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Abstract

Biofuels have been increasingly explored as alter@aenewable fuel sources due to
the growing global energy demand, petroleum-basetl depletion, and the negative
effects of global exhaust emissions from fossilfu&here has been a large amount of
research on biofuel technologies and developmen¢dant years. Among all types of
liquid biofuels, vegetable oils and bio-alcoholsréndbecome of special interest since
they can be utilized in engines with and/or withaabdification. Nonetheless, the
limitations of their use are the long-term opematjgroblems from high viscosity of
vegetable oils and low energy content of bio-altehdransesterification is the most
common method to reduce the viscosity of vegetaitdethrough the chemical reactions
with methanol and/or ethanol. Although biodieské product from this process which
is also considered as a biofuel, has comparablefoperties to No.2 diesel, it has cold
weather limitations, generates high nitrogen oxelels in the exhaust gases of some
engines, and produces unpurified glycerol as colprb causing disposal problems.
Therefore, vegetable oil-based microemulsificat@s been proposed as a method to
reduce the vegetable oil viscosity using low visalcohols while eliminating the
chemical reaction and avoiding the unpurified gigteln addition, vegetable oil-based
microemulsion can overcome the immiscibility betwealcohol and oil phases.
Microemulsions are thermodynamically stable mixsuoé water and oil stabilized by
surfactant and/or cosurfactants. Owing to theiraldiv interfacial tension and high
solubilization capacity, microemulsions are enwaldr various applications such as
food, cosmetic and pharmaceutical, enhanced odvery, and biofuel applications.

Microemulsion fuels are transparent, single-phameg thermodynamically stable
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mixtures where the polar phase is solubilized wrerse micelles occurring in the non-
polar phase stabilized by surfactants. In this edission, vegetable oil-based
microemulsion fuels have been developed and thectsffof ambient temperature,
surfactants, cosurfactants, alcohols, vegetable aihd additives on phase behavior
have been evaluated. Next, pollutant emission chexiatics of products generated by
their combustion (soot, CO, and NCand fuel properties (i.e., viscosities, and cold
flow properties) of selected microemulsion fuelteyss on have been evaluated. This
work showed that various formulations of vegetabldased microemulsion fuels have
comparable fuel properties to canola biodieseljeaehthe ASTM standards of No.2
diesel, and produce more favorable pollutant emnssthan canola biodiesel and No.2
diesel. Moreover, the ability to achieve tempemtiobustness was demonstrated for
particular cases depending on user consideratiergs, (sustainable, environment-
benign, and/or cost-effective considerations). Masiportantly, this dissertation
provides useful results for further design and tweent of microemulsion fuels as

potential alternatives with the ultimate goal of veonmental sustainability.
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Chapter 1: Introduction

Over the past few decades, biofuels have recen@éased attention and shown
to be technologically and practically viable asalatives to replace petroleum-based
fuels. Their properties (i.e., renewability, biodsdpbility, and sustainability) are
attractive in light of current concerns about daple of non-renewable fossil fuel
sources and deterioration of environment. Biofwals be classified by their processing
form (processed or unprocessed form), sourcessffaagriculture, or municipal waste),
and phases (solid, liquid, or gaseous). Among lakses of biofuels, the processed
liquid biofuels (e.g., bio-alcohols, biodiesel, ahib-oils) have been increasingly
evaluated since they can be directly utilized inesal types of engines such as spark-
ignition (SI) and compression-ignition (CI or di§sengines [1].

Vegetable oils are liquid biofuels which can beedily and indirectly used in
existing engines. The use of vegetable oil in diesgine has been robustly evaluated
even prior to other alternative fuel research [3lunflower, safflower, soybean,
cottonseed, rapeseed and peanut oils have bedifiakas potential alternatives fuels
for direct use in diesel engines including its blef3, 4, 5]. Apart from neat vegetable
oils and their blends with petroleum fuels, theyn cde transformed by
transesterification process to become biodiesel @ad used in diesel engines [2].
Triglycerides, glycerol combined with three fattgids, are the primary content in
vegetable oil. While there are more than a thouseatdral fatty acids, commercial fatty
acids are limited to about twenty including palmitleic, and linoleic acids which are

sometimes accompanied by stearic and linolenic Hgidr]. Different oil properties



result from different structures and compositiorisfaity acids in the oils. From a
strength-weakness-opportunities-threat (SWOT) amalgf vegetable oil in a review,
the main advantages of vegetable oil are statée t@newability, biodegradability, and
comparable properties (e.g., heating value, armheetumber) to diesel. However, high
viscosity, a major flaw from triglyceride compositi has never been disregarded
because it causes durability problems occurrinigmg-term diesel engine operation of
unmodified vegetable oils as follows: injector awki piston ring sticking, carbon
deposition, and thickening of the engine lubricfht 8]. As a result, vegetable oll
should be modified to reduce the high viscosityobefuse in engines.

Bioalcohols are considered as biofuel since theydmrived from renewable
resources such as biomass and waste productsg9)ehA as n-butanol, ethanol has the
greatest potential to be used in engines and \e=hitlevertheless, there is much more
vigorous research on ethanol because the yeaseifdech ethanol production rate is
higher than production rate of n-butanol [10]. Elais commonly produced from
plants such as corn, wheat, sugar beet, strawwaadl. Although it has less lower
heating value (LHV) than fossil fuels, it can redugollutant emissions due to the
oxygen content and its low viscosity is suitabledduce viscosity of vegetable oil [9].
Many works refer to four technologies to reducelilgh viscosity of vegetable oils: (1)
pyrolysis, (2) blending, (3) vegetable oil transedication to fatty alkyl esters or
biodiesel, and (4) vegetable oil-based microemuktdibn [7]. Therefore, ethanol is an
appropriate solvent to be used for last three tegci®s to modify vegetable oil viscosity

in preparation for use as a fuel.



Microemulsification is a promising method for rethg viscosity of vegetable
oil since it can overcome oil-ethanol immiscibiland enhance stability of blends while
avoid chemical reaction and unpurified glycerolproducts from transesterification
process [11, 12, 13]. In addition, to reduce enaissiin combustion chamber of diesel
engines, there are three different ways to intredwater and/or alcohols in fuels: (1)
fumigation or spraying water into the air inlet) @ncurrent water and diesel injection;
and (3) microemulsions and/or emulsions. NonetBeldgmigation results in oil
contamination, and water injection needs complesigieof engine and the amount of
water. For these reasons, from a combustion pergpemicroemulsion or emulsion
fuels are also the most effective technique to cedemissions from diesel engines [14,
15, 16]. Microemulsions are thermodynamically stalphixtures of water and oil
stabilized by surfactant and/or cosurfactants dmy tare classified into four Winsor-
Type microemulsions: Winsor Type | (oil-in-water ©/W) microemulsions contain oill
solubilized in micellar solution coexisting with axcess oil phase; Winsor Type |
(water-in-oil or W/O) microemulsions contain watsolubilized in reverse-micellar
solution coexisting with an excess water phase; safinType lll (middle phase)
microemulsions exhibit three phases where bicontisuphase containing oil, water
and surfactant coexists with excess oil and wateases; and Winsor Type IV
microemulsions where the volume of the middle phase Winsor Type i
microemulsion become larger and convert to singlesp microemulsion with
increasing surfactant concentration [17]. Microesran-based biofuels are transparent

single phase Winsor Type Il microemulsions where tolar ethanol phase is



solubilized in reverse micelles occurring in thenspmlar phase. In microemulsion-
based biofuel, ethanol rather than water is sakdilin the reverse micelles [11, 12].
The overall goal of this dissertation is to formalavegetable oil-based
microemulsion fuels which can be used as an alieméuel to diesel. This dissertation
studies the effects of temperatures, surfactaotsréactants, alcohols, vegetable oils,
and additives on phase behaviors and fuel progertilame and emission
characteristics have also been investigated inrammeunderstand the effect of fuel
chemistry on the combustion properties comparddiat@ diesel and canola biodiesel.
Chapter 2 proposes the concept of vegetable odebaeverse micelle
microemulsion using extended surfactants as anrnalige fuel. The anionic
carboxylate-based extended surfactants are inteatut formulating Winsor Type |l
microemulsion to replace sulfate-based extendefhcants because of toxicity from
sulfur content, high salt requirement, and low gitgbof microemulsion fuels from
sulfate-based extended surfactants [18]. Since ethemrboxylate-based extended
surfactants are more oil-soluble than sulfate-b&s¢einded surfactants, it was expected
that they would require less or no salt to form nméenulsion fuels as compared to
sulfate-based extended surfactants. Ternary phageadch is used to demonstrate phase
behavior and miscibility comparisons of microemartsiuels in Chapter 2. The effects
of surfactants, surfactant/cosurfactant ratiosgetadgle oil/diesel ratios, and temperature
on phase behavior and viscosity are evaluated ideroto design optimized
microemulsion systems with kinematic viscosity eawomparable to neat diesel fuel.
Chapter 3 focuses on the temperature effect onepbelsavior of vegetable oil-

