it was treated with acids also known as esterification
before the process of transesterification in the presence of a base catalyst [52]. For
esterification reaction, a 250 ml flask was mounted on a hotplate equipped with magnetic
stirring reflux to ensure a uniformly agitated reaction mixture. The reaction contains 100
ml WCO, 20 ml methanol and 0.2 % acid catalyst. H.SO4and Cu MOF catalyst were used
for the esterification reactions, the prior for the standard sample and the later for the
assessment of the catalytic activity of the synthesized catalyst. The reaction mixture was
fed into the flask and experiment was conducted at 55 °C for 4 hrs. The sample was
collected and centrifuged after the completion of reaction time. Methanol layer was
separated and WCO was collected for further processing. The collected sample of WCO
was washed with deionized water for three times followed by removal of water content

by evaporation.
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Figure 4 Graphical representation of the research methodology
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At this point the FFAs values were calculated. Influencing parameters (methanol
to oil ratio, catalyst dose, reaction time and temperature) were optimized and the FFA was
calculated using the relation shown in Equation (3.3).

FFA conversion (%) =[A‘A;A xloo} (3.3)

Where, Aijand Ay, refer to the acidity (at time zero and t) [47].

3.4.3 Transesterification of pretreated WCO

KOH was mixed with methanol in a 250 ml flask mounted on a hotplate equipped
with magnetic stirring reflux to ensure a uniformly agitated reaction mixture. The
esterified oil was added in the flask and the reaction mixture was heated at 55 °C
temperature with constant stirring for 1 h. Influencing parameters like methanol to oil
ratio, catalyst dose, temperature and reaction time were optimized for biodiesel production
process. After the reaction time was completed the sample was transferred into a
separating funnel so that glycerol and biodiesel could be separated. Later biodiesel was
washed with water in the ratio of 1:1 for several times. To remove unreacted catalyst and
methanol. Excess water content was removed with evaporation and final sample of
biodiesel was centrifuged at 4000 rpm for 10 min at room temperature and subjected to

further characteristic analysis [53].

3.4.4 Experimentation inventory

For all the biodiesel production experimentation a two-step process was followed
where for each experiment the first step of esterification was performed for 5-6 hours,
while temperature and stirring rate was kept the same for both steps. Initially some
feasibility experiments were performed with the standard catalysts and the two
synthesized catalysts Cu-MOF and Ca-MOF. Later on a complete set of optimization

reactions were performed with variant conditions to reach the maximum yield.
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Table 5 Standard catalyst for biodiesel production (H2SO4 + KOH)

Feasibility Experiments

Oil Alcohol Temperature  Stirring Reaction
# Catalyst (ml + g) (WCO) (MeOH) o Time
(ml) (ml) () (rpm) (min)
1 25ml+ 159 100 20+ 25 53-55 600 60
2 12ml+6¢g 500 100 54 600 60
3 1.25ml+1.25¢g 50 10 55 600 60
4 2ml +15¢g 100 20 55 600 60
5 12 ml + 69 500 100 54 600 60
Optimization Experiments
Oil Alcohol Temperature  Stirring Reaction
Catalyst (ml + g) (WCO) (MeOH) o Time
mh  (m o TP min)
6 25+1 100 15 50 600 60
7 25+1 100 15 55 600 60
8 25+1 100 15 60 600 60
9 25+1 100 15 55 400 60
10 25+1 100 15 55 600 60
11 25+1 100 15 55 800 60
12 25+1 100 15 55 600 60
13 25+1 100 15 55 600 90
14 25+1 100 15 55 600 120
15 25+1 100 15 55 600 60
16 25+1 100 18 55 600 60
17 25+1 100 20 55 600 60
Table 6 Cu + KOH Catalyst for Biodiesel Production
Feasibility Experiments
# Catalyst (g+g) Qil Alcohol  Temperature  Stirring Reaction
(WCO) (MeOH) C) (rpm) Time
(ml) (ml) (min)
1 1+1 100 + 15+ 20 53-55 600 60
100
2 15 96 30 60 800 120
3 15 96 30 60 600 90
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4 0.5 32 10 60 600 60

5 15 96 30 65 400 60

6 0.5 32 10 60 600 60

7 0.75 75 13 55 550 60

8 1 100 15 55 550 60

9 1 100 18 55 600 120
1+05 100+50 18+10 53 + 55 600 +600 180 + 60

Optimization Experiments

Catalyst (g +0) Qil Alcohol  Temperature  Stirring Reaction

(WCO) (MeOH) (°C) (rpm) Time

(ml) (ml) (min)
11 1+1 100 15 50 600 60
12 1+1 100 15 55 600 60
13 1+1 100 15 60 600 60
14 1+1 100 15 55 400 60
15 1+1 100 15 55 600 60
16 1+1 100 15 55 800 60
17 1+1 100 15 55 600 60
18 1+1 100 15 55 600 90
19 1+1 100 15 55 600 120
20 1+1 100 15 55 600 60
21 1+1 100 18 55 600 60
22 1+1 100 20 55 600 60
23 1+1 100 15 55 600 60
24 1.5+1 100 15 55 600 60
25 2+1 100 15 55 600 60

Table 7 H2SO4 + Ca Catalyst for Biodiesel Production

Feasibility Experiments

Catalyst (ml +g) Oil Alcohol  Temperature  Stirring Reaction
(WCO) (MeOH) C) (rpm) Time
(ml) (ml) (min)
25+1 100+100 15+15 53-55 600 1-3 hr
0.5 50 50 50 400 60
0.75 62.5 125 55 500-600 lhr
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4 1.8 150 30 50 400 60

Optimization Experiments
Catalyst (ml +g) Oil Alcohol  Temperature  Stirring Reaction
(WCO) (MeOH) C) (rpm) Time

(ml) (ml) (min)

5 25+1 100 15 50 600 60

6 25+1 100 15 55 600 60

7 25+1 100 15 60 600 60

8 25+1 100 15 55 400 60

9 25+1 100 15 55 600 60

10 25+1 100 15 55 800 60

11 25+1 100 15 55 600 60

12 25+1 100 15 55 600 90

13 25+1 100 15 55 600 120

14 25+1 100 15 55 600 60

15 25+1 100 18 55 600 60

16 25+1 100 20 55 600 60

17 25+1 100 15 55 600 60

18 25+1.5 100 15 55 600 60

19 2.5+2 100 15 55 600 60

Table 8 Standard Experimentation Details
# Catalyst (g OR ml) Oil Alcohol  Temperature  Stirring Reaction
(WCO) (MeOH) (°C) (rpm) Time (min)

(mi) (ml)

1 HySOs+KOH 2.5ml+ 1.5g 100 20+ 25 53-55 600 60

2 Cu-MOF+ lg+1g 100 15+ 20 53-55 600 60

KOH
3 H»SO4+Ca- 2.5 mi+ 1g 100 15+15 53-55 600 60
MOF
4 Cu-MOF + 1g+1g 100 20 + 20 53 -55 600 60
Ca-MOF
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Figure 5 Generic Sketch of the Biodiesel Production Process

3.5 Biodiesel characterization

Several biodiesel characterization techniques were used to assess if the synthesized
biodiesel samples are lying in the standard range. The analysis techniques used here in
this study are pH, flashpoint, caloric value, GCMS, FTIR, viscosity, density, specific
gravity, saponification value, iodine value and cetane number.

