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ABSTRACT 

 Due to the excessive consumption of fossil fuels, the ever-increasing population, and 

the deteriorating environment push people to search for alternative renewable fuels. Among 

the different types of renewable fuels, biodiesel (alkyl esters of fatty acids) obtained by 

transesterification of triglycerides and esterification of fatty acids can serve as a sustainable 

source of renewable energy. This work developed and investigated novel liquid plasma 

discharge processes that can be applied for biodiesel synthesis from oil or fatty acid-based 

feedstocks. 

 A novel liquid phase plasma discharge (LPPD) reactor has been designed to 

overcome the challenges of mass transfer and power source requirement for non-thermal 

plasma discharge in liquid, and a second-generation LPPD processing system with or without 

argon gas flow has been designed and developed to continuously produce high-quality 

biodiesel from refined vegetable oils. The optimal conditions for transesterification of corn 

oil in the LPPD process was a dielectric opening size of 1.0 mm, oil to alcohol molar ratio 

(MOMR) of 8, liquid flow rate (LFR) of 2.7 mL/s, and NaOH catalyst loading ratio (NaOR) 

of 1.0 % (w/w), with a conversion rate of 99.5% obtained at an applied voltage of 1.2 kV in 

the continuous operational mode. The optimal conditions for transesterification in argon 

activated LPPD (Ar-LPPD) process was a dielectric opening size of 1.0 mm, MOMR of 7, 

LFR of 2.4 mL/s, argon gas flowrate (GFR) at 0.2 SL/min, and NaOR of 0.75 % (w/w), with 

a conversion rate of 99.8% achieved at the applied voltage of 40V in the continuous biodiesel 

synthesis. The oil to alcohol molar ratio and catalyst loading ratio were the most dominant 

factors controlling the triglycerides conversion rate in both LPPD and Ar-LPPD systems. The 

study also explored the reaction mechanism of transesterification of refined oil in plasma 

discharge systems to increase the energy efficiency of chemical reactions in the biodiesel 

synthesis process, which helps reduce biodiesel’s overall carbon footprint. 

The presence of free fatty acids (FFA) and water in triglycerides is one of the major 

challenges in transesterification. In Chapter 4, the LPPD system was developed and 

optimized using central composite design (CCD) with surface response methodology (SRM) 

for converting pure fatty acid (oleic acid) by esterification reaction in order to prepare the 

LPPD process for biodiesel production from high FFA feedstocks. The optimized operating 

parameters for the esterification reaction were found to be 2.4 mL/s for LFR, 10 for methanol 
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to oleic acid molar ratio (MOMR), and 2.0 % for H2SO4 catalyst to oleic acid weight loading 

(CAT, w/w %), respectively, with the maximum conversion rate of 78 %. The power and 

applied voltage were consumed at 340 W and 2.12 kV during the 2-min treatment. However, 

the optimum conditions for esterification in the Ar-LPPD process were MOMR of 10, LFR 

of 2.4 mL/s, GFR of 0.2 L/min and CAT of 2 %, with which a fatty acid conversion rate of 

86.8 % was obtained at the applied power of 150 W after 2-min treatment. Similar to the 

transesterification reaction, the oil to alcohol molar ratio and catalyst loading ratio were the 

most dominant factors in controlling the conversion rate in both LPPD and Ar-LPPD 

systems. The proposed reaction mechanisms and role of electron dissociation and reactive 

radicals generated in plasma for enhancing the reaction rate and the reaction pathways in the 

LPPD process are also discussed. 

 The selection of an effective catalyst is critical to attaining a high conversion rate for 

biodiesel synthesis as the non-catalytic LPPD system showed low selectivity toward ester 

formation. Although homogenous acid and base catalysts have succeeded in esterifying and 

transesterifying fats and triglycerides, respectively, a group of heterogenous metal oxide 

catalysts were studied in Chapter 5 to evaluate the technical potential for reducing the cost 

and making the process more environmentally friendly. However, since the LPPD process 

was primarily designed for the liquid phase reactions where homogenous catalysts were 

effectively activated and achieved high product selectivity and conversion rates, the 

heterogeneous catalysts, compared to homogenous catalysts, showed limited capacity in 

catalyzing both reactions induced by the plasma discharge process. The maximum 

conversion yields for transesterification and esterification at the highest possible catalyst 

loading rate in the LPPD process were 7.32 % and 22.21 %, respectively, with Ni coated 

silica-alumina as the catalyst. 

 In summary, it is suggested that the novel LPPD process developed in this work could 

potentially be a breakthrough in chemical engineering as a cost-effective process for both 

transesterification and esterification of triglycerides and fatty acids to synthesize sustainable 

liquid fuel at a commercial scale. 
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CHAPTER 1 INTRODUCTION 

Sustainable energy is the need of 21 century; access to clean energy is a challenging 

issue for global development. The primary concern is to balance economic development and 

environmental sustainability. The energy demand is rising continuously with the 

development of the modern world. As reported in the statistical review of world energy 

reports illustrated in Figure 1.1, the overall energy demand has increased with the industrial 

world's development 1,2. 

 

Figure 1.1 Energy consumption over time in different regions of the world 

Depleting fossil fuels and increasing environmental concern paved the way for 

developing sustainable and environment-friendly energy sources. One of the primary sources 

of sustainable energy is biofuels, and biodiesel is a key liquid biofuel estimated for 1/5 of the 

global biofuel production. Biodiesel is produced from triglycerides and fats mainly sourced 

from vegetable oil, waste cooking oil, and algae. 

1.1 Challenges and Drawbacks for Biodiesel Production 

As discussed in the literature review sections (Chapter 2), there are other physical and 

thermochemical methods available for fuel production from oils; however, compared to 

transesterification, most methods have low fuel selectivity and require very high input 

energy. As the required temperature is significantly higher in thermal degradation of 

triglycerides into fuel, other possible methods such as supercritical and hydro processing 

approaches have also been tested, but these require high pressure. Overall input cost to 
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produce fuel surpasses the expected amount and makes them insignificant to adopt at an 

industrial scale. Transesterifications achieve up to 90 % of liquid yield in a typical reaction, 

but the maximum thermal decomposition techniques can go up is 66 % in the presence of a 

catalyst. This is mainly because, in thermal degradation, the decomposition of reaction for 

the desired product can be difficult to achieve, thus leading to limited adoption and research 

of these methods to produce liquid fuel. 

Transesterification has been the most successful approach to producing liquid fuel 

from triglycerides; however, the major barrier in adopting this technique is high 

concentration of FFA (free fatty acids) in triglycerides, which limited the reaction selectivity 

require extensive pretreatments to produce biodiesel. And secondly, transesterification is 

highly prone to saponification in which formed ester cleaved into carboxylic acids in the 

presence of water and base catalyst, which are the by-product of FFA esterification. And 

lastly, in glycerol separation and purification, a large amount of wastewater is produced. 

Researchers have been focusing on alternative technologies and reaction pathways to 

sustainably produce liquid fuel from waste cooking oils, 2nd and 3rd generation biofuel 

feedstocks to overcome these problems. 

Despite the development of the technology, large-scale commercial production of 

advanced biodiesel does not appear to be planned soon. One of the most critical tasks in 

commercial production is developing energy-efficient technologies and reducing the cost of 

production units. Renewable energy sources face several problems related to the 

sustainability of production and industrial application. The future of biodiesel available in the 

market will depend on the nature and speed of technological progress. Current research is 

looking into the possibility of developing supercritical, catalytic pyrolysis, and 

hydrodeoxygenation techniques to make the commercial production of biodiesel successful. 

However, researchers have not successfully developed processes with high reaction 

selectivity and sustainable energy efficiency to fit commercial applications. 

A possible solution for simplifying the reaction by instantly producing the desired 

reaction could be to adopt liquid plasma-based technology. The application of non-thermal 

plasma can achieve very high product selectivity while minimizing the deficiencies of both 

thermochemical transesterification and thermal degradation reaction pathway. Because of the 

hybrid high-energy environment, the photons can influence the activation energy of the 
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reaction and generate chemical reactions at room temperature. At the same time, not provide 

too much power to decompose stable bonds in the triglycerides chemical structure. 

1.2 Research Objectives 

This thesis's primary goal is to develop a novel liquid phase nonthermal plasma 

discharge process and study the feasibility, effectiveness, and mechanism of the novel plasma 

catalysis process that can provide a high reaction selectivity in chemical reactions mainly 

developed for green fuel synthesis. Specific objectives of this thesis will include: 

1. Transesterification of triglycerides using liquid phase plasma discharge technology. 

Study the feasibility of gas-liquid nonthermal plasma using methanol and ethanol 

with triglycerides and establish a reaction pathway. 

2. Esterification of fatty acids using liquid-phase plasma discharge catalysis. Study the 

effectiveness of gas-liquid cold plasma using methanol and ethanol with fatty acids 

and establish a reaction pathway. 

3. Integration of the heterogeneous nanocatalysts in liquid phase plasma discharge to 

study the effects of the hybrid process (Plasma+Nano-catalyst) to work for pure oil 

and fatty acids simultaneously; γAl2O3, KOH/Al2O3, TiO2, Nickel coated silica-

alumina and BaO3Ti catalysts were prepared and installed in the liquid phase plasma 

discharge reactor; the effectiveness of the hybrid system in the conversion of a 

cooking oil feedstock was determined. 
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CHAPTER 2 LITERATURE REVIEW  

2.1 Biofuel Production Processes 

The biofuel production process is a set of operations that transform a different 

combing range of inputs into required outputs. It involves two primary possessions, 

transforming and transformed resources; each production process involves a link of 

production chain reactions. This part will discuss both the physiochemical and biological 

production processes involved in biodiesel transformation. 

2.1.1 Physical processes 

In 1893, the first time natural peanut oil was used in the compression engine as diesel 

fuel by Rudolf Diesel 3. Since natural oil does not change its characteristics, different 

additives and physical modifications were implied to vegetable oils to improve their viscosity 

and volatility to be implied as diesel fuel. 

After complications with direct vegetable oil use in diesel engines, researchers 

investigated the possibility of using vegetable oil blend with diesel as containing different 

concentrations of natural oil in diesel mixture. Since the late 20s, much research has been 

focused on the use of vegetable oil with diesel as additives, and in 1982 first international 

conference proceeding was conducted to study the effect and cost factors involved in the use 

to blend oil as fuel in diesel engines 4,5. Although direct and blended biodiesel has low 

production and investment cost, the mixture still requires much pretreatment to run in diesel 

engines effectively. The solidification of the highly viscous solution in cold weather made it 

impractical to use in engines directly. High free fatty acid content with unsaturated 

hydrocarbons increases the oxidation, which increases the wearing and maintenance cost of 

running an engine. 

The microemulsion was one of the physical treatment approaches to use vegetable oil 

in a diesel engine without any chemical treatment 5. The microemulsion is a clear and 

thermodynamically stable oil dispersion, and its surfactant is also called co-surfactant 6. 

Microemulsions are produced by adding esters and dispersants (solvents) to vegetable oil 

with or without diesel fuel. Due to their higher alcohol content, microemulsions have a lower 

calorific value than diesel, but these alcohols have a higher latent heat property and can cool 

the combustion chamber, thus reducing the coking of the nozzle. Microemulsions of 

methanol and vegetable oil work almost as well as diesel fuel. Studies focused on co-
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surfactant influence and determining the effect of a catalyst in water oil microemulsion 

produced from different refined and high FFA oils 7,8. A few thermochemical liquefication 

studies focused on using waste sludge mixed with different co-surfactants to produce diesel 

fuel through microemulsion to improve the use of technology and enhance the 

physicochemical properties of emulsified fuel. However, because of heavy carbon waste and 

very low efficiency, there is further need to study to make it suitable for a large scale 9,10. 

2.1.2 Chemical methods 

Heat treatment or pyrolysis is the conversion of one organic substance into another by 

heat. Thermally heated substances include vegetable oils, animal fats, natural fatty acids, and 

fatty acid methyl esters. For example, many researchers have studied triglyceride pyrolysis to 

produce suitable fuel for diesel engines 11,12. However, despite the flexibility of pyrolysis 

technology for different kinds of oils, it has not been adequately evaluated due to the high 

cost and complexity of the equipment. Moreover, the biofuels produced do not contain the 

required fuel properties, and the reaction conditions are very extreme, resulting in the 

formation of short-chain molecules closer to petrol than to diesel. On the other hand, biofuel 

production from waste cooking oil by pyrolysis yields 80 % conversion with better heat 

value, and its byproducts were also consumable fertilizers 13,14. 

The natural oils could be changed into different esters to explore natural oils as diesel 

fuel. The most common chemical method for converting natural oils and fats into diesel fuel 

is transesterification, a stoichiometric reaction of 3 molecules of alcohol with 1 molecule of 

triglycerides. This process is carried out in the presence of a catalyst, which results in the 

formation of alkyl esters (biodiesel) and glycerin as a byproduct 15–18. The kinetics of the 

transesterification reaction of triglyceride was investigated, and it was found that the total 

conversion does not change with temperature but that the speed of the transesterification 

process increases with temperature. The reaction's overall kinetics depends on the individual 

constants of the triglyceride conversion rate to diglycerides, monoglycerides, and alcohol 

esters. The transesterification rate at higher temperatures was higher because. At higher 

temperatures, the time required for mass transfer was reduced 19. 
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Figure 2.1 Transesterification and esterification process 20 

 Many alkyl esters are sourced from biomass that is made from natural fats and oils. 

They can be obtained by esterification of fatty acids or transesterification of triglycerides. 

The main distinguishing feature is the use of a catalyst to provide alkyl esters. Figure 2.1 

shows the transesterification and esterification process equation 21. 

2.2 Feedstock for Biodiesel Production 

Feedstock for biodiesel production is mainly sourced from biomass of renewable 

origins, like oil plants, algae, and fats. Each has specific purity and composition depending 

on the feedstock source, which helps us better understand production. Different biodiesel 

feedstock has been found and used as a primary source in production and can be further 

classified into four different categories depending on the feedstock source. Figure 2.2 shows 

the production process of different generations of biodiesel. 
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Figure 2.2 Biodiesel generations 

2.2.1 First-generation feedstocks 

All feedstocks sourced from edible food crops are first-generation biodiesel 

feedstocks, e.g., corn, soybean, palm oil, mustard oil, etc. 22. The main advantages of first-

generation raw materials are the availability of crops and relatively simple conversion 

processes. The limited food supply risk is the main disadvantage of using these raw materials 

increases food prices. These shortcomings force users to switch to other alternative raw 

materials for biodiesel production 23,24. 

2.2.2 Second-generation feedstocks 

The limitations of first-generation feedstocks asked researchers to investigate other 

non-edible feedstocks. The environment-friendly, low-cost second-generation oils help us 

reduce food inequality raised by first-generation biodiesel feedstocks. The main advantage of 

second-generation biodiesel is that it does not rely on edible plants and does not require 

agricultural land 25. The disadvantage of second-generation fuel is the yield of non-edible 

crops. The disadvantage of second-generation biodiesel is also the need to increase the 

amount of alcohol in reaction. To overcome these problems associated with non-edible oils, 

researchers consider new economically viable alternatives that are more affordable. The use 

of economically sustainable non-edible oils is one way to increase biodiesel production 
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efficiency and the possibility of commercial production on an industrial scale 26,27. Sandbox 

seed oil 28, Calophyllum inophyllum oil 29, safflower 30, Silybum marianum oil 31, styrax 

Officinalis L. seed oil 32, phoenix dactylifera 33, bitter almond oil 34, euonymus maackii rupr. 

Seed oil 35 and ailanthus altissima 36 are recently used second-generation feedstocks in 

biodiesel production. 

2.2.3 Third-generation feedstocks 

Biodiesel, produced from waste oil and algal biomass, is called third-generation 

biodiesel. Third-generation biodiesel's main advantages are higher growth and productivity 

of feedstock, no agricultural land needed, higher oil content, and less impact on food supply. 

Fish oil, animal fat, microalgae, and waste cooking oil are the primary sources of third-

generation biodiesel feedstocks 37. 

The initial investment cost and limitations to produce at the industrial scale are the 

main disadvantages of third-generation biodiesel. The algal biomass as biodiesel feedstock 

involves harvesting, drying, and extraction process, consequently increasing the system's 

production cost 38,39. In waste oil or waste cooking oils, the variation of all different sourced 

feedstocks and usability changes the chemical composition of the feedstocks and limits the 

production at a large scale because of the different impurities and composition of the waste 

oils after use. These days different animal fats are also used as dependable feedstock for 

biodiesel production 40. Meat processing dissolved air flotation sludge 41, bardawil lagoon 42, 

and waste coffee grounds oil 43 are a few new third-generation feedstocks used for biodiesel 

production in recent years. 

2.2.4 Fourth-generation feedstocks 

The fourth generation of biodiesel is capturing and utilizing CO2 and solar energy to 

produce sustainable energy. Biomass that has used CO2 during its growth is converted into 

fuel through the same process as second-generation biofuels. This generation capture CO2, 

and this makes fourth-generation biodiesel carbon-neutral 44; with the development of 

synthetic biology, the utilization of solar energy and CO2 make the renewable fuel 

development technology a dream to produce clean and affordable energy such as 

photobiological solar biodiesel 45,46. 
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2.3 Reactors for Biodiesel Production 

The production of biodiesel by conventional methods has many disadvantages, such 

as high energy consumption, difficulties in reducing glycerin, sensitivity to water, and a very 

low reaction rate. Lipase (enzyme catalyst) methods also have disadvantages such as high 

catalyst costs and long reaction times. The initial phase of the chemical reaction has diffusion 

limitation due to oil and alcohol's limited solubility. Less mixing reduces the rate of mass 

transfer across the interface. When diffusion is restricted, the overall reaction rate is reduced. 

To counteract this effect, various technical methods are used to increase interactions between 

the phases. The latest process improvement technologies aim to perfect chemical reactions 

and the physical separation of byproducts. 

Various concepts have been developed for designing reactors to convert oils and 

alcohols into biofuels. Depending on the size of the biodiesel plant, batch and continuous 

reactors may be employed. The batch reactor can be a simple stirred tank containing the 

reagents used in the process, and the stirrer can be switched on while maintaining a 

controlled temperature for a specific time. The operation of a semi-continuous reactor is 

similar to that of a batch reactor. However, this method is labor-intensive and is rarely used. 

Although the actual process in a semi-continuous reactor is usually the same as batch reactor, 

additional controls are required to be installed to maintain the proper mixing necessary to 

ensure uniform chemical composition and temperature. Some continuous flow reactors can 

operate in batch or continuous mode. Continuous operation usually requires process and 

operational control. The reactor types used for biodiesel production vary and, for each reactor 

type, the required operating conditions can be achieved based on the chemical properties and 

physical operating parameters of the reactants, reagents, and products. The schematics of the 

primary batch and continuous stirred tank reactor from the literature are shown in Figure 2.3 

and Figure 2.4. 

Batch mode reactors are the most commonly used method at industrial-scale 

production, and most of the batch scale setups are primarily developed from lab-scale trials 

by optimizing the feeding rate and reaction temperature, and agitation system. The reactor 

design to achieve the highest output could be based on feedstock availability, and slight 

variation can also be adapted based on varying output requirements. Two of the critical 

factors in achieving high efficiency in batch mode reactors are the precise time calculations 
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and temperature control. In batch mode, the temperature is adjusted based on the chemistry 

of the reaction to achieve the highest reaction rate with low input energy and time 47. 

 

Figure 2.3 A simple batch mode biodiesel production reactor 48 

 

Figure 2.4 Biodiesel production in the continuous stirred-tank reactor 49 

Mechanical stirring enables heat transfer, reduces the retention of reagents, and 

allows more efficient materials to manufacture reactors. Different types of rotary reactors 
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suitable for biodiesel production are defined elsewhere 50. The most used form of biodiesel 

reactor is batch stirred reactors, in which a cylindrical shaft is fixed at the center of the 

reactor, and these reactors commonly struggle with inefficiently mixing the solution. 

Different reactors have been developed to improve the mixing conditions in both batch and 

continuous modes of operation for biodiesel production. The common stirrer reactors used in 

biodiesel production employ turbine and impeller stirrers. A new method to develop a 

monolithic stirrer has also been adopted in improving the mixing conditions in the reaction 

phase between alcohols and oil. New designs are vital in controlling the critical factors to 

achieve maximum yield efficiency by keeping the production cost as low as possible 51,52. 

In recent times, reactors have been developed to achieve high shear mixing conditions 

between alcohol and oil by designing reactors based on the theoretical advancement in 

system design. The working principle is based on micro-mixing by rotating the inner tube in 

a fixed tube (spinning tube in tube), generating a quick and efficient mixing process, as 

shown in Figure 2.5. Two major components are rotating inner and outer fixed tubes. The 

stationary cylinder with a narrow opening provides a pathway for reactants to enter the small 

spaces, and the internal tube rotation offers a high rate of shear mixing between both liquid 

surfaces to reduce the barrier between the interfacial reaction of oil and alcohol, leading to an 

increase in reaction rate 53,54. The reactor has already been developed for industrial-scale 

production and is being opted for by different companies. The process has reduced the capital 

cost and provided better recovery and low wastewater production in the purification process. 

 

Figure 2.5 Spinning tube in tube biodiesel production reactor 55 
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The simplest reactor used in a chemical reaction is usually a tubular or plug flow 

reactor, which provides an effortless design to achieve transesterification and esterification 

reaction in biodiesel production, such as the packed bed and trickle bed type reactors. The 

mixing in plug flow reactors is mainly achieved by changing the reactor surface and 

adjusting flow pressure based on reaction time and design. The static mixture uses the flow 

energy to impose energy-efficient mixing to reduce the biodiesel reactor's operating cost 56,57. 

2.4 Advanced Biodiesel Production Processes 

In conventional biodiesel production, the thermal energy is provided through heating 

reactants to a specific temperature to provide enough energy to activate chemical reactions. 

However, in the most recent technologies, the requirements for activation energy are reduced 

or achieved through electric power and other sources. This section discussed the 

developments of some of the most recent alternative technologies adopted in the biodiesel 

production process. 

2.4.1 Ultrasonic radiation 

In biodiesel production, two primary reactions are the esterification of FFAs (free 

fatty acids) to FAAEs (fatty acid alkyl esters) and transesterification of triglycerides to 

FAAEs 58. The purpose of ultrasonic chemical radiation is to increase catalyst surface 

activation by homogenizing the reactants and catalysts, providing more microchannels to 

emulsify with reactants and enhance the reaction rate. Homogenous transesterification is the 

most used process to produce biodiesel, and using an ultrasonic assistant in this process does 

not affect the thermodynamic equilibrium of the reaction; however, it enhances the mass 

transfer process to intensify the reaction rate to achieve the same chemical reaction at the 

minimal time 59,60. 