based reverse micelle microemulsion fuels. It heeninoted that microemulsion phase



behavior and fuel properties are temperature dependl1, 12]. Thus, to formulate
microemulsion fuels stabilized over a wide rangeteshperatures (especially at low
temperatures), it is important to study the effgictemperature on phase behaviors of
microemulsion fuels in different formulations. Clap3 also investigates the uses of
alternative materials such as renewable surfactants hydrous alcohol as well as
nonedible vegetable oils owing to a competitionhwetdible oil and food products. In
addition, temperature effect of mixed surfactansteys of renewable surfactants
(alcohol ethoxylate, and sugar-based surfactamd)canventional nonionic surfactant
were determined to explore the possibility to achilw temperature (below’0) with
high stability. The kinematic viscosity, energy teamt, and cost estimation of the
selected systems are also presented. Various sydtaue been studied to obtain the
optimum temperature-robust formulations of vegetatil-based microemulsion fuels
with sustainable, environment-benign, and costeéiffe considerations.

Chapter 4 attempts to formulate vegetable oil-basenioemulsion fuels using
different alcohol systems. Since alcohols are orgitgd compounds leading to more
complete combustion, they can reduce pollutant €ions such as carbon monoxide
(CO), and soot formation [19]. They can also lessgmogen oxide (NG formation by
decreasing the peak combustion temperature inhbeloer [9]. It was found that the
structure, functional group and carbon chain lerggthlcohols in alcohol/diesel blends
related to the fuel properties such as viscodityritity and stability, and emissions [19,
20]. However, there is limited research on theatfté alcohol structures on emissions
and fuel properties of microemulsion fuels. Conseqly, phase behaviors, flame and

combustion characteristics of microemulsion fuelthvdifferent alcohol systems are



discussed. Furthermore, Chapter 4 includes emisshamacteristic and spray droplet

size of some evaluated systems in Chapter 3.

Finally, Chapter 5 summarizes the findings, disimss and recommendations

from remarks of this dissertation to provide usefiibrmation for further design and

development of microemulsion fuels as potentiaraktives.
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Chapter 2: Vegetable Oil-Based Microemulsions UsingCarboxylate
Based Extended Surfactants and Their Potential as A Alternative
Renewable Biofuet

Abstract

Recently, vegetable oils have received increastehtain as a source of renewable
fuels. However, the high viscosity of vegetables aitakes them problematic for long-
term use in diesel engines. Therefore, vegetalll@egerse micelle microemulsions
have been evaluated as an alternative method otiregl vegetable oil viscosity while
eliminating the trans-esterification reaction andiding the unpurified glycerol and its
environmental problems. Since extended-surfacteasform microemulsions with a
high solubilization capacity and with a wide rangfeoils, extended-surfactant-based
reverse micelle microemulsion systems were evaluatéhis research. The objective of
this research is to study the phase behavior diozgtate-based extended surfactant
microemulsion systems with the goal of formulatmgtimized systems for biofuel. It
was found that carboxylate-based extended surfactarere able to form reverse
micelle microemulsions without salt addition, tH®resliminating the phase separation
and precipitation which had been observed withasetbased extended surfactants. In
addition, fuel properties such as viscosity andperature dependence were favorable
and thus support the continued development of tkedactant-based fuel systems for

use in diesel engines.

Key words: microemulsion, phase behavior, fuel, ethanol, tu/hrel

! This chapter or portions thereof has been publigirediously inFuel in collaboration with Linh Do
and David A. Sabatini under the title “Vegetabld-Based Microemulsions Using Carboxylate Based
Extended Surfactants and Their Potential as AnrAdtive Renewable Biofuel”, Fuel, 2012, 94, 606 —
613. The current version has been reformattechferdissertation.
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2.1 Introduction

The depletion of petroleum energy resources as wsll their inherent
environmental concerns have led to the pursuienéwable biofuels. Vegetable oils are
being considered as such an alternative fuel so&meexample, during World War 1I,
it was shown that several different vegetable odsld be used in diesel engine under
normal operating conditions [1]. Research has etatl the use of sunflower,
safflower, soybean, cottonseed, rapeseed and pedauds potential renewable fuel
sources [2, 3, 4].

Several characteristics of vegetable oils make th#mactive for use as biofuel,
including their renewable and non-toxic nature. &uer, upon combustion vegetable
oils emit less green house gases and other haenfidsions than fossil fuels [5, 6].
Triglycerides are the primary components of vedetalls causing the high viscosity of
vegetable oils. Owing to the high viscosity, loegat use of neat vegetable oils in
direct-injection diesel engines causes engine digalproblems. For instance, fuel
droplet size increases with viscosity which resuitpoor fuel atomization during the
injection process. Furthermore, the long term apmraof an engine with a viscous fuel
results in deposit formation, piston ring stickingnd fuel dilution from excessive
lubricant oils [4, 7, 8, 9, 10]. Therefore, fouch@ologies have been evaluated to reduce
the high viscosity of vegetable oils in order teemome these problems: (1) vegetable
oil/diesel blends, (2) pyrolysis, (3) vegetable toéinsesterification to fatty alkyl esters
or biodiesel, and (4) vegetable oil-based microsifigations [11].

Transesterification to produce biodiesel is the momsnmon method to reduce

the viscosity of vegetable oils because fuels frtims process have properties



comparable to No. 2 diesel (e.g. kinematic visgospecific gravity, cetane number
and gross heat of combustion). However, biodielsel has many drawbacks including
cold weather limitations due to relatively highdoud point and pour point, and
increasing nitrogen oxides (NJOn the exhaust emissions of some engines [12,143]
addition, biodiesel is formed by the transesteatimn reaction of triglycerides with
alcohols in the presence of a catalyst and prodgbgsrol as a co-product. Since
glycerol is expensive to purify or convert to auekdded product, it causes problems
of disposal and environmental concern [14, 15].

As an alternate approach, when produced from dgrrall feedstocks, ethanol
is a renewable energy source. For example, it @méade from very common crops
such as sugar cane and corn. Therefore, ethansétdikends, or E-diesel, can be used
in diesel engines. However, ethanol-diesel blemddimited by the fact that they are
immiscible over a wide range of temperatures [11&,17, 18]. Surface active agents,
or surfactants, can be used as emulsifiers to lglihe miscibility of ethanol and
diesel.

Due to the disadvantages of the tranesterificapimtess, microemulsification
of vegetable oils can be considered as an altematethod to avoid the production of
unpurified glycerol. In addition, the microemuls#tion approach helps to overcome
the immiscibility of ethanol and diesel. Microemuols-based biofuels, or hybrid fuels,
are transparent and thermodynamically stable Wifdg@e Il microemulsions which
the polar ethanol phase is solubilized in reverseelles occurring in the non-polar

phase. Therefore, in microemuslion-based biofuélam®l is used in place of water as
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the polar phase which disperses in the vegetablasonon-polar phase stabilized by
surfactants or amphiphilic molecules under appsatprconditions [10, 19, 20, 21].

