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Abstract

The purpose of this Major Qualifying Project was to determine the viability of replacing
the methanolysis Unit Operations Il Laboratory experiment with a similar, yet safer, ethanolysis
experiment. Furthermore, the heating value and emissions profile of biodiesel from ethanolysis
and methanolysis were compared to petroleum diesel to gain more knowledge on the implications
of biodiesel. This was done by modifying the existing methodology to utilize ethanol, maintaining
a 6:1 molar ratio of alcohol to oil and 0.5 wt% potassium hydroxide catalyst. Methyl-biodiesel and
ethyl-biodiesel were refined through a multi-step process and burned in a combustion unit to
analyze the emissions concentrations and heating values.

For methanolysis, rate constants were determined, from which an activation energy of 59.9
kJ/mol was calculated. For ethanolysis, rate constants were determined, from which an activation
energy of 49.6 kJ/mol was calculated. Both calculated activation energies fell within the ranges
provided by literature for the respective transesterification reactions. Additionally, both reaction
curves followed the patterns predicted by literature.

On a per mass basis, refined ethyl-biodiesel and refined methyl-biodiesel contained 95%
and 94% of the heating value of petroleum diesel, respectively. From an emissions standpoint,
both methyl- and ethyl-biodiesels have significantly lower emissions concentrations than
petroleum diesel. Furthermore, ethyl-biodiesel has additional emissions benefits over methyl-
biodiesel.

From the successful kinetics study using ethanolysis, and the added safety benefits, it was
concluded that ethanol is a viable replacement for methanol in the Unit Operations biodiesel
experiment. Due to the preliminary indications of its higher heating value and less hazardous
emissions compared to methyl-biodiesel, ethyl-biodiesel was recommended to be phased into the

biodiesel market.



Executive Summary

Introduction

Considering approximately 75% of human-induced carbon dioxide emissions in the past
20 years are due to fossil fuel combustion, it is clear that people need to reduce their consumption
and shift their reliance to resources that are both renewable and less impactful on the environment
[1]. The world uses fossils fuels for an average of 71% of our total energy consumption, and
combustible renewable sources, such as ethanol and biodiesel, for an average of 20%. However,
developed countries like the United States tend to use more fossil fuels (84%) and fewer renewable
combustibles (4%) than underdeveloped countries [2], [3]. Biodiesel is a renewable resource that
is currently more expensive than diesel, but could significantly decrease the amount of carbon

dioxide emissions in the world.

Goals and Objectives

The purpose of this Major Qualifying Project was to determine the viability of replacing
the methanolysis Unit Operations Il experiment with a similar, yet safer, ethanolysis experiment.
Furthermore, the heating value and emissions profile of biodiesel from ethanolysis and

methanolysis were studied to gain more knowledge on the implications of biodiesel fuel.

These purposes were achieved by executing the following objectives:

e  Compare the experimental data for the kinetics of base-catalyzed transesterification with
methanol and ethanol

° Determine if the existing Unit Operations methodology can be applied to ethanolysis

e  Update the Unit Operations pre-laboratory exercise as necessary

o Compare the heating value of diesel, and biodiesel from methanolysis and ethanolysis

° Determine which biodiesel emissions would be less hazardous for the environment



Methodology

Alcohol, both methanol and ethanol, and canola oil were reacted in a jacketed glass vessel
in a 6:1 alcohol to oil ratio with 0.5 wt% (oil-based) KOH catalyst. Reactor Master (Syrris)
software was used to automatically control the reaction and provide a digital log of the experiment.
Samples were taken at predetermined time intervals and analyzed at the completion of the 40
minute reaction period. The samples were analyzed using a glycerol enzyme assay and
colorimetric plate reader. Monitoring the production of glycerol allowed for the study of the
reaction kinetics and determination of the rate constants at various temperatures, and therefore the

overall activation energy as defined by the Arrhenius equation.

Both ethyl- and methyl-biodiesel were refined and combusted. The biodiesel product was
de-alcoholized in a rotary evaporator, separated from the triglycerides in a separatory funnel, and
run through a resin column packed with sodium polystyrene sulphonate to remove impurities.
Petroleum diesel, refined methyl-biodiesel, and refined ethyl-biodiesel were combusted. The
heating values and emissions were evaluated using a flue gas analyzer, a combustion heater, and a

heat exchanger.

Results and Discussion

Transesterification

The averaged methanolysis data followed the predicted “S”-shaped curve, indicating initial
mass transfer limitations. It was also confirmed that the methanolysis reaction is kinetically
favorable at higher temperatures in that it proceeds faster, producing more glycerol in early time

periods.