This reaction process relies on the flow and acoustic energy provided by 

Sonochemical radiations due to the passage of sound waves. The reaction mechanism of 

sound waves involves sinusoidal waves that offer both positive and negative pressure to 

generate cavitation bubbles and release energy 61–63. In biofuel production, ultrasonic 

radiation has a far-reaching impact on chemical reaction processes to enhance the reaction 

rate. It is essential to understand the energy intensity and cavitation bubbles generation 

process to establish an optimized system that provides uniform distribution of the ultrasonic 

energy and the cavitation effects to utilize the ultrasonic radiation process effectively. In 
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ultrasonic radiation, electric energy is transferred into mechanical energy by using 

piezoelectric transducers, and that acoustic wave energy is then transferred into the chemical 

transformation 64–66. It is essential to optimize reactor design to reduce all these energy-

transfer steps to minimize energy losses. A simple setup of a batch scale ultrasonic chemical 

reactor is shown in Figure 2.6. 

 

Figure 2.6 A simple batch mode ultrasonic radiation reactor for biodiesel production 

(Adopted 67) 

The sonochemical-based reactor process improves transesterification reaction 

efficiency by requiring less oil to alcohol molar ratio and catalyst concentration with a 

shorter reaction time. One major contributor in the sonochemical reactor is the ultrasound to 

enhance reactants' emulsification, usually conducted by mechanical stirring or magnetic 

stirring in conventional biodiesel reactors. The most recent developments in using ultrasonic 

chemical reaction processes in treating different fatty acids and low-fat fats are shown in 

Table 2.1. The most critical part of esterification of fats is constantly removing water from 

the reaction phase to avoid reducing reaction rate, and the high-intensity ultrasonic waves 

with a catalyst can improve the process. In homogenous catalyst-assisted transesterification, 

ultrasound does not directly affect the thermodynamic equilibrium of reaction; however, it 

intensifies the mass transfer rate by accelerating the kinetics of reaction to complete the same 
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chemical reaction with up to 80% time reduction 64. The temperature required to initiate the 

reaction is also significantly reduced by the input energy of ultrasonic cavitation, thus 

reducing temperature requirement in chemical reaction kinetics. By increasing the ultrasonic 

frequency, radiation energy increases, directly affecting the reactants emulsification, and 

intensifies the mass transfer rate to attain reaction equilibrium at a much quicker pace. 

However, to optimize frequency, it is needed to understand the energy economics of the 

reaction system. By combining ultrasonic energy input with other reaction processes, the 

transesterification and esterification reactions can be substantially improved for producing 

high-quality biodiesel at a low cost and in a much shorter time. 

Table 2.1 Ultrasonic radiation assisted Biodiesel Production 2018-2021 

Ultrasonic radiation assisted Biodiesel Production 2018-2021 

Catalyst Alcohol Feedstock Yield Reaction Conditions References 

Li/Fe3O4 methanol rapeseed oil 99.8% 35 °C, 35 min, 37 kHz, power 

1000 W 

68 

1 wt% KOH methanol Waste 

cooking oil 

96.5% 60 °C, 10 min, power 400 W 69 

1 wt% NaOH methanol palm oil 80% 60 °C, 60 min, 40 kHz,  70 

3 wt% KOH methanol canola oil 90% 50°C, 40 min,  71 

1 wt% KOH methanol waste edible 

oil 

90.45% 35 °C, 60 sec, power 250 W 72 

8% CaO methanol palm oil 96.16% 50 °C, 37 min, 68 kHz, power 

140 W 

73 

3 wt% lipase methanol Kernel oil 55.20% 25°C, 4 h 74 

1.5 wt% KOH methanol Jatropha oil 96.1% 30 min, 37 kHz, power 560 

W 

75 

3 wt% KOH methanol castor oil 97% 42 °C, 6 min, 20 kHz 76 

 

2.4.2 Microwave 

Since the beginning of biodiesel production, most methods and new reactors are 

designed based on conventional heat transfer, which thermodynamically transfers energy on 

the surface of the material. The main problem with the thermodynamic reaction process is the 

large amount of input energy required to initiate the chemical reaction. On the other hand, 

microwave systems can transfer energy directly at the molecule level, allowing early 
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chemical reaction initiation, thus reducing time and energy consumption during the chemical 

reaction process 77. The difference in energy transfer pathways between conventional and 

microwave heating is shown in Figure 2.7. In conventional thermal heating, the heat transfer 

at high temperature takes place on the surface of reactants and slowly goes into the molecule 

to activate reaction; however, in the microwave, electromagnetic waves are generated, which 

transfer energy directly at the molecular level, allowing early chemical reaction activity and 

better energy transfer 78. 

 

 

Figure 2.7 Energy transfer pathway in the microwave and conventional heating system 

(Adopted from 79) 

In microwave reaction systems, the energy is transferred directly by forming 

supercharged molecular vibrations and rotations, allowing enough activation energy to 

initiate chemical reactions. Since microwave provides direct energy at the molecular level, 

the process is much more effective than thermal heating reactions. However, the ability of 

energy transfer also depends on the dissipation factor of the reactants. It is very important to 

identify the specific characteristic of the reactant materials to absorb electromagnetic waves 

and provide enough kinetic energy to activate chemical reactions 80,81. To that end, 

heterogeneous or homogeneous catalysts are used with microwave radiations to enhance 

energy transfer and give control and selective energy to increase production efficiency. 

Conventionally, transesterification is a chemical reaction to transfer triglycerides into fatty 

acid alkyl esters by reacting with alcohol in the presence of a catalyst and heat energy. The 

reaction is slow in a thermal heating environment and depends on the reaction equilibrium. 

Since microwave radiations transfer energy directly to the molecule, the high input power 

can directly degrade oils into different byproducts. Thus, controlling the radiation level is 
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important to achieve a complete transesterification reaction. The catalyst in microwave 

radiation reduces microwave power consumption while keeping the reaction equilibrium and 

achieving transesterification reaction at very low input power with a very fast conversion 

rate. 

The input power has a direct effect on the electromagnetic radiation generated in the 

microwave system. In the conversion of waste cooking oil to biodiesel, the conversion rate 

was increased with increasing input power up to 500 W. However, continuing to increase 

power up to 700 W was observed to reduce the production rate, meaning that at high power 

input, the microwave radiation affected the alcohol involved in the chemical reaction, 

causing a lower production rate. The best conditions for input power depend on the oil's 

properties and fatty acids present in triglycerides. Other effects such as reaction time, molar 

ratio, stirring speed, and other parameters have also been discussed to optimize the 

microwave transesterification reaction process 82,83. Much research has focused on 

developing microwave radiation-based reactors to accelerate transesterification reaction for 

biodiesel production, primarily using batch-type laboratory-scale reactors. Continuous-flow, 

microwave-radiation-based biodiesel production reactors have also been designed recently. A 

simple schematic of a batch-type microwave radiation biodiesel reactor is shown in Figure 

2.8, with the recent development in microwave reactors listed in Table 2.2. 

In summary, microwave-radiation-based biodiesel production is considered one of the 

most promising technologies to be adopted at industrial-scale production for fast and 

continuous production of biodiesel. However, various hurdles (low-quality product and high 

production cost) involved in developing industrial-scale microwave-assisted biodiesel 

reactors remain present. The available research suggests that using hybrid methods involving 

conventional heating and ultrasonic radiation techniques with microwave may overcome 

these problems. 
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Figure 2.8 A simple schematic figure of batch type microwave radiation biodiesel reactor 

(Adopted 84) 

Table 2.2 Microwave-assisted biodiesel production 2018-2021 

Batch type reactors                                                        

Feedstock Alcohol Catalyst Yield Reaction Conditions References 

sunflower 

oil 

methanol DBSA 100% power 300 W, 76 °C, 30 

min residence time 

85 

Dairy scum 

oil  

methanol 1 % KOH 93.47 % power 600 W, 60 °C, 5 min 

residence time 

86 

Algae oil  methanol 2 % Goat Bone 

nano catalyst  

92% power 600 W, 60 °C, 3 h 

residence time 

87 

waste 

cooking oil 

methanol 1 % NaOH 88.88% power 700 W, 60 °C, 10 

min residence time 

88 

waste lard methanol 8 % 

CaO/zeolite 

90.89 % power 595 W, 1.25 h 

residence time 

89 

Jatropha oil methanol 1.0 % KOH 90% 70 °C, 10 sec residence 

time 

90 

Soybean oil methanol Sulfonated 

BDS 

88.7% power 600 W, 20 min 

residence time 

91 

waste 

cooking oil 

methanol 0.8 % wt. 

NaOH 

96.5% power 900 W, 65 °C, 2 min 

residence time 

92 

Algae oil ethanol 2.5 % H2SO4 97.11% power 450 W 

60 °C, 11 min residence 

time 

93 
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Continuous flow reactors  

Feedstock Alcohol Catalyst Yield Reaction Conditions References 

Palm oil methanol 1% wt KOH 96%. power 750 W, 138 sec 

residence time 

94 

waste 

cooking oil 

methanol 5.47 % LBC 97.15% power 540-900 W, 80 °C, 

55.26 min residence time 

95 

Vegetable 

oil 

methanol 6% wt. ChOH 90% power 800 W, 20 ml/min 

flow rate 

96 

waste 

cooking oil 

methanol 41 wt% 

SrO/SiO2 

99.2 % power 1000 W,  100 

ml/min flow rate 

97 

 

2.4.3 Supercritical transesterification 

Supercritical transesterification (SCT) is a promising alternative technique to 

conventional processes to produce biodiesel. SCT offers a catalyst-free process with faster 

reaction times, allowing for direct triglyceride transesterification and FFA esterification with 

a higher purity of the final product. Moreover, this catalyst-free reaction provides improved 

phase solubility and low mass-transfer limitations 98–100. 

In the SCT process, the feedstock and alcohol are fed into a reactor in which they are 

subjected to temperatures and pressures beyond the critical point of alcohol (for example, 

methanol: Tc=240 °C and Pc=1140 psi). Under these conditions, the effect of high 

temperature and pressure changes the thermo-physical properties of alcohol like diffusivity, 

density, viscosity, and polarity. Figure 2.9 illustrates the phase diagram of the supercritical 

region. At high temperatures and pressure, fluid (alcohol) enters a supercritical region. The 

liquid has gas and liquid-like properties in this region and exhibits a non-condensable fluid 

density between a gas and a liquid state. Besides, the fluid possesses decreased viscosity and 

increased mass diffusivity, allowing a greater mass transfer characteristic. 

Furthermore, the dielectric constant decreases in this state, diminishing the polarity of 

the solvent and converting them into the non-polar solvent. Thus, the non-polar feedstock is 

better dissolved in alcohol under supercritical conditions to form a homogeneous phase. The 

main parameters influencing supercritical transesterification are temperature, pressure, 

solvent-to-oil molar ratio, and reaction time. 
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Figure 2.9 Phase diagram of the supercritical region 101. 

The supercritical production of biodiesel was first reported by Lee and Saka 101. It has 

been concluded that the thermal decomposition of the FAME might occur due to the high 

temperatures used and thus result in low-quality biodiesel. In a subsequent study reported by 

Kusdiana and Saka 102, the reaction mechanism between triglycerides and methanol under 

supercritical conditions was proposed. Due to decreased hydrogen bonding, methanol can be 

a free monomer at high temperatures and pressure in the supercritical process. The methanol 

molecule then directly attacks the carbonyl atom of the triglyceride, resulting in the transfer 

of a methoxide, in which biodiesel (methyl ester) and diglyceride are produced. 

Similarly, diglyceride is transesterified to form biodiesel and monoglyceride, further 

converted to biodiesel and glycerol. Yin et al. 103 reported biodiesel production from soybean 

oil using supercritical methanol in a high-pressure vessel of 250 cm3. The conversion rate 

was 95% in 10 min at a high temperature of 350 °C, whereas at 260 °C, there was only a 30 

% conversion after 60 min. Han et al. 104 detected a complete ester conversion at a lowered 

reaction temperature of 280 °C by using CO2 as a co-solvent at a 0.1 molar ratio. Santana et 

al. 105 achieved a continuous production of biodiesel from vegetable oil using supercritical 

ethanol with CO2 as a co-solvent. They used sunflower-based oil in the supercritical 

ethanolysis in a continuous mode, fixed bed titanium reactor, and the yield was 80 % in 4 

min of reaction time at 200 °C and 200 bar at the ethanol-to-oil molar ratio of 25. In another 
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study reported by Demirbas, waste cooking oil was subjected to transesterification with 

supercritical methanol in a 100 ml autoclave reactor that achieved 99 % yield in 30 min at 

266 °C and an M:O molar ratio of 41:1 105,106. Tsai et al. 107 reported that waste cooking oil 

showed better efficiency than refined cooking oil in supercritical methanol 

transesterification. The biodiesel yield was 65 % in 4 min at 300 °C and 100 bar. A recent 

study by Aboelazayem et al. 108 investigated and optimized biodiesel production using 

supercritical methanol without catalyst using response surface methodology. The result 

showed that the optimum biodiesel yield was 91 % in 14.8 min at 253.5 °C and 198.5 bar in 

the 37:1 M:O molar ratio. Kinetic data used to simulate the reactor on Aspen HYSYS 

showed a 0.2 % relative error from the experimental results. Moreover, animal fats and 

microalgae are also used as a sustainable feedstock for supercritical transesterification. A 

flow diagram of a simple supercritical reaction process is shown in Figure 2.10. 

 

 

Figure 2.10 Flow diagram for supercritical transesterification of vegetable oils to biodiesel 109 

Although SCT has many benefits in biodiesel production, such as no pre-treatment, 

soap, and catalyst removal, its main limitation is the high operation costs due to extreme 

temperatures and pressures needed 110. Nonetheless, many simulation, environmental 

assessment, and economic studies showed that the supercritical technologies had better 
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capital investment, technical benefits, and high biodiesel production efficiency with faster 

reaction times than other conventional technologies 111. Considering the higher production 

rate of biodiesel and other raw materials costs, this technology could be cost-effective 

commercially. Moreover, the operation efficiency can be further improved by following 

energy-saving steps such as using the self-heat recuperation technology. 

2.5 Motivation for Plasma Technology 

Plasma is an ionized gas consisting of electrons, (positive and negative) ions, and 

neutral species; Irving Langmuir first used the term in 1932 to describe an ionized gas as 

plasma 112. The plasma generated can be characterized into two forms based on the 

temperature and ions, Cold (non-thermal) and thermal plasma. The hot plasma or thermal 

plasma is generated when equilibrium is achieved between both electrons and ion 

temperature. This is usually achieved by applying heat, microwave, or electricity at a very 

high temperature that forms the ionic phase where both electrons and ions have the same 

temperature. Mainly thermal plasma is achieved around temperature above 3500 °C 113. 

Although thermal plasma can achieve very high temperatures, it cannot be used to break 

down most substances mainly because high temperatures can rapidly decompose even the 

most stable bonds in reactants, so it is impossible to control products with unstable bonding. 

Figure 2.11 shows the major elements in plasma, which can involve in physiochemical 

catalysis of reaction. Plasma involves these complex components involved in any reaction 

regardless of application. Each component's effect can help us better understand the overall 

role of plasma in any reaction process. 
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Figure 2.11 Plasma components ; e = electron; hv = photon; N = neutral (molecule or atom); 

E* = excited molecule; Po = positive ion; Ne = negative ion 113 

On the other hand, cold plasma operates at a non-equilibrium temperature level where 

the overall temperature of the solution or reactive species remains low, but very high-

temperature electrons are used in contracted areas to achieve a reaction. In cold plasma, the 

reaction can happen through three different ways, electrons, free radicals, and ions, and occur 

in parallel. The reaction activity depends on the plasma field strength based on the applied 

voltage, pressure, and electron density. Electron and radical-driven reaction in cold plasma is 

discussed by Hu 114. The electron and radical-driven reactions are created in non-thermal 

plasma; the excitation of the compounds in reaction via applied electric field provides the 

electrons for electron-driven reactions. The ions and radicals generated can induce a different 

response of the same electrons to influence reaction rate and mass transfer 114,115. 

Table 2.3 Electron and radical driven reactions in non-thermal plasma 

Non-thermal Plasma Electron driven 

reactions 

Non-thermal Plasma Radicals driven 

reactions 

Excitation 

e + A2 = A2* + e 

Penning Dissociation 

M* + A2 = 2A + M 

Dissociation 

e + A2 = 2A + e 

Penning Ionization 

M*+ A2 = A2
+ + M + e 

Attachment 

e + A2 = A2
- 

Charge Transfer 

A± + B = B± + A 

Dissociative Attachment 

e + A2 = A- + A 

Ion Recombination 

A-  + B+ = AB 
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Ionization 

e + A2 = A2
+ +2e 

Neutral Recombination 

A + B + M = AB + M 

Dissociative Ionization 

e + A2 = A+ + A + 2e 

Collisional Detachment 

M + A2
- = A2 + M + e 

Recombination 

e + A2
+ = A2 

Associative Attachment 

A- + A = A2 + e 

Detachment 

e + A2
- = A2 + 2e 

Synthesis (electronic) 

A* + B = AB 

 Synthesis (Atomic) 

A + B = AB 

 Decomposition (electronic) 

e + AB = A + B + e 

 Decomposition (Atomic) 

A* + B2 = AB + B 

 

Nonthermal plasma is a novel process actively used to generate ozone for chemical 

process applications and mainly used in solid and gaseous feedstock for CO2 conversion and 

solid surface modifications. Nonthermal plasma is not preferred in liquid phase processes 

because the excited electrons are not strong enough to initiate any liquid reaction, mainly 

because the intermolecular forces dissipate those excited electrons energies and make it 

ineffective in really being utilized in liquid processes. However, recently researchers have 

used liquid phase discharge processes to use in wastewater treatment and organic solutions 

116–119. The use of plasma has not been studied in triglycerides and fatty acids decomposition; 

this thesis will focus on discharge in triglycerides and fatty acids to achieve higher FAME 

yield through using a different catalyst and plasma discharge combination. 

Low-temperature plasma is useful for fuel conversion and hydrogen production, not 

as an energy source but as a non-equilibrium source for free and exciting radicals and 

charged particles. The active species generated in these plasmas can lead to prolonged chain 

reactions for fuel conversion. The energy required for fuel conversion in plasma catalysis is 

mainly provided by the reactants' chemical energy and the low-temperature photon energy 

provided by plasma. The plasma's active radicals only stimulate the process and contribute 

very little to the process's total energy. Various kinetic mechanisms can incite the process 

during plasma catalysis, including the atoms, free and charged particles, and different 

radicals generated in the plasma process. The excited and charged particles can induce chain 

processes that cannot be achieved by traditional chemical processes. In general, exothermic 

reactions did not require high activation energy. Plasma catalysis can be very successful in 
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exothermic reactions, which can stimulate without high activation energy. Plasma catalysis is 

mainly different from the hybrid plasma catalytic process. The presence of a catalyst in low-

temperature plasma discharge generated by an electric field plays a vital role in the intensity 

of plasma generation. 

2.6 Plasma Discharge Sources  

Plasma chemistry is very complex and highly influential in reaction selectivity and 

has influenced the chemical reaction from 150 years 120. The complexity is not limited to the 

interaction of the electron with chemical reactions, but the ions, excited molecules, atoms, 

and UV photons created in non-thermal plasma all influence the transformation of any 

chemical reaction. The electric discharge can be best described in terms of voltage and 

current relationship. Figure 2.12 discusses the current and voltage characteristics of DC low-

temperature plasma. 

 

Figure 2.12 General current-voltage characteristic of DC low-pressure electrical discharge 121 

In Figure 2.12, section A-E represents the dark discharge section in which potential 

current varies from 10-10 – 10-6; in area A-B, we see very weak current generated with 

applied voltage, usually a not self-sustain plasma discharge and highly dependent on the 

external source of ions. As the voltage continues to increase and reach a point when current 

starts to saturate and cause an electric breakdown of the discharge gas, discharge is called 

corona discharge, and the voltage is called breaks down voltage for the discharge gas. In 
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section E-G the discharge slowly transitions into glow from dark with the increase in electric 

current. As the plasma reaches the cathode surface and transitions from glow to an abnormal 

glow discharge, the relationship between current and voltage becomes linear and finally 

forms an arc (arc discharge); depending on the internal resistance of the power supply, the 

discharge will transition slowly from non-thermal to thermal discharge with the increase of 

electron temperature with applied power. 

In a basic cold plasma reactor setup, gas is filled between two electrodes with a high-

power supply. The voltage passes current through the gas and forms a partially ionized gas 

we call cold plasma. Depending on the operating conditions, the cold plasma reactor can be 

divided into many categories. The discharge can be achieved at low and high pressure; some 

discharges can only be used in low-pressure discharge, such as glow discharge, while others 

like arc discharge can be used in high- and low-pressure conditions. 

Dielectric barrier discharges, also known as DBDs, occur in insulating material 

between two electrodes; polymeric and quartz materials are usually used as an insulating 

material between electrodes; some forms of DBDs reactors are shown in Figure 2.13. The 

dielectric layer's presence helps control the electric potential passing through gas and inhibits 

transitioning between glow to arc discharge 122. This kind of cold plasma reactor's main 

advantage is generating homogenous cold plasma at a low cost. 

 

Figure 2.13 General configurations of DBD plasma reactors: (A, B, and C) planar and (D) 

cylindrical 122 
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However, low electrical efficiency in small discharges under high voltages can easily 

form arc discharges 123. Therefore, in recent years researchers have been focused on using 

DBDs reactors potential as catalyst or catalyst initiators for initiating chemical reaction and 

increasing reaction rate at atmospheric conditions. Similarly, corona, pulsed electric, and 

glow discharge reactors have also been studied in recent times 124,125. 

An Arc discharge is an electric discharge between two electrodes by forming a 

complete arc, an original method to generate a thermodynamically equal state or thermal 

plasma, in which electron temperature becomes similar to the ionic elements preset in 

plasma. The discharge is known as negative resistance, with charge equilibrium at the low 

electric field and high temperature to provide heating. An arc discharge reactor mainly has 

three major components, the arc column, the cathode, and anode 126. 

The gliding arc plasma is a thermal arc discharge plasma transition, providing very 

high electron density with a relatively low-temperature increase in the reaction compounds. 

The non-equilibrium form of arc discharge is achieved by passing a gas through the arc 

discharge, which moves high conductive arc plasma away from electrode to transition from 

thermal to non-thermal discharge by dissipating the arc line 127. Gliding arc plasma discharge 

reactors have been very successful in chemical and environmental industrial applications. 