Extended-surfactants, which have the intermediatdarpgroups inserted
between the head and the tail of the surfactanteoutd, are of special interest in
forming microemulsions. Different from the struaupof conventional surfactants,
extended-surfactants have ethylene oxide and mopybxide groups inserted between
the hydrophilic head and hydrophobic tail to enleapolar phase and non-polar phase
interaction, respectively. However, the sulfur emtin the sulfate head group causes
environmental concerns in a fuel. In addition, iar @revious study, sulfate-based
extended surfactants required high salt addition faomulate Winsor Type I
microemulsion systems and phase separation wasveldsat low temperature [22].
Therefore, the anionic carboxylate-based extendedactants will be utilized to
formulate Winsor Type Il microemulsions in this éyu Since these carboxylate-based
extended surfactants are more oil-soluble tharatibased extended surfactants, we
expect that they will require less or no salt torfanicroemulsion fuels as compared to
sulfate-based extended surfactants.

The overall goal of this study is to formulate aatyate-based extended
surfactant microemulsion biofuels which can be usedn alternative fuel. The specific
objectives are as follows:

1. To determine the phase behavior of carboxylated extended surfactant
reverse micellar microemulsions with ethanol angletable oil/diesel blends;

2. To study the effects of temperature on the pbabavior; and
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3. To design systems with kinematic viscosity valaemparable to neat diesel

fuel.

2.2  Materials and methods
221 Materials

Four anionic carboxylate-based extended surfac@s#eciated with sodium as
the cationic species were used in this work. Thedr alkyl propoxylated ethoxylated
carboxylate surfactants (C16-18 4PO-2EO-carboxylatel C16-18 4PO-5EO-
carboxylate surfactants) and the branched alkypgxglated ethoxylated carboxylate
surfactants (C16-17 4PO-2EO-carboxylate and C16-4HFO-5EO-carboxylate
surfactants) were provided by Sasol North American(Lake Charles, LA).

Ethanol, ACS reagent with P99.5% purity (200 prpefas used as the polar
liquid phase. 1-Octanol (99% purity) and 2-ethyeéxanol (P99.6% purity) were used
as cosurfactants. 2-ethyl-1-hexanol or isooctaeoan isomer of octanol which is a
branched eight-carbon alcohol. In this study, 1a@ct and EHOH refer to octanol and
isooctanol, respectively. Ethylene glycol butylestior EGBE (99% purity) and di-tert-
butyl peroxide (LuperoXDI) or DTBP (98% purity) were used as anti-freezamgent
and cetane enhancer (or autoignition enhancerpectisely. All of these chemicals
were purchased from Sigma Aldrich. Properties efghrfactants and cosurfactants are
shown in Table 2-1.

Pure canola oil (Cris€o the J.M Smucker Company, Orrville, OH) was
purchased from Walmart and No. 2 diesel fuel washmsed from a local gas station

(Norman, OK).
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Table 2 - 1:Properties of studied surfactants and cosurfacétants

Molecular '
Materials Type of alkyl weight Density
chain length (g/mL)
(g/mole)
C16-17 4PO-2EO-carboxylate surfactantBranched 624 0.96
C16-17 4PO-5EO-carboxylate surfactantBranched 756 0.96
C16-18 4PO-2EO-carboxylate surfactant Linear 624 0.96
C16-18 4PO-5EO-carboxylate surfactant Linear 756 0.96
2-ethyl-hexanol, isooctanol Branched 130.2 0.833
n-octanol Linear 130.2 0.827

®Data provided by the manufacturer

2.2.2 Methods

Microemulsion preparation

Microemulsions were prepared on a weight basistHer surfactants and on a
volumetric basis for the cosurfactants. The titnatmethod was conducted by mixing
surfactant and cosurfactant at fixed surfactantidastant molar ratio (1-8, 1-16 and 1-
32) in a 15 mL glass vial. Different amounts (52, 3, 4 and 5 mL) of ethanol with 5
mL of canola oil/diesel blend were added into stte#fat—cosurfactant mixture to
formulate reverse micellar microemulsions (the ticac of canola oil/diesel blend to
ethanol is higher than one) [21]. The surfactamaebl—oil mixtures were hand-shaken
gently and placed into the constant temperaturé batallow the systems to reach

equilibrium at the temperatures in the range of00€4 The temperature was varied in
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order to study the effects of temperature on thereemulsion stability. Samples far
from a phase boundary (Type II-lll) equilibratedyquickly, but samples near a phase
boundary took a few days to reach equilibrationbs&guently, phase behavior was
determined by visual inspection with polarized tifti7, 23, 24].

Ternary phase diagram

In order to study phase behavior and miscibility tbé microemulsion, the
principles of ternary phase diagram representingetttomponent system were used. A
ternary phase diagram is an equilateral trianglehvbonsists of three vertices of three
components [17]. Two vertices at the bottom ofnigia represent vegetable oil/diesel
and ethanol mixtures at the left side and the rgitie, respectively, while the upper
vertex represents the surfactant/cosurfactant maxai a constant ratio for a given
experiment and a given temperature [9, 25]. Thepmmiion at each point in a ternary
phase diagram demonstrates the volume percenedahtke components (A, B, C) as

follows [26]:

x%A + y%B + z%C = 100% Equation 2.1

The miscibility curve is plotted as the boundaryween two phase and single
phase microemulsions. The regions above the cuwesiagle phase systems where
sufficient surfactant has been added to solubibfie of components — this is a
thermodynamically stable and transparent microeiongs Below the curve, two

visibly separate phases occur which in our caseidnsor Type Il [10, 27].
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Viscosity measur ement

A Brookfield LV 1l + viscometer adapted with a Bkfield small sample
adapter consisting of a chamber-spindle set (Bielokf SC4-18/13R) was used to
measure the dynamic viscosity of microemulsiongudlicroemulsion fuel samples at
1 M. surfactant/cosurfactant concentration with R af ethanol and 5 mL of canola
oil/diesel blend were prepared as described abd¥e This 6.7 mL of microemulsion
fuel sample (recommended by the manufacturer) has transferred into a viscometer
chamber connected with a circulating temperatute (dGW LAUDIA, model S — 1)
to achieve a desired temperature. The spindle wate set at 30 rpm. The dynamic
viscosity was observed at temperatures ranging fe8@® to 40C. The kinematic
viscosity was calculated by dividing the dynamiscasity by the microemulsion fuel
density. In this study, the fuel density was meeguoy weighing the syringe before and
after filling with the 50 pL microemulsion fuel saia at constant temperature. In

addition, it was found that the temperature eftecthe density was negligible [21].

2.3 Results and discussion
2.3.1 Effects of surfactants

Phase behavior study

The miscibility curves of four different carboxydabased extended surfactant
systems are plotted in Figure 2-1. Figure 2-1 e@mparison of the systems of C16-17
4P0O-2EO-carboxylate (Branched), C16-17 4PO-5EQecathte (Branched), C16-18
4P0O-2EO-carboxylate (Linear), and C16-18 4PO-5E®Meglate (Linear) at

surfactant/1-Octanol ratio of 1-8 and at@5with canola oil. These results were used to
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identify the surfactant which has the maximum siizdition of in the oil phase. As
expected, in contrast to our previous work witlfegeltbased extended surfactants [21],
all carboxylate-based extended surfactant systerosmeld reverse micellar
microemulsions without salt addition because therdyhilic—lipophilic balance (HLB)
value of carboxylate surfactant is lower than HL&ue of sulfate surfactant [28] (the
surfactants are more oil soluble).

The results in Figure 2-1 demonstrate that thealinextended surfactants
(shown as the solid lines and open symbols) arained) 3-5% less surfactant than
branched extended surfactants (shown as the dsshdind filled symbols) for reverse
micellar microemulsions to solubilize all comporgerdnd produce a single phase
microemulsion. In addition, decreasing the numkieE® groups from 5 to 3 in the
extended surfactants leads to a 3—4% reductiom tinecamount of surfactant needed to
obtain single phase microemulsions. These resht shat branching and the number
of EO groups moderately affect the hydrophobicityhe systems because branching of
surfactants increases the water solubility [29] &l groups increase the polarity of
surfactants. Therefore, among the four surfactahts,C16-18 4PO-2EO-carboxylate,
the linear surfactant which has the least numbeE®@fgroups, was identified as the
preferred surfactant because it required the laasiunt of surfactant to achieve the
single phase microemulsion. Moreover, when wates wdded to determine water
tolerance at low temperature, phase separatiomatagbserved with the C16-18 4PO-
2EO-carboxylate surfactant system at “A0or -23.3C which is the temperature
observed in the previous study [21]. Thus, the @864P0O-2EO-carboxylate surfactant

also has the highest water tolerance among thesefofactants.
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Surfactant/1-Octanol

0

100

Single Phase
Microemulsion

tee
----

oy

Canola oil 0 10 20 30 40 650 60 70 80 90 100 Ethanol

«ll- C16-17 4PO-2EO-carboxylate (Branched)
+ W+ C16-17 4PO-5EO-carboxylate (Branched)
—{- C16-18 4PO-2EQO-carboxylate (Linear)
—/ C16-18 4PO-5EQ-carboxylate (Linear)

Figure 2 - 1: Comparison of the systems of C16-17 4PO-2EO-cathtexyBranched),
C16-17 4PO-5EO-carboxylate (Branched), C16-18 4PO-2carboxylate (Linear),
and C16-18 4P0O-5EO-carboxylate (Linear) at surfdtta Octanol ratio of 1-8 and at
25°C with canola oil.