The pH of the biodiesel was determined by pH measuring strips while three
calibration tests were performed to assure the results. Further for the purpose of cross
verification the results were confirmed wusing HI9829  Multiparameter
pH/ISE/EC/DO/Turbidity Waterproof Meter with optional GPS (Appendix 1, Figure S 4).
With reference to a study controlling the pH at approximately 7.5 yielded quicker biomass

accumulation and biodiesel production.

Flashpoint of any material is that lowest temperature which indicates its
flammability in air hence the higher the flashpoint the safer and easily storable the
biodiesel sample is [66]. The biodiesel samples in the study were tested for flashpoint
using Seta flash Series 3 Active Cool Small Scale Flash Point Tester (Appendix 1, Figure
S 5). Sample was fed into the inlet of the chamber where the flame was already lit with

some gas supply.
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The trend with which the biodiesel injection/supply effect the flame immediately
at some specific temperature results with the flashpoint. The sample was tested at 80 °C,
110 °C and 140 °C to reach to the flashpoint of the sample.

The energy content of a sample determined by the complete combustion of a
specific quantity which is expressed in joules per kilogram. 6200 Isoperibol Calorimeter
(Appendix 1, Figure S 6) was used to analyze the calorific value of the prepared sample.
0.5 g weighed sample was kept in the 1108 Oxygen Combustion Bomb at intial
temperature of 21°C with a rise of 2°C for further analysis which gave the calorific value
of the sample [79].

The Shimadzu GCMS-QP2020 NX gas chromatograph-mass
spectrometer (Appendix 1, Figure S 7) is used to determine the composition of
fatty acid methyl esters (FAME) in the biodiesel sample. 25 mg of biodiesel sample
was dissolved in 0.5 ml of n-hexane. The resulting sample solution is filled in GC auto
sampler vial and injected in GC/MS to analyze and identify the fatty acid methyl ester
composition. The injection volume was 1 ul with split ratio of 20:1 with initial set
temperature of 150 °C and initial retention time of temperature was 5 minute. Maximum
temperature of 220 °C with ramp of 10° /min with maximum retention time of 5 min. The
inlet temperature was 250 °C and the detector transfer line temperature was 300 °C and
the electron impact ion source mode was 70 eV. The scan range was 30-500 m/z where
the ion source temperature was 200 °C and interface temperature of 250 °C.

Cary 630 FTIR Spectrometer (Appendix 1, Figure S 8) was used to analyze the
absorption spectra of the samples. A small amount of sample was placed on the glass slide
for the analysis in the wavelength range of 650-4000 cm™.

Viscosity is the fluid resistance to flow. The Brookfield Ametek DV2T
Viscometer (Appendix 1, Figure S 9) was used to determine the viscosity at room
temperature (~25 °C) at rpm of 50-150 where 2 ml of sample is required

The Density is the relationship between mass and volume of any substance hence

calculated as mass per unit volume as in Equation (3.4).

P=y (3.4)
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A specific volume of the sample was taken and was weighed on the weighing balance to
get the values of mass and volume so that its density can be calculated [80].

The value of specific gravity varies with the fatty acid composition and glycerin
content in the sample. In reference to this a denser vegetable oil processes into a denser
biodiesel which has high energy content and it results in increased power and better
mileage. The specific gravity was calculated using the Equation 3.5.

Density of Sample

Specific Gravity = -
Density of Water

(3.5)

The saponification value (SV) is the amount of KOH (mg) required to saponify
specific amount of biodiesel. It is reported that the pretreatment procedure of oil affects
the saponification value. For the determination of saponification value, the 0.5 g biodiesel
and 20 ml of 0.5 N alcoholic (ethanol) KOH was mixed. The mixture placed in round
bottom flask, refluxed and heated at 40 °C until clear solution, an indicated of
saponification reaction. After cooling the contents, phenolphthalein was added as
indicator and mixture was titrated against 0.5 N HCI until the pink color disappeared. The
saponification value was determined using relation shown in Equation 3.6.

56.1
W

Where, B and S are the blank and sample values (HCI), N is normality of HCI and W is
weight of biodiesel [47].

SV =(B-S)xNx[-—=] (3.6)

lodine value (1) measures the amount of iodine in g absorbed by 100 g oil. For
the determination of iodine value, 0.1 g of biodiesel was mixed with 20 ml of CCl, and
25 ml Wijs reagent flask, shaken and placed the flask in dark for 30 min. Then, 20 ml of
15% KI was added in reaction mixture followed by the addition of 100 ml distilled water.
Disappearance of yellow color indicated the end point. Same procedure was repeated for
blank except the addition of biodiesel and iodine value was calculated using relation
shown in Equation 3.7.
[(B —S)x N x12.69]

W

Where, B is the volume (ml) of 0.1 N Na2S203.5H-0 for blank, S is volume (ml) of 0.1 N
Na2S203.5H20 for sample (S), N is normality of Na2S203.5H,0 solution and W is weight

IV = (3.7)

of biodiesel.
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The ignition quality of diesel depends on cetane number. Cetane number was calculated

using the relation shown in Equation 3.8.

Cetane Number = 46.3 = [%\5/8] —0.255x IV (3.8)

The product yield is the percentage quantity obtained at the end of the experiment
in comparison to the amount of reactants used for the biodiesel production process. This
number tells about the extent of successful conversion of the substrate oil into biodiesel

[47] as in Equation 3.9.

Amount of biodiesel produced

Yield% =
[ Amount of oil

]x100 (3.9)
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Summary:

This chapter discusses the experimental methodology implied to accomplish the
goals of the study. The first part of the study involves the synthesis of copper and calcium
based metal organic frameworks using solovo-thermal and hydrothermal synthesis
methodologies respectively. Further the synthesized materials were characterized by using
different techniques like SEM, XRD and TGA. The process of catalyst synthesis and
working principal of characterization method is explained in this chapter. The second part
of the study is biodiesel production involving esterification and transesterification
reactions. Afterwards the biodiesel samples were analysed using characteristic analysis
techniques as pH, flashpoint, calorific value, GCMS, FTIR, viscosity, density, specific
gravity, saponification value, iodine value and cetane number. The results were assessed

with the standard physical characteristic of biodiesel to analyze the quality of the product.
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Chapter 4

Results and discussion

4.1 Physical analysis of the synthesized catalyst

4.1.1 X-ray Diffraction (XRD) analysis

For the identification of the crystallography of synthesized catalysts, XRD was
carried out. . Figure 6 and Table 9 shows XRD patterns with detail crystallinity of Cu-
MOF and Ca-MOF after their synthesis through solvothermal and hydrothermal method
respectively followed by vacuum drying.