The reactors are very simple to build and can be shaped into different designs. The gliding 

arc plasma has enough electron density and reactive ions species to achieve most of the 

chemical reaction in liquid. As we know, plasma generated in the gas phase can dissipate 

most of its energy in the transition of the surface interface in liquid; the cold plasma has 

always been limited in liquid chemical reactions. However, with the advancement of new 

reactor design by providing a plasma catalysis system, the interface barrier can be overcome, 

and the charge transfer in the liquid compound can be achieved at a much faster transfer rate. 

The finely dispersed liquid and nano-size solids can be introduced in the plasma reaction in 

gliding arc discharge plasma, but the process control and discharge intensity are complicated 

to control. The cross-sectional view of the gliding arc discharge plasma reactor is shown in 

Figure 2.14. 
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Figure 2.14 Gliding arc plasma reactor 128 

As described in the V-I relationship, the corona discharges are very weak compared 

to DBD and Gliding arc non-thermal discharge. The discharge occurs below near 

atmospheric pressure; the design or reactors are usually very similar to DBD reactors; 

however, there is no dielectric barrier with a small difference. The distance between each 

electrode is adjusted depending on the energy density of the reactors 129. However, the corona 

discharge's applied voltage and energy efficiency are much better than other below 

atmospheric pressure, and very low voltages are required to avoid arc discharge formation 

because of the no insulation available between both electrodes. 

Microwaves can also generate nonthermal plasma discharge. Microwave plasma 

discharge is different from microwave energy reactions, in which heated energy is provided 

by microwave, as electromagnetic radiation acts as a source of thermal energy. In microwave 

plasma, the electromagnetic radiation of microwave interacts with the gaseous molecules to 

generate microwave plasma discharge and affect the same as the electric field in electric 

discharges 130,131; the physical characteristics of commonly used nonthermal plasma 

discharge are presented in Table 2.4. 

Table 2.4 Physical characteristics of non-thermal electric discharges 

Discharge Parameters Corona DBD Lumines 

cent 

Gliding 

Arc 

Electric 

Arc 

Voltage (kV) >10 100 5 5-20 0.03-0.05 

Current (A)  <10-5 <10-3 0.1 1 10-103 

Pressure (atm) ≤1 ≤1 ≤1 1 1 
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Temperature (K) 500 500 <500 2000 >1000088 

Current Density (A/cm2) 10-9 10-5 10-3 102-103 102-104 

 

2.7 Plasma Technology for Liquid Chemical Conversion 

As plasma has been used in catalysis for different gasses products, plasma's direct use 

can also be successfully applied in the liquid phase. Compared to gases phases plasma 

discharge, the surface interaction is much more complicated since there are two phases, 

plasma/gas and gas/liquid. Liquid plasma has mainly been studied in medical and wastewater 

treatment. The complexity of plasma is not only because of the electrons involved in the 

chemical reaction but also because of all electrons, free radicals, and ions generated in 

parallel. The process is much more complicated as electrons are involved in ionization, 

vibration, excitation, dissociation, and recombination of ions. The addition of gas and liquid 

made it more complicated since many secondary reactive species are generated in free radical 

interaction and ions in this phase. 

The plasma-generated radicals and ions can break the liquid phase surface barrier in 

theory, but because of the phase difference, the diffusion rate is very low 132. In recent times, 

researchers have been focused on the two-phase gas/liquid plasma discharge systems and 

their ability to diffuse free radicals and ions in the liquid molecules at phase boundaries to 

overcome the input energy barrier. The physicochemical processes at the plasma-liquid 

interface are shown in Figure 2.15. The diffusion and infusion mechanism of free radicals, 

ions, and charged species in the liquid phase is still unknown. If we can understand the 

mechanistic shift of reactive species and radicals between liquid and plasma phases, we can 

establish quantitative relation between gas and liquid phase plasma chemistry. 
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Figure 2.15 Schematic view of transfer processes at the plasma–liquid interface 133 

Moreover, the role of these electrons, radicals, and ions in any chemical reaction 

depends on the electrode, gas, and amount of power applied. In gas-liquid plasma, both gas 

and liquid are exposed to an electric field to generate the plasma. The radicals and ions 

generated at the interface can escape into the liquid and initiate different chemical reactions 

that do not happen in thermal conversion. Features of reactions activated by different plasma 

discharge processes compared to conventional means are described in Figure 2.16. 

The nature of ground-state free atoms and radicals in nonthermal plasma defines their 

role in active plasma reactions. For example, the ground state reactive oxygen atom in air 

plasma plays a vital role in ozone formation while the nitrogen with very strong molecule 

bonding input very low yield in an air plasma discharge. Electronically excited states could 

be depending on the molecule, and the atom is formed by the electron generated by the 

applied electric field. For example, oxygen and nitrogen have a low energy electronic state 

and a higher energy electronic state. The chemical properties of these states are still 

unknown; however, between two low-energy atomic oxygen atoms, the 1D is highly reactive 

compared to 1S atomic oxygen. The photonic UV emission is formed in plasma by the 

extensive collision of free electrons; however, the efficiency of these UV lights is very low 

and can only be effective in highly concentrated organic compounds degradation. Both 

positive and negative ions are generated by electron impact ionization and electron 
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attachment, respectively. Phenomenological studies of plasma discharge systems are 

complex because of the reactor geometry and gas/liquid flow chemistry. 

There has been observation in water plasma to identify reaction kinetics and study the 

mechanistic pathway of reaction; however, in polar liquids, although we have studied the 

chemical reactions, mechanistic observation and experimental studies are scarce134. Studies 

have also been conducted in non-aqueous liquids by creating arc or spark electric discharges 

135–137. The electrochemical reaction processes of oil and polar organic solution plasmas are 

very complicated as the information on electron charge density, temperature, and distribution 

electron collision in the reaction is nonexistent. The primary reaction in plasma dissociation 

is assumed on electron excitation and electron impact dissociation as the energy required for 

most hydrocarbons compound bond (C-H, C-C, O-H, and C-O) breakage is below 10 eV 138. 

In this work, novel nonthermal liquid phase plasma discharge reactors were designed to 

produce biodiesel from the decomposition of triglycerides and fats in the presence of both 

homogenous and heterogeneous catalysts. 

 

Figure 2.16 Different plasma discharge process 
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CHAPTER 3 TRANSESTERIFICATION OF TRIGLYCERIDES BY LIQUID PHASE 

PLASMA DISCHARGE 

3.1 Introduction 

Considering the critical issues of energy demands and environmental pollution for 

future generations, alternative fuel research has gained significant momentum 139. In 

developed countries, excess vegetable oil and waste oil can be an excellent alternative to 

producing renewable diesel oil. Almost all biodiesel produced from vegetable oils today is 

via a well-established chemical process called transesterification. The triglycerides in the 

substrate oils are converted with methanol to fatty acid methyl esters (FAME) and glycerol, 

catalyzed primarily by an alkali catalyst, such as NaOH 140. The transesterification reaction 

usually takes place in three consecutive phases, i.e., 1) the mass transfer between oil and 

alcohol; 2) the transesterification reaction; 3) the establishment of equilibrium 141, and can 

generally proceed at high rates in a temperature range typically from 60-80oC. Closely 

examining these phases reveals that mass transfer is a decisive factor determining the 

efficiency of the overall transesterification process. For instance, in the first phase, due to the 

immiscible nature of alcohol and oil, the two substrates cannot arrive at a ready state for 

subsequent reactions without a sufficient mass transfer (close contacts between them), which 

is usually provided by thorough mixing 140. In the second phase, triglycerides and alcohol 

will undergo transesterification, an equilibrium reaction 142 to produce three moles of FAME 

from three moles of alcohol and one mole of triglycerides according to the stoichiometric 

ratio of the reactants. Since the reaction can go in both directions, a large excess of alcohol is 

usually required to drive the reaction forward. On the other hand, an inefficient mass transfer 

can increase alcohol use due to the poor distribution of alcohol in the liquid for reaction, 

reducing transesterification efficiency and increased production costs. Finally, in the third 

phase, the equilibrium between the reactants and products needs to be established, which is 

considered an important parameter to signal the end of the reaction. 

The transesterification process for ethyl ester synthesis occurs with excess ethanol in 

a base, acid, or enzymatic catalysts 143. In recent years, enzymatic catalysts have been used to 

produce biodiesel from low FFA content oils 144. New homogenous and heterogeneous 

catalysts have been developed, and low and high-temperature catalysts and biocatalysts have 

been used for biodiesel production 145–147. Besides using catalysts, a new supercritical 
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condition has been used to produce biodiesel without any catalyst 148. Different distillation 

and production reactors (static mixers, micro-channel, and oscillatory reactors, membrane 

reactors, rotating reactors, and centrifugal contractors) have also been developed to produce 

biodiesel 149–152, and in situ transesterification and simultaneous derivation of glycerol has 

also been used for the production process 153,154. Microwave, cavitation, or ultrasounds are 

used to improve heat transfer and mixing conditions 155,156. The main goal of developing new 

catalysts, processes, and reactor technologies is to overcome underlying problems in the 

transesterification process for ethyl ester by optimizing the processes and achieving a high 

conversion rate. 

Recently, plasma has been used in chemical conversion practices, with significant 

advantages over other conventional processes. The temperature and energy density potential 

of plasma-generated radicals and ions is significantly higher than in conventional thermal, 

chemical reactions. Plasma can produce very high concentrations of energetically and 

chemically active species (e.g., electrons, ions, atoms, and radicals). The low-temperature 

plasma system can deviate significantly from thermodynamic balance, carry extremely high 

concentrations of chemically active species, and keep the overall temperature at room 

temperature. These plasma functions have greatly enhanced the fundamental efficiency of 

traditional chemical processes. This Chapter will discuss the transesterification of 

triglycerides of corn oil with a renewable alcohol source, ethanol, to produce biodiesel in the 

form of fatty acid ethyl esters (FAEE) using a novel liquid-phase plasma discharge (LPPD) 

process. Design and process parameters will be comprehensively evaluated and the 

mechanism of liquid-phase plasma discharge for initiating and accelerating the 

transesterification reaction will be explored. 

3.2 Methods and Materials 

3.2.1 Materials and chemicals 

Refined vegetable oil (soybean oil) was purchased from Walmart. NaOH (Catalog 

No. S318-100) and ethanol (Catalog No. A995-4) were purchased from Fisher Scientific 

(Waltham, Massachusetts). Argon gas (99.99 % purity) was purchased from Oxarc Inc. 

(Lewiston, Idaho). All the chemicals were used as received. 
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3.2.2 Reactor design  

As discussed in Chapter 2, designing a new nonthermal plasma reactor for non-polar 

liquids can be challenging, and there are a few critical parameters to consider. The main 

requirement is to provide a high-density plasma phase for the reaction for the shortest time 

possible; Arc gliding discharges have the highest specific energy value and can be powered 

via DC and AC power supply. However, to achieve the highest surface interaction between 

plasma and liquid solution, we needed to design a reactor with the volumetric discharge with 

a continuous flow system to make full use of the applied power. To avoid electrode 

oxidation, stainless steel is the preferable option to being used as the electrode material. 

First, A first-generation liquid-phase plasma discharge (LPPD) reactor was developed in this 

study, demonstrated in Figure 3.1 and Figure 3.2. This design was characteristic of separating 

the high voltage electrode from the ground electrode using a dielectric plate with a small 

opening in the middle of the plate. During electrical discharging, the electrons generated 

were concentrated at the opening to establish a conductive channel, and the continuity of the 

discharge current could be guaranteed by the mobile electrons generated in the discharging 

phase. This effect was expected to result in better surface interaction and mass transfer, 

which was critical to achieving the high yield efficiency of biodiesel synthesis. This design 

enables the liquid-phase plasma process to run in continuous operations, rather than the batch 

operation in other designs, with liquid feeding into the reactor from the bottom and 

discharged at the top, leading to a smaller reactor size to also simplify scaling-up for 

commercial applications. The LPPD reactor system comprised a high-voltage transformer 

connected to an AC power supply, a peristaltic pump, and stainless-steel electrodes, which 

provided high voltage (up to 12 kV) discharge to the liquid continuously passing through the 

opening on the dielectric plate. The reactor was made of polycarbonate material, and quartz 

was used for the dielectric plates. 
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Figure 3.1 Cross-section and side view of the novel 1st-Gen LPPD reactor 

 

 

Figure 3.2 Schematic of the novel 1st-Gen LPPD reactor system 

3.2.3 Second-generation LPPD reactor design 

Although we achieved high conversion rates for biodiesel production, a few 

modifications were adopted in the 1st-Gen LPPD reactor system to improve the energy 
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efficiency and durability of the reactor. From the literature, we were able to identify the 

means to reduce input energy by still maintaining high plasma density to achieve a high 

conversion rate; secondly, because of the reactor design, the discharge was highly dependent 

on the properties of input liquid as free ions in order to complete the conductive channel 

between both electrodes. Because of high energy potential, there was wear and tear on the 

surface of the dielectric plate. With the modifications in reactor design, the 2nd-Gen reactor 

can overcome some deficiencies of the 1st-Gen reactor. 

 The reactor design and experimental setup of a two-orifice LPPD reactor are 

described in Error! Reference source not found. and Error! Reference source not found.. 

This reactor configuration was modified to further improve the distribution of plasma 

discharge and the mass transfer of reactants to achieve even better reaction efficiency. 

Instead of using one section for both ground and high voltage electrodes, two ground 

electrodes were used in the modified reactor design, in which the high voltage electrode was 

sandwiched between two ground electrodes and each pair of electrodes was separated by a 

dielectric plate. As such, two concentrated plasma channels (one up and one down) could be 

formed for simultaneous discharge at two orifices as the liquid is pumped through. By 

adjusting input power, this design doubles the treatment effect, such that if the liquid receives 

incomplete treatment when flowing through the lower opening, it is treated again as it passes 

through the upper opening. This also provides flexibility to stack modules on top of each 

other to handle higher liquid flow rates instead of increasing reactor size as vessel-type 

reactors pose difficulties during scaleup. The system consisted of a high voltage transformer 

(Plasma Technics Inc., USA) connected to the stainless-steel electrodes. A peristaltic pump 

was used for feeding the liquid that flowed through the reactor at atmospheric pressure 

continuously. The transformer regulator could adjust the applied power and oscilloscope used 

for measuring current and voltage. The argon gas cylinder was attached with a mass flow 

controller to supply a controlled gas flow rate. 
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Figure 3.3 Cross-section of the novel 2nd-Gen LPPD reactor system 

 

 

Figure 3.4 Schematic of the novel 2nd-generation LPPD reactor system 

3.2.4 Experimental Design  

All the experiments in this chapter were conducted with the 2nd-Gen LPPD system 

with or without argon gas to facilitate the liquid phase plasma discharge. First, to understand 

the effect of operating parameters on the FAEE production efficiency in terms of the 

conversion rate for triglycerides, the identified operating parameters for the LPPD process 
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include the diameter of dielectric opening for the LPPD reactor, liquid flow rate (LFR, 

mL/s), gas flow rate (GFR, SL/min) for Ar activated LPPD process (Ar-LPPD), and applied 

power (Watt) were evaluated. One parameter at a time, three to ten levels for each parameter 

with a working range determined by preliminary studies were tested to identify the best 

condition for each LPPD process parameter in operation. The influence of reactants ratio and 

catalyst loading on the conversion rate was studied in the next stage. 

In each experiment with the predetermined operating condition, 100 ml of 

triglycerides (refined corn oil) was mixed well with a prepared NaOH and ethanol mixture 

according to catalyst loading (w/w) and methanol to corn oil molar ratio in the reactant 

vessel. The mixture was then pumped through the LPPD reactor for treatment. Once the 

mixture passed the reactor region, the power was turned on and adjusted to a preset level or 

the level where a stable plasma discharge is observed, and the applied voltage was recorded. 

The reacted sample was collected after passing through the discharge and was centrifuged for 

15 min at 5000 rpm and washed with warm water to completely remove any catalyst or 

excess alcohol left in the sample and dried before sample quantitative analysis by GCMS. 

Further transesterification reaction was stopped by the centrifuge and water wash. All 

experiments were conducted at room temperature (20 oC) and each experiment was repeated 

in triplicate to exclude uncertainty in results. 

3.2.5 Sampling and analysis  

3.2.5.1 GC/MS analysis for conversion rate 

A product sample (5 mL) was collected for each experimental run to determine the 

fatty acid ethyl ester (FAEE) content using GC/MS, thus the biodiesel conversion rate. 

Different fatty acid species were subject to an FAAE derivation process, and the results were 

used as external. Methyl/Ethyl heptadecanoate was used as the internal standard (50 μg/mL 

in dichloromethane solvent). The prepared FAEE derivatives from standard fatty acids and 

biodiesel samples were analyzed by GC/MS EI (FOCUS-ISQ, Thermo-Scientific, San Jose, 

CA, USA) under these conditions: temperature rising profile, 40 °C (1 min) → 5 °C/min to 

320 °C; GC capillary column used, ZB-5MS (30 m, 0.25 mm Ø, Phenomenex). 

𝐶 =
(𝐴)– 𝐴𝐸𝐼)  × 𝐶𝐸𝐼  ×  𝑉𝐸𝐼 ×  100 %

𝐴𝐸𝐼   × 𝑊
 

Where A - total peak area of ethyl ester  
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AEI = peak area of internal standard   

CEI = concentration (mg/mL) of internal standard solution  

VEI = volume (mL) internal standard solution 

W = weight (mg) of sample 

3.2.5.2 Optical emission spectroscopy  

Optical emission spectroscopy was used for plasma diagnostics. The spectra were 

obtained using Ocean insight spectrometer bundle HR-plasma (HR4000 CG-UV) with 400 

µm resistant optical fiber attached to the CCD detector. The emission spectra were obtained 

from the range 200-100nm. For the acquisition and analysis of data, the Oceanview 2.0 

spectroscopy software was used. 

3.2.5.3 Electrical measurement  

An oscilloscope (TBS1052B-EDU, Tektronix Inc., Beaverton, OR) connected with 

the reactor was used to measure the output voltage and current at each time interval. The 

input power applied in each step was measured using a Watts meter connected to the system. 

3.3 Results and Discussion 

3.3.1 Verification of plasma discharge and biodiesel product by LPPD processes 

Figure 3.5 presented the appearance of the stable electric discharge happening in 

LPPD and the argon-activated LPPD (Ar-LPPD) processes, confirming successful plasma 

discharge produced in the liquid phase and the mixture of gas/liquid by imposing high-

voltage electric power. As observed, the color of plasma discharge generated in the organic 

mixture of liquids is orangish, while the plasma discharge in argon gas and liquid mixture 

showed a purplish arc, mainly because of the production of different free radicals and ions in 

the two plasma discharge processes. 
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Figure 3.5 Plasma discharge in the reactor (LPPD on the left and Ar-LPPD on the right)  

 Plasma catalysis is a hybrid technology that has been used to reduce energy costs in 

hydrocarbons reforming. Low-temperature plasma is an exciting process not as an energy 

source but as a source of free, excited radicals and charged particles. The active species 

produced in these plasmas can lead long-chain reactions to convert a chemical reaction and 

work as a fuel conversion system 157. The energy required to convert fuel in plasma catalysis 

is mainly derived from the chemical energy of the reagents and the low-temperature heat 

generated by the plasma. The reactive radicals generated by the noble gas plasma only 

stimulate the process and contribute very little to the overall energy of the process 158. 

Various kinetic mechanisms can stimulate the process in plasma catalysis, including atomic 

free radicals and charged particles generated during plasma discharge. These charged 

particles can cause chain reactions that cannot be achieved by conventional chemical 

methods. As a result, plasma catalysis can be very successful in chemical reactions, 

stimulating without high activation energy. 

Figure 3.6 showed the analytical data by GC/MS showing ethyl ester formation using 

the 2nd-Gen LPPD and Ar-LPPD processes. The comparison between (a) and (b) showed that 

both chromatograms were identical in the retention time values of all peaks. The observation 

implied that both processes effectively generated ethyl esters as major products by initiating 

the transesterification reaction through plasma discharge. The position of peaks is not 

affected by operating conditions, meaning the reactions initiated and activated by liquid-

phase plasma discharge with or without gas activation are the same (aka, transesterification 

reaction). 
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Figure 3.6 The GC chromatogram from FAEE biodiesel samples produced by (a) the 2nd-Gen 

LPPD reactor without gas, and (b) the 2nd-Gen Ar-LPPD reactor with 1 L/min argon gas flow 
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3.3.2 Electrical characteristics of alternating-current (AC) plasma discharge 

 

Figure 3.7 Typical Current - Voltage waveform for LPPD  

Waveforms of our AC (alternating current) driven plasma discharge for LPPD and 

Ar-LPPD are shown in Figure 3.7 and Figure 3.8. In both setups, the regular AC power with 

a defined frequency of 60 Hz was used, and when we modify the voltage, the electrode 

polarity changes as the heavy ions available in the solution do not follow the frequency and 

act as resistance. Very high input power is required to generate arc discharge; however, we 

can reduce sparking generated by discharge between electrodes because of the dielectric 

barrier and small opening in our reactor design. The high electric field applied and the 

presence of catalyst by increasing more conductive ions make the AC discharge part of a 

close circuit. When the electric field has generated, the atoms and molecules in solution are 

ionized and released electrons, as the electric field becomes stronger with secondary 

collisions between molecules makes the solution phase highly electrically conductive, and 

light emission peaks generated by excited molecules and atoms can be observed using OES 

(optical emission spectroscopy). 

The mixture of gas and liquid solution passes through the dielectric openings in the 

Ar-LPPD setup, where a stronger electric field is generated. The gas breakdown causes the 

formation of plasma discharge (electrons, ions, radicals, and molecules). In each cycle, the 

breakdown happens when the voltage reaches its peak position and the breakdown 

magnitudes are obviously higher than the ones in the LPPD setup without argon gas, as 
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shown in Figure 3.8. When the breakdown happens, the resistance of the generated arc is 

zero as all power is consumed in an arc formation. When the voltage reaches its shortest 

point, the current starts to increase. As the arc breakdown happens near the cathode, the 

simultaneous arc roots reach the anode, and the length of the arc begins to increase again; arc 

length and motion correspond to the voltage signals 159. As the arc process continues to 

repeat, the process of plasma discharge phase develops. The voltage peaks resemble the 

consistency and flow of the plasma phase and the length of arc generated 160. There are also 

many other factors that influence ionization efficiency and the generation of plasma. The 

solution flow rate and residence time be adjusted to control the arc length and ionization 

efficiency. 