The rate constants for the methanolysis reaction were determined and the activation energy
was calculated to be 59.9 kJ/mol, which agrees with the literature values of 26.8-61.5 kJ/mol for

methanolysis at various operating parameters.

The average ethanolysis data followed the predicted curve of an immediate increase in
glycerol concentration followed by a plateau. This shape is indicative of little to no mass transfer
limitations. Furthermore, it was confirmed that the ethanolysis reaction is also kinetically favorable



at higher temperatures. The increase in reaction rate with temperature is not as large with

ethanolysis as with methanolysis, but it is still present and can be observed.

The rate constants for the ethanolysis reaction were determined and the activation energy
was calculated to be 49.6 kJ/mol, which agrees with the literature values of 3.4-51 kJ/mol for

ethanolysis reactions at various operating parameters.

Heating Value and Emissions

The heating values of refined methyl-biodiesel and refined ethyl-biodiesel were compared
to the current market standard of petroleum diesel. On a per mass basis, refined ethyl-biodiesel
contained 95% of the heating value of petroleum diesel and refined methyl-biodiesel contained
94% of the heating value of petroleum diesel. Not only did ethyl-biodiesel have a higher heating
value than methyl-biodiesel, but it also had 59%, 34%, and 35% less carbon monoxide, nitrogen
monoxide, and nitrogen oxides, respectively, compared to methyl-biodiesel’s 55%, 19%, and 20%.

Conclusions and Recommendations

It was determined that the Kinetics of ethanolysis are similar to those of methanolysis, but
without mass transfer limitations, which agreed with literature. The Unit Operations methodology
allowed for the successful study of the kinetics of ethanolysis as well. It was therefore
recommended to utilize ethanol instead of methanol as the alcohol agent in the transesterification
Unit Operations experiment due to its less hazardous nature. The Unit Operations pre-laboratory
exercise was updated for utilizing ethanol instead of methanol, as well as to provide clarity on
experimental objectives. It was also recommended that ethyl-biodiesel be phased into the biodiesel
market as an alternative to methyl-biodiesel due to the preliminary indications of its higher heating

value and less hazardous emissions.
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1. Introduction

The change in the global climate has been described as being caused primarily by human
actions, specifically exponential population growth and overconsumption of natural resources such
as fossil fuels [4]. Carbon dioxide concentrations have increased by over 30% since pre-industrial
times, with half of this increase since 1965, and the global mean surface temperatures have
increased 0.6°C since the late 19th Century (0.2-0.3°C over the past 40 years) [5]. Considering
approximately 75% of human-induced carbon dioxide emissions in the past 20 years are due to
fossil fuel combustion, it is clear that people need to reduce their consumption and shift their
reliance to resources that are both renewable and less impactful on the environment [1]. One such
alternative fuel is biodiesel, the consumption of which has increased over 400% since 2010 [6].
Experience with renewable fuels like biodiesel can educate current and future engineering students

of their environmental benefits, which may further increase consumption in the future.

The Chemical Engineering and Environmental Engineering Departments at \WWorcester
Polytechnic Institute are accredited by the Accreditation Board for Engineering and Technology,
Inc., or ABET. ABET is a non-governmental organization recognized by the Council for Higher
Education Accreditation that accredits college and university programs in the disciplines of applied
science, computing, engineering, and engineering technology [7]. The WPI Chemical Engineering
and Environmental Engineering curricula have defined student outcomes to meet ABET
accreditation, including:

e an ability to design and conduct experiments, as well as to analyze and interpret data

e an ability to design a system, component, or process to meet desired needs within realistic
constraints such as economic, environmental, social, political, ethical, health and safety,
manufacturability, and sustainability

e an ability to use the techniques, skills, and modern engineering tools necessary for
engineering practice
The Unit Operations course is a senior-level laboratory practicum in the Chemical

Engineering curriculum. The purpose of the Unit Operations class is to apply engineering

principles of fundamental chemical engineering theories. Laboratory experiments require practical
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knowledge of key topics such as fluid mechanics and heat and mass transfer, as well as provide
students with an introduction to industrial equipment like packed towers, reactors, and evaporators.

The experiments are furthermore designed to meet ABET student outcomes.