A study represents the XRD pattern of the Cu(BDC) with sharp peaks which are
in accordance with the synthesized MOF in the literature which confirmed that the
synthesized sample was the desired Cu(BDC) metal-organic framework [81]. In another
study the powder X-ray diffraction was measured to determine the crystallinity and purity
of the sample where the data further confirms that there is no impurity in comparison with
the JCPDS file of CuO, CuSO4 and Cu20. [82] XRD patterns measured at 25 °C are in
good agreement with their corresponding simulated patterns from the single-crystal data
of Cu-MOF, which suggests that the phase purity of the bulk sample. The diffraction
profiles of the sample remain until heating to 260 °C [83]. The following XRD pattern of
the synthesized sample of copper MOF (Cu-MOF) shown in Figure 6 (a) tells that its
characteristic peaks are in correspondence to the literature reviewed which confirms the
successful synthesis of Cu-MOF.

The XRD patterns of simulated and synthesized Ca-BDC samples in previous
studies done showed sharp peaks [78]. Where the characteristic peaks of the synthesized
Ca MOF sample shown in Figure 6 (b) are in accordance with the reference peaks
mentioned in the literature review so, the XRD results insure the successful synthesis of
Ca-MOF.
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Figure 6 XRD Images of (a) Cu-MOF (b) Ca-MOF
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The crystal size calculated using Scherer Equation was found to be 49.04 nm for Cu-MOF
while 20.77 nm for Ca-MOF. Following Table 9 shows the XRD analysis along with

crystallite size materials.

Table 9 XRD Analysis of Synthesized Cu-MOF and Ca-MOF

Space hkl d-spacing Crystallite
20 degree PDF # o ]
group indices (nm) size (nm)
Cu-MOF | 17.146 (009) 0.04 49.04
Fm-3m
12.073 74-2329 (111) 0.07 32.67
(225)
24.81 (211) 0.05 53.05
Ca-MOF 9.03 (003) 0.2177 20.77
R-3m
18.63 74-2328 (006) 0.038 66.52
(166)
29.24 (1112) 0.13 33.85

4.1.2 Scanning electron microscopy (SEM) analysis

The Cu-MOF synthesized here in this study revealed a highly crystalline cubical
structure with an average size of 1-1.5 um [82][84] as represented in Figure 7 studied at
three different magnifications i.e. 2 um, 5 um and 10 um. All the results of SEM images
for Cu-MOF show varying shapes and sizes [28] [85]. While the one sample synthesized
in this study showed rectangular sheets with well-defined crystallinity. The reason is
stated as the difference in synthesis methodologies, reaction conditions and in some cases
the application too for which they are being synthesized. The literature review showed the
fact that the SEM analysis of copper based metal organic framework consist of irregular

structures with varying shapes, some of them with high crystallinity.
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Element  Weight%  Atomick
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Figure 7 SEM Images of Cu-MOF at (a) 2um (b) 5um (c) 10um (d) EDS with % weight
of elements

The SEM images of synthesized Ca-MOF are shown in Figure 8 at three different
magnifications i.e. 2 um, 5 pm and 10 um. These images showed that the Ca-MOF
particles possess cubical shape with size of 2 um. The small particles aggregated on the
cubical particles are the unreacted contents which were later removed by washing. The
Figure 8 (c) shows that there is presence of other shapes as well [78][86]. Literature review
supported the results of the synthesized material. A study reported that the commercial
CaO in irregular shape was still irregular even after treatment, but the morphologies

became similar to each other, and the grains were sintered [87].
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Figure 8 SEM Images of Ca-MOF at (a) 2um (b) 5um (c) 10um (d) EDS with % weight
of elements

4.1.3 Thermo gravimetric analysis (TGA)

In TGA although except mass, time and temperature as base measurements, many
other additional measurements may be derived from these three. This provides
information about the physical and chemical phenomenon such as phase transitions,
absorption, and adsorption and desorption, chemisorption, thermal decomposition, and
solid-gas reactions (e.g., oxidation or reduction).

The thermal stability or thermo gravimetric analysis of the copper MOF
synthesized here was performed from 50-600 °C where the initial weight loss until 200
°C [83] was due to the evaporation or release of moisture content or DMF as shown in
Figure 9 (a). According to the literature reference and the TGA analysis here the further

weight loss is accompanied by the decomposition of organic linkers of the framework
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which let to almost 35 % weight loss until 400 °C [82][83]. Further the weight loss almost

remained constant with temperature rise until 600 °C [28][84].

The TGA analysis of the synthesized Ca-BDC showed the initial weight loss at
80 °C which is of DMF and water while that at 120 °C was Ca-BDC. Remaining DMF is
removed from the materials upto 400 °C and further final degradation of Ca-BDC

framework at 600 °C [78][86].
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Figure 9 TGA Images of (a) Cu-MOF (b) Ca-MOF
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4.2 Biodiesel analysis
4.2.1 Flashpoint

Flashpoint can be positively correlated with the viscosity of the diesel. The
flashpoint is as higher as the boiling point and viscosity of the diesel. The lower molecular
weight components of diesel lead to a reduced flashpoint [21] while higher flashpoints of
biodiesel make it a reasonable alternative [88]. The standard value of flashpoint for
biodiesel should be 130 °C or higher hence in case of Cu-MOF-BD it was 130 °C, for Ca-
MOF-BD it was 140 °C and for Cu+Ca-MOF-BD it was 130.5 °C while the standard
reference sample KOH-BD had 130 °C.

4.2.2 Calorific value

The calorific value of biofuels is an important parameter for the comparison of
fuel properties with that of petroleum diesel [89]. The low energy contents of the biofuels
affect the key performance parameters like maximum horsepower and torque [90]. The
standard calorific value of biodiesel is around 37.27 MJ/kg while the difference in energy
density of biodiesel samples dependent on the feedstock and production process could
affect the calorific value. The calorific value of samples here was 40.07 MJ/kg for Cu-
MOF-BD, 40.16 MJ/kg for Ca-MOF-BD and 40.37 MJ/kg for Cu+Ca-MOF-BD while the
standard reference sample KOH-BD had a calorific value of 46.05 MJ/Kkg.