Viscosity study

The kinematic viscosity of the systems of C16-1704HEO-carboxylate
(Branched), C16—-17 4PO-5EO-carboxylate (Branch€d—18 4PO-2EO-carboxylate
(Linear), and C16-18 4PO-5EO-carboxylate (Lineathwanola oil/diesel ratio at 50—
50 at 0C, 10C, 25C, and 40C at 1 M. surfactant/EHOH concentration and
surfactant/EHOH ratio of 1-16 is shown in Figur@.2The results show that the

kinematic viscosities of all surfactant systems sirailar. The viscosity of C16-18
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4P0O-2EO-carboxylate surfactant system atCA® 4.0 ¢St which is acceptable for the
standard viscosity (No. 2 diesel fuels, the stamdascosity at 40C is 1.9—4.1 cSt
[30]). As above, for phase behavior studies, the6-d8 4PO-2EO-carboxylate

surfactant proved to have the most favorable kirtewéscosity behavior.

«oof... C16-17 4PO-2EO-carboxylate
14 - oo Weee C16-17 4PO-5EO-carboxylate
—{1}— C16-18 4PO-2EO-carboxylate
—/— C16-18 4PO-5EO-carboxylate
— — ASTM No.2 Diesel Fuel at 40°C

Kinematic viscosity, cSt.

0 10 20 30 40 50

Temperature, °C

Figure 2 - 2: The kinematic viscosity of the systems of C16—-1D4H=O-carboxylate
(Branched), C16—17 4PO-5EO-carboxylate (Branch€dj—18 4PO-2EO-carboxylate
(Linear), and C16-18 4PO-5EO-carboxylate (Lineathwanola oil/diesel ratio at 50—
50 at OC, 10C, 25C, and 40C at 1 M. surfactant/EHOH concentration and
surfactant/EHOH ratio of 1-16.

2.3.2 Effects of surfactant/cosurfactant ratios

Phase behavior study

Figure 2-3 represents the effect of surfactantidastant ratio of the systems of

C16-18 4PO-2EO-carboxylate with canola oil at@5The system of C16-18 4PO-
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2EO-carboxylate surfactant chosen above is evaluateurfactant/1-Octanol ratios of

1-8, 1-16, and 1-32.

Surfactant/ 1-Octanol

0

100

Single Phase
Microemulsion

Winsor Type | Microemulsion

7 7 7

Canola Qil 0 10 20 30 40 50 60 70 80 90 100 Ethanol

— X — (C16-18 4PO-2EO-carboxylate/ 1-Octanal (1 to 8)
—1— (C16-18 4PO-2EO-carboxylate/ 1-Octanol (1 to 16)
seeo@eeer C16-18 4PO-2EO-carboxylate/ 1-Octanol (1 to 32)

Figure 2 - 3: Comparison of the systems of C16-18 4PO-2EO-cathtexyat
surfactant/1-Octanol ratio of 1-8, C16-18 4PO-2Etboxylate at surfactant/1-
Octanol ratio of 1-16, and C16-18 4PO-2EO-carbdeydd surfactant/1-Octanol ratio

of 1-32 at 25C with canola oil.

The results show that the phase behaviors forualastant/ cosurfactant ratios
are virtually the same. In this case, the conc@otraf cosurfactant is constant while
the concentration of surfactant is changed for eatih. The results show that although
the concentration of surfactant is varied by adadf 2, the amount of surfactant is

varied by only 1-2% of total volume which does mbiainge the miscibility of the
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microemulsion systems. Moreover, the effects ofaim®ount of cosurfactant are able to
overcome the effects of the amount of surfactaher@&fore, it is concluded that the
phase behavior of microemulsion is not significamtffected by changing the ratio of
surfactant to cosurfactant.

Since the surfactant/cosurfactant ratio of 1-32vesy difficult to prepare
because of the small amount of surfactant in tiigtesn, the surfactant/cosurfactant
ratio of 1-16 was chosen for further studies here td cost-effective consideration and
the limitation of surfactant preparation in ourdiés.

Viscosity study

Figure 2-4 shows the kinematic viscosity of thetays of C16-18 4PO-2EO-
carboxylate at surfactant /EHOH ratio of 1-8, CI&%-4PO-2EO-carboxylate at
surfactant/EHOH ratio of 1-16, and C16-18 4PO-2BEMaxylate at surfactant/EHOH
ratio of 1-32 with canola oil/diesel ratio at 50-800C, 10C, 25C, and 40C at
1M.surfactant/EHOH concentration. From Fig. 2-4& Kmnematic viscosities of all four
surfactant/cosurfactant systems are similar ovetemperature range of at 0-@0and
at 40C approach the standard viscosity of No. 2 diaselst Therefore, these viscosity
results support the conclusion above that the al@siratio of surfactant/cosurfactant is

the ratio of 1-16.
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— 3¢ — (C16-18 4PO-2EO-carboxylate/ Ethyl-hexanol (1 to 8)
—{J}— C16-18 4PO-2EO-carboxylate/ Ethyl-hexanol (1 to 16)
eeeed@®e oo C16-18 4PO-2EO-carboxylate/ Ethyl-hexanol (1 to 32)
————— ASTM No.2 Diesel Fuel at 40°C

Kinematic viscosity, cSt.

0 10 20 30 40 50
Temperature, °C
Figure 2 - 4: The kinematic viscosity of the systems of C16-18®4H=0O-carboxylate
at surfactant /EHOH ratio of 1-8, C16-18 4PO-2E@arylate at surfactant/EHOH
ratio of 1-16, and C16-18 4PO-2EO-carboxylate dgastant/EHOH ratio of 1-32 with

canola oil/diesel ratio at 50-50 at®@ 10°C, 25'C, and 40C at 1M. surfactant/EHOH
concentration.

2.3.3 Effects of canola oil/diese ratios

Phase behavior study

To study the effect of the canola oil/diesel rat®5C, the C16-18 4PO-2EO-
carboxylate at surfactant/1-Octanol ratio of 1-1&svgelected as discussed above. In
this study we adjusted the canola oil/diesel ragibe as follows: 0-100, 25-75, 50-50,
75-25, and 100-0 as shown in Figure 2-5. From Eidlib, it can be seen that no
surfactant was required to solubilize ethanol i0%0diesel since ethanol is completely
miscible with diesel at 2&. However, with increasing fraction of canola il the

diesel, the amount of surfactant required to formsiagle phase microemulsion
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increased. This is because canola oil is immiscblth ethanol and requires a
surfactant microemulsion system to achieve miggbilThis is consistent with the
literature results which state that vegetable otsitaining triglycerides are highly
hydrophobic due to long and bulky alkyl chains aflyceride structure [31, 32].
Further, micellar solubilization of triglyceridessibeen shown to be less efficient than

other organic phases [33], again explaining thelieemore surfactant.