 

Figure 3.8 Typical Current - Voltage waveform for Ar-LPPD 

The effect of input power on the effective parameters of arc discharge is shown in 

Figure 3.9. It was observed that both output voltage and current increased by increasing the 

input power. The variation in the power supply characteristics was depended on the behavior 

of discharge. Input power can be used to control the output voltage and current. 
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Figure 3.9 Input power effect on the output voltage and current in Ar-LPPD 

3.3.3 Characterization of reactive species in the transesterification by LPPD  

In order to understand the chemistry of plasma, it’s very important to identify all the 

reactive species and excited radicals available in the plasma phase. The optical emission 

spectroscopy was used to identify the excited radicals in the plasma phase. The optical 

emission from plasma mainly happens with electron excitation. Thus, the emission of 

specific radiation can be used to identify the reactive species present in the plasma discharge. 

The optical emission spectrum of most gas-phase plasma discharges is documented 161–163. 

The excited plasma species are mainly the sputtered metal and gas atoms available in 

the plasma phase, and other diatomic molecules and atoms can also be present depending on 

the nature of chemical reactions in the plasma phase. Figure 3.10 and Figure 3.11 show the 

optical emission spectrum of LPPD with and without argon gas, respectively, formed by the 

electronic, vibrational, and rotational excitation of the compounds present in the plasma. 
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Figure 3.10 OES emission peaks in Ar-LPPD 

Table 3.1 Atomic and molecular species, electronic transitions, and peak wavelengths of 

OES data for Ar-LPPD system 

Peak position (nm) Excited species Electronic Transition 

431.2 CH A 2Δ → X 2Π 

471.5 C2 d 3Πg→ a3Πu 

516.5 C2 d 3Πg→ a3Πu 

563.2 C2 d 3Πg→ a3Πu 

589.5 Na 3p2→3s2 

656.8 Hα n* = 3 → n = 2 

696.5 Ar 2p2 → 1s5 

706.7 Ar 2p3 → 1s5 

738.4 Ar 2p3 → 1s4 

750.3 Ar 2p1 → 1s2 

763.5 Ar 2p6 → 1s5 

772.4 Ar 2p2 → 1s3 

794.8 Ar 2p4 → 1s3 

800.6 Ar 2p6 → 1s4 

810.3 Ar 2p7 → 1s4 

819.4 Na 3d2  →3p2 

826.3 Ar 2p2 → 1s2 

840.8 Ar 2p3 → 1s2 

842.4 Ar 2p8 → 1s4 

852.1 Ar 2p4 → 1s2 

912.2 Ar 2p10 →1s5 

922.4 Ar 2p6 → 1s2 
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Figure 3.11 OES emission peaks in LPPD 

Table 3.2 Atomic and molecular species, electronic transitions, and peak wavelengths of 

OES data for LPPD. 

Peak position (nm) Excited species Electronic Transition 

431.2 CH A 2Δ → X 2Π 

471.5 C2 d 3Πg→ a3Πu 

563.2 C2 d 3Πg→ a3Πu 

589.5 Na 3p2→3s2 

656.8 Hα n* = 3 → n = 2 

819.4 Na 3d2 → 3p2 

 

 There are many emission lines that overlap and are not completely resolved in 

studies; however, most emission lines generated in this plasma phase are identifiable. The 

OES spectrum of LPPD revealed six major emission peaks; the classical C2, and CH bands 

peaks revealed the presence of carbon structure changes in organic solution (Triglycerides 

and alcohol) present in our plasma phase system. The atomic hydrogen emission lines Hα 

were also visible around 656.8 nm. There were also two different Na emission peaks at 589 

and 819 corresponding to Na's two different electronic transitions and excitation. No 

nitrogen-related peaks were observed, proving the system has no air intake. 
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With the addition of argon gas in the LPPD system, plasma discharge's plasma 

chemistry and emission behavior were very different. The primary purpose of adding Ar was 

its inert selectivity and the ability to reach an excited state by direct electron impact. The 

excitation threshold of the excited neutral argon peak is near the n=3 level of the H atom 164–

167. The visual observation of plasma discharge indicated an increase in intensity. And also, 

in the Ar-LPPD system, the hydrogen atom peaks were increased, suggesting the additional 

agitation in the plasma discharge. The observation suggested argon influences the intensity 

increase in hydrogen atom peaks, so the relative ratio of plasma intensity was much more 

complex. 

Further investigation of all the emission peaks could have been conducted in the 

calculation of electron temptation and electron density prediction. The presence of carbon-

based species suggested the dissociation and rearrangement of chemical bonds in the organic 

solution. The OES is helpful in the quantitative description of discharge species generated in 

the plasma phase, which can help us model plasma chemistry to predict the chemical reaction 

pathways happening in the plasma-enabled chemical reactions. 

 Electron density and temperature are very helpful in describing low-temperature 

plasma discharge conditions. The conventional thermodynamic concept of temperature is not 

possible in no-equilibrium plasmas. And also, in non-thermal plasma, the energy distribution 

doesn’t follow Maxwellian velocity distribution, making the electron temperature parameters 

assumption more complex. There are three major interpretations used in literature to identify 

electron temperature. If the energy distribution is Maxwellian, electron temperature can be 

determined using the Maxwellian model. However, in non-thermal plasma, the velocity 

distribution is not Maxwellian. The calculation for collision excitation and ionization cannot 

be based on the velocity distribution function. Secondly, mean electron energy has been used 

as a function of electron temperature modeling 168. Lastly, the emission spectral lines in non-

thermal plasma can also be used in determining effective electron temperature, which can 

model the results with Maxwellian distribution 169,170. The electron temperature identification 

is critical, especially in material processing, to promote target-driven reactions because the 

complexity of reactors design and the availability of technologies to quantify the temperature 

in non-thermal plasma has been defined in many ways, from velocity distribution to velocity 

distribution means energy efficiency. 
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 We cannot get the experimental evidence to presume the Maxwellian distribution or 

use mean electron energy in our experiments. However, one possible way to derive electron 

temperature is using optical emission spectrum lines. In low-temperature atmospheric 

pressure plasma, the chemistry of plasma is mainly dominated by the low energy reactions, 

and energetic electrons do not have much role as electron density has more effect in reaction 

kinetics. However, because of our reactor design and equipment limitations, quantifying 

spectral lines is also not possible. Therefore, our research used conversion efficiency and 

energy input as a source to quantify the plasma discharge applications. 

3.3.4 Effects of operating parameters on the conversion rate of triglycerides in LPPD 

processes 

To ensure constant discharge formation in each experiment, preliminary tests were 

conducted to select the working range of each operational parameter for the LPPD processes, 

including dielectric opening, liquid flowrate, Ar gas flowrate, and ratios of homogenous 

catalyst and alcohols to oil. 

3.3.4.1 Role of liquid and gas flowrate  

Figure 3.12 presented the impact of liquid flow rate on conversion rate in LPPD and 

Ar-LPPD processes. It appeared that the conversion rate varied with the liquid flow rate 

(LFR) and took on an up-and-down pattern, i.e., it increased with increasing flowrate to a 

point and then decreased as the liquid flowrate continued to increase. The most probable 

reason for this observation could be that the mixture (solution) spent more time in plasma at a 

low flow rate, which could cause the process to go in the reverse direction since 

transesterification is a reversible process. Similarly, at a high flow rate, the mixed solution 

did not get enough reaction time with plasma, consequently reducing the availability of free 

radical, reducing the conversion rate. The highest conversion rate was found at the flow rate 

of 2.5 ml/s for both processes. 
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Figure 3.12 Triglycerides conversion at a different liquid flow rate 

In Figure 3.13, we observed the effect of gas flow rate (GFR) on the conversion rate 

of triglycerides by the Ar-LPPD process. As the flow rate increased, the conversion rate 

increased and reached its peak position at the GFR of 0.30 L/min. As discussed in the 

literature, with increasing GFR, a better-mixing condition is provided for the liquid solution 

to quench most photon energy available for free radical in the plasma phase. However, as the 

gas flow rate continued to increase, the conversion efficiency started to reduce, which 

indicated an optimal liquid to gas ratio to use most of the energy available from the plasma 

phase. 
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Figure 3.13 Triglycerides conversion rate at a different gas flowrate 

3.3.4.2 Effect of size of the dielectric opening 

Figure 3.14 depicts the effect of dielectric plate opening in the LPPD reactors for 

transesterification of pure corn oil. Our early report 171 discussed the effect of the diameter of 

the dielectric plate opening on the conversion rate in the transesterification process. To 

understand the phenomenon in the transesterification mechanism, constant O/C (1 % w/w) 

and MOMR (8:1) molar ratio were used for the three different opening sizes of the dielectric 

plate to determine the best possible opening size for the transesterification process. 

According to Figure 3.14, the maximum conversion rate was identified on 1 mm opening size 

for all time intervals under the same flow rate in the experiment. One possible explanation 

could be that the overall amount of solution going through the discharge phase per time 

interval was different. However, the flow of solution through the dielectric plate could also 

play a pivotal role as we knew that liquid behavior could be different at a different opening 

size, and the dispersion pattern could also be a factor in plasma phase generation. For better 

understanding, more research is needed to study the fluid behavior during liquid phase 

plasma discharge, mainly in non-homogeneous solutions, and examine the dispersion of 

liquid in the reactor pathway, which could be instrumental in improving conversion rate. 
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Figure 3.14 Triglycerides conversion rate at different dielectric plate opening sizes 

3.3.4.3 Effect of power input on LPPD activated transesterification 

In Figure 3.15, the relationship between input power and conversion rate is shown; 

we observed that in the LPPD reactor, the conversion rate is dependent on the input power to 

the reactor generating plasma discharge. At low input power, the energy provided by the 

plasma discharge is not enough to achieve a high conversion rate. Increasing the strength of 

the electric field increased the availability of electrons to increase the excitation, vibrational 

and rotational energy of the liquid bubbles form due to reactor design. In LPPD without gas 

flow, when the electric current increases, acoustic cavitation will also increase, which 

provides more energy into the system. And also, by increasing applied power, we increase 

the electric arc temperature, which increases the overall temperature of the solution as it can 

also involve a thermochemical-driven reaction process. 
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Figure 3.15 Triglycerides conversion at different input power in LPPD process 

However, in the Ar-LPPD reactor, the discharge formation process is different from 

the LPPD reactor. In a standard setting, liquid product yield is very low in non-thermal 

plasma as the gas-liquid interface requires very high energy to break the phase boundary. 

However, in our reaction platform, we observed that the discharge takes a lot less power 

input to happen with argon gas flow than for the LPPD, only to achieve a high conversion 

rate. While it requires 150 Watt to a 97 % conversion without gas flow, the Ar-LPPD only 

takes 50 watts to achieve a 99 % conversion rate, with over 3 times higher energy efficiency. 

This is primarily because the energy requirements for ethoxide to react with triglyceride are 

significantly less with the presence of argon gas, and high-energy activated gas species can 

help in the decomposition of triglycerides. The excited gas species possess higher energy 

than the activation energy for transesterification of triglycerides to initiate a chemical 

reaction at low temperatures. Figure 3.16 shows the relationship between the input power and 

conversion rate in the Ar-LPPD reactor. 
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Figure 3.16 Triglycerides conversion rate affected by input power in the Ar-LPPD process 

3.3.4.4 Effect of ethanol/oil molar ratio and catalyst/oil ratio on biodiesel production by 

LPPD 

The operating variables for the LPPD reactor were ethanol/oil molar ratio (5, 6, 7, 8, 

and 9) and catalyst/oil loading (0.5, 0.75, 1, and 1.25 wt. %) with all the experiments carried 

out using the one-pass process. The dependence of the conversion rate on the ethanol/oil 

molar ratio and catalyst loading in LPPD at constant voltage is summarized in Figure 3.17. 

The triglycerides were successfully transesterified in the liquid-phase discharge system, and 

the highest conversion rate of 99.5 % was achieved at 1 % w/w catalyst loading and an 8:1 

molar ratio of ethanol to oil by only one-pass treatment. 
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Figure 3.17 Triglycerides conversion rate affected by ethanol/oil molar ratio and catalyst 

loading in LPPD process 

The operating variables for the Ar-LPPD reactor were the same as in the LPPD, i.e., 

ethanol/oil molar ratio (5, 6, 7, 8, and 9) and catalyst loading (0.5, 0.75, 1.0, and 1.25 w/w 

%), with all the experiments running in the one-pass operation. Figure 3.18 showed the effect 

of ethanol/oil molar ratio and catalyst concentration on biodiesel conversion rate and power 

consumed. A similar trend in the Ar-LPPD reactor to that in the LPPD discharge was 

observed. The conversion rate increased with the ethanol to oil molar ratio at each catalyst 

concentration and reached its highest. With each molar ratio increasing, the catalyst 

concentration also increased conversion rates until the highest is reached. The gas addition 

promoted the transesterification reaction in the Ar-LPPD process, with the optimal 

conversion rate of 99.8 % achieved at a lower ethanol/oil molar ratio of 7:1 and catalyst 

loading of 0.75 %. The output voltages were kept constant in all experiments to run the 

process at continuous and stable discharge. Thus, at each catalyst concentration, the power 

consumption increased with increasing the molar ratio of ethanol to oil, which provided the 

free radical to enhance the reaction rate and increase conversion. 
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Figure 3.18 Triglycerides conversion affected by ethanol/oil molar ratio and catalyst loading 

in Ar-LPPD process 

At each catalyst concentration, it was observed that the conversion rate increased with 

increasing the molar ratio of ethanol to oil and peaked at the molar ratio of 6:1, which was 

the minimum ethanol to oil molar ratio to achieve the highest conversion rate at any catalyst 

loading. By increasing the ethanol molar ratio in plasma treatment, the availability of free 

ethyl radical in solution was increased, which enhanced the transesterification process in the 

plasma phase. Besides, it was also observed that by increasing the catalyst concentration at 

each molar ratio, the conversion rate also increased, and the highest conversion rate at each 

molar ratio was achieved at 0.75 % wt. of catalyst loading. In transesterification, it was 

reported that a homogenous, strong base catalyst could aid in deprotonating all the ethanol 

available in the solution to react with triglycerides to produce ethyl esters 172. 

 In each experiment, the voltage output was maintained constant to achieve steady 

discharge and stable results. It was observed that at each catalyst concentration, increasing 

the molar ratio led to increases in power consumption in all experiments. Moreover, at each 

molar ratio, power consumption also increased with increasing the catalyst concentration. In 

both increasing molar ratio and catalyst concertation, we increased the availability of free 

ions in the liquid solution, which enhanced the conversion rate by intensifying the 

transesterification reaction. 
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A comparison was set for each condition at a constant catalyst concentration to 

understand the difference in optimization conditions of LPPD and Ar-LPPD processes. As 

shown in Figure 3.19 at 1 % w/w catalyst concentration, the conductivity of both solutions 

increased by increasing the molar ratio of ethanol to oil. The experiment also observed that a 

very high input power was required to generate stable discharge in LPPD. However, in Ar-

LPPD, it was achieved at very low input power. To understand the difference, information is 

needed on how discharge happens in the liquid and gas mix phase. Discharge in aqueous 

nonpolar hydrocarbons differs from that of the gas phase because of the high dielectric 

constant 173,174, which makes it much more complicated even though there are similarities in 

both liquid and gas discharge in terms of formation of streams and dense conductive 

networks of electrons and ions 175. 

 

Figure 3.19 LPPD vs. Ar-LPPD for biodiesel conversion rate with different ethanol/oil molar 

ratios 

Transesterification of triglycerides in base catalyst initiates one, two, and three fatty 

esters decomposition from triglycerides forming diglyceride, monoglyceride, and glycerol, 

respectively, along with fatty esters the strong nucleophile ethoxide attack on the C-O group 

of the triglyceride, which has the lowest bond energy and first to break in adding energy 24. 



56 

 

 

 

The decomposition of the C-C bond is also possible to directly produce fatty esters from 

triglycerides, but the yield will remain very low because of the higher dissociation energy 

and low rate of constant. In liquid phase plasma, we know the reaction initiates with radicals 

at the phase boundary, limiting the activation reaction in liquid solutions. However, in the 

gas-mix liquids, the reaction initiates at the gas-liquid interface, allowing the higher energy 

excited gas species to activate chemical reaction 176. Another factor in nonthermal plasma is 

the electron temperature, which follows the electron distribution curve 177; most of the 

electrons in non-thermal plasma have low energy and temperature while a small part of them 

has very high energy, mainly dependent on the amount of input power. 

 In addition, the bulk solution temperature reached 55 °C flowing out of the LPPD 

reactor, compared to 30 °C from the Ar-LPPD reactor, because higher input power was 

required to achieve plasma discharge in the liquid phase of LPPD. The conversion rate in 

both processes was very high. In the LPPD, the major contribution for initiating reaction 

could be the portion of the electrons with high energy and temperature, which increase the 

overall solution temperature and help decompose the triglycerides assisted along 

conventional thermal transesterification. However, instead of adding heat energy, electron 

impact dissociation may have played a major role in initiating chemical reactions to break the 

C-O bond and exponentially increase the transesterification reaction rate. While in the Ar- 

LPPD, the high reaction rate in transesterification reaction could be initiated at room 

temperature; the input power in this phase was up to 40 Watt, which limits the role of high 

energy electrons; however, high energy activated gas species can help in the decomposition 

of triglycerides. The excited gas species can have high energy than the activation energy for 

transesterification of triglycerides to initiate a chemical reaction at low temperatures 178. 

3.3.4.5 Role of conductivity in transesterification reaction by LPPD 

By increasing the molar ratio of ethanol to oil, both the conversion rate and the 

conductivity of the solution increased and similarly, by increasing the catalyst concentration 

at each molar ratio, the conductivity of the solution was also increased. The solution 

conductivity in the LPPD is an important parameter that can influence the electric density 

and inter-electrode resistance and influence the electric discharge behavior in organic 

solutions 179,180. There is a limited range of applied voltage in liquid discharge reactors to 

form a consistent and stable plasma discharge without sparking. The conductivity of the 
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solution plays an important role in producing reactive ions in the discharge phase, and 

chemical reaction efficiency can decrease or increase depending on the concentration of free 

radical available in discharge generation 181. The breakdown voltage to create discharge in 

non-conductive hydrocarbons without a catalyst is very high, which increases the electron 

temperature, so a very high temperature is attained. To create a discharge at low electric field 

intensity, the addition of a conductive catalyst plays a central role 182. 

At constant applied voltage, power consumption in the liquid phase discharge 

increased by increasing the solution's conductivity, which increased the energy recovery of 

plasma discharge and enhanced the overall energy efficiency of the system. In the liquid 

phase, plasma discharge conductivity plays an important role in the system's conversion rate 

efficiency and energy recovery. As seen in Figure 3.17, when the conductivity of the solution 

was below 5 µS/cm, the conversion rate of the reaction process was very low. The power 

consumption (energy recovery) of the system was also very low at the same point. By 

increasing the catalyst concertation and molar ratio of ethanol to oil, the availability of free 

ions required to generate a stable discharge was increased. The highest conversion rate was 

achieved at a conductivity of 16.98 µS/cm, and the highest energy recovery was achieved in 

plasma discharge at a conductivity of 21.42 µS/cm. 

The conductivity and power consumption change in the Ar-LPPD reactor is presented 

in Figure 3.18, with all experiments conducted at a constant voltage. At a constant catalyst 

concentration, the solution conductivity was increasing with increasing the molar ratio. The 

conversion rate and power consumption were increased by increasing conductivity, as well. 

The relationship of conductivity and conversion rate in the Ar-LPPD discharge differed from 

that observed in the LPPD. The highest conversion rate and energy recovery in the Ar-LPPD 

system were achieved at the conductivity of 11.38 µS/cm and 18.71 µS/cm, respectively. 

3.3.5 Review of the reaction mechanism for converting triglycerides to biodiesel 

Triglycerides have three different carboxylic acid chains attached to them, and the 

nature of these alkyl chains depends on the source of origin. Not all triglycerides and fat are 

edible; many plant-based fatty acids and triglycerides are not recommended for human 

consumption. Edible triglycerides and fatty acids have not been recommended to produce 

biofuels; however, with the development of agriculture mechanization every year, the 

production is surplus then human consumption, which can be an excellent alternative for 
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renewable energy and environmentally sustainable replacement for fossil fuels 183. A variety 

of oils and fatty acids can be used as feedstock for biodiesel, such as excess virgin vegetable 

oil, waste cooking oils, animal fats, and non-edible oils. 

Thermal cracking or pyrolysis is when degradation of substance is obtained through 

heat or heat with added catalyst. The process starts with heating to activate any chemical 

reaction and break bonds in the absence of air or oxygen 184. The breaking of triglycerides 

into the smaller molecule by heating or thermal cracking has been studied to produce 

different products (liquid, gas, and concrete) under different temperature conditions with or 

without catalysts. The triglycerides' thermal cracking depends on the pyrolysis process's 

operating conditions 185–189. Different reaction paths and intermediates can be formed in the 

high-temperature degradation of triglycerides; the complexity of the possible reaction 

pathways makes it difficult to define the reaction in a simple process. The process can then 

involve many factors, such as free radical produce because of elevated temperatures or 

carbonium ions activations. 

The reaction mechanism for the pyrolysis of triglycerides has been described in 

Figure 3.20 190. The reaction process starts at 240-300 ◦C with the elimination of oxygenated 

hydrocarbons. The first step of degradation is breaking C-O bonds or C-C bonds at β to C=C 

bond 187,189. These different initial decompositions provide different intermediates that further 

process into different reactions depending on bonds cleavage in the intermediate stage. 

Finally, the reaction involves decarboxylation and decarbonylation of the fatty acids in 

triglycerides 191. 
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Figure 3.20 Pyrolysis reaction mechanism of triglycerides 192 

The different reaction pathway steps described in Figure 3.20 have also been verified 

by other researchers in the proposed mechanism of triglyceride pyrolysis190,193–195. The fatty 

acid group attached to glycerol to form triglycerides is significant in the reaction process's 

degradation behavior. If the alky chain is unsaturated, decarboxylation and decarbonylation 

can happen after C-C bond cleavage, but the saturated reaction mechanism could be different 

196. 

Hydro-processing is catalytic processing that involves hydrogen with a substance in 

the presence of a catalyst. The process has been extensively studied and specially used in the 

fuel refining industry to convert petroleum products into transportation fuels. The process 

can act as hydrocracking or hydrotreating in hydrocracking; it involves the hydrogenation in 

which higher carbon molecules are converted into small chain compounds 197. In 

hydrotreating, the non-destructive process of hydrogenation happens treatment of petroleum 

distillates. The renewable biofuel produced from hydroprocessing is called green diesel. The 

hydrotreating of most triglycerides leads to the production of C15-C18 hydrocarbons 198. 