423 GCMS

The waste cooking oil is generated from the fried food. At high temperatures the
composition changes along with organoleptic properties which affect both the food and
oil quality. Reuse of oil may be harmful for because during recycling hazardous
compounds are produced, which degrade the oil and food quality. So far, the alkali
catalyzed process is a viable technique to convert WCO into biodiesel as and under the
current issues of environmental pollution, there is a need to adopt renewable energy
sources and green technique for energy generation [47].

The composition of WCO biodiesel determined in previous studies by using
GCMS indicated the presence of methyl esters. From Gas Chromatography analysis, it
was found that the biodiesel samples derived from waste cooking oil using KOH, Cu-

MOF, Ca-MOF and both of these catalysts combined contains Oleic acid, Hexadecenoic
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Table 10 GCMS Analysis of the Biodiesel Samples

KOH-BD GCMS Cu-MOF-BD GCMS

Peak# | Area% | Name Peak# | Area% | Name

61 0.17 7,10-Hexadecadienoic acid, methyl ester 8 0.1 9-Hexadecenoic acid, methyl ester
62 0.25 7-Hexadecenoic acid, methyl ester 9 1.47 9-Hexadecenoic acid, methyl ester
63 1.63 9-Hexadecenoic acid, methyl ester 10 19.68 Hexadecanoic acid, methyl ester
64 0.26 9-Hexadecenoic acid, methyl ester 14 0.11 Heptadecanoic acid, methyl ester
66 13.26 Pentadecanoic acid, 14-methyl-, m 16 27.62 9,12-Octadecadienoic acid (Z,2)-,
78 28.29 9,12-Octadecadienoic acid (Z,2)-, 17 36.41 9-Octadecenoic acid, methyl ester,
79 26.64 9-Octadecenoic acid, methyl ester 18 2.7 11-Octadecenoic acid, methyl este
81 0.29 Oleic Acid 19 0.21 9,12,15-Octadecatrienoic acid, me
82 0.29 9,12-Octadecadienoic acid (Z,2)-, 21 0.14 Oleic Acid

83 0.18 .gamma.-Linolenic acid, methyl es 22 0.19 8,11-Octadecadienoic acid, methy
84 0.5 9,12,15-Octadecatrienoic acid, me 25 0.2 9,12-Octadecadienoic acid (Z,2)-,
85 0.39 9,11-Octadecadienoic acid, methyl 28 0.26 .gamma.-Linolenic acid, methyl es
86 0.17 9-Octadecenoic acid (Z)-, methyl e 31 0.24 .gamma.-Linolenic acid, methyl es
87 0.11 8,11,14-Docosatrienoic acid, meth 32 0.17 .gamma.-Linolenic acid, methyl es
88 0.18 10-Nonadecenoic acid, methyl este 33 0.1 cis-11,14-Eicosadienoic acid, met
89 0.43 Octasiloxane, 1,1,3,3,5,5,7,7,9,9,1 41 0.26 Docosanoic acid, methyl ester

90 0.06 .gamma.-Linolenic acid, methyl es 43 0.1 Tetracosanoic acid, methyl ester
92 0.07 cis-5,8,11-Eicosatrienoic acid, met Ca-MOF-BD GCMS

93 0.15 7,10,13-Eicosatrienoic acid, methy Peak# | Area% | Name

94 0.37 .gamma.-Linolenic acid, methyl es 100 0.34 Hexadecanoic acid, ethyl ester

95 2.07 cis-11-Eicosenoic acid, methyl est 106 0.21 9-Octadecenoic acid (Z)-, methyl ester
99 0.29 9-Octadecenoic acid 110 0.51 Oleic Acid

110 3.27 13-Docosenoic acid, methyl ester, 112 1.03 Linoleic acid ethyl ester

111 0.58 Docosanoic acid, methyl ester 114 0.19 (E)-9-Octadecenoic acid ethyl ester
119 0.23 Tricosanoic acid, methyl ester 117 0.21 Octadecanoic acid, ethyl ester

137 0.39 Hexacosanoic acid, methyl ester
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acid, Linoleic acid, Octadecenoic acid and Octadecanoic acid. The rest others component
acids indicated in each sample are listed in the Table 10.

424 FTIR
According to the literature reference the biodiesel from conventional diesel shows the
alkane C-H bond on 2800 cm ™ to 3000 cm™* wave number and alkene C—H bond at 1400
cm to 1500 cm™2. Biodiesel analysis also showed oxygen functional group of ester C-O
bond at 1000 cm™ to 1300 cm and ester C=0 bond at 1735 cm to 1750 cm shown in
Figure 10. The presence of oxygen component in biodiesel provides cleaner and complete
combustion unlike the conventional diesel [52].

As per prepared biodiesel samples with different catalysts like KOH-BD, Cu-
MOF-BD and Ca-MOF-BD depict the same peaks of C-H and C-O bonds functional
groups shown in Figure 10.
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Figure 10 FTIR Spectrum of Synthesized Biodiesel Samples

4.2.5 Viscosity
The drop formation of biodiesel and quality of fuel air mixture combustion are

dependent to the viscosity of fuel. Viscosity (very low/high) is undesirable for the proper
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functioning of engine. Low viscosity leads to low penetration, which results in the black
smoke emission due to low combustion.

A very viscous fuel may penetrate to the opposite wall of the injector, results in
cold cylinder surface and leads to the low in combustion of fuel. The WCO biodiesel’s
viscosity was found to be 3.74, 5.72, 5.70 and 5.85 mm?/s for KOH-BD, Cu-MOF-BD,
Ca-MOF-BD and Cu+Ca-MOF-BD respectively. Which is within the standard range of
1.9-6.0 mm?/s (ASTM D6751-02, 2002).