Surfactant/1-Octanol

0

100

Single Phase
Microemulsion

oii O 10 20 30 40 50 60 70 80 90 100  Ethanol

—&— 100 to 0 of Canola Oil/Diesel ratio
—W¥— 75 to 25 of Canola Oil/Diesel ratio
—>— 50 to 50 of Canola Qil/Diesel ratio
—— 25 to 75 of Canola Oil/Diesel ratio
—&— 0 to 100 of Canola Qil/Diesel ratio

Figure 2 - 5: Comparison of the systems of C16-18 4PO-2EO-cathtexyat
surfactant/1-Octanol ratio of 1-16 at’€5where the oil is canola oil/diesel ratio at 0—
100, 25-75, 50-50, 75-25, and 100-0.
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Viscosity study

The kinematic viscosity curve is plotted for the6S18 4PO-2EO-carboxylate
surfactant system at surfactant/EHOH ratio of 1byt&arying canola oil/diesel fraction
for 40°C is shown in Figure 2-6. With increasing diesatfion, the kinematic viscosity
is observed to decrease. In addition, the kinemasicosity with diesel fraction over
50% of the oil phase meets the ASTM No. 2 diesel &uiterion. Therefore, among all
canola oil/diesel ratios, the system with raticc@t+50 was the preferred system and it

was chosen for further study.

10

ASTM No.2 Diesel Fuel at 40°C

Kinematic viscosity, cSt.

0 T T T

0 25 50 75 100
Diesel fraction (%)
Figure 2 - 6: The kinematic viscosity of the systems of C16—-18®4H=0-carboxylate

with canola oil/diesel ratio at 0-100, 25-75, 50-BB-25, and 100-0 of the oil phase
at 40C at 1 M. surfactant/EHOH concentration and susiaitEHOH ratio of 1-16.
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2.3.4 Effects of additives

Phase behavior study

Figure 2-7 shows a comparison of the systems of+C3@PO-2EO-carboxylate
surfactant at 2% with canola oil/diesel ratio at 50-50 with coswthnts of 1-Octanol,
EHOH, EHOH/ DTBP, and EHOH/ EGBE/ DTBP. Since thefactant/cosurfactant
ratio had negligible effect, the systems with EHOHBP and EHOH/EGBE/DTBP
were conducted at surfactant/cosurfactant ratiheénrange between 1 to 32 and 1 to 16
to achieve DTBP at 1% of total fuel, which is tligeetive fraction for cetane enhancer
[34]. In addition, EGBE was added with the EHOH/HEGEtio at 8—1; at this ratio, the
microemulsion fuel will not freeze at -23@.

The results in Figure 2-7 show that the amountuofastant required to form a
single phase microemulsion is similar for all sgs$eat low fractions of ethanol (up to
40%). The result of the system with ethyl-hexarmlnot different from that of the
system with 1-Octanol because ethyl-hexanol idoth@ching isomer of octanol and the
number of carbon chain length of cosurfactant hasermfluence on the phase behavior
than the branching of cosurfactant. Moreover, gseilits of the systems with DTBP and
EGBE are similar to the systems without DTBP anBEQGlue to the small amount of
addition. However, DTBP and EGBE were added asfesdrzing agents and DTBP can
also be used as cetane enhancer.

Viscosity study

The kinematic viscosity of the systems of C16-1804H=O-carboxylate

surfactant at 1 M. surfactant/EHOH concentratiothveianola oil/diesel ratio at 50-50

with cosurfactants of 1-Octanol, EHOH, EHOH/ DTBihd EHOH/EGBE/DTBP at
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0°C, 10C, 25C, and 40C is shown in Figure 2-8. The results indicates tiha

kinematic viscosities of all systems are quite Emexcept the system with EGBE.
However, the kinematic viscosity of the system WBBBE is different only up to 10%
from the other systems and is within ASTM No. 2sdiefuel 40C. Therefore, it can be
concluded that the phase behavior and kinematimosity did not change with small

amount of cetane enhancer or the anti-freezingtaggition.

Surfactant / Cosurfactant

0

100

Single Phase

60 Microemulsion

100

Canola oil / Diesel 10 20 30 40 50 60 70 80 90 100 Ethanol
50 to 50

&+ C16-18 4PO-2EO-carboxylate/ 1-Octanol

—4&@— C16-18 4PO-2EO-carboxylate! Ethyl-hexanol

—57— C16-18 4PO-2EO-carboxylate/ Ethyl-hexanol/ Di-tert-butyl peroxide

—{J— C16-18 4PO-2EO-carboxylate/ Ethyl-hexanol/ Ethylene glycol butyl ether/ Di-tert-butyl peroxide

Figure 2 - 7: Comparison of the systems of C16-18 4PO-2EO-cathtegurfactant at
25°C with canola oil/diesel ratio at 50-50 with coswatbnts of 1-Octanol, EHOH,
EHOH/DTBP, and EHOH/EGBE/DTBP.
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Figure 2 - 8: The kinematic viscosity of the systems of C16—-18®4H=0-carboxylate
surfactant at 1 M. surfactant/EHOH concentratiothwegianola oil/diesel ratio at 50-50
with cosurfactants of 1-Octanol, EHOH, EHOH/DTBmMdaEHOH/EGBE/DTBP at
0°C, 10C, 25C, and 40cC.

2.3.5 Effectsof temperature

Phase behavior study

Figure 2-9 is a comparison of the systems of C164BR8®-2EO-carboxylate
surfactant at surfactant/EHOH ratio of 1-16 withaa oil/diesel ratio at 50-50 at®,
10°C, 25'C, and 40C. The results in Figure 2-9 show that increasiepderature
decreases the minimum amount of surfactant requteedachieve single phase
microemulsions. This is attributed to the fact thadreasing temperature dehydrates
ethylene oxide group causing the surfactant to fmeconore hydrophobic, which is

more miscible with oil phase and better able tooltbilize” the ethanol [35].
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Moreover, ethanol becomes less hydrophilic andge@adsolubilize more readily in the
oil phase with increasing temperature [16]. Thaefthe systems at higher temperature
required less surfactant than the system at logmapérature to achieve the single phase

microemulsion.

Single Phase

60 Microemulsion

40

Canola oil / Diesel
0 10 20 30 40 50 60 70 80 90 100
50 to 50 Ethanol

—W¥— Temperature = 0°C

—@— Temperature = 10°C
—l— Temperature = 25°C
—>— Temperature = 40°C

Figure 2 - 9: Comparison of the systems of C16-18 4PO-2EO-cathtegurfactant at
surfactant/EHOH ratio of 1-16 with canola oil/dilessdio at 50-50 at @, 10C, 25C,

and 40C.
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Viscosity study

In Figures 2-2, 2-4 and 2-8, the kinematic visgdesitvere plotted as a function
of temperature to illustrate the effects of sudats, surfactant/cosurfactant ratios, and
additives, respectively. The results also show that kinematic viscosity decreases
with increasing temperature for all systems as ebgae These results are consistent
with temperature dependency of viscosity. The Amrbie model explains that viscosity
has reverse proportion with temperature [36]. Tikidecause increasing temperature
increases energy to break down the adhesion ftxetegeen molecules, and thereby the

viscosity of the fuels decreases as temperatureases [37].

2.4  Conclusions

This study has extended our previous work by exmiomways to further
improve on the sulfate-based extended surfactank wwom before [22]. First, unlike
the sulfate-based extended surfactant case, nassatuired to formulate the reverse
micellar microemulsion fuel of the carboxylate-thextended surfactants. In addition
to salt-free formulation, microemulsion fuel of thearboxylate-based extended
surfactants is an environmentally desirable fuilces there is no sulfur content in the
head group of surfactant, this formulation can prévsulfur oxide (SQ emissions.
Furthermore, phase separation and precipitatiore wert observed for any of the
systems studied. The optimum system from this sisidige system of the carboxylate-
based extended surfactant at surfactant/cosurtactta of 1-16 with canola oil/diesel
ratio of 50-50 and approximately 24% volume of ethaThis fuel system is stable for

a temperature range of 0—@ and has a kinematic viscosity that meets the ASTM

28



standard for No. 2 diesel (4.1 cSt) at’@0 Moreover, for the ranges studied here
varying the surfactant/cosurfactant ratio, cetameaacers and anti-freezing agents did
not affect the phase behavior and kinematic visgosi microemulsion fuel. These
results are thus useful information for the desgnsurfactant systems for further

combustion study and use in diesel engines.
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Chapter 3: Phase Behaviors of Vegetable Oil-Based itfoemulsion
Fuels: The Effects of Temperatures, Surfactants, @, and Water in
Ethanol®