One existing Unit Operations experiment is the transesterification of canola oil to produce
biodiesel using methanol and a potassium hydroxide catalyst. The reaction kinetics are studied
throughout the process to analyze the effects of temperature and determine the activation energy
of the reaction. This Major Qualifying Project researches modifying this experiment to utilize
ethanol instead of methanol as a significantly less hazardous material. Additionally, there is a Unit
Operations experiment being developed that uses a combustion unit and flue gas analyzer to
measure the heating content and emissions concentrations of a fuel source. This Major Qualifying
Project utilizes this equipment to analyze the environmental implications of biodiesel, while

providing additional information to the experiment development team.

Section 2 discusses the history of biodiesel, the safety benefits of ethanol, the details of
transesterification and the Unit Operations Experiment, and the effects of biodiesel combustion.
Section 3 outlines the methods by which we achieved our goals regarding transesterification and

emissions research. Sections 4 and 5 provide the results and conclusions of our research.
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2. Background
2.1 History of Biodiesel

The first achievement in the development of biodiesel and the diesel engine was the
establishment of the transesterification reaction. E. Duffy and J. Patrick conducted
transesterification in 1853 [8], [9]. Transesterification is the process of converting vegetable oils
or animal fats into monoalkyl esters, or biodiesel [8]. However, the inception of the diesel engine
began four decades later when Dr. Rudolph Diesel published “The Theory and Construction of a
Rational Heat Engine” [8], [10]. Dr. Diesel applied Sadi Carnot’s theory of compression ratios to
the internal combustion engine, and his compression-ignition engine was patented in 1893 and
first demonstrated in 1897 [8].

This engine was innovative because it could utilize a variety of fuels, ranging from coal
dust to kerosene. This versatility allowed the application of vegetable oils, which were found to
have high energy content, and therefore make excellent fuels. This application led to France
commissioning the Otto Company to use peanut oil in a diesel engine at the 1900 World’s Fair in
a hope to enable a domestic fuel made from vegetable oils for African Colonies. Dr. Diesel realized
that vegetable oils could also be utilized as a fuel that farmers could produce themselves, and
devoted much of his time into researching vegetable oil fuels. At the 1911 World’s Fair in Paris,
Dr. Diesel demonstrated his diesel engine using peanut oil, stating, “the diesel engine can be fed
with vegetable oils and will help considerably in the development of the agriculture of the countries
which use it” [8]. However, shortly after Dr. Diesel’s death in 1913, petroleum became widely
available in multiple forms, including today’s modern diesel fuel. Petroleum-based diesel fuel soon
became the standard because it was so widely available and affordable, which led to biodiesel
falling out of favor. The diesel engine was adapted for the combustion of petroleum-based diesel,

essentially eliminating the use of other fuels.

Fuel shortages, and the Second World War, led to price spikes in petroleum products,
which temporarily renewed interest in vegetable oils over diesel fuels. However, because the diesel
engine had been changed to suit petroleum-based diesel, vegetable oils were too viscous to be

used. This sparked research into making vegetable oils less viscous. In 1937, G. Chavanne
14



obtained a patent for using transesterification to transform vegetable oils into a usable biodiesel

fuel. This process established by G. Chavanne is what is now used for today’s modern biodiesel.

It wasn’t until the 1980s that the use of vegetable oils as an alternative fuel to petroleum
was proposed. Vegetable oils are advantageous due to their portability, ready availability,
renewability, higher heat content, lower sulfur content, lower aromatic content, and
biodegradability. Despite this, commercial production did not begin until the late 1990s [8]. In
recent years, there has been growing concern with petroleum-based diesel’s lack of sustainability
and harmful emissions. This has led to a renewed interest in biodiesel because it can be produced
sustainably and it possesses a “clean emissions profile”; however, biodiesel has not yet been

implemented on a large scale.

2.2 Transesterification

Biodiesel can be produced in a variety of ways, including blending, microemulsions,
pyrolysis, and transesterification. Transesterification is currently the most utilized method of
producing biodiesel [11]. Also known as alcoholysis, transesterification is the displacement of
alcohol from an ester by another alcohol. When methanol is used as the displacing alcohol, the

transesterification reaction is called methanolysis, as pictured below:
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Figure 2-1: Overall Transesterification Reaction with Methanol

The fatty acid esters, in this case methyl esters, are the biodiesel product. A strong acid or base
catalyst is needed to accelerate the reaction [12].

Transesterification is used to convert renewable feedstocks such as vegetable oils or animal

fats into shorter monoalkyl esters like methyl esters that have properties more similar to those of
15



diesel fuels; this process reduces the molecular weight by a factor of three, reduces the viscosity

by a factor of eight approximately, and increases the volatility marginally [13].