4.2.6 Density

The density of biodiesel significantly affects the engine performance. The density
of biodiesel must be within the range to allow the optimized air fuel ratio for complete
combustion in the engine. Diesel with high density value are not acceptable as it can lead
to incomplete combustion and emission of particulate matter, but this problem could be
solved by using blended biodiesel conventional diesel. The standard value of density for
diesel is 848 kg/m® and for biodiesel is 870 kg/m®*- 900 kg/m? [88]. The density of
biodiesel is around ~0.88 g/cm? (870 kg/m*~ 900 kg/m?) which is higher than petro diesel.
The density of WCO biodiesel calculated here as KOH-BD and Cu-MOF BD had density
of 0.9 g/ cm?, Ca-MOF-BD had 0.86 g/cm® and Cu+Ca-MOF-BD had 0.88 g/cm?. The
density of biodiesel was found to be 0.874 g/cm?, which was within the range of fuel
standard (ASTM standard).
4.2.7 Specific gravity

The specific gravity of biodiesel ranges from 0.86 to 0.90 where the standard
reference sample KOH-BD and Cu-MOF-BD had specific gravity of 0.9, Ca-MOF-BD
had 0.86 while Cu+Ca-MOF-BD had specific gravity of 0.88. The specific gravity of
Biodiesel varies with its fatty acid composition, and its glycerin content, both free and
bound. The same basic principles apply. A denser biodiesel has higher energy content and
results in better mileage and increased power. Since the fatty acid content dictates the
specific gravity, a denser vegetable oil processes into a denser biodiesel.
4.2.8 Saponification value

In combine effect of excess alcohol and KOH catalyst leads to saponification
resulting in lower biodiesel yield and lower biodiesel quality [43]. The standard
saponification value of biodiesel is < 312 mg KOH/g. The tested value of reference sample
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KOH-BD here was 112.2 while that of Cu-MOF-BD was 252.45, Ca-MOF-BD was
193.35 and Cu+Ca-MOF-BD was 247.63. It is reported that the pretreatment procedure
of oil affects the saponification value [47].

In the case of waste cooking oil containing high percentage of free fatty acid,
alkaline catalyst reacts with free fatty acid and forms soap by saponification reaction.
Also, it reduces the biodiesel conversions [91].

4.2.9 lodine number

lodine number is a measure of degree of unsaturation of biodiesel hence helpful
to investigate the stability of oil. High degree of unsaturation results in polymerization of
fuel due to epoxide formation due to addition of oxygen in double bonds. The standard
value of iodine number for biodiesel should be < 120 g I>/ 100 g oil. The iodine value of
reference sample KOH-BD was 57.5 g 1> / 100 g while that of Cu-MOF-BD was 60 g I /
100 g, Ca-MOF-BD was 58.5 g I,/ 100 g and Cu+Ca-MOF-BD was 61.32 g 1>/ 100 g.

4.2.10 Cetane number

The cetane number of biodiesel depends on the carbon number of fuel and FAME
concentration. For biodiesel, the recommended range of cetane number is 46-52 and 40—
55 for conventional diesel. The cetane number of reference sample KOH-BD was 50.5
while that of Cu-MOF-BD was 51, Ca-MOF-BD was 48.5 and Cu+Ca-MOF-BD was 52.

4.2.11 Product yield

The amount of biodiesel produced in correspondence to the amount of substrate
used largely depends on the type of substrate, catalyst and other reaction conditions.
Hence the results of product yield vary with the change in these reactants and reaction
conditions. For the three different catalysts used the estimated product yield for biodiesel
with standard catalyst (KOH-BD) was 98 %, biodiesel with Cu-MOF (Cu-MOF-BD) was
78.33 % and biodiesel with Ca-MOF was (Ca-MOF-BD) 78% while when both of the
synthesized catalysts were used in a single chain of esterification and transesterification
reaction the product yield was (Cu+Ca-MOF-BD) 85 %.

With reference to Table 8 having the details of the standard experiments following
results in Table 11 are obtained from the characterization analysis done for the biodiesel

samples produced.
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Table 11 Fuel Properties of Biodiesel Produced from Waste Cooking Oil (WCO)

Properties Unit BD BD from KOH- Cu- | Ca- Cu+C
standards | WCO Ref. | BD MOF- | MOF-BD | a-
[47] BD MOF-
BD
Flashpoint °C >130 130 130 140 130.5
Specific gravity 0.86-0.9 0.8743 0.9 0.9 0.86 0.88
Viscosity mm?/s 1.9-6.0 5.83 3.74 5.72 5.70 5.85
Calorific value MJ/kg >35 37.2 46.048 | 40.068 40.16 40.37
Saponification mg <312 280 112.2 | 252.45 193.35 247.63
value KOH/g
lodine value g 1/100g <120 63.5 57.5 60 58.5 61.32
oil
Cetane number >47 51.48 50.5 51 48.5 52
Yield % 94 98 78.33 78 85

The physical characteristics of the biodiesel sample are quite in accordance with

the standard ranges showing improved results in comparison while the percentage yield

is not as high as it could. Hence there is a window to work on the conversion and

percentage yield by optimization of the reaction conditions.
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Summary

This chapter includes the characteristic analysis of the synthesized Cu-MOF and Ca-
MOF. The results of SEM, XRD and TGA are compared with the studies done in past,
which are in accordance to each other. The results of biodiesel samples are also been
compared with the standard values provided and lie in the given range.

The synthesized catalysts were characterized with SEM, XRD and TGA where the
analysis results showed agreement with the literature review being done. XRD results
showed sharp characteristics peaks while the crystal size calculated using Scherer
Equation was found to be 49.04 nm for Cu-MOF while 20.77 nm for Ca-MOF. SEM
images showed cubical images of 1.5 and 2um for both Cu-MOF and Ca-MOF. TGA

results showed that both the materials decomposed at 600° C.

The catalyst were then used for their application in the process of biodiesel
production. Two separate reactions were performed for both the catalysts to produce the
samples of biodiesel. Further several standard testing analysis techniques were used to
compare the produced samples where the results were in agreement with the samples.
Flashpoint of Cu-MOF-BD was 130 °C, Ca-MOF-BD was 140 °C while that of Cu+Ca-
MOF-BD was 130 °C and calorific value of 40 kJ/g for each with a conversion of 78.33
%, 78 % and 85 % respectively.
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Chapter 5

Conclusions and future

recommendations

5.1 Conclusion

The study concluded with successful synthesis of Cu-MOF and Ca-MOF catalysts
through solvothermal and hydrothermal processes respectively

From the characterization through SEM, XRD and TGA the physical properties
of the synthesized catalysts were analyzed. XRD results showed sharp
characteristics peaks while the crystal size to be 49.04 nm for Cu-MOF while
20.77 nm for Ca-MOF. SEM images showed cubical images of 1.5 um and 2 um
for both Cu-MOF and Ca-MOF respectively. TGA showed thermal stability of
Cu-MOF until 400 °C and Ca-MOF until 520 °C.

The synthesized catalysts were then used for biodiesel production where it ended
up with 78.33 % product yield with Cu-MOF, 78 % with Ca-MOF and 85 % vyield
using Cu+Ca-MOF.

Flashpoint of Cu-MOF-BD was 130 °C, Ca-MOF-BD was 140 °C while that of
Cu+Ca-MOF-BD was 130.5 °C and calorific value of 40 MJ/kg for each of the
sample. From GCMS analysis oleic acid, Hexadecenoic acid, Linoleic acid,
Octadecenoic acid and Octadecanoic acid were found commonly in the all

biodiesel samples.