Abstract

Vegetable oil-based microemulsification not onlyduees the high viscosity of
vegetable oils but also enhances the miscibilitypofar and oil phases. In addition,
vegetable oil-based microemulsion fuels produceelopollutant emissions (e.g., soot,
CO, and NQ) compared to neat No.2 diesel. Since the stalofitmicroemulsion fuels
is temperature sensitive, the effect of temperabmréhe microemulsion phase behavior
should be evaluated. The overall goal of this stisdip formulate temperature-robust
microemulsion fuels by studying the effect of temapere on phase behaviors of
different systems of vegetable oil-based reverseelei microemulsions. Our results
demonstrate that, when using an alcohol ethoxglatiactant as a renewable surfactant,
it is possible to formulate microemulsion fuels twdomparable properties to nonionic
surfactant evaluated in previous studies. Furthetiures of nonedible oil (algae mixed
with castor) were found to have comparable progerto edible oil (canola) used to
produce microemulsion fuels. Moreover, microemulsfaels can be obtained using
bioethanol although the bioethanol systems requaredher amount of surfactant than
anhydrous ethanol. All microemulsion fuel systemsravable to function at low
temperature without phase separation. Thus, thygtrovides useful information and

alternatives of optimum microemulsion fuel formigas based on surfactants and oils

2 This chapter or portions thereof has been publigitegiously inEnergy Fuels in collaboration with
David A. Sabatini under the title “Phase Behaviofsvegetable Oil-Based Microemulsion Fuels: The
Effects of Temperatures, Surfactants, Oils, andeWat Ethanol”, Energy Fuels, 2013, 27, 6773 — 6780
The current version has been reformatted for tisisedtation.
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not evaluated in previous research and thus demabestthe robustness of this

microemulsion-based biofuel.

3.1 Introduction

Vegetable oils have been widely regarded as aligefuel sources due to their
nontoxic and renewable nature [1, 2,Ewever, due to their high viscosity, vegetable
oil-based biofuels require modification prior tceus diesel engines [1, 4, Megetable
oil-based microemulsification has been establishe®ne method to reduce the high
viscosity of vegetable oils. In addition, microesifitation can overcome immiscibility
of polar and oil phases, enhance solubilizationd aaduce pollutant emissions
generated from fuels (e.g., enhancing soot and Xiaton) [6].

Microemulsions are thermodynamically stable emulsithat contain water and
oil domains separated by surfactant films [7]. M&mulsions can exist in four Winsor-
Type microemulsion phases. Winsor Type | (oil-inteveor O/W) microemulsions are
normal micelles in equilibrium with an excess dilage, while Winsor Type Il (water-
in-oil or W/O) microemulsions are reverse micellegquilibrium with an excess water
phase. Winsor Type Ill microemulsions exhibit thrngleases, excess oil and water
phases in equilibrium with a middle phase contgroi, water, and surfactant [8h a
middle phase microemulsion, increasing surfactantcentration causes the volume of
the middle phase to increase until all of the ol avater coexists in a Winsor Type IV
single phase microemulsion [Ti. this study, microemulsion fuels are transpawend

thermodynamically stable Winsor Type Il single phascroemulsions; where the polar
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phase is solubilized in reverse micelles occurringthe oil (vegetable oil/diesel
blended) phase [9].

It has been shown in the literature that microeronlphase behavior and fuel
properties can be temperature sensitive [6, 9].sThu formulate microemulsion fuels
stabilized over a wide range of temperatures (eslbeat low temperatures), it is
important to study the effect of temperature onsghlaehaviors of microemulsion fuels
in different systems.

Addition of ethoxylated (EO)/propoxylated (PO) gpsuto surfactants has been
shown to enhance the solubilization capacity ofra@mulsions. For example, alcohol
ethoxylate surfactants improve solubilization cafyaaf mixed surfactant systems [10]
and alcohol ethoxylate linkers increase surfactdficiency [11]. In fuel applications,
oil soluble surfactants (such as nonionic surfasjahave been used to formulate
reverse micelle microemulsions. Due to dehydratwdrethylene oxide groups with
increasing temperature, temperature dependenae im@ortant consideration relative
to stability of ethoxylated/propoxylated surfactéatsed microemulsion fuels [6, 8.
terms of renewable and sustainable materials, alcethoxylate and sugar-based
surfactants are of interest in microemulsion fubkrause they are derived from
renewable resources and do not have sulfur contieich can be an air quality concern
(a potential concern for sulfate- or sulfonate-laaaionic surfactants). Since sugar-
based surfactants do not contain ethyoxylate grotips expected that their solubility
will be less temperature sensitive [12, 13]. Fromr grevious study, salt-free
microemulsion-fuel systems can be formulated bygisileyl alcohol and carboxylate-

based extended surfactants [6, 9]. However, the@¢eature effect on phase behavior
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has been studied with only these specific systéiageover, there is limited research
on the temperature sensitivity of microemulsioniduaesing alcohol ethoxylate and
sugar-based surfactants.

Among edible vegetable oils, canola oil has beenlistl for use in biofuel
applications. For example, canola oil was founch&we fatty composition which is
more appropriate for biodiesel than the other \adgetoils because canola oil-based
biodiesel has desirable combustion and flow proggrivith a high cetane number [14].
Although canola oil has been shown to be viablduel applications, doing so provides
a competition with edible oil products and food guots. Therefore, nonedible oils,
such as jatropha, rubber seed, and soapnut ous, fleageived increased interest due to
their favorable fuel properties and fatty acid cagipon as compared to edible oils [15,
16]. This study focuses on castor and algae oiks tdutheir promising properties for
fuel applications. While castor oil has favorablelf properties, including high flash
point and lubricity, its high viscosity, associatedh the high level of hydroxyl group
in ricinoleic fatty acid, has limited its use to &dubricant enhancer [17, 18]; lowering
the viscosity of castor oil will improve its potédtuse in biofuel. Among algae species,
microalgae is considered the preferred algae becausows easily and rapidly while
also providing high oil yield, high heating valad high polyunsaturated fatty acids as
compared to macroalage [19, 20]. However, due te difficulty in obtaining
microalgae oil, macroalgae oil is used in this gfudis assumed that results generated
with macroalgae will provide insights that will beelpful to future work with
microalgae. Table 3-1 shows the fatty acid compmsstof canola [6], castor [18], and

algae oils [6].
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Table 3 - 1:Fatty acid compositions of canola, castor, andeatuks.

Fatty acid composition

Canola oil Castor oil Algae oll
(in %)

capric acid (C10:0) - - 0.12
lauric acid (C12:0) - - 0.25
myristic acid (C14:0) 0.05 - 5.25
palmitic acid (C16:0) 4.00 2.00 16.3
stearic acid (C18:0) 2.65 2.00 0.59
oleic acid (C18:1) 56.0 6.00 7.90
linoleic acid (C18:2) 26.0 4.00 5.35
linolenic acid (C18:3) 10.0 - 6.62
ricinoleic acid (C18:1(OH)) - 86.0 -
other$ 1.13 - 52.7

aPolyunsaturated fatty acids with=220

From recent studies, ethanol used as a polar gba®emulate microemulsion
fuels is anhydrous ethanol that water content less lsemoved from the purification
process [6, 9]. On the other hand, bioethanol €dalhydrous ethanol), which is
commonly derived from plants such as corn, wheajas beet, straw, and wood, has
about 2-10% water content [21]. Therefore, bioethamas been proposed to be
compared to ethanol for the effect of water conterthis study. Ethanol and bioethanol
can be used as a blend with petrol (e.g., gasalikediesel) and/or an additive to diesel
in engine both with and without modification asastbl-diesel blends, or E-diesel [22,
23]. However, research on microemulsion fuels frdmoethanol has not been

conducted.
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The overall goal of this study is to formulate teargiure-robust microemulsion
fuels by studying the effect of temperature on phiashaviors of different systems of
vegetable oil-based reverse micelle microemulsidriee specific objectives are as
follows:

1. To study the temperature effect on phase behafionicroemulsion fuels
using single and mixed surfactant systems of rebansurfactants (alcohol ethoxylate,
and sugar-based surfactants) compared to surfactead in a previous study (fatty
alcohol and carboxylate-based extended surfactants)

2. To compare the phase behaviors of microemulfughs from nonedible
(algae and castor) oils to those from canola oitt a

3. To compare the phase behaviors of microemuliets from ethanol and

bioethanol.