As mentioned above, methanol is the most commonly used alcohol for transesterification
due to its low cost, availability, and suitable physical and chemical properties [14], [15]. It is,
however, extremely toxic and has various safety concerns, further discussed in Section 2.2.6
Safety. As methanolysis has been the primary pathway for transesterification, it has been

extensively studied, and there are various papers that discuss the kinetics of the reaction [16].

The use of ethanol in transesterification is increasing for various reasons. Ethanol has
higher solubility for vegetable oils than methanol and is less toxic [14], [15]. Ethanol is also
renewable as it primarily comes from biomass. Producing ethyl esters rather than methyl esters
also improves the renewability of biodiesel as an entirely agricultural fuel, as well as slightly
increasing the heat content and cetane number due to the extra carbon atom, and lowering the cloud
and pour points which improves cold starts [14], [17]. However, the separation of ethyl esters and
glycerol is more difficult than with methyl esters [12]. One of the largest concerns with using
ethanol for transesterification is the formation of emulsions. Emulsions form in all
transesterification reactions due to the formation of monoglyceride and diglyceride intermediates,
which have both polar and nonpolar components. In the case of methanol, emulsions quickly
dissipate to form a glycerol rich lower layer and methyl ester rich upper layer. In the case of
ethanol, emulsions are more stable due to the larger non-polar group, and thus complicate the
separation and purification of esters. However, if the concentration of monoglyceride and
diglyceride intermediates are low enough, then the emulsions become unstable as with
methanolysis [12]. It is therefore very important that ethanolysis reactions go to near completion

S0 as to minimize the intermediate concentrations.

The transesterification reaction is affected by various variables, including catalyst,

temperature, molar ratio of alcohol, and mass transfer.

2.2.1 Catalyst

As mentioned above, a strong acid or base catalyst is needed in the transesterification

reaction to accelerate the conversion of triglycerides. Alkaline metal alkoxides and hydroxides

16



are the most effective catalysts, but sodium and potassium hydroxide are frequently used because
they are lower in cost and easier to handle [14], [17]. An alkaline catalyst concentration from 0.5-
1 wt% yields 94-99% conversion of vegetable oil into esters. Furthermore, an alkali-catalyzed
reaction proceeds approximately 4000 times faster than an equal acid-catalyzed reaction, and
alkaline catalysts are less corrosive to equipment [13], [18]. However, the base catalyzed reaction
is very sensitive to the free fatty acid (FFA) content and research suggests that a FFA content over

3% requires an acid catalyst [12], [17].

2.2.2 Temperature

The rate of the transesterification reaction is strongly influenced by temperature, but will
proceed at room temperature [13], [17]. This is indicated by Figure 2-2 below, which demonstrates
the temperature dependence of transesterification of sunflower oil with ethanol [14]. The highest
yields of esters occurs near the boiling point of the alcohol used (in this case, near the boiling point
of ethanol, 78°C).

2.5

C., mol/dm 3

T
0 10 20 30 40
Time, min

25 - (®); 50 - (A); and 75 - (m);

Figure 2-2: Temperature Dependence of Transesterification

2.2.3 Molar Ratio

Figure 2-2 above was determined using a 6:1 molar ratio of alcohol to oil. It is more

favorable to shift the transesterification reaction to the right for higher ester yield, and this is

achieved primarily by increasing the alcohol to oil ratio. A molar ratio of 6:1 is suggested for

17



maximum conversion, but other literature suggests up to a 9:1 ratio depending on oil and alcohol
type [12], [17]. While increasing the molar ratio shifts equilibrium to the right, too large of a molar
ratio interferes with the separation of products because there is an increase in glycerol solubility
in the alcohol [17].

2.2.4 Mass Transfer Limitations

Both methanol and ethanol are not miscible with triglycerides at ambient temperature, so
the mixture is stirred to improve mass transfer and initiate the transesterification reaction.
Monoglycerides and diglycerides are miscible with methanol and ethanol, so once the reaction
proceeds to the right and a single phase is established, mixing becomes relatively insignificant
[13]. These mass transfer limitations can be observed in a plot of methyl ester concentration over
time. There is an initial mass transfer controlled region before the reaction kinetics dominate and
give way to an equilibrium period. The initial mass transfer controlled region is not observed in
production of ethyl esters. Despite this, ethanolysis reactions are still mechanically agitated to

ensure proper mass transfer and to encourage representative sampling [14].