The hydrotreating of triglycerides has been studied a lot in recent times, and the 

reaction mechanism involved in hydrotreating has also been in the developing stages 199,200. 

The hydroprocessing mechanism of triglycerides has been described in Figure 3.21 201. The 

process starts with triglycerides saturation followed with C-O bond cleavage, forms 
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diglycerides, monoglycerides, carboxylic acids, and glycerol, and transfers into 

hydrocarbons. The products' distribution is directed by the reaction pressure, as 

hydrodeoxygenation is preferred at high hydrogen pressure, and the decarboxylation reaction 

increases at lower hydrogen pressures. The CO2/CO ratio in the product's distribution can be 

used to determine the selectivity of the decarboxylation and decarbonylation. A detailed 

study of hydrocracking chemistry and the subsequent development of appropriate kinetic 

models can lead to future research on current technology. 

 

Figure 3.21 Hydro-processing reaction mechanism of triglycerides 192 

Triglycerides and fatty acids can also be transferred into fatty acid alkyl ester through 

a chemical reaction with alcohol. The product is also known as biodiesel, and this chemical 

reaction process is called transesterification of triglycerides and esterification for fatty acids. 

This is one of the most common methods used to produce biofuel from triglycerides and fatty 

acids. A catalyst is usually preferred to improve the system's reaction rate and production 

yield 202. The transesterification reaction can happen by heating oils in excess alcohol and 

catalyst. There are many methods available to achieve transesterification reactions, such as 

acid-catalyzed, alkali-catalyzed, supercritical, and enzymatic catalyzed transesterification. 

In acid-catalyzed transesterification, strong acid such as sulphuric acid or 

hydrochloric acid is dissolved in alcohol (methanol or ethanol) and added into the 

triglycerides at specific heating. While in alkali catalyzed reaction, strong bases such as 
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sodium hydroxide and potassium hydroxide are used as a catalyst for transesterification 

reaction. A successful reaction produces alkyl ester and glycerol while the catalyst is 

removed from the product by the purification method. A similar catalyst plays an active role 

in reaction initiation in acid and alkali catalyzed transesterification reaction mechanisms. 

Supercritical transesterification at very high pressure and temperature is achieved by making 

two-phase alcohol and oil into a single-phase solution. The supercritical reaction can also be 

achieved in catalysts to increase conversion yield and reduce high pressure and temperature 

conditions 102,203. Another approach to achieving a transesterification reaction to produce 

biodiesel from triglyceride is called enzymatic transesterification; thus, soluble lipases are 

immobilized to work as a catalyst to achieve transesterification reaction under mild 

conditions 204. Transesterification consists of many reactions depending on the type of 

catalyst and conditions, but each reaction step from triglycerides to diglycerides, 

monoglycerides, and finally alkyl ester and glycerol end product 5,205,206. 

The transesterification reaction mechanism of triglycerides in the presence of an 

alkali catalyst has been shown in Figure 3.22. The reaction proceeds much faster than acid-

base esterification or other transesterification reaction in this first step; an alcohol reaction 

base catalyst forms alkoxide. Furthermore, this strong nucleophile attacks the electrophile 

carbon in the carbonyl group, and this strong nucleophile attack formed a tetrahedral 

intermediate, as shown in Figure 3.22. This tetrahedral intermediate breaks down a bond with 

O-C and form alkyl ester and diglyceride in the next step. The same reaction steps continue 

to form monoglyceride and glycerol and three alkyl esters at the completion of the reaction. 

The deprotonation steps happen in the end to regenerate the reaction catalyst. 
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Figure 3.22 Alkali-catalyzed transesterification reaction mechanism 207 

The reaction mechanism in acid-catalyst transesterification is a little different from 

the alkali-catalyst system (Figure 3.23). The reaction starts with the ester's initial protonation 

with an acid catalyst, and in the next step, alcohol attacks the weak electrophile to form a 

similar carbonyl tetrahedral intermediate. The further reaction remains the same as in the end 

glycerol formed, and catalyst generates. 
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Figure 3.23 Acid-catalyzed transesterification reaction mechanism 208 

To find an appropriate transesterification reaction pathway, it is crucial to 

characterize the triglycerides; the selection of catalysts depends on the fatty acids’ quantity in 

the triglycerides and reaction conditions. If the triglycerides (oil) have a high concentration 

of free fatty acids, acid-catalyzed transesterification is preferred since using alkali catalyst 

can form an emulsion, and that makes it challenging to separate glycerol phase; secondly, 

access amount of fatty acid can also form enough water molecule to create sop formation 

reaction because of the presence of alkali catalyst in the solution. 

 Non-catalytic transesterification of triglycerides happens in supercritical conditions, 

which occurs between reactants, triglycerides, and alcohol. The reaction initiates by applying 

supercritical conditions at very high temperatures and pressures; the hydrogen bonding 

between alcohol molecule reduces and alcohol itself acts as an acid catalyst. The reaction 
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mechanism in non-catalytic supercritical conditions is very similar to acid catalysis, but to 

initiate protonation provided by an acid catalyst, supercritical conditions achieved the same 

reaction without any catalyst. The reaction mechanism of non-catalytic transesterification is 

shown in Error! Reference source not found.. The high pressure allows the alcohol to 

attack the carbonyl group directly, and alkoxide can form tetrahedral intermediate like acid-

catalyzed transesterification 209. 

 

Figure 3.24 supercritical transesterification reaction mechanism 210 

Liquid phase plasma discharge was introduced recently by Takai (2008), forming 

high voltage electric discharge into the liquid solution using a channel between electrodes 211. 

Since then, the process has been used in implementing nanomaterial synthesis and many 

other organic solution degradations, including triglycerides pyrolysis by pulse power supply 
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into the solution 212. The energy input can be controlled to precisely degrade any 

hydrocarbon and organic solution by using the direct and high input power. 

 

Figure 3.25 Plasma Pyrolysis reaction mechanism 212 

Meeprasertsagool proposed the reaction mechanism in the direct pyrolysis of 

triglycerides by plasma discharge. The reaction starts with the plasma generation in the 

solution phase. Then, it generates discharge solution temperature increase and bond in 

triglyceride structure directly broken down into diglycerides and monoglycerides; the 

reaction continues further into the degradation of monoglycerides into small unstable excited 

molecules and radicals. The process reform into fuel products as radicals and molecules 

stabilize and form a new product. The proposed reaction pathway is shown in Figure 3.25. 

Kinetic theory of decomposition reaction is also applied in plasma processing, in 

which low energy bonds are the first to break, and these bonds will decompose very quickly 

in low-temperature plasma processing. Based on the molecular structure of triglycerides, 

there are three central bonds C-C, C-H, and C-O in these C-C and C-O have the lowest 



66 

 

 

 

energy (350 KJ/kg) following C-O (350 KJ/kg) and C-H (410 KJ/kg). Therefore, the first 

bond to break will be C-O or C-C based on the kinetic theory of electron distribution. So, the 

bond will break in first in fatty acid from triglycerides, and those fatty acids can further 

decompose into small chain carbons and other free radicals. The cracking of triglycerides to 

FFA has been reported previously but not been confirmed in many experiments. In cold 

plasma, decomposition is likely via electrical excitation of species generated in the plasma 

phase, and the possibility of bond breaking depends on the energy density 213. 

Fridman 2008 also discuss the possibility of FAME molecule formation in the 

decomposition of glycerides; the bond energies of C-C and C-O are marginally different, but 

the rate constant for each reaction is much higher in the C-C bond camporee to C-O, and this 

may be the reason to identify why most reach been predicted fatty acid formation in 

triglycerides catalytic decomposition 214. There have been many possibilities for each 

reaction; in order to work on the FAME production, the role of catalyst and alcohol is vital, 

and in the gas phase, the possibility of high energy gas species also play a vital role in 

modifying any reaction pathway. Previously, the catalytic cracking of fatty acids has also 

been studied, but esterification in the plasma phase has not been evaluated before. In each 

reaction process of thermal cracking, at the high temperature of the fatty acids, ester further 

decomposes into very small hydrocarbons and CO2 
215,216. 

In this research, our focus was mainly on the high yield of FAME from fatty acids 

and triglycerides using liquid phase plasma discharge under different reaction conditions. In 

triglycerides transesterification and fatty acid esterification in our liquid phase cold discharge 

reactor, FAME's reaction pathway can be further proved using experimental and 

mathematical modeling data. 

3.3.6 Mechanism of LPPD for promoting the catalyzed transesterification reaction 

In plasma, the decomposition of triglycerides is primarily driven by electron 

excitation. The electric field can generate excited species, electrons and break bonds 

depending on the electron temperature and power. The kinetic theory of decomposition is 

also very valid in non-thermal plasma decomposition, so the probability of bond breaking 

will depend on input energy and bond energy required to break the weakest bond in the 

compound 217. The low-energy bonds break faster and require less energy; as we input more 

power and increase electron temperature and radical, the high-energy bond also begins to 
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decompose. Three possible energy transfer mechanisms can exponentially increase 

transesterification reaction rate (electron, radical, and liquid arc induced cavitation). In 

triglycerides, there are three primary bonds, and their dissociation energy is C-C (3.58 eV), 

C-H (4.28 eV), C-O (3.71 eV). 

The probability of C-C bond breaking is higher than C-H and C-O, so in triglyceride 

decomposition, it will break down along the C-C carbon chain possibility of forming short-

chain hydrocarbons and diglycerides 218. In previous research 219 reported the triglyceride 

decomposition to form fatty acids alkyl esters; however, the selectivity was very low 

compared to hydrocarbon formation as the fatty acids chain has up to 17 C-C bonds 

compared to 2 C-C in forming diglycerides and aldehydes. Due to steric effects, the 

probability of driving reaction towards primary glycerides is very low. In the absence of any 

catalyst or reactant, the reaction pathway for triglyceride decomposition in plasma will be 

very similar to the thermal cracking of triglycerides. The non-thermal plasma primarily 

affects the gas phase, and the transition of energy to liquid is not very stable as the gas-liquid 

energy transfer phase. In previous research, triglycerides decomposition to free fatty acids, 

diglycerides, and other aldehydes have been presented in a non-thermal plasma discharge. 

The direct production of fatty acid alkyl esters has also been shown, but the selectivity is 

very low 220. The fatty acid alkyl ester generation was only monitored in very high power 

where the availability of hydrogen radicals can allow stabilizing diglycerides to form fatty 

acids esters. Specific reactant solutions can be mixed to offset the steric effects of the carbon 

chain and drive the reaction towards a target-driven reaction. The availability of alkoxide 

(strong nucleophile) can make it more probable for reaction to drive in alkyl esters formation 

than hydrocarbons selection and reduce the input energy required to initiate a chemical 

reaction. Our primary research objective was to achieve the highest alkyl esters formation via 

transesterification reaction reducing the possibility of short-chain hydrocarbons formation. 

In a single atom, electrons are arranged, so they tend to position at low energy and 

stable position when an external electric field has applied the power provided by these 

electrons absorbed by the atoms. When an atom takes this energy, it reaches in high energy 

level (excited state), the atom has potential energy higher than the ground state, the higher 

energy electron in the atom is quantized during inelastic collision and transitions into the 

ground state. When an atom reaches its ground state, it releases the energy gained from 
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electromagnetic irradiation. The atomic emission spectrum can detect these energy levels' 

transition, which can help us gain potential energy available for any reaction. Fig. 5.8 shows 

the transition of atom electrons from the ground state. In electron-driven reactions, the 

energy provided by the plasma electron can directly dissociate the triglycerides. The energy 

provided from the electron-driven reaction is presented in Table 3.1 and Table 3.2 for Ar-

LPPD and LPPD reactors. 

 

Figure 3.26 The transition of atom electron by input energy 

 Electron temperature and electron density in the plasma phase are very helpful in 

identifying the effect of plasma in any physical-chemical reaction 221. Unfortunately, we 

cannot calculate the electron temperature-based line intensity ratio, which is the most 

accurate method to estimate electron temperature in non-thermal plasma 222–225. Equation 3.1 

can be used to estimate electron temperature in non-thermal plasma; even this cannot be 

100% accurate; this method has been established as the most accurate method for electron 

temperature estimation. Electron number density can also be estimated by emission line 

relationship 226. The electron temperature in our reactor setup based on line intensity 

estimation can range from 0.7-2.13 eV. 
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    Eq. 3.1 

Where: R1/R2 is the intensity ratio, I1, I2, I3, I4 are the intensity of spectral lines, Apq 

is transition probability for p-q lines, Ars is transition probability for r-s lines, g is the 

statistical weight of the state, λ is the wavelength of radiation (nm), E is the energy of state I 

(KJ), K is the Boltzmann constant (m2 kg s-2 K-1), Te is the electron temperature (K) 
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AC power-driven arc discharge can produce ultraviolet radiation and shock waves. 

We observed that the resistance and capacitance continuously change in the discharge phase. 

The arc generated between electrodes forms an acoustic pulse, and the inertial cavitation 

process evolves, creating small bubbles in liquid for a very short time by producing a shock 

wave 227. The rapid collapse of cavitation bubbles heats the interior surface of bubbles to a 

very high temperature, causing emission lights. These phenomena create an intense local 

environment of very high temperature and pressure for a short time. This can develop 

physiochemical conditions to drive many chemical reactions under extreme conditions 

created from the kinetic energy of liquid motion. In addition, acoustic cavitation is 

responsible for sonoluminescence (a wave of sufficient intensity induces a gaseous cavity 

within a liquid to collapse quickly). Over decades, the emission peak at 310 nm 

corresponding to OH radicals has been used as a sonoluminescence spectrum to quantify the 

role of acoustic cavitation in the aqueous medium 228. Sonoluminescence spectra for organic 

solutions have also been studied, which are usually observed in ultrasonic irradiation of 

hydrocarbons by the excited state of C2 called swan line 229,230. 

 

Figure 3.27 Chemistry of energy and matter interaction 231 

 The visibility of sonoluminescence is primarily caused by the chemical reaction 

formed in a high-energy state created by bubble collapse. By comparing emission spectra 
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with the synthetic diatomic molecule, the bubble collapse mechanism's average vibrational 

and rotational temperature can be quantified. However, the average estimation of peak 

temperature by the comparative reaction cannot be 100 accurate unless we can accurately 

quantify the intensity of emission peaks. Since plasma is generating inside the walled 

boundaries in our reactor design, 100 % accuracy in intensity determination is impossible. 

The average vibrational and rational temperature in standard Arc gliding plasma discharge 

ranges from 2000-5000 K depending on the swan band fitting curve 232–234. The chemical 

reaction activation by cavitation is far-reaching than the conventional thermochemical 

reaction process. In ultrasonic irradiation, acoustic cavitation, chemical and physical effects 

are far more extreme than the average non-thermal plasma generated process mainly because 

of short discharge intervals. In arc discharge, the primary influence of cavitation has been the 

multiple physical effects that help create more homogenized and perfect mixing conditions to 

enhance the reaction rate. 

 There are a number of variables in terms of temperature that can influence the 

conversion reaction in the transesterification of triglycerides. First, the translational 

temperature linked to bulk liquid temperature can explain the thermochemical effects 

involved in the reaction process. Second, understanding vibrational and rotational 

temperature can help us get the influence of acoustic cavitation in increasing reaction rate. 

And finally, the gas excitation temperature and electron temperature will help us study the 

direct effect of plasma electrons on bond dissociation of solution compounds. In our LPPD 

gas-free reactor, we have the impact of all the possible variables, but in the Ar-LPPD system, 

the overall temperature of the solution doesn’t change, reducing the role of translational 

temperature in increasing the transesterification reaction rate 234. 

 Three possible factors can enhance the reaction rate in the plasma catalysis 

transesterification in LPPD. Firstly, we observed that by plasma discharge in the LPPD 

process, the overall temperature of solution raised to 40°C, which can directly increase the 

reactant molecule collision energy by adding heat into the system; however, we also know in 

the thermochemical transesterification process the role of temperature is more influencing in 

exponentially increasing reaction rate at very high temperatures. Secondly, the observation of 

C2 peaks relating to the swan band confirms the availability of physiochemical effect by 

acoustic cavitation created through the dielectric opening in reactor created by electric 
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current frequency. The acoustic cavitation can cause a bubble collapsed mechanism, creating 

very high vibrational and rotational force, which can directly affect the reaction system's 

collision frequency. This can also reduce the activation energy required causing an 

exponential increase in reaction rate. The cavitation mechanism enhances the emulsification 

process in homogenous catalyst-assisted transesterification without directly affecting the 

thermodynamic equilibrium of reaction; it intensifies the mass transfer rate by accelerating 

the kinetics of reaction to complete the same chemical reaction at a much shorter time. In 

addition, the cavitation energy provides the perfect mixing condition by increasing the 

molecular interaction of the reactants. 

 Lastly, the direct electron impact and electrically excited neutral radicals can also 

provide enough energy to meet the requirement of bond dissociation energy of C-H in 

glycerides. In the LPPD process, we found both electron Hα and excited Na radical peaks, 

directly influencing reaction kinetics. However, according to the estimated electron 

temperature in our reactor system, the electron/photons energy cannot directly dissociate 

glycerides bonds to form alkyl esters. However, in the presence of catalyst reducing 

activation energy for glyceride bond dissociation, the reaction can be completed by direct 

electron impact, which can exponentially increase the reaction rate of the system. This 

synergistic effect of positively influencing the chemical reaction by plasma is called plasma 

catalysis. The change in the physicochemical properties of the solution shifts the reaction 

equilibrium and completes the transesterification reaction quickly. 

 In Ar-LPPD operation, the optical emission spectroscopy suggested a very different 

exciting, radical presence in the plasma phase. With the addition of argon gas, one major 

shift in electrical properties of plasma was observed in the form of gas breakdown allowing 

the arc formation at very low input energy. Like the LPPD process, the reaction mechanism 

with argon gas has also followed the parallel condition; however, with the addition of gas, 

the system's overall energy efficiency was improved 3 times. 

It is important to identify all the possible intermediates available in the solution and 

gas phase in radical and ions-driven reactions. To design intermediate structures and 

transition states of the reaction mechanism, the liquid sample analysis was performed using 

GCMS, GC-FID, and UPLC. The reaction product fatty acid ethyl ester concentration was 

calculated based on EN 14103 method. Free glycerol, triglyceride, diglyceride, and 
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monoglyceride concentration were also estimated based on the ASTM D 6584 method at 

different time intervals. And UPLC (ultra-performance liquid chromatography) was used to 

test intermediates in the reaction process. Since the plasma reaction process was completed 

within nanoseconds, it was impossible to 100% identify the intermediate structure or 

transition state in the liquid unless real-time liquid chromatography monitoring was adopted. 

However, based on conversion rate, free glycerol, triglyceride, diglyceride, monoglyceride 

concentration, and optical emission spectroscopy data, the product structures and reaction 

mechanisms were proposed as shown in Error! Reference source not found.. 

 

Figure 3.28 Proposed one-step transesterification reaction 

3.3.7 Proposed pathways for transesterification reaction in LPPD 

In general, triglyceride transesterification reaction with ethanol in the presence of a 

base catalyst, a strong nucleophile attack happens at the carbonyl structure of glyceride 

molecule in triglycerides 235. Three potential pathways of triglyceride transesterification in 

the LPPD reactor have shown in Figure 3.29. 

Path 1 is simply electron impact ionization of triglyceride to form intermediate when 

high energy electron and excited neutral radicals constantly collide with triglyceride. Because 

of the electrostatic distribution of electron in triglyceride molecule covalent bond, O-C in 

triglyceride molecule gets excited or lose an electron, the overall energy of these plasma 

electrons exceeds the required dissociation energy of O-C, in plasma, this reaction happens 

instantly as the average de-excitation time of excited radicals is very low. In step 2, the 

already available ethoxide ion fulfills the electron deficiency at carbonyl carbon forming a 

tetrahedral structure, which separates the ethyl ester compound from glycerol in step 3 with 

H ions available from the dissociation of ethanol. 
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Figure 3.29 Proposed transesterification reaction pathways 
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In pathway #2, the possibility of ionized sodium to initiate a catalytic reaction is 

shown. In step 1, the Na+ starts the protonation process of the carboxylic bond of glycerides 

to activate an intermediate. In step 3, the activated triglyceride molecule directly reacts with 

ethoxide to form a tetrahedral structure. Finally, in step 4, the H desorption process separates 

glycerol molecules from ethyl esters. Path 3 proposed the initiation of transesterification 

reaction by direct attack of strong nucleophile (ethoxide) on the weak electrophilic carbonyl 

of triglyceride molecule because of the available energy from plasma heating; this could be 

initiated by the availability of very high collision energy to triplicate nucleophilic attack. In 

step 1, the tetrahedral structure is formed by a strong nucleophile attack on the carbonyl 

structure. And O-C bond in tetrahedral carbonyl structure further dissociates to form ethyl 

esters and glycerol. 

In the LPPD process, the overall temperature of the solution was 40-50 °C as 

compared to the 25 °C in Ar-LPPD in transesterification reaction at minimum input power to 

observe visible discharge. The conversion yield in both phases was very high. For the liquid-

only LPPD, the major contribution for initiating reaction could be the portion of the electrons 

with high energy and temperature, which increase the overall solution temperature and help 

decompose the triglycerides assisted along conventional thermal transesterification. 

However, instead of adding heat energy, electron impact dissociation may have played a 

major role in initiating chemical reactions to break the C-O bond and exponentially increase 

the transesterification reaction rate. While in argon-assisted LPPD, the high reaction rate in 

transesterification reaction could be initiated at room temperature, limiting the role of heat 

energy; however, high energy activated gas species can help in the decomposition of 

triglycerides. The excited gas species can have higher energy than the activation energy for 

transesterification of triglycerides to initiate a chemical reaction at low temperatures. All 

proposed reaction pathways in transesterification are mainly derived from experiments, 

observational data, and literature to verify and choose the most probable reaction pathway; 

real-time observation of molecular changes in the plasma phase would be acquired along 

with specific reaction components based on kinetic modeling to find the most probable 

reaction pathway. 
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3.4 Conclusion 

This chapter discussed developing a liquid-phase plasma discharge (LPPD) reactor to 

complete transesterification reaction for continuous biodiesel production with a homogenous 

catalyst. In this work, the second-generation LPPD reactor with the improved design was 

evaluated for two major processes, LPPD and Ar-LPPD (with or without argon gas), 

involved in the catalysis of the transesterification reaction. The optimal operating condition 

for the LPPD process was with a dielectric opening diameter of 1.0 mm, oil to alcohol molar 

ratio of 8:1, and NaOH catalyst loading of 1 % (w/w) at the liquid flow rate of 2.7 mL/s, 

which resulted in a biodiesel conversion rate of 99.5 % at an applied voltage of 1.2 kV in a 

one-pass continuous operational mode. The optimal condition for transesterification in the 

Ar-LPPD process with the same dielectric opening size of 1.0 mm, (oil to alcohol ratio) 

MOMR of 6, the liquid flow rate of 2.4 mL/s, argon gas flowrate 0.2 L/min, and (NaOH 

catalyst loading) NaOR of 0.75 % (w/w), with which a biodiesel conversion rate of 99.8 % 

was obtained at an applied voltage of  40V in continuous reaction mode. It is crucial to 

identify all the possible intermediates available in the solution and gas phase in radical and 

ions-driven reactions. To design intermediate structures and transition states of the reaction 

mechanism, the liquid sample analysis was performed using GCMS, GC-FID, and UPLC. 