3.2 Materials and methods
3.21 Materials

Three types of nonionic surfactants and one anicaiboxylate-based extended
surfactant were used in this study. The anionib@aylate-based extended surfactant
studied (linear G-134PO 2EO carboxylate surfactant) was provided bylISh®rth
American Inc. (Lake Charles, LA). The nonionic Bmealkyl alcohol ethoxylate
surfactants (linear £:.3EO OH, linear G-1EO OH, and linear £1.3EO OH) were
provided by Huntsman Corporation. Three sugar-basedfactants (Sorbitan
monolaurate, Sorbitan monooleate, and Sorbitarle&rie) and oleyl alcohol were

purchased from Sigma Aldrich.
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Ethanol, ACS reagent grade wit99.5% purity (200 proof), was used as the
polar liquid phase. 2-Ethyl-1-hexanat99.6% purity) was used as the cosurfactant.
Ethylene glycol butyl ether or EGBE (99% purity) dardi-tert-butyl peroxide
(LuperoxX’DI) or DTBP (98% purity) were used as an anti-firgzagent and a cetane
enhancer, respectively. All of these chemicals wauechased from Sigma Aldrich.
Bioethanol, hydrous ethanol which has 5% water exntwas also considered as a
polar liquid phase (obtained from Co-zfire compan¥)list of the surfactants and
cosurfactants is shown in Table 3-2.

Table 3 - 2:Properties of studied surfactants and cosurfattant

) Molecular .
Commercial Density %
Materials Abbreviation weight _
name (g/mL) active
(g/mole)
Linear Ge.15 4PO 2EC ) ALFOTERRA®
carboxylate L168-42C 168-42C 624 0.96 90.0
Linear Go.123EO OH  L12-3 EszngNICED 295 0.93 =995
Linear Gz1sEOOH  L161  o°r ONIC 541 087 2995
Linear G»163EO OH  L16-3 ‘E;E,;:ONI@ 330 0.97 =299.5
Sorbitanmonolaurate  SML Sparf 20 347 1.03 >99.5
Sorbitanmonooleate ~ SMO Sparf 80 429 0.99 =995
Sorbitantrioleate STO Sparf 85 958 0.95 2995
Oleyl alcohol OA Oleyl alcohol 268 0.86 85.0
2-ethyl-hexanol EHOH Isooctanol 130.2 0.833 =>99.6

®Data provided by the manufacturer
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Pure canola oil (Crisco, the J. M. Smucker Compadyville, OH) was
purchased from Walmart. For nonedible oils, purstaa(NOW Solutions, NOW
Foods, Bloomingdale, IL) and algae (Spa PANTRY, udrsal Companies, Inc.,
Abingdon, VA) oils were obtained via online purcbasNo.2 diesel fuel was purchased
from a local gasoline station (Norman, OK).

The ratio of a vegetable oil/diesel blend was nazangd at 50-50 in this
research consistent with previous research thatrgeged microemulsion fuels having
comparable viscosity with diesel and biodiesel [9].

3.2.2 Methods

Microemulsions were prepared on a volumetric b&si the surfactants and the
cosurfactant by mixing surfactant and cosurfactnt fixed surfactant/cosurfactant
molar ratio in a 15 mL glass vial. Two mL of thelgoliquid phase and 5 mL of a
vegetable oil/diesel blend were added into the astatht—cosurfactant mixture to
formulate reverse micelle microemulsions (the foacbf vegetable oil to diesel is 50 to
50). The surfactant—polar phase—oil mixtures wexedashaken gently and placed into
the constant temperature bath to allow the systémngeach equilibrium at the
temperatures -5 to 40 °C. Samples required a fews da reach equilibration.
Subsequently, phase behavior was determined bglvisspection with polarized light
[24, 25, 26]. Microemulsion phases were confirmgdabred laser beam [27]. The
minimum total concentration of surfactant and cfamaiant required to achieve

transparent single phase microemulsions was redorde

40



3.3 Results and discussion

Before presenting results of phase behavior studieswill provide evidence to
support the presence of microemulsion structuresun systems. Since all samples
scattered (but not diffuse) a red laser beam, thaye been confirmed that
microemulsion phases have occurred. Moreover, tlgardic light scattering
measurements were conducted in our previous réseangporting that the reverse
microemulsions were formed in similar systems, rorihg the red laser beam method
[6].

For phase behavior study, reverse micelle microsimulfuels were formulated
by solubilizing the polar liquid phase (ethanol lmioethanol) in reverse micelles
(surfactant and cosurfactant) dispersed in théveijetable oil/diesel blended) phase.
3.3.1 Phase Behavior Comparisons of the Systems with Renewable, Carboxylate-

Based Extended, and Fatty Alcohol Surfactants

This section will consider the effects of surfattagpe, ratio of mixed
surfactant, and temperature on phase behavior @uodilization capacity of single and
mixed surfactant systems.

Sngle Surfactant Systems

Figure 3-1 shows a graph of minimum total surfaictamcentration to achieve a
single phase microemulsion (minimum surfactant ireguto form a single phase
microemulsion, §in) plotted against temperature (°C) for the fourgEnsurfactant
systems. This figure compares the systems of ttmxgate-based extended surfactant
(L168-42C), linear alcohol ethoxylate surfactantslg-1), sugar-based surfactants

(SMO), and the fatty alcohol surfactant (OA) witihanol and a canola oil/diesel blend
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at a ratio of 50-50. The results were observedlithdt3 and L16-3 had similar trends
to L16-1 as well as SML and STO had similar tret@lsSMO. Thus, L12-3, L16-3,
SML, and STO were not included in Figure 3-1. Hoerevhe results of all eight
surfactants at 10 °C were summarized in Tabler8der to show the comparisons for
each category of surfactants.

The results from Figure 3-1 demonstrate that sa#-f single phase
microemulsion fuels can be formulated with all suefactants used in this study even at
low temperatures (minimum at 0 °C). This is in cast to previous research which
required 1 to 12.5% salt [28]. However, phase sdjmar was observed at temperatures
below 0 °C. This is because microemulsion fuelsthis section were formulated
without cosurfactants in order to clearly see tifiece of surfactant type.

Table 3-3 summarizes the minimum total surfactamicentration to achieve a
single phase microemulsion (Smin) for all eighiggnsurfactant systems at 10 °C. The
results in Figure 3-1 and Table 3-3 show that alyas-based surfactants, except
sorbitan monooleate (SMO), required higher conegioins than carboxylate-based
extended, alcohol ethoxylate, and fatty alcohofaatants to solubilize all components
and produce a single phase microemulsion. Thisrabgbly because the molecular
structure of the surfactant affects the surfactpatking density and molecular
interaction [29]. More bulky structures of sugaséd surfactants lead to larger areas
per headgroup and lower solubilization enhancenagrt thus a higher amount of
surfactant required to solubilize the polar phasene oil phase. As a result, sugar-based
surfactants required a higher concentration thanother surfactants. Likewise, among

three sugar-based surfactants, since a three lmdrabyl group of sorbitan trioleate
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(STO) is more bulky than one oleyl group of SMO amek lauryl group of sorbitan

monolaurate (SML), STO required the highest cone¢gioh to achieve a single phase
microemulsion. Nonetheless, SMO was required iomaef amount than linear C16-18
4P0O 2EO carboxylate (L168-42C), carboxylate-baseedneled surfactant, possibly due
to the coiling effect of EO and PO groups in théearled surfactant. This is probably
the explanation of significant increase of requiredrfactant with decreasing
temperature from 25 to 10 °C (more temperatureiteg)sdue to lower solubilization

capacity of the surfactant system at lower tempeeat
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Figure 3 - 1: Minimum surfactant concentration to achieve sirglase microemulsion
versus temperature: comparison of the systems obogglate-based extended
surfactant (Linear C16-18 4PO 2EO carboxylate, L4B8), linear alcohol ethoxylate
surfactants (Linear {16 1EO OH, L16-1), sugar-based surfactants (Sorbitan
monooleate SMO), and fatty alcohol surfactant (Oleslicohol, OA) with ethanol and
canola oil/diesel blend at ratio of 50-50 at difietr temperatures.
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Table 3 - 3:Comparisons of minimum total surfactant concerdgrato achieve a single
phase microemulsion for all single surfactant systat 16C.
Minimum total surfactant
Surfactant systems concentration to achieve single phas
microemulsion at 10C (Syin, %)