5.2 Recommendations

As the results show that the percentage yield of Ca-MOF-BD is lower than the Cu-
MOF-BD hence there is a margin to work on this aspect. Future work could be
aimed for the optimized production and increased percentage yield of the biodiesel

using these catalysts.
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A comparative study could also be designed to assess the efficiency of these
catalyst on other types of oils as catalyst for biodiesel production.

The synthesis methodology of the catalyst largely effect the product which has the
significant impact on the application hence optimized synthesis of Cu-MOF and
Ca-MOF could be another research aspect to optimize for an efficient biodiesel
production from them.

To extrapolate this research to a commercial scale, proper development of
production unit is required with monitored input of reactants and provision of

temperature, stirring and separation.
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Summary:

This chapter provides the concluding remarks for the study. Further needed work is
also highlighted which is necessary for the achievement of the long term goal to optimize
the process of biodiesel production considering various little but effective factors
involved. For future perspective a rather efficient and augmented setup would play a

significant role in the generation of biofuel.
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Abstract

Nanotechnology is emerging with novel applications in the current field of material science
with nanoparticles and nanomaterials. The 11-VI wide band-gap semiconducting metal sulphides are
extensively used for the synthesis and characterization of their nanocrystals, having significant
potential due to their optical and electronic properties. Zinc sulphide (ZnS) and copper sulphide (CuS)
have been extensively studied in this regard. The synthetic route implied here for the synthesis of ZnS
and Cu$S nanoparticles comprised of two phases; former as single source precursor and latter as liquid
liquid interface method, which is quite cost effective as these can be carried out under ambient
conditions. The synthesized particles were then characterized through UV-Vis analysis, Fourier
transform infrared radiation (FTIR) and X-ray diffraction (XRD). The nanoparticles of ZnS prepared
through liquid liquid interface were of 0.5-0.9nm and those of CuS were of 0.4-0.6 nm. The samples
produced were used for the dye degradation of methylene blue with ZnS and CuS nanoparticles
showing 89% and 91% degradation of organic dye respectively, both at the highest peak of 663 nm of
UV-Vis analysis. Hence, on the bases of characteristics of these synthesized nanoparticles, it is
suggested that these metal sulphide nanoparticles can be utilized for the removal of organic waste as
dyes largely produced from textile industries and as novel semiconductors for solar applications.

Keywords: nanoparticles, photo catalytic degradation, copper sulfide, zinc sulfide, semi-conductor
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Introduction

Nanotechnology has grabbed researchers in the topical era with the realistic approach that the
nanometer sized substances even in one or more dimensions vividly modify their properties
varied from those of bulk substances. There are separate mechanics to deal with both of them,
as atoms and molecules through quantum mechanics while whole materials by classic
mechanics. Nanometer range plays a threshold role in the distinct behavior of these domains.
Metal NPs are significant subject of research because of their remarkably divergent properties
and optical, thermal, catalytic, magnetic and sensor applications. The reduction of metal ions
into solution is the frequently used method to synthesize metal NPs while the size and shape
controlled synthesis mechanism is quite tricky and unclear yet (Chattopadhyay & Patel, 2012).
The controlled synthesis of metal nanocrystals for various applications has been extensively
studied in the last two decades. Recently, great efforts have been devoted to the controlled
synthesis of thin nanostructures of metals, especially metal nanoplates and nanosheets (Fan et
al., 2015). The semiconducting metal sulphides are extensively used for the synthesis and
characterization of their nanocrystals being significantly potential in their properties and
applications in the field of research. Due to the promising applications of these materials in
electronics, data storage, energy storage, catalysis and sensors it is vital to cultivate simple,
cost-effective, environment friendly, easily scalable and size and shape controlled synthetic
routes (Sangma & Kalita, 2012).

Copper sulfide (Cu2S) is an important p-type semiconductor with great potential applications
as cathode materials for lithium ion batteries, solar radiation absorbers and nonlinear optical
materials (Lai et al., 2010). Cu2S has an extremely thin absorber layer in solar cells due to its
nearly ideal bandgap of 1.2 eV and low cost. Cu2S is a mixed Cu ionic/electronic conductor
and can also be used as nanoscale switches (Sakamoto et al., 2003 and Liu & Xue, 2011).
Copper sulfides are the chalcogenide compounds belonging to the I-IV compound
semiconductor materials having various applications in Nanosciences. Copper chalocogenides
have fundamental applications in solar devices as valuable coatings in solar energy conversion
systems and solar control devices. These are also used in the fabrication of microelectronic
devices, remarkable optoelectronic properties e.g. as optical filters and in low temperature gas
sensors. While recently the ternary copper chalcogenides like copper indium diselenide, and
copper indium gallium selenides have found extensive use in the fabrication of solar
photovoltaic cells (Offiah et al., 2012). Copper sulphide (CuS) has a variable stoichiometric
composition as a semiconductor material. According to the literature the synthesized CuS
nanocrystals exhibit strong emission peak at ~310 nm broad shoulder peaks at 404 nm and 466
nm (Priyadharshini & Revathy, 2015). The fascinating energy and catalytic applications of
CuS NPs have engrossed the biomedical researchers around the world which is being quite
vague front yet. While a steady and auspicious growth of CuS NPs is seen in photothermal
therapy, drug delivery, sensing, molecular imaging and as multifunctional agents
incorporating imaging and therapy (Qian et al., 2013). The physical and chemical
characterization of the fabricated nanomaterials is essential as in case of CuS NPs it can deliver
imperative knowledge of the elemental, structural and optical properties. There could be a
wide range of characterization techniques with the major ones including X-Ray diffraction
(XRD), scanning electron microscopy (SEM), energy dispersive X-Ray spectroscopy (EDS),
transmission electron microscopy (TEM) and high resolution TEM (HRTEM), atomic force
microscopy (AFM), Fourier transform infrared spectroscopy (FTIR), dynamic light scattering
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(DLS), UV-visible and photoluminescence (PL) spectroscopy, etc. CuS NPs are extensively
utilized in the detection of biomolecules e.g. DNA, metabolites such as glucose implied in
diabetes and other diseases, food borne pathogens for prevention of food poisoning, hydrogen
peroxide involved in many biomedical processes and pathways etc. The metallic electrical
conduction and electron transfer reactions enhances the use of CuS NPs in sensing of
biomolecules (Goel et al., 2014).