The proposed transesterification reaction mechanisms were based on conversion rate, free 

glycerol, triglyceride, diglyceride, monoglyceride concentration, and optical emission 

spectroscopy data. 
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CHAPTER 4 ESTERIFICATION OF FATTY ACIDS BY LIQUID PHASE PLASMA 

DISCHARGE 

This chapter is centered on the publications “Muhammad Aamir Bashir, Sarah Wu, 

Anilkumar Krosuri, Rapid and Efficient Esterification of Oleic Acid by Continuous Liquid-

phase Plasma Discharge, Journal of Environmental Chemical Engineering, 2020, 104640” 

and “Sarah Wu, Muhammad Aamir Bashir, Jun Zhu, Optimization of a liquid-phase plasma 

discharge process for biodiesel synthesis from pure oleic acid, Fuel Processing Technology” 

and has been reformatted according to the University of Idaho guidelines for Ph.D. 

dissertation. 

4.1 Introduction 

Increasing population and degrading environment due to excessively burning fossil 

fuels are causing serious concerns for future generations, which has prompted a rigorous 

search for alternative fuels 236,237,238. Biodiesel (Fatty acid alkyl ester) could be a sustainable 

and renewable energy source, which can be derived by transesterification of triglycerides or 

esterification of free fatty acids 239. With continuous research, biodiesel is becoming more 

economical and sustainable as compared to non-renewable energy sources. Esterification of 

free fatty acid is an important biodiesel formation because most low-cost, non-edible oils 

have very high quantities of free fatty acids (FFA) 240. Since oleic acid is a naturally present 

fatty acid in all low cost, high FFA feedstocks 241, a fundamental understanding of the 

esterification process on oleic acid can help us understand the process chemistry increase the 

product yield 241–243. 

Esterification of free fatty acids in the presence of alcohol is a well-known chemical 

reaction used at an industrial scale for different ester products 244. With the promise of new 

fuels, new methods to produce organic esters are fundamental to making the product 

economically sustainable with the promise of new fuels. Esterification can occur in the 

absence of acid, but a small amount of acid reduces the time and improves the conversion 

rate. An inorganic catalyst's primary function is to promote the protonation process and 

activate the nucleophilic attack to yield the alkyl ester. However, highly polar inorganic acids 

are insufficient to enhance efficiency, mainly because of acids' disproportional location in the 
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alcoholic phase 245,246. To avoid the drawbacks of conventional methods, a new and improved 

process must make the process efficient. 

In recent years, many researchers have worked on new technologies and reaction 

processes to produce economically sustainable alkyl esters. Oleic acid esterification has been 

reported mainly by heterogeneous catalysis 247. Microwave, cavitation, or ultrasounds are 

used to improve heat transfer and mixing conditions 248,249. Recently, researchers are also 

focusing on other techniques such as thermal plasma and liquid-phase plasma discharge 

(LPPD) to find new ways to improve the product yield 250,251. In thermal plasma, a very high-

temperature equilibrium was required to convert any biomass to fuel, making the process 

economically infeasible. Thus, the idea to use the electrical discharge to produce active 

species in liquid could help break down reactive species and make the propagation process 

proceed more easily and quickly 252,253. Despite the possibility that it can produce good 

outcomes, the research on liquid discharge plasma for biodiesel production has not been 

reported until recently when a paper debuted on the liquid-phase plasma discharge 

technology to produce biodiesel from triglycerides using methanol and sodium hydroxide as 

a catalyst 171. In that paper, the liquid phase electric discharge was proved to bring a strong 

mixing effect, which improved the mass transfer in the transesterification process and 

promoted reactions among reactive species. In this chapter, esterification of pure oleic acid 

with methanol using liquid phase plasma discharge process will be discussed. 

4.2 Methods and Materials 

4.2.1 Materials and chemicals 

The oleic acid used was purchased from Sierra Chemical Co. (West Sacramento, 

CA). Sulfuric acid (catalog#: A300C-212) and methanol (Catalog No. A454-1) were 

purchased from Fisher scientific Waltham, Massachusetts, USA. All the chemicals were used 

as received. 

4.2.2 Experimental Design  

The experimental design was divided into two stages. In stage 1, the aim was to understand 

the relationship between the reactor operating parameters (dielectric opening, liquid flow 

rate, gas flow rate, applied voltage, etc.) by using a factorial design system to identify the 

best optimizing conditions for each parameter.  In stage 2, the reactants and catalyst influence 
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on FA conversion rate was studied, with levels of factors determined from preliminary 

studies, using a Central Composite Design (CCD) combined with Response Surface 

Methodology (RSM) with the Design-Expert software (version 11, Stat-Ease, Inc., 

Minneapolis, MN) adopted to develop a mathematical model to evaluate and optimize the 

methanol to oil molar ratio (MOMR) and catalyst loading rate in terms of acid to oleic acid in 

weight percentage (CAT, w/w %) to achieve maximum oleic acid conversion rate. The coded 

and real values of the LPPD process variables for CCD experimental design are planned as in 

Table 4.1. A total of 13 experiments were performed from which the results were analyzed 

for RSM modeling, with each variable being tested at five coded levels with = 2 = 1.41. 

The results and analysis are presented in Section 4. 

Table 4.1 Coded and real values of LPPD process variables for Central Composite Design 

Process variables Coded and Real Values 

-1.41 

(-) 

-1 

(low) 

0 

(Center) 

+1 

(high) 

+1.41 

(+) 

x1 Catalyst loading (CAT, w/w %) 0.59 1 2 3 3.41 

x2 Methanol to oleic acid molar ratio 

(MOMR) 

5.17 6 8 10 10.83 

 

In each experiment conducted with the LPPD or Ar-LPPD process system, 100 ml of 

oleic acid was mixed with a predetermined catalyst (H2SO4) and methanol amount according 

to (w/w%) concentration and molar ratio. The mixture was transferred to a flask connected 

with the reactor. Once the mixture started flowing through the reactor, the power was turned 

on, and the applied voltage and power were noted. The samples were taken at each pass, and 

the collected samples were centrifuged and water-washed to stop further esterification 

reactions. Each sample was centrifuged for 15 min and washed to completely remove any 

catalyst or excess alcohol left in the sample and dried before being analyzed. The power 

applied in each step was measured using a Watts meter connected with the reactor. When the 

electric discharge generated by the LPPD reactor was observed, the instant applied voltage 

was recorded. Each experiment was triplicated to exclude uncertainty in results. 



79 

 

 

 

4.2.3 Sampling and analysis  

4.2.3.1 GCMS analysis for conversion rate 

A product sample (5 mL) was collected for each experimental run to determine the 

fatty acid alkyl ester (FAAE) content using GC-MS, thus the biodiesel conversion rate. 

Different fatty acid species were subject to an FAAE derivation process, and the results were 

used as external. Methyl/Ethyl heptadecanoate was used as the internal standard (50 μg/mL 

in dichloromethane solvent). The prepared FAAE derivatives from standard fatty acids and 

biodiesel samples were analyzed by GC/MS EI (FOCUS-ISQ, Thermo-Scientific, San Jose, 

CA, USA) under these conditions: temperature rising profile, 40 °C (1 min) → 5 °C/min to 

320 °C; GC capillary column used, ZB-5MS (30 m, 0.25 mm Ø, Phenomenex). 

𝐶 =
(𝐴)– 𝐴𝐸𝐼)  × 𝐶𝐸𝐼  ×  𝑉𝐸𝐼 ×  100 %

𝐴𝐸𝐼   × 𝑊
 

Where A - total peak area of ethyl ester  

AEI = peak area of internal standard   

CEI = concentration (mg/mL) of internal standard solution  

VEI = volume (mL) internal standard solution 

W = weight (mg) of sample 

4.2.3.2 Determination of Free and Total Glycerin 

A sample (2 mL) was collected for each experimental run to determine the free and 

total glyceride content in the sample. ASTM D 6584 standard method was used for total and 

free glyceride analysis. Thermo Scientific GC Ultra equipped with an FID detector was used 

for analysis. 

4.2.3.3 FTIR analysis  

FT-IR analysis was performed to confirm the reaction of oleic acid esterification to 

produce biodiesel qualitatively. All spectra were recorded on the NicoletTM iSTM 20 FTIR 

(Thermo Fisher Scientific) spectrometer between 650 and 4000 cm -1 with a precision of 16 

cm -1 and a cumulative survey of 64 times. The FT-IR data was collected using the 

OMNICTM Spectra software. 
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4.2.3.4 Optical emission spectroscopy  

Optical emission spectroscopy was used for plasma diagnostics. The spectra were 

obtained using Ocean insight spectrometer bundle HR-plasma (HR4000 CG-UV) with 400 

µm resistant optical fiber attached to the CCD detector. The emission spectra were obtained 

from the range 200-100nm. For the acquisition and analysis of data, the Oceanview 2.0 

spectroscopy software was used. 

4.2.3.5 Electrical testing  

An oscilloscope (TBS1052B-EDU, Tektronix Inc., Beaverton, OR) connected with 

the reactor was used to measure the output voltage and current at each time interval. The 

input power applied in each step was measured using a Watts meter connected to the system. 

4.3 Results and Discussion 

4.3.1 Characterization of biodiesel produced from the esterification by LPPD catalysis 

Figure 4.1 presented the analytical data by GC-MS for the biodiesel products 

produced using both conventional esterification and the LPPD process. The comparison 

between Figure 4.1 (a) and (b) showed that the two graphs were almost identical to the 

numerical interference values of all peaks. This observation implies that the reaction for 

FAME conversion in LPPD may also be the same esterification process because the two 

samples have an identical chemical composition. The difference was that LPPD intensely 

accelerates the balance of all reactions involved in esterification, thus significantly increasing 

the reaction rate of the process. Additional study is required to observe various reactions in 

the plasma discharge process and understand the mechanism of accelerating the chain 

reaction speed. 
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Figure 4.1 The GC chromatogram of oleic acid sample: (a) completely methylated oleic acid 

sample, (b) FAME sample produced by LPPD reactor treatment (conditions: 2 min, 10:1 

MOMR, 2 wt. % catalyst, 2.4 ml/sec circulation speed, Max. Temp 60 °C, conversion rate 

78.5 %) 

FTIR analysis was performed to confirm the conversion of fatty acids to FAME, as 

shown in Fig. 5.2. In Fig. 5.2 (a), the oleic acid sample contained a full and strong band from 
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3300 to 2500 cm-1, shown by a blue loop in the spectrum. The band was linked to the O-H 

stretch and was a distinctive band of carboxylic acid. The band also overlaid with an 

asymmetrically and symmetrically stretching band corresponding to the CH2 occurring at 

2922 cm-1 and 2852 cm-1. The strongest and most intense band at 1707 cm-1 was attributed to 

the C-O stretching, such as oleic acid. The range of 1463 cm-1 characterized an asymmetric 

curve of the CH3 group, and the range of 1411 cm-1 was associated with the CH2 bend. The 

1284 cm-1 band was related to the elongation and bending of the COOH group. The tape at 

933 cm-1 was characterized by oleic acid and was produced by deformation outside the OH 

bond. The characteristic bands in the spectrum were the main bands that indicated the 

presence of carboxyl acid. The spectrum of the FAME (fatty acid methyl ester) shown in Fig.  

3.2 (b) displayed the same ranges but with some noticeable differences. The wide and strong 

band from 3300 to 2500 cm-1, position elevated at 3000 cm-1 linked to the O-H stretch and 

was a distinctive band of carboxylic acid and as shown by a blue circle almost disappeared. 

The sharp and strong band associated with the stretching of the C-O bond in the carbonyl 

group in the ester was highlighted by a yellow circle at 1711 cm-1. These two were the main 

bands that described the ester in the FTIR spectrum. 
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Figure 4.2 FT-IR analysis of (a) Oleic acid; (b) FAME samples 

4.3.2 Electrical characteristics of alternating current (AC) plasma discharge for 

esterification reaction 

The waveforms of the AC (alternating current) powered liquid-phase plasma 

discharge in esterification reaction for LPPD and Ar-LPPD are shown in Figure 4.3 and 

Figure 4.4. As we have seen in LPPD for transesterification reaction, a similar current-

voltage waveform was observed, meaning a similar kind of plasma phase generated in the 

applied electric field. 
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Figure 4.3 Current - Voltage waveform in LPPD 

 In Ar-LPPD, just like the transesterification reaction, gas breakdown formed plasma 

discharge and caused the formation of active ions, electrons, and free radicals. Although a 

similar waveform was generated, the intensity of plasma generation and current of discharge 

was higher because of the different chemical structures of the organic solution and catalyst. 

 

Figure 4.4 Current - Voltage waveform in Ar-LPPD 
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Figure 4.5 Input power effect on the output voltage and current in Ar-LPPD 

The effect of input power on the discharge current and voltage is shown in Figure 4.5. 

It was observed that both voltage and current increased by increasing the input power. The 

variation in the power characteristics was dependent on the behavior of discharge. Input 

power can be used to control the output voltage and current. In the esterification mixture, 

since we use fatty acids as substrate and acid catalyst, the output voltage and current behavior 

were different as the conductivity and free radical available in both solutions were different. 

It's primarily because of the nature of the solution the plasma phase generation was different, 

and for the esterification reaction, the plasma energy efficiency was better. 

4.3.3 Characterization of reactive radicals in esterification by LPPD 

The optical emission spectroscopy from plasma mainly happens with electron-

impacted excitation. Figure 4.6 and Figure 4.7 show the optical emission spectrum of LPPD 

and Ar-LPPD, respectively, formed by the electronic, vibrational, and rotational excitation of 

the compounds present in the plasma discharge. 
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Figure 4.6 OES emission peaks in LPPD 

Table 4.2 Atomic and molecular species, electronic transitions, and peak wavelengths of 

OES for LPPD in esterification reaction 

Peak position (nm) Excited species Electronic Transition 

431.21 CH A 2Δ → X 2Π 

471.5 C2 d 3Πg→ a3Πu 

516.5 C2 d 3Πg→ a3Πu 

563.2 C2 d 3Πg→ a3Πu 

656.8 Hα n* = 3 → n = 2 
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Figure 4.7 OES emission peaks in Ar-LPPD 

Table 4.3 Atomic and molecular species, electronic transitions, and peak wavelengths of 

OES for Ar-LPPD in esterification reaction 

Peak position (nm) Excited species Electronic Transition 

431.21 CH A 2Δ → X 2Π 

471.5 C2 d 3Πg→ a3Πu 

516.5 C2 d 3Πg→ a3Πu 

563.2 C2 d 3Πg→ a3Πu 

656.8 Hα n* = 3 → n = 2 

696.5 Ar 2p2 → 1s5 

706.7 Ar 2p3 → 1s5 

738.4 Ar 2p3 → 1s4 

750.3 Ar 2p1 → 1s2 

763.5 Ar 2p6 → 1s5 

772.4 Ar 2p2 → 1s3 

794.8 Ar 2p4 → 1s3 

800.6 Ar 2p6 → 1s4 

810.3 Ar 2p7 → 1s4 
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826.3 Ar 2p2 → 1s2 

840.8 Ar 2p3 → 1s2 

842.4 Ar 2p8 → 1s4 

852.1 Ar 2p4 → 1s2 

912.2 Ar 2p10 →1s5 

922.4 Ar 2p6 → 1s2 

 

The OES study of LPPD for esterification reaction shows one primary peak for 

atomic hydrogen emission lines Hα around 656.8 nm. Similar to transesterification reaction, 

C2 and CH peaks are also visible in esterification reaction, proving organic carbon structure 

rearrangements. Although we cannot quantify the intensity of emission peaks from 

observation, the discharge in LPPD for esterification was more visible. In the Ar-LPPD 

process for the esterification reaction, the emission spectrum was also very similar to Ar-

LPPD for transesterification, except that there were no emission peaks for Na because H2SO4 

instead of NaOH was involved in the esterification reaction system. Atomic and molecular 

species, electronic transitions, and peak wavelengths of OES for the esterification reaction 

are summarized in Table 4.2 and Table 4.3. 

4.3.4 Effects of operating parameter on the conversion rate of biodiesel  

4.3.4.1 Role of liquid and gas flowrate  

Figure 4.8 shows the effect of liquid flow rate on oleic acid conversion rate. It 

showed that the conversion rate varied with the liquid flow rate. The most reasonable 

explanation could be the reverse reaction as a low flow rate, the mixture (solution) spent 

more time in plasma, which could cause the process to go in the reverse direction since 

esterification was a reversible process 254. The highest conversion rate was found at 2.4 mL/s. 

However, as we can see in Figure 4.9, the gas flow rate doesn’t influence the conversion rate 

of biodiesel. 
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Figure 4.8 Fatty acids conversion at a different liquid flow rate 

 

Figure 4.9 Effect of gas flowrate on fatty acids conversion rate by Ar-LPPD 

4.3.5 Effect of the dielectric opening of LPPD reactor on fatty acid conversion 

Figure 4.10 shows the effect of the opening size of the dielectric plates used in the 

LPPD reactor for the esterification of oleic acid. Our early report 171 discussed the effect of 

dielectric plate opening size on the conversion rate in the transesterification process. To 

understand the same phenomenon in the esterification of oleic acid, constant CAT (1 % w/w) 

and MOMR (10:1) molar ratio were used for the dielectric plate's three different opening 

sizes to determine the best possible opening size for the esterification process. The maximum 
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conversion rate was identified on 1 mm opening size for all time intervals under the same 

flow rate in the experiment. 

 

Figure 4.10 Effect of dielectric opening size on fatty acids conversion 

4.3.6 Effect of power input  

To apply a high-voltage discharge to mitigate environmental problems, consideration 

must be given to the type of chemical reaction resulting from discharge and the effect of the 

physical process on enhancing the desired chemical reaction. Applied voltage and power 

used in the process are shown in Figure 4.11. It could be seen that the applied voltage and 

power exhibited an almost linear relationship with acid concentration, and both decreased 

with increasing catalyst (acid) concentration, suggesting that the power efficiency of the 

system was improved. Increasing the concentration of catalyst in the solution was equal to 

increasing the ionic species in the solution, which led to the reduced electrical resistance of 

the liquid and a decrease in voltage required to produce discharge. In general, charge transfer 

was easier in the high-conductivity solution, which was why the conductivity of a solution 

played a crucial role in the generation of plasma. Under this condition, the energy density 

was increased due to a higher power dissipated in a smaller space, which increased plasma 

density and high ultraviolet radiations 255. It has been demonstrated that reactive chemical 

species and the physical conditions are produced directly in a solution (electro-hydraulic 

discharge), and the gas phase (non-thermal plasma) degrades many organic compounds. Both 

physical and chemical factors may be essential to promote the desired chemical reaction. The 
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relative importance of these direct and indirect mechanisms largely depends on the energy 

density of the input system and the composition of the reaction environment 255–257. 

Therefore, it is important to study the internal mechanism of esterification reaction in the 

liquid phase discharge and determine the physical factors (temperature, shock, and acoustic 

waves, UV light, photolysis, electron impact collisions) and free ionic species generated in 

the esterification reaction to understand these factors that play an imperative role in the 

reaction process. 

At a constant amount of catalyst (2% w/w) and methanol to oil (10:1), the effect of 

power on the conversion rate of oleic acid was studied, and the results were shown in Fig. 

5.11. The energy applied in each reaction had a positive relationship with the conversion rate, 

as indicated by the large increases in conversion rates with increasing input of power. The 

highest conversion rates for all time treatments were found at 340 watts of initial power. 

Also, it was observed in the experiment that the power in general increased when applied 

voltage increased. The possible variation in the power was probably because of the change of 

resistance in the reactor solution 258. The energies of the ions were the leading cause of the 

discharge generated from the oxidizing species in solution 259. It appeared that the conversion 

rate could be further improved if the power delivery in the system could be increased. This 

was not possible in the present reactor design because the material for the current dielectric 

plate could not sustain the power applied, and new materials should be sought. 

 

Figure 4.11 Fatty acids conversion at different input power in LPPD process 
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Figure 4.12 Applied voltage and power at different MOMR and CAT after 2 min treatment  

4.3.7 Role of the operational mode of LPPD reactor for fatty acids conversion  

It was reported that batch processing could only produce a limited amount of product 

in hours or days, while in continuous processing, feeds are sent continuously to multiple 

devices, with each segment typically executed for a single drive 260. A quantitative 

comparison of FA% conversion between the circulation and multiple-pass operational modes 

was shown in Figure 4.13, in which the multiple-pass operation simulated the continuous 

process with the in-series connection of multiple LPPD units where the reactants go through 

each LPPD unit only once. The circulation operation represented the batch form of the LPPD 

process in which the reactants were processed in the LPPD reactor repetitively for 2, 4, 6, 8, 

and 10 mins. As we observed from our experimental results, the conversion rate had a sharp 

increase in the first two minutes of the circulation process and increased steadily by 1.5 % 

each extra minute after two minutes. On the other hand, in the multiple-pass operation, it was 

found that the conversion rate was increasing with more continuous-pass for the first three 

passes; but after three passes, it reached a steady-state and did not improve anymore. 
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Figure 4.13 Role of operational mode on fatty acids conversion 

4.3.8 Effect of methanol to oil molar ratio and acid concentration 

The relationship between the FA conversion rate and the methanol to oil molar ratio 

in the LPPD process is shown in Figure 4.14 and Figure 4.15. The highest conversion rate of 

78 % was achieved at 2 % (w/w) sulfuric acid and 10:1 MOMR under 2-min treatment. A 

general trend was observed at each condition, i.e., the conversion rate increased with an 

increasing molar ratio. In the absence of catalyst, the LPPD reactor conversion rate was very 

low. The presence of specific free radical ions was believed to be an essential component to 

generate electric discharge in reactor 261,262. When the concentration of catalyst was increased 

to a specific limit, the conversion rate reversed as there was no visible discharge occurred 

mainly because of an excessive amount of free ions in the solution, which limited the ability 

of the reactor to generate discharge. The results also concluded that the time needed for 

methyl oleate conversion was much longer, and the reaction was less effective than 

transesterification of triglycerides using a similar kind of reactor 171. 