2.2.5 Kinetics

The kinetics of the transesterification reaction has been modeled multiple times using

various methods, oils, and catalysts at varying concentrations of each. Different research has
suggested multiple mechanisms, but in general, second order kinetics for all three reversible
reactions provided a satisfactory mechanism [19]. Marjanovic et al suggested irreversible pseudo
second order during the initial period and reverse second order close to equilibrium. Richard et al
found that a pseudo second order model was more compatible with the ethanolysis of base-
catalyzed sunflower oil than first order kinetics. Vicente et al also agrees that the base-catalyzed
methanolysis of sunflower oil follows a pseudo second order kinetic model. Other research,
however, found transesterification reactions following pseudo first order kinetics, pseudo second
order Kinetics, and combinations of second order consecutive and fourth order shunt reactions [16].

Some of this research is described in more detail in Table 2-1.
From the overall reaction pictured in Figure 2-1, the proposed transesterification mechanism is:

TG + M < BD + DG (1)
DG + M < BD + MG )

18



MG+M<BD+G 3)
Modeling the reversible reactions further results in:

TG'(t) = —k1-TG(t)-M(t) + k2-BD(t)-DG(t)
DG'(t) = k1-TG(t)-M(t) — k2-BD(t)-DG(t) — k3-DG(t)-M(t) + k4-BD(t)-MG(t)
MG!(t) = k3-DG(t)-M(t) — k4-BD(t)-MG(t) — k5-MG(t)-M(t)) + ke-BD(t)-G(t)

M(t) = —k1-TG(t) -M(t) + k2BD(t)-DG(t) — k3-DG(t)-M(t) + k4-BD(t)-MG(t) — k5-MG(t)-M(t)+k6-BD(t)-G(t)
BD'(t)= k1-TG(t)-M(t) — k2-BD(t)-DG(t) + k3-DG(t)-M(t) — k4-BD(t)-MG(t) + k5-MG(t)-M(t) — k6-BD(t)-G(t)
G'(t) = k5-MG(t)-M(t) — k6-BD(t)-G(t)

Vicente et. al studied the base-catalyzed methanolysis reaction of sunflower oil and
developed a mathematical model that defines the forward and reverse reactions outlined in the
equations above. The model was able to determine the individual rate constants at varying

operating conditions.
With a working mechanism, the Arrhenius equation is studied as follows:
k = Ae Ea/RT

Where K is the rate constant, A is the pre-exponential factor, Ea is the activation energy, R is the
gas constant, and T is the absolute temperature in Kelvin. Rearranged:

In(k) = In(A) — %’* (%)

From this analysis, the activation energy is determined. Table 2-1 below summarizes the results of

various transesterification research. An extended version can be found in Appendix A.
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Table 2-1: Compilation of Transesterification Kinetic Research

oil Alcohol Catalyst (wt%) [ Alcohol | Temperature Kinetic Model Ea Source
Ratio (°C)
Palm Methanol | KOH 1.0 6:1 55-65 3 consecutive second 26.8- | [14]
order reactions 61.5
Sunflower | Methanol | KOH 0.5-1.5 6:1 25-65 three second order 31.0- | [16]
reactions 59.6
Sunflower | Methanol | KOH 1.0 6:1 10-30 overall irreversible 33.2- | [14]

second order, reversible | 53.5
second order in final

phase
Sunflower | Ethanol NaOH 6:1, 9:1, | 25-75 overall irreversible 3.4- [14]
0.75,1.00,1.25 | 12:1 second order, reversible | 43.9
second order in final
phase
Sunflower | Ethanol 1.0 EtONa 6:1 30-60 pseudo second order 51 [20]
Palm Ethanol 1.0 EtONa irreversible second 42 [15]
order

2.2.6 Safety

Both ethanol and methanol are hazardous as an eye and skin irritant as well as when
ingested and inhaled; they are also flammable and have similar flash points. Potassium hydroxide
is very hazardous in case of skin contact, eye contact, ingestion, and inhalation. In order to protect
equipment and operators, personal protective equipment (PPE) such as gloves and safety glasses
should be worn at all times. Further, the process should be vented to reduce the chance of inhalation

exposure.
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While ethanol and methanol both exhibit toxic properties, those of ethanol are significantly
less dangerous to human health than methanol. The Emergency Response Planning Guidelines
(ERPG) and Acute Exposure Guideline Levels (AEGL) were compared in Table 2-2 below, and
are measured in parts per million in air. Level 1 ind