The degradation of chemicals and dyes through light radiation is arising as an
interesting and attractive domain of energy and environmental subjects. Photocatalysts as
semiconductor nanoparticles derive to be efficient components in this respect. Hence the
nanomaterials with suitable band gap, chemical stability, non-toxicity and high photocatalytic
activity are utilized for the photocatalytic degradation of excessively consumed harmful
chemicals as dyes. Several metal sulfides have been conducted as catalysts for
photodegradation purpose e.g. CdS, CuS, ZnS, MnS, Sh2S3, In2S3 etc. Currently several
transition-metal sulfides as CuS and ZnS are studied extensively due to their unique optical
properties. Copper Sulfide as photocatalysts is used directly for photocatalytic degradation
(Thuy et al. 2014). Environmental surroundings are largely burdened of damaging chemicals,
waste, gases and smoke due to swift mechanization. There are certain successful old
methodologies to remove all type of wastes while Supercritical water oxidation (SCWO)
proves to be a novel way to remove large organic waste far cheap than incineration or active
carbon treatment. All the novel characteristics make them appropriate to degrade the unwanted
from water and air. Afterwards these adsorbed particles can be removed through centrifugation
or magnetic force (Khin et al., 2012). Methylene blue is an organic dye with a dark green
odorless powder appearance at room temperature and a yield of blue solution in water. It’s a
heterocyclic aromatic chemical compound having a molecular formula as C16H18CIN3S
(Tayade et al., 2009). Photocatalytic degradation of industrial wastewater through
semiconductor nanoparticles is a green energy technique for the development and
sustainability of environment (Sharma et al., 2016).

Experimental

First the required amount of amine as pyrrolidine (CH2)sNH was taken to calculate its number
of moles for further calculations. Available base Potassium Hydroxide (KOH) was weighed as
by calculating the mass multiplying the molar mass of the base with that of the no. of moles of
Pyrrolidine (CH2)sNH and then added in Methanol (CH3OH) solvent of approximate ratio as
in the range of 60-100 ml by magnetic stirring in a three necked flask. After dissolving the
base approximate 5ml amine Pyrrolidine (CH2)4aNH was added in the base solution while
slightly magnetic stirring. Then Carbon Disulphide (CS>) (also calculated by multiplying its
molar mass with no. of moles of amine) was added in the solution while vigorously magnetic
stirring. The solution changed its color from white to off white or yellowish white. The mass
of metal nitrate as (Copper nitrate, zinc nitrate) taken was half of that taken of amine as
Pyrrolidine (CH2)sNH then dissolved in methanol solvent to prepare its homogenized mixture.
It could also be filtered to improve the solubility of the metal nitrate solution. The metal nitrate
solution was dropped while stirring in ligand. Metal complex obtained via above method was
then filtered, recrystallized and left for drying. Liquid — liquid interface method was performed
for the synthesis of nanoparticles. For this Toluene and distilled water were taken in same ratio
1:1. For this mass of metal complex was weighed and approximately taken and was divided
by the molar mass of constituent ligand. The answer was then multiplied by specific ratio
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defined for metal complex and sodium sulphide eg; 1:5, 1:25, 1:30, 1:50 etc. Further answer
was then multiplied with molar mass of sodium sulphide to obtain the mass in grams of sodium
suphide for preparing its (Na2S) solution in distilled water. Metal complex was added in the
toluene to prepare a solution and then filtered to solubilize it completely. Distilled water and
sodium sulphide solution was then freshly prepared, and was then added in metal complex and
toluene solution with the help of dropper or syringe, dropwise along the wall of beaker
carefully. Consequently an interface layer of nanoparticles was evolved in the solution. These
reactions were repeatedly performed with reference to the variations of sodium sulfide
concentration and time difference. Then with the help of dropper the above and below layer of
liquid was separated and carefully shifted the interface layer in centrifuge tubes for
centrifugation. The major layer containing particles was taken out in the same beakers and left
for drying. The dried matter containing little impurity and particles were stored in ependrophs
for further characterization and application. Photo degradation experiment was carried out
using 0.01 g of Methylene blue dye solution in 1000 ml distilled water in a round bottom flask
completely covered with foil paper. After stirring and preparation of uniform solution 100 ml
aliquot was pipette out in two separate conical flasks. In one of the aliquot metal sulfide
nanoparticle (CuS) was added while other was stored as reference. Then both of the samples
were further directed for experimentation. First the UV-Vis analysis of the two aliquots was
done and then they were kept in direct sunlight for 2hrs from 9 am to 11 am. After two hours
the aliquots were again analyzed through UV-Vis and kept under sunlight for 4 hrs from 1 pm
to 11:30 am to 3:30 pm. The practice was repeated for UV-Vis analysis and the aliquots were
finally kept under sunlight for 6 hrs from 10 am to 4 pm on next day. The UV-Vis analysis
was done for both samples. Decolorization was observed in the aliquots of dye containing
nanoparticles samples. All the UV-Vis spectrums were then generated into graphs for further
discussion of degradation results.

Results and Discussion

There were some techniques which were applied to characterize and analyse the synthesized
nanoparticle material for further application as UV-Vis Analysis, Fourier transform infrared
spectroscopy (FTIR) and X-ray powder diffraction (XRD). The results were further studied
for the final discussion and analysis.

UV-VIS ANALYSIS

The UV-Vis photoelectric absorbance reading was obtained against required wavelength
through UV machine (Model: UV- 1602, Company: Biotechnology Medical Science (BMS))
with a full scan of wavelength range 200-800 nm. After the analysis the graphs between
wavelength and absorbance were added as they were while the excel data was incorporated to
generate graphs on Origin 8 software by having E(eV) on X axis and direct band gap (ahv)?
and indirect band gap (ahv)¥?on Y axis. A study reported the synthesis of CuS nanoparticles
through sol gel route and their characterization done by UV-VIS absorption spectrum showed
a hump at 429 nm depicting that the material atoms get excited to upper levels due to the
absorption of UV radiation (Riyaz et al., 2016). The CuS NPs synthesized through two phase
chemical route involving single source precursor and liquid liquid interface respectively in
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different variations also represented first hump around 430 nm while shifting to higher
absorption towards 300-200 nm in the blue shift referring to the nano regime. The variations
arise preferably for the conditions, methodology and timing provided during synthesis
procedure.

The first six samples (1-6) of CuS NPs were prepared with reference to the variation between
CuS metal complex and Sodium Sulfide (NazS) ratio as 1:1, 1:20, 1:30, 1:40, 1:50 and 1:60
at constant time of 45 mins for the interface layer to generate following the liquid liquid
interface method.

The next four samples (7-10) of CuS NPs were prepared with reference to the variation of
time provided as 1 min, 5 mins, 15 mins and 30 mins with a constant ratio of CuS metal
complex and sodium sulfide (Na>S) of 1:40 for the interface layer to generate following the
liquid liquid interface method. The present study also included the calculation of direct and
indirect energy band gap of all the samples (1-10) of concentration and time variation as
described above and further interpreted with previous research. According to statistical
calculations the particles with hump at 429 nm have a direct band gap at 2.89 eV
corresponding to the particles synthesized with different variations also representing the same
measurements with even more greater band gap towards 3-4 eV reason being their greater
blueshift towards 300-200 nm shown in Figure 1 (Riyaz et al., 2016).