Figure 4.14 showed that the conversion rate increased with increasing catalyst 

concentration irrespective of the molar ratio of methanol/oleic acid until it reached 2 % w/w. 

Instead of reaching a steady condition, the conversion rate started to decrease after 2 % w/w 

concentration of catalyst. The conversion rate in the Gen. 1 LPPD reactor showed a different 

relationship with catalyst compared to the conventional heating process 263. The right amount 
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of catalyst is important to achieve the highest conversion rate and produce consistent results. 

It is believed that increasing the amount of acid in a solution primarily increases the free ions 

availability in the solution, which helps generate consistent discharge at low applied voltage. 

But after the maximum catalyst amount was reached, the reaction became hindered because 

of the presence of an excessive amount of free ions that limited the discharge process in our 

current reactor. In the esterification reaction, the byproduct water is formed, limiting the 

reaction in the forward direction. One possibility to increase conversion can be the removal 

of water from the solution by using a certain kind of water-absorbent so most of the plasma 

energy can be used in fatty acids decomposition. 

 

Figure 4.14 FA % Conversion at different MOMR and CAT after 2 min. of treatment by 

LPPD process 
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Figure 4.15 FA % Conversion at different MOMR and CAT after 6 min of treatment by 

LPPD process 

Figure 4.15 showed the changes in conversion rates with 6 min of treatment time. It 

was observed that increasing treatment time did not significantly improve the conversion 

rate. The LPPD reactor conversion process works fundamentally differently from the 

conventional heating process. Although the general esterification mechanism with 

heterogeneous acid is well defined in past research 264, the mechanism of the esterification 

reaction in this process still needs to be established. It is essential to understand the reaction 

happening in the discharge phase, the role of electron density, and the kind of free radicals 

actively taking part in protonation. However, when the system was replaced with Ar-LPPD, 

we saw a small change in conversion rate at the same input power, presented in Figure 4.16. 
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Figure 4.16 FA % Conversion at different O/M ratios and CAT after 2 min. of treatment in 

Gen. 2 LPPD reactor 

4.3.9 Quadratic model for fatty acid conversion rate on reactant and catalyst use 

 

Table 4.4 presents the fatty acid conversion rates resulting from the experimental runs 

generated by the CCD design using the Design-Expert software. The CCD design produced a 

quadratic model (Eq. 4.1) to describe the relationship between the two independent variables, 

i.e., catalyst concentration (CAT, %, w/w) and methanol to oleic acid molar ratio (MOMR), 

and the response variable, i.e., the conversion rate (%) of oleic acid to biodiesel. The 

coefficients (βis) in Eq. 4.1 were determined by the built-in regression analysis of the 

Design-Expert software based on the experimental data. 

Table 4.4 Results of FA conversion rate from CCD design 

Run Catalyst concentration 

(CAT, w/w %) 

Methanol to oil molar 

ratio (MOMR) 

Conversion rate of oil to 

biodiesel (%) 

1 3 10 71.80 

2 2 8 76.31 

3 1 6 56.68 

4 2 5.17 64.52 

5 2 8 79.65 

6 3 6 65.18 



97 

 

 

 

7 2 8 83.74 

8 0.59 8 45.63 

9 2 8 77.69 

10 1 10 60.18 

11 2 8 79.86 

12 3.41 8 71.52 

13 2 10.83 56.16 

 

Rconv (%) = -102.26 + 41.72*CAT + 33.33*MOMR + 0.39*CAT*MOMR – 9.44*CAT2 – 

2.14*MOMR2        (Eq. 4.1) 

To check the model fitting, the goodness-of-fit analysis for the model was examined 

using ANOVA analysis, and the results were presented in Table 4.5. As seen from the p-

value for the model, it could be concluded that the model was able to fit the response 

variable, i.e., Rconv, quite well with a p-value of 0.0022 and an F value of 12.46 (much greater 

than 1.0), which was considered significant. Besides, it was interesting to note that Rconv was 

significantly affected by CAT (p-value = 0.0039) but not by MOMR (p-value = 0.9027). The 

interacting effect of CAT and MOMR was also not significant in terms of affecting Rconv (p = 

0.7521). However, the quadratic entries of both CAT and MOMR showed a significant 

impact on Rconv, with p values being 0.0012 and 0.0021, respectively. 

Table 4.5 ANOVA analysis for the quadratic model for FA conversion rate 

Model ANOVA 

Analysis 

ANOVA Parameters 

Sum of 

squares 

df Mean 

square 

F-value p-value 

Model 1401.21 5 280.84 12.46 0.0022 

A – CAT (%, w/w) 402.34 1 402.34 17.85 0.0039 

B – MOMR  0.3625 1 0.3625 0.0161 0.9027 

AB 2.43 1 2.43 0.1080 0.7521 

A2 619.51 1 619.51 27.48 0.0012 

B2 509.06 1 509.06 22.58 0.0021 

Residual 157.80 7 22.54   

Lack of fit 126.23 3 42.08 5.33 0.0698 

 

The goodness-of-fit of the model in describing the relationship between the 

independent and response variables could also be evaluated by the “lack-of-fit” results shown 

in Table 4.5. The p-value for the lack-of-fit test was 0.0698, which was more significant than 

0.05, indicating that the lack-of-fit was insignificant. To verify this observation, more 

experiments were conducted to correlate the modeled results with the observed responses, 
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and the data were presented in Figure 4.17. The coefficient of determination for the response 

variable was 0.8979, meaning that the correlation coefficient was 0.9476. This level of 

correlation indicated that the regression model could explain 89.79% of the response 

variability if it was employed to simulate the acid conversion process to biodiesel. 

 

Figure 4.17 The predicted vs. actual conversion rates based on the quadratic regression 

equation (at 4 min treatment time) in LPPD process 

To further examine the goodness-of-fit of the model obtained, additional parameters 

related to the model fitting quality were also evaluated, including adjusted R2, coefficient of 

variation (CV), and adequate precision, which were 0.8268, 6.94%, and 8.9605, respectively. 

For the adjusted R2, although lower than 0.8979 from the linear regression equation shown in 

Fig.  5.17, it could still explain 82.68% of the variation in the response of the prediction 

model caused by the variation in independent variables, i.e., CAT and MOMR. This 

information showed the robustness of the model in describing the electrochemical process of 

converting oleic acid to biodiesel. In addition, the CV for the model was 6.94%, suggesting 

that the model could precisely determine the response variables (i.e., Rconv) based on the 

independent variables in simulation. On top of that, the obtained “adequate precision” value 

of 8.9605 further confirmed the above observation because it was much greater than 4.0 

(indicating adequate signals). All these data have corroborated that the quadratic model 

generated by the Design Expert (version 11) software based on the experimental data 

y = 0.9213x + 5.4833
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collected could sufficiently predict the values of responses within the design space in the 

experimental design in this study.  

In addition, Figure 4.18 shows the residual analysis of model fitting regression 

calculated by the ANOVA operation. The random pattern of the residual distribution was 

typical of the pattern observed for good regression results. As can be seen, the residual data 

were basically symmetrically distributed, with a tendency to cluster towards the middle of the 

plots but without clear patterns in general. Therefore, the data presented in Figure 4.18 

provided further evidence that the regression model developed could generate reliable 

observations if used in the simulation of oleic acid conversion to biodiesel using the liquid 

plasma discharge process operated under the experimental conditions defined in this study. 

 

Figure 4.18 The predicted vs. studentized residuals for the regression model describing the 

biodiesel conversion rate with CAT and MOMR 

Finally, it will be worth conducting an uncertainty analysis (or systematic error) for 

the regression equation derived from the CCD/RSM methodology to check how well Eq. 4.2 

performs predicting the conversion rate. According to Coleman and Steele, the systematic 

error of a model can be linearly approximated using Eq. 4.2. 

 ∆r ≈ ∑
𝜕𝑧

𝜕𝑥𝑖
 ∆𝑥𝑖

𝑛

𝑖=1
       (Eq. 4.2) 

Where ∆r is the total error of Rconv (%) caused by the experimental errors of the two variables 

in Eq. 4.1, i.e., CAT and MOMR (n = 2). 
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 The contributors to the systematic error of the model could be considered in our study 

resulting from the measurement errors of chemicals added to the reaction, i.e., CAT and 

MOMR. Since the analytical balance (Mettler Toledo New Classic ME Precision Balance, 

Catalog#: 01-912-403, Fisher Scientific, Pittsburgh, PA) used to measure the chemicals had 

an accuracy limit of ± 0.3%, the range of ∆xi could be assumed to be within ± 0.3 % * xi (In 

this study, the worst-case scenario was assumed, i.e., all measurements had a deviation of ± 

0.3% of the true values). 

Expanding Eq. 4.2 gave the following Eq. 4.3. 

∆r ≈ ∑
𝜕𝑧

𝜕𝑥𝑖
 ∆𝑥𝑖

𝑛

𝑖=1
 = (41.72 + 0.39*MOMR – 18.88*CAT)*∆CAT + (33.33 + 0.39*CAT – 

4.28*MOMR)*∆MOMR       (Eq. 4.3) 

 With Eq. 4.3, ∆r could be calculated for each operating condition experimented in 

Table 4.1 to estimate the deviations of Rconvs obtained from the regression equation from the 

true Rconvs (when the regression equation was calculated using the controlling values without 

biases). The calculated results were presented in Table 4.6 

Table 4.6 Calculated results for Rconv errors 

Run CAT ± ∆CAT 

concentration 

(%, w/w) 

MOMR ± 

∆MOMR* 

Rconv (%)  

Model results 

(w/o biases) 

∆r (%) ∆r/Rconv 

1 3 ± 0.009 10 ± 0.06 68.94 -0.597 -0.009 

2 2 ± 0.006 8 ± 0.048 79.34 0.0362 0.0005 

3 1 ± 0.003 6 ± 0.036 55.33 0.365 0.0066 

4 2 ± 0.006 5.17 ± 0.031 62.57 0.4073 0.0065 

5 2 ± 0.006 8 ± 0.048 79.34 0.0362 0.0005 

6 3 ± 0.009 6 ± 0.036 67.90 0.2043 0.003 

7 2 ± 0.006 8 ± 0.048 79.34 0.0362 0.0005 

8 0.59 ± 0.00177 8 ± 0.048 50.59 0.027 0.0005 

9 2 ± 0.006 8 ± 0.048 79.34 0.0362 0.0005 

10 1 ± 0.003 10 ± 0.06 53.22 -0.465 -0.009 

11 2 ± 0.006 8 ± 0.048 79.34 0.0362 0.0005 

12 3.41 ± 0.0104 8 ± 0.048 70.56 -0.183 -0.003 

13 2 ± 0.006 10.83 ± 0.06498 61.83 -0.746 -0.012 

 

The uncertainty analysis for the model developed using CCD/RSM showed that it 

was able to predict the conversion rate of the novel LPPD reactor within an error range of 

from -1.2 % to 0.66 % of the modeled value for the two contributing parameters, i.e., CAT 

(ranging from 0.59 to 3 %) and MOMR (from 5.17 to 10.83), which should be considered 
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relatively accurate within the experimented ranges. The optimal ranges (see next section) for 

these two parameters to achieve the highest conversion rate were narrower than their ranges 

tested in Table 3, which meant that the systematic error could be much smaller. Therefore, it 

could be concluded that the quadratic model developed in this study would be minimally 

affected by the measurement errors associated with the instrument used in determining the 

optimal conversion rate of FFA to biodiesel within the ranges of the two parameters 

examined in the experiments. 

4.3.10 Responses of Rconv to the test variables 

 Figure 4.19 presented the surface response plots of conversion rate in relation to the 

two independent variables (CAT and MOMR). It was evident that the ranges for these two 

variables selected for evaluation in this study were appropriate because the optimal value of 

the response variable (the acid conversion rate, Rconv) was captured effectively from the 

experimental design. There are a few additional comments that can be made based on the 

information presented in Figure 4.19. First, the optimal Rconv (80.78%) was reached when 

CAT and MOMR were at 2.38 (%, w/w) and 8.02, which was the location at the center of the 

smallest contour circle on the figure. However, compared to the optimal conversion rate, the 

conversion rate at any point on the smallest contour circle shown in Figure 4.19 was 80.77%, 

which was virtually the same as the optimal value of 80.78%. Therefore, it could be 

suggested that for the two independent variables, any combinations of these two variables 

within the contour circle could be selected as the control parameters to operate the LPPD 

reactor to convert oleic acid to biodiesel without affecting the conversion efficiency. In this 

case, the ranges for the values of CAT and MOMR could be chosen from 2.34 to 2.41 and 

from 7.95 to 8.08, respectively. Second, these ranges could be greatly expanded if the 

conversion rate of 80% was acceptable (this only led to a reduction of less than 1 % in the 

conversion rate). The expanded ranges for CAT and MOMR were from 2.08 to 2.66 (%, 

w/w) and from 7.40 to 8.61, respectively. These expanded ranges of the control parameters 

implied that the LPPD reactor could be operated in a relatively wide range of these 

parameters without losing its efficiency in converting oleic acid to biodiesel. The 

insensitivity of selecting the control parameters in terms of CAT and MOMR was actually 

beneficial to operating the conversion process in a practical setting because precisely 

controlling the operating condition was generally challenging to achieve in field operations. 
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The tolerance of the fluctuation in the control condition of the LPPD process should be 

instrumental in lowering the operating cost while still achieving a good conversion 

efficiency. 

 

Figure 4.19 Response surface plots of FFA conversion rate to biodiesel under different  

MOMRs and CATs using 4 min treatment time; (a) contour plot, (b) 3D plot. 

Finally, it was noted from Figure 4.19 that the maximum Rconv achieved for the liquid 

plasma discharge reactor in this study was around 80 %, which should be considered 
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acceptable given the fact that the substrate used (oleic acid) was at 100 % concentration. A 

recent study using immobilized enzymes as a treatment to convert free fatty acids (FFA) to 

biodiesel achieved conversion rates ranging from 73.5 to 93 %, depending upon the species 

of enzymes used. In parallel, many other researchers studied the conversion of acid-

containing oily substrates to biodiesel. Ahmed et al. used waste shark liver oil as a substrate 

to produce biodiesel and reported a poor conversion rate of only 40 % when a basic catalyst 

was employed, and the reaction was operated at 60 oC for 15 min. Ma et al. reported that a 

conversion rate of 60 % was achieved in an experiment in which immobilized lipase 

(Novozym425) was adopted for catalyzing alcoholysis of acidic soybean oils at 45 oC for 2 

hours for biodiesel production. Using a combination of both catalyst pre-treatment and 

microwave technology, Idowu et al. studied biodiesel production from animal waste fats 

containing 18 – 25 % FFA by weight and reported the conversion rates ranging from 47 to 88 

%, with treatment times ranging from 30 to 60 min. Compared to these data and considering 

the experimental conditions used by the above authors, such as elevated temperatures, the 

enzyme uses, long reaction times, and microwave treatment, the performance of the liquid 

plasma discharge reactor operated under room temperature to convert oleic acid to biodiesel 

in just 4 min was relatively good. 

4.3.11 Mechanism and pathway for esterification reaction by LPPD 

Usually, the esterification reaction starts with the Bronsted acid catalyst's pronation, 

allowing a strong nucleophilic attack on the C-O bond of fatty acid with the pathway shown 

in Figure 4.20. After the carbonyl alcohol attachment, a new tetrahedral intermediate is 

formed and in the next step with H-O bond-breaking water molecule eliminates and forms 

alkyl ester with deprotonation and hydrogen bond from acid rearrange itself. The formation 

of alkyl esters characterizes the esterification reaction due to a fatty acid reaction with 

alcohol. The process requires a high temperature or catalyst to initiate a reaction. The 

esterification reaction is usually used in the biodiesel production process from fats and fatty 

acids. The process is also used to treat raw material with high FFA content and waste oils 

265,266. 
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Figure 4.20 Acid-catalyzed esterification reaction mechanism 208 

The Fischer esterification reaction mechanism involves nucleophilic addition and 

elimination to replace the OH bond with OR 235. It is a very slow reaction between fatty acid 

and alcohol; however, in the presence of strong acid, the ionic H available helps form 

conjugate acid of alcohol make it very easy for alcohol reaction with fatty acid. Most 

reversible and condensation reactions happen in excess reactants to keep the reaction in the 

forward direction. As we observed in the optical emission spectrum of our LPPD process, 

there was only one major peak, Hα, observed along the swan spectrum, which relates to the 

sonoluminescence spectrum to compute the role of acoustic cavitation in the organic 

medium. In the Ar-LPPD process, in addition to swan band and Hα, the argon spectral lines 

were also observed. Based on observation measurement, the intensity of peaks in Ar-LPPD 

was higher than in the LPPD process without gas flow, suggesting the overall increase of 

electron density. 

In the proposed reaction shown in Figure 4.21, pathway 1 involves 4 steps process 

catalyzed by H+ from sulfuric acid addition. First, the reaction is initiated mainly by plasma 
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energy provided via acoustic energy generated during discharge. The vibrational and 

rotational energy generated via plasma was enough to overcome the activation energy 

required to initiate a protonation reaction at carbonyl ground of oleic acid. Then, in step 2, 

activated oleic acid reacts with available methanol to form a tetrahedral carbonyl structure. 

Finally, in step 3 and 4, water molecule leaves the carbonyl structure and excess H+ 

desorption happens. 
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Figure 4.21 Proposed esterification reaction pathways 

 In the 2nd proposed reaction pathway, the direct H+ adsorption happens because of the 

electron density difference of oleic acids carbonyl O. In step 2, the oleic acid intermediate 

formed by H+ adsorption removes water molecule making C+ carbon activated secondary 

intermediate forms. This strong electrophile quickly reacts with weak nucleophile methanol 

in step 3. Finally, similar to pathway 1, the H+ desorption leaves fatty acid methyl ester as the 

final product. Although the general esterification mechanism with acid is well defined in past 

research 264, the mechanism of the esterification reaction in this process still needs to be 

verified theoretically. It is essential to understand the reaction happening in the discharge 

phase, electron density, and the kind of free radicals and ions actively taking part in 

protonation. 
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4.4 Conclusion 

 In this study, we developed and optimized a nonthermal liquid phase plasma 

discharge reactor for the esterification of fatty acids for producing biodiesel using a 

homogenous acid catalyst. In this research, two liquid phase plasma discharge processes, i.e., 

LPPD and Ar-LPPD, were developed to continuously produce biodiesel from fatty acids. The 

optimum operating parameters for the LPPD were 2.4 mL/s for flowrate, 10 for MOMR 

(methanol to fatty acids), and 2.0 % w/w for CAT (H2SO4 catalyst loading), respectively with 

the maximum conversion rate of 78 %. The power and applied voltage were consumed at 340 

W and 2.12 kV during the 2-min treatment. The optimization conditions for esterification in 

the Ar-LPPD process were a dielectric opening size of 1.0 mm, MOMR of 10, the liquid flow 

rate of 2.4 mL/s, argon gas flowrate at 0.2 SL/min, and CAT of 2 % (w/w), with which a 

biodiesel conversion rate of 86.8 % was obtained at an applied power of 150 W in 2-min 

treatment. The research also worked on composite Design (CCD) coupled with Response 

Surface Methodology (RSM) to optimize the LPPD process for the FA conversion rate. 

Results showed that in 4 min treatment, the LPPD process could achieve an optimal 

conversion of 80.78 % at CAT (catalyst loading wt%.) 2.38 % and MOMR 8.02. Also, the 

conversion rate was found to be affected significantly by the CAT (p=0.0039) but not by 

MOMR (p=0.9027). A quadratic regression model for adequately describing the LPPD 

process performance was established with a p-value of 0.0022. The uncertainty analysis 

further confirmed the model accuracy within a low error range of 1.2 % to 0.66 % of the 

modeled value within examined CAT and MOMR ranges. The reaction mechanisms were 

also proposed and discussed based on conversion rate, analytical analysis, and optical 

emission spectroscopy data. 
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CHAPTER 5 HYBRID LIQUID PHASE PLASMA DISCHARGE WITH 

HETEROGENEOUS NANOCATALYSTS FOR BIODIESEL PRODUCTION 

5.1 Introduction 

Despite the higher cost, homogenous base catalysts have been favored in the biodiesel 

production industry mainly because of fast kinetic reactions and low cost. The use of 

heterogeneous catalysts can considerably reduce the cost and can make easy recovery of 

biodiesel. Much work has been done in the development of new heterogeneous base and acid 

catalysts in the recent past. Heterogeneous forms of base catalysts are intended to overcome 

the limitations of using homogeneous base catalysts, such as saponification, which prevents 

glycerol release from the alkyl ester layer 12,267. The disadvantage of heterogeneous base 

catalysts is their big attraction to moisture during storage. Besides, the high FFA content 

causes washing problems in the presence of solid catalysts, resulting in the formation of soap, 

which affects the yield of biodiesel fuel 268–270.  

The development of solid catalysts for biodiesel production aimed to study the 

influence of the carrier's chemical properties on catalytic activity. Many metals and 

nonmetal-based solid catalysts have been studied in recent times; however, the main 

challenges in adopting heterogeneous catalysts as industrial-scale have been their low 

reactivity, low stability, and required higher temperature, meaning more input energy. 

Moreover, some solid catalysts have low active sites and, therefore, require more catalysts, 

making the whole system less sustainable and inefficient to adopt at the industrial scale. 

Different oxides and raw materials such as CaO, MgO, Al2O3, TiO2, hybrid metal oxide 

composites, eggshell, carbon ash, and silica gel have been tested 271–276. New methods have 

been employed to improve catalytic reactivity and stability of the catalysts in the long run; 

however, we still haven’t established a heterogenous catalysis approach to compete with 

industrial-scale biodiesel production via homogenous catalysts. 

The use of plasma in the way of a heterogeneous catalyst can positively affect the 

process and vice versa. The synergic effect of the system established by plasma catalysis can 

fundamentally improve the catalytic properties of the catalyst, allowing much better diffusion 

and adsorption/desorption equilibrium. The impact of plasma along heterogeneous catalysts 

will be investigated in our research using most of the successful heterogeneous catalysts used 

in biodiesel production through literature review to achieve a high conversion rate at low 
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input power. The strong dielectric catalyst material can help control the reaction as the 

dielectric constant allows us to achieve discharge at low energy input. We believe the 

dielectric properties of metal-based nano-catalyst can achieve high reactivity of catalyst 

generate discharge at low energy to achieve a high conversion rate. In addition, plasma can 

help to generate high reaction activity in the solid catalyst. This chapter will focus on the 

metal-based heterogeneous catalyst potential with plasma to provide a synergetic effect in 

triglyceride and fatty acid transesterification and esterification reaction to achieve higher 

yield, which can be a better alternative to available homogenous catalyst with the 

conventional heating system. 