W) o

Figure 11 (a) Band Gap Graph of CuS 5 NP Sample synthesized with CuS Metal Complex and Sodium Sulfide (Na2S) variation in
ratio of 1: 50 at constant time of 45 mins (b) Band Gap Graph of ZnS 7 NP Sample synthesized with ZnS Metal Complex and
Sodium Sulfide (Na2S) constant in ratio of 1: 40 at time variation of 1 min

FOURIER TRANSFORM INFRARED (FTIR)

All infrared spectra were recorded in Shimadzu FT-IR 4000 Spectrophotometer using KBr
pellet. A small portion of the sample was ground, mixed with ground KBr and pressed into a
pellet in a hydraulic press applying a pressure of 40 pascal. The IR data was recorded as
wavenumbers (cm?) ranging from 400-4000. According to a research, CuS nanostructure had
maximum peaks at 618 and the samples synthesized here also had peaks at the regime of 600-
620 in agreement with the reported study (Riyaz et al., 2016). The prepared samples (1-10) of
concentration and time variation having their peaks at respective wavenumbers in (cm™) are
shown below in Figure 2.

Figure 12 (a) CuS 5 NP Sample synthesized with CuS Metal Complex and Sodium Sulfide (Na2S) variation in ratio of 1: 50 at constant
time of 45 mins (b) ZnS 7 NP Sample synthesized with ZnS Metal Complex and Sodium Sulfide (Na2S) constant in ratio of 1: 40 at
time variation of 1 min
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X-RAY DIFFRACTION ANALYSIS

The structural analysis was performed by using an X-ray diffractometer BRUKER D8. The
X-ray generator was operated at 40 kV and 30 mA. The scanning regions of the diffraction
angle (20) were 10° to 60° and Cu Ka radiation were used to collect the spectrum. The step
interval was kept at 0.02° with a scan rate of 75 secs. Average particle can be calculated from
the XRD pattern using the well-known Debye-Scherrer formula given in the equation (Khan
etal., 2013).

p-_KA_
pcosd

Where K is the Scherrer constant, A is the wavelength of light used for the diffraction, B is the
“full width at half maximum” of the sharp peaks, and 0 is the angle measured. The Scherrer
constant (K) in the above formula accounts for the shape of the particle and is generally taken
to have the value 0.9 (Vinila et al., 2014). A study reported the XRD analysis of CuS
nanostructures through X-ray diffractometer which can be indexed to hexagonal CusS structure
as compared to the JCPDS database no. 78-0876. These particles had the size of 17.73 nm
(Riyaz et al., 2016).

There are various routes to synthesize CuS NPs with different compositions and sizes. The
Cus particles of less than 10nm in size lie in the blue shift of absorption spectrum and they
have a strong quantum confinement effect. In a study single source precursor thermolysis
produced larger CuS nanoparticles with a diameter of 21.7 nm and 26.0 nm. While another
study revealed CuS nanocrystals declining from 5.9 nm to 2.9 nm in size refer to a certain
blue shift in the UV-Vis absorption spectra from 1.3 eV to 1.6 eV (Roy and Srivastava, 2015).

The CuS NPs samples prepared through two phase route were also analysed through XRD
and are indexed through JCPDS database no. 00-042-0564 and JCPDS database no. 01-072-
0090 shown in Figure 3. While the particle size calculated through Debye-Scherrer formula
ranged between 0.4-0.6 nm evidently in nanoregime as purposed in the literature reference.

|||||
lllll

Figure 13 (a) XRD Analysis of CuS NP (b) XRD Analysis of ZnS NPs

Visible Light Directed Dye Degradation Analysis

According to a study reported methylene blue when dissolved in water showed three maxima
peaks at 246, 291 and 663 nm for the UV-Vis spectrum. The absorption maxima wavelength
of MB (Amax) 291 and 663 nm) was used for the analysis during degradation and decolorization
of MB dye, respectively (Tayade et al., 2009). The evaluation of photocatalytic activity of the
prepared samples for the photocatalytic degradation of methylene blue dye performed under
visible sun light. The wavelength absorbance maximum (Amax) of methylene is 663 nm as
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above reported literature. Therefore, UV-Vis analysis for absorption of samples before and
after exposure to visible light can be used for measurement of the % D (degradation efficiency
of dye).

The decrease of absorbance value of samples at Amax of the dye after exposure in a certain
time interval was shown at the rate of decolorization and therefore, photodegradation
efficiency of the dye as well as the activity of nanoparticles as a photocatalyst. The
decolorization and degradation efficiency (D) have been calculated as:

Ap — g

D=1U‘ﬂ}<A—G

Where, Ao is the initial absorbance of dye solution and At is the absorbance of the dye after
exposure to visible sunlight in selected time interval.

The photodegradation of methylene blue dye was carried out in CuS and ZnS NPs separately
under visible sunlight. Consequently, they exhibited prominent photocatalytic behavior for
the degradation of methylene blue dye under solar visible sunlight exposure (Ayodhya &
Veerabhadram, 2016). The graph generated in fig 8 shows the decline in absorption values
with reference to three selected peak wavelengths in comparison of dye and dye with CuS
NP sample simultaneously having a certain decline in values as the process of degradation
proceeds.

The graph shown in fig 4 is between the highest peak with minimum absorption value and
the sample of dye before exposure to visible light draws a clear graph showing the maximum
absorption with reference to different time intervals.

The percentage degradation calculated for methylene blue dye done by CuS NPs was 91 %
at the highest peak of 663 nm after exposure to visible light. Hence CuS NP resulted as an
efficient and cost effective photocatalyst.

Figure 14 a) Comparison of Dye and Dye with ZnS NP Sample absorption value representing degradation at highest peak (663 nm)
after exposure to 6hrs of visible sunlight (b) Comparison of Dye and Dye with CuS NP Sample absorption value representing
degradation at highest peak (663 nm) after exposure to 6hrs of visible sunlight.

Conclusions

The nanoparticles of copper sulfide prepared through liquid liquid interface were of 0.4-0.6
nm. The synthetic route was quite cost effective and performed under normal conditions (e.g.
temperature). The samples produced were used for the dye degradation of methylene blue
with degradation results as CuS NPs showed 91% degradation. This method can be implied
in future to utilize the metal sulfide nanoparticles for other novel applications maintain the
ecological requirements and introducing new advancements. CuS NPs which were
synthesized by a cost effective and efficient method were used to degrade dye of methylene
blue. However on the bases of characteristics of these synthesized NPs, the present can
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from textile industries specifically.
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