5.2 Methods and Materials 

5.2.1 Materials and chemicals 

Purified soybean oil was purchased from Walmart. NaOH (Catalog No. S318-100), 

KOH (Catalog No P250-500), and methanol (Catalog No. A454-1) were purchased from 

Fisher scientific Waltham, Massachusetts, USA. Argon gas (99.99 % purity) was purchased 

from Oxarc Inc. (Lewiston, Idaho). γAl2O3, KOH/Al2O3, TiO2, Nickel coated silica-alumina 

and BaO3Ti were used to test heterogeneous catalyst role in plasma catalysis reaction. All the 

chemicals were used as received. 

5.2.2 Experimental Design  

In each experiment, 100 ml of refined soybean was mixed with a predetermined 

amount of catalyst and alcohol (ethanol or methanol) according to (w/w) concentration and 

molar ratio. The mixture was transferred to a flask connected with the reactor. Once the 

mixture started flowing through the reactor, the power was turned on, and the applied voltage 

and power were noted. The samples were taken at each pass, and the collected samples were 

centrifuged and water washed to stop further transesterification reactions. Each sample was 

centrifuged for 15 minutes, washed to completely remove any catalyst or excess alcohol left 

in the sample, and dried before sample quantitative analysis by GCMS. The power applied in 

each step was measured using a Watts meter connected with the reactor. When the electric 

discharge generated by the LPPD reactor was observed, the instant applied voltage was 

recorded. Each experiment was triplicated to exclude uncertainty in results. 



110 

 

 

 

5.2.3 Sampling and analysis  

5.2.3.1 GCMS analysis for conversion rate 

Each experimental run was collected a product sample (5 mL) to determine the fatty 

acid alkyl ester (FAAE) content using GC-MS, thus the biodiesel conversion rate. Different 

fatty acid species were subject to an FAAE derivation process, and the results were used as 

external. Methyl/Ethyl heptadecanoate was used as the internal standard (50 μg/mL in 

dichloromethane solvent). The prepared FAAE derivatives from standard fatty acids and 

biodiesel samples were analyzed by GC/MS EI (FOCUS-ISQ, Thermo-Scientific, San Jose, 

CA, USA) under these conditions: temperature rising profile, 40 °C (1 min) → 5 °C/min to 

320 °C; GC capillary column used, ZB-5MS (30 m, 0.25 mm Ø, Phenomenex). 

𝐶 =
(𝐴)– 𝐴𝐸𝐼)  × 𝐶𝐸𝐼  ×  𝑉𝐸𝐼 ×  100 %

𝐴𝐸𝐼   × 𝑊
 

Where A - total peak area of ethyl ester  

AEI = peak area of internal standard   

CEI = concentration (mg/mL) of internal standard solution  

VEI = volume (mL) internal standard solution 

W = weight (mg) of sample 

5.2.3.2 Determination of Free and Total Glycerin 

A sample (2 mL) was collected for each experimental run to determine the free and 

total glyceride content in the sample. ASTM D 6584 standard method was used for total and 

free glyceride analysis. Thermo Scientific GC Ultra equipped with an FID detector was used 

for analysis. 

5.2.3.3 FTIR analysis  

FT-IR analysis was performed to confirm the reaction of oleic acid esterification to 

produce biodiesel qualitatively. All spectra were recorded on the NicoletTM iSTM 20 FTIR 

(Thermo Fisher Scientific) spectrometer between 650 and 4000 cm -1 with a precision of 16 

cm -1 and a cumulative survey of 64 times. The FT-IR data was collected using the 

OMNICTM Spectra software. 
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5.2.3.4 Optical emission spectroscopy  

Optical emission spectroscopy was used for plasma diagnostics. The spectra were 

obtained using Ocean insight spectrometer bundle HR-plasma (HR4000 CG-UV) with 400 

µm resistant optical fiber attached to the CCD detector. The emission spectra were obtained 

from the range 200-100 nm. For the acquisition and analysis of data, the Oceanview 2.0 

spectroscopy software was used. 

5.2.3.5 Electrical testing  

An oscilloscope (TBS1052B-EDU, Tektronix Inc., Beaverton, OR) connected with 

the reactor was used to measure the output voltage and current at each time interval. The 

input power applied in each step was measured using a Watts meter connected to the system. 

5.2.3.6 Scanning electron microscopy (SEM) 

SEM uses an electron beam to observe the material's morphology at a higher 

magnification than conventional methods. The samples are prepared in a clean environment 

to prevent sample loss or air contamination. The images are taken at magnifications of 25, 

400, 1000, and 7000 x to show the sample's structure at different scales and allow an accurate 

comparison of the catalyst.  

5.2.3.7 XPS technique for elemental analysis 

XPS is a method for measuring the elemental composition of the material and the 

chemical groups containing elements. This method is like the EDX method, except that XPS 

measures the kinetic energy and the number of lost electrons, while EDX measures the 

characteristic X-rays produced by the material. Thermo Scientific ESCALAB 250 XI was 

used to acquire X-Ray photoelectron spectroscopy data. 

5.2.3.8 X-Ray Diffraction (XRD) analysis 

To further characterize the material structure, X-Ray Diffraction (XRD) analysis was 

used to get an idea of the material's crystalline structure and measure its crystallinity. The 

reflected light and the results were based on signal and angle. Bruker Xpert PRO MPD; D8 

Advance instrument was used to acquire data, and Braggs law was used to determine atomic 

spacing and arrangement. 
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5.3 Results and Discussion 

5.3.1 Characterization of excited radicals in the heterogeneous catalysis with LPPD 

Testing with the Ar-LPPD processing system, the excited species generated in the 

presence of heterogeneous catalysts were similar to species generated in the Ar-LPPD 

process in the presence of H2SO4. We didn’t observe any new peaks that may have given us 

some plasma effect on catalyst activation in any catalysts. Figure 5.1 and Figure 5.2 show the 

emission spectrum at different input power and gas flow rate. At low input power, we 

observed very low-intensity argon peaks as only argon gas molecules were activated at low 

input power, which caused plasma formation. However, at higher power and gas flow rate, 

we observed very strong Hα peaks corresponding to the hydrogen atom, representing free 

electrons in the plasma phase. There were no classical carbon peaks relevant to the carbon 

structure decomposition of organic molecules. This shows no additional radical or activated 

species formation in the presence of the heterogeneous catalyst, which could have influenced 

the reaction. 

 

Figure 5.1 OES emission peaks in Ar-LPPD at (50-Watt, 0.21 L/min Ar) 
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Figure 5.2 OES emission peaks in Gen. 2 LPPD at (150 watts, 1.00 l/s Ar) 

5.3.2 Catalyst screening for transesterification reaction by Ar-LPPD process  

To study the role of plasma in the hybrid catalytic process at an early stage, different 

most commonly used heterogeneous catalysts for biodiesel production were incorporated in a 

plasma reactor to observe the hybrid system potential in the transesterification reaction. In 

each setup, the constant methanol to oil ratio and the same reaction conditions were set up to 

see the behavior of the plasma reaction. The effect of a different catalyst was not very 

significant. The transesterification reaction was carried out at different times and passed 

modes to see the effectiveness of the system. Figure 5.3 shows the conversion rate of pure 

triglycerides in the presence of a different catalyst. We observed that time has a very limited 

influence on increasing the conversion rate of the reaction. In all of the primarily tested 

catalysts, the Ni coated silica-alumina was the most effective catalyst in our hybrid plasma 

system to achieve a maximum conversion rate of 7.32 % after 10 min of treatment time. 
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Figure 5.3 Transesterification reaction conditions: methanol/oil molar ratio, 8:1; catalyst, 

1 wt. %, Liquid flow rate, 2.4 ml/s, Ar gas flow rate, 0.21 L/min and input power 150 watts 

In Figure 5.4, all the catalysts were compared with no catalyst reaction phase, as we 

saw in the presence of TiO2 BaTiO3 and Ni coated silica-alumina, the conversion rate was 

higher, indicating the catalyst does have a slight effect in increasing the catalyst conversion 

rate, for the results suggested that some of the catalysts do improve the transesterification 

reaction along with plasma. However, as a result, there was a very slight increase in 

conversion yield compared to no catalyst reaction; this might be the cause of the two most 

probable reasons. As we see in literature, most heterogeneous catalyst reactions happen at 

much higher temperatures meaning the very high amount of input energy requires increasing 

the diffusion and adsorption of the reactant on the catalyst surface to initiate the catalytic 

reaction. In our reactor, the overall temperature of the solution was 25 °C; we hypothesized 

that since the plasma formation will be happening near the heterogenous catalyst surface, this 

will make the catalyst adsorption more effective, however from the results suggested the 

catalyst doesn’t play any fundamental role in the reaction phase. 

Secondly, there is also the possibility of a negative impact of plasma on the catalyst's 

surface. As we know, the pore structure and acid-base strength of the catalyst surface are 

very important in enhancing the catalytic activity; generating plasma near the surface of the 

catalyst may have negatively affected the catalyst activity. Furthermore, since the 

hydrophobic characteristics of the catalyst surface are important in organic solution reaction, 
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the plasma discharge on the catalyst surface may have made it more hydrophilic, allowing 

polar byproducts adsorption limiting the active catalyst surfaces. 

 

Figure 5.4 Transesterification reaction conditions: methanol/oil molar ratio, 8:1; catalyst, 

1 wt.%, Liquid flow rate, 2.4 ml/s, Ar gas flow rate, 0.21 l/s and input power 150 watts 

5.3.3 Heterogenous catalyst screening for esterification reaction by Ar-LPPD 

Compared to transesterification in the hybrid reactor, the esterification reaction shows 

much better results under similar reaction conditions. As in preliminary selection of the 

catalyst fatty acids to methanol molar ratio, reaction time and other operating parameters 

were constant. Figure 5.5 shows the conversion rate in the presence of different added 

catalysts. As shown in the figure, similar to the transesterification reaction, BaTiO3 and Ni 

coated silica-alumina was the most effective catalysts in the reaction process. The conversion 

yield of 18.54 % was obtained after 10 min of reaction time in the presence of Ni coated 

silica-alumina. 

In Figure 5.6, different added catalysts were compared with no catalyst esterification 

phase under similar reaction conditions; only TiO2 and Ni coated silica-alumina have higher 

conversion yields. This can suggest that other catalyst doesn’t play an active role in the 

esterification reactions. To further investigate the role of Ni coated silica-alumina more 

experiments were designed to see if the loading concentration of catalyst does have any role 

in the conversion reaction. Figure 5.7 shows the results of different catalyst loading rates in 

the esterification of fatty acids under the hybrid plasma catalysis phase. The results show a 
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very slight change in the conversion rate by increasing the catalyst loading, suggesting it was 

the most restricting parameter in achieving a high conversion rate similar to the homogenous 

catalyst reaction process. 

 

Figure 5.5 Esterification reaction conditions: methanol/oil molar ratio, 12:1; catalyst, 1 wt.%, 

Liquid flow rate, 2.4 ml/s, Ar gas flow rate, 0.21 l/s and input power 150 watts 

 

Figure 5.6 Esterification reaction conditions: methanol/oil molar ratio, 12:1; catalyst, 1 wt.%, 

Liquid flow rate, 2.4 ml/s, Ar gas flow rate, 0.21 l/s and input power 150 watts 

 

0

5

10

15

20

25

γ-Al2O3 KOH/Al2O3 TiO2 BaTiO3 Ni/SiO2/Al2O3

FA
 C

o
n

ve
rs

io
n

 (
%

)

1 Pass 2 min 10 min

0

4

8

12

16

20

10 min

FA
 C

o
n

ve
rs

io
n

 r
at

e
 (

%
)

γ-Al2O3 KOH/Al2O3 TiO2 BaTiO3 Ni/SiO2/Al2O3 No Catlayst



117 

 

 

 

 

Figure 5.7 Esterification reaction conditions: methanol/oil molar ratio, 12:1; Liquid flow rate, 

2.4 ml/s; Ar gas flow rate, 0.21 l/s; and input power, 150 Watt 

Figure 5.8 represents the role of input power in the esterification of heterogenous 

plasma catalysis processes. As we can see from the results, input power has a very high 

impact on the conversion rate of the esterification reaction. As we observed in the optical 

emission spectrum in Figure 5.1 and Figure 5.2, there were no Hα peaks observed under low 

power plasma discharge since plasma was mainly formed by exciting argon gas; however, in 

high input power, see large hydrogen atom peak suggesting the availability of free electrons, 

which might have directly contributed to the esterification reaction.  

There is a need to further investigate the role of activated Hα in catalysis reaction, 

and also we need to create new reaction conditions either by increasing solution temperature 

to see the diffusion-reaction in heterogeneous catalyst and instead of circulating catalysts in 

the plasma phase, it may be incorporated in the form of pellets right after plasma discharge 

area to limit direct plasma impact on catalyst surface to disturb catalyst surface chemistry. 
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Figure 5.8 Esterification reaction conditions: methanol/oil molar ratio, 12:1; catalyst, 1 wt.%, 

Liquid flow rate, 2.4 ml/s, Ar gas flow rate, 0.21 l/s  

5.4 Conclusion 

The results from this chapter suggested that a heterogeneous catalyst with a plasma 

process for transesterification and esterification of triglycerides and fats may not be very 

effective. However, we see some catalysts did progress with the esterification reaction, 

redesigning the active surface catalysts, and a new experimental approach is required to study 

the modified system effectiveness.  
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CHAPTER 6 SUMMARY AND FUTURE OUTLOOK 

6.1 Summary of the thesis 

In this thesis, we have explored the possibilities of plasma catalysis in the 

decomposition and reaction of triglycerides, fatty acids, and waste organic liquids to produce 

a renewable biofuel, biodiesel, using an explicit reactor design that can use high-voltage AC 

power to incorporate organic liquids' requirements and achieve maximum conversion at an 

extremely fast reaction rate. Furthermore, the effects of different design and operational 

process parameters were evaluated to optimize the reactor to achieve maximum biodiesel 

yield with high quality to meet industrial standards. 

 The first section of the thesis discusses the transesterification of triglycerides with 

ethanol by the liquid phase plasma discharge catalysis. The liquid phase plasma discharge 

(LPPD) reactor was initially designed to create plasma discharge in liquid without the 

presence of gases. In early experiments, we identified free ions were compulsory to initiate 

discharge since the pure oil with any catalyst is a very good insulator, and discharge wouldn’t 

be possible without conductive ions. We tested the potential homogenous catalysts to provide 

conductive ions to initiate the reaction and direct the transesterification reaction. An 

improved second-generation LPPD reactor was designed to achieve more stable plasma 

discharge and better contact of liquid flowing through the reactor. On the improved design,  

we evaluated operational parameters such as liquid flowrate, dielectric opening size, applied 

power, ethanol to oil ratio, and catalyst loading. The improved LPPD process with argon gas 

further (Ar-LPPD) promoted the reaction with higher energy efficiency achieved with lower 

ethanol and catalyst use while also stabilizing the plasma discharge and increasing the life of 

the reactor. From the data acquired through experimentation and compared with mechanism 

by other means of energy delivery, the mechanism of LPPD assisting the transesterification 

reaction and the reaction pathway was proposed. In the future, a kinetic model will be 

developed to simulate the process effectively within different operating ranges. 

 In the next section, pure oleic acid was tested in LPPD and Ar-LPPD processes under 

different catalytic conditions to evaluate plasma effectiveness on the esterification reaction 

for fatty acids, which are the main component of most waste oils available for biofuel 

production. A conversion rate of up to 90 % was achieved with optimized operational 

conditions in the presence of an acid catalyst (H2SO4). After optimizing different operational 
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parameters, a quadratic model was established using the CCD and RSM analysis to study the 

role of independent variables, the molar ratio of methanol/oil, weight loading ratio of catalyst 

(%), and fatty acid (oleic acid). The regression model equation for the prediction of 

conversion rate based on independent variables was determined. From the data acquired 

through different experiments, the esterification reaction mechanism by LPPD was proposed. 

Further research using different reaction gases in LPPD reactor along with kinetic modeling 

for different conditions can help verify and control the reaction mechanism in fatty acids 

esterification. 

 The final section of the thesis discussed the performance of LPPD by adopting 

heterogeneous catalysts in the reactor set up to observe the reaction rate for triglycerides and 

fatty acids. After successful conversion with different catalysts, a mixed solution of fatty 

acids and triglycerides was prepared to imitate waste cooking oil to test the effectiveness of 

heterogeneous catalyst in the LPPD process for waste oils with high free fatty acids (FFA) 

content. 

It has been experimentally proven that higher temperature in LPPD reactors is not the 

only reason to attain a high conversion rate; in the Ar-LPPD reactor, we observed that we 

still achieve a very high conversion rate without any change in solution temperature. 

Although a temperature rises in the LPPD reactor, the overall solution temperature goes to 

around 323 K and more, meaning the single internal molecule under plasma conditions may 

have a much higher temperature, which was further proven through swan band observation in 

OES data. The estimated temperature of plasma phase molecules rose to 2000K, which is 

more than enough for transesterification reaction and can substantially increase the reaction 

rate. However, we got very similar results with the Ar-LPPD reactor where the solution 

temperature remains similar, although we observe miner swan band spectrum to suggest very 

little influence of the vibrational and rotational temperature to increase liquid molecules 

reaction rate all conversion is due to plasma discharge. 

The average temperature of the Ar-LPPD reactor was too low to initiate the thermal 

conversion. However, with argon gas, a high concentration of reactive species was generated 

during short plasma discharge through simple electron impact dissociation. So, the primary 

reason to adopt an Ar-LPPD reactor is to protect the reactor from extra stress, reduce the 
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energy input required to produce stable discharge, and be way more compatible with 

different kinds of organic liquid where we can't add reactive ions to initiate discharge. 

Besides temperature, the electron density in LPPD and Ar-LPPD reactor is very 

different. The electron density in Gen.2 reactor was much higher at a very low temperature. 

However, in LPPD, the electron temperature was much higher, causing an increase in the 

solution molecules temperature, its more reasonable as in Ar-LPPD, reactor electron impact 

made more contribution towards reaction compared to LPPD, where temperature increase has 

caused the thermal activation reaction too. Although in these assumptions, we cannot 

attribute the non-uniformity of plasma formation, in some cases, it may have a very high-

power density in the specific local region of plasma which may have caused the liquid 

molecule temperature to rise. Although accurate estimation of both thermal and plasma 

conversion roles may not be possible, we know both contribute to the activation of the 

chemical reaction. 

 Overall, this thesis demonstrated the successful transesterification and esterification 

of triglycerides and fatty acids under different design and operational conditions using LPPD 

processes. The analysis of decomposed products also suggested the LPPD reactor design in 

our work was perfect for conducting chemical reactions in the liquid phase; no impurities of 

electrode erosion or dielectric damage were identified in the final product. The experimental 

work proved that the LPPD could be used for triglycerides and fatty acids conversion under 

different reaction conditions to selectively produce fatty acid esters (biodiesel). The results 

suggested that Ar-LPPD is more favorable for both esterification and transesterification 

reactions as it takes much less input energy, and desired products can be attained by electron-

induced ionization, though argon gas is an extra cost. The results suggested that optimized 

LPPD technology could be commercialized for the transesterification process and hold the 

potential for sustainable liquid fuels production and other chemical synthesis applications. 

6.2 Future work 

The increasing concentration of carbon dioxide in the atmosphere, mainly caused by 

human activities, reasoned global warming. Therefore, we must switch towards renewable 

energy and store this volatile energy by simultaneously converting greenhouse gases into 

value-adding fuels. One of the emerging technologies that can drastically enhance many low-

energy chemical reactions involved in sustainable fuels production is plasma technology. 
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Biofuel has long been considered a potential alternative to fossil fuels since it has a 

similar amount of energy, is much easier to transport, and can easily be adopted in the 

available infrastructure. United States government has set targets and guidelines for 

enhancing the biofuel market, especially in the transportation industry; however, the 

limitation in technology development for the advancement of second-generation biofuels has 

been a real reason to open the possibility of biofuel at large scale. Research in new 

alternative reaction technologies can help us better develop processes and pathways to 

improve yield and long-term market share by developing carbon-neutral biofuels. 

Further experimental studies are suggested for the Ar-LPPD reactor, using different 

CO2 and other reaction gases, to see the activation of reaction and test the product to see if 

gases ions play any role in the chemical reaction. If the addition of CO2 can work for 

producing biodiesel, the net carbon emission in biofuel production can be reduced to a 

certain extent. The investigation of other different gases was not possible in these studies 

mainly because of time constraints. The next aim would be to identify a reaction gas that can 

reduce the requirement of catalyst, and we can produce biodiesel without any catalyst. Lastly, 

the kinetic modeling of different reaction conditions under both heterogeneous and 

homogenous catalysts for esterification and transesterification reaction can help us better 

understand the inner reaction mechanism and the role of exponational increase in reaction 

rate. The ultimate aim is to directly produce biodiesel from high FFA content waste oil using 

a catalyst-free approach. 

The area which can potentially revolutionize this technology would be the improved 

kinetic model for liquid-gas plasma discharge systems which haven’t be established organic 

solutions such as fatty acids and triglycerides; the available models have a number of 

assumptions to fit the specific results, so the applicability of the available models have very 

limited utilization. Both fluid and gas flow models separately and mix phase must be 

comprehensively researched, and both phases interacted simulations would help the accuracy 

of the models. A further investigation into determining electron temperature residence time 

and electron density with more accuracy can help to identify the role of both charge particles 

and thermal energy introduced into the system. With the determination of more precise 

interpretation, new models can help to improve reactor design. This research studies a few 

metals oxide-based nanocatalysts; a more detailed study into the surface-functionalized 



123 

 

 

 

catalyst to reduce saponification and fouling can help to enhance the reactor efficiency with 

the heterogeneous plasma reaction process. Finally, once we understand kinetic reaction 

pathways, a new surface-functionalized catalyst can be incorporated in the plasma phase to 

selectively recombine activated species to produce desired products. Using experimental and 

theoretical models based on a reactor design will help us achieve energy efficiency goals. 

Both experimental and theoretical model approaches will help us understand the 

chemical kinetics of the process. The research will help us better understand plasma 

chemistry and its potential in environmental and energy applications as a substitute for 

thermal catalysis. 
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