Sorbitan trioleate (STO) 25.1
Sorbitan monolaurate (SML) 23.8
Linear C16,18-4P0O-2EO-carboxylate 14.3
Sorbitan monooleate (SMO) 13.4
Linear C16,18-3E0O (L16-3) 8.1
Linear C12,16-3E0O (L12-3) 7.6
Linear C16,18-1E0O (L16-1) 5.3
Oleyl alcohol (OA) 4.9

For alcohol ethoxylate surfactants, linear C12-E®IOH (L16-1) required the
lowest concentration of surfactant because L16<l enhéonger alkyl group than linear
C10-12 3EO OH (L12-3) and less EO groups than tie&E2-16 3EO OH (L16-3).
This is due to the fact that increasing alkyl gm@md decreasing EO groups increase
hydrophobicity of surfactants which can assist ploéar phase to solubilize in the oil
phase. Moreover, L16-1 has comparable solubilinat@pacity (1-2% different) to the
fatty alcohol surfactant (OA) which is a nonionigfactant used in the previous study.
From these results, the next step will be to foateimixed surfactant systems to reduce
the amount of fatty alcohol surfactants by mixinghwenewable surfactants and to
determine whether sugar-based surfactants caneddutgperature sensitivity of mixed

surfactant systems. SMO and L16-1 were selecteth@asmaximum solubilization
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surfactants of sugar-based and alcohol ethoxylateacants, respectively, to study
mixed surfactant systems with L168-42C and OA.

Mixed Surfactant Systems

a) Ratio of Surfactant Effect

This section was conducted to identify the optimiatio of higher molecular
weight (MW) surfactant to lower MW surfactant. Tegstems studied are the systems
of SMO (MW = 429)/L16-1(MW = 241), SMO (MW = 429)KMW = 268),
L168-42C (MW = 624)/0OA (MW = 268), and OA(MW = 26B)6-1(MW = 241),
with ethanol and a canola oil/diesel blend at & rait 50-50.

Evaluating the minimum total surfactant concentratat a ratio of the higher
MW surfactant to the lower MW surfactant of 1-1wias found that the OA/L16-1
system required the lowest total surfactant comagoh to achieve a single phase
microemulsion followed by SMO/OA, SMO/L16-1, and G8-42C/OA. All mixed
surfactant systems show that as the lower MW stafdqoortion increases, the total
surfactant concentration needed for a single phasmemulsion decreases. However,
when the ratio of the higher MW surfactant to tbevdr MW surfactant was changed
from 1-8 to 1-12, the reduction of total surfactaoncentration was not altered
significantly. Therefore, the optimum ratio at 1eBthe higher MW surfactant to the
lower MW surfactant was chosen for the temperatifiect.
b) Temperature Effect

Figure 3-2 shows a plot ofmSversus temperature for the following mixed
surfactant system§&MO/L16-1, SMO/OA, OA/L16-1, at a ratio of highmolecular

weight (MW) surfactant to lower MW surfactasft 1-8 compared to single surfactant
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systems of OA. Theeason that L168-42C/OA was not included in FigdHZisbecause
this section emphasized temperature sensitivitgioéd systems of sugar-based (SMO)

and alcohol ethoxylatg16-1) surfactants which also had comparable sialtion to

OA.
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Figure 3 - 2: Minimum surfactant concentration to achieve simgiase microemulsion
versus temperature: comparison of the mixed suafidcsystems of SMO/L16-1,
SMO/OA, OA/L16-1 at ratio of 1-8 and single suratt system of OA with ethanol
and canola oil/diesel blend at ratio of 50-50 #edent temperatures.

For the temperature effect, both Figures 3-1 ar@ show that increasing
temperature required less total surfactant conagoir for all systems to form a single
phase microemulsion. This is attributed to the fhat since the EO groups dehydrate at

higher temperature, and because of the lower hydrojpy of ethanol with increasing

temperature [9], it requires less amount of sudiaicto solubilize ethanol in the oil
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phase. In addition, a single phase microemulsica etrtain amount of surfactant and
specific temperature still remains single phase hagher temperatures for all
formulations.

The results from Figure 3-1 show that SMO aloneuhaot be used to replace
OA to formulate microemulsion fuels since this systrequired the highest (7-15% at
temperature 0°-25°C) total surfactant concentration obtain a single phase
microemulsion. Figure 3-2 shows mixed surfactastesys with SMO results in more
than a 4% total surfactant concentration reductiersus SMO alone in Figure 3-1.
From Figures 3-1 and 3-2, it also was found thatveen sugar-based (SMO) and
alcohol ethoxylate (L16-1) surfactants, L16-1 senglystem and its mixed systems
required comparable amounts of surfactant to OAylsirsystems (1-2% different)
while SMO systems did not. Furthermore, althouglastbased surfactants can slightly
reduce temperature sensitivity as expected, it @aassist the microemulsion fuels to
achieve the temperature below 0 °C due to the bstikicture.
3.3.2 Phase Behavior Comparisons of the Systems with Different Additives

As mentioned above, to see the effect of surfastal#arly, cosurfactants were
not used in a previous section. Therefore, costaf@and additives are introduced in
this section in order to determine whether the fdations can achieve single phase
microemulsions at the temperature below 0 °C.

In this section, ethyl-hexanol (EHOH) is considewsl cosurfactant. Di-tert-
butyl peroxide (DTBP) and ethylene glycol butyl eth(EGBE) are selected as
additional additives because DTBP and EGBE werd asecetane-enhancer and anti-

freezing agent in the previous study [9], respetyivFigure 3-3 shows the,§ versus
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temperature for the systems OA, OA/EHOH, OA/EHOHAPT and
OA/EHOH/DTBP/EGBE at a surfactant/EHOH ratio of 6-TFrom Figure 3-3, the
results show that when cosurfactant and additives added into formulations,
microemulsion fuels can achieve at temperatureswbdd °C, and the minimum
temperature is -5 °C for all systems. However,alth there are some differences
(1-2% difference) of minimum total surfactant/cdaatant concentration among the
systems with cosurfactant and additives at beld@,Ghe effect was relatively small; it
was thus observed that cetane enhancer and asttifigeagent can both improve fuel

properties and allow microemulsion fuels to achitraperature below 0 °C.
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Figure 3 - 3: Minimum surfactant/cosurfactant concentration tbiaee single phase
microemulsion versus temperature: comparison of sbhdactant systems of OA,
OA/EHOH, OA/EHOH/DTBP, and OA/EHOH/DTBP/EGBE at fagtant/EHOH ratio
of 1-16 with ethanol and canola oil/diesel blendratio of 50-50 at different
temperatures.
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3.3.3 Phase Behavior Comparisons of the Systems with Canola, Algae, and Castor

Qils

From the previous study [6}, was noted that microemulsion fuels can be
formulated with edible vegetable oils such as caramid palm oils. Although phase
behavior of an algae oil system has been studieslit knowledge castor oil has not yet
been used as a nonedible vegetable oil to formutateoemulsion fuels. This section
focuses on the microemulsion fuel systems usingediae vegetable (algae, castor,
and algae/castor) oils compared to edible (carmla)

Figure 3-4 shows plots of minimum total surfactemsUrfactant concentration
to achieve a single phase microemulsion versuseeatyre with the surfactant systems
of OA at a surfactant/EHOH ratio of 1-16 with etbhin canola oil/diesel, algae
oil/diesel, castor oil/diesel, and algae and cagsiisfdiesel blends at a ratio of 50-50 at
different temperatures. As shown in Figure 3-4aeth is completely miscible in a
castor oil/diesel (50-50) blend at a temperatur@ & and above, so surfactant was not
required to formulate microemulsion fuels. Howewde systems of castor oil mixed
with algae oil required surfactants to form a stnghase microemulsion. It was found
that the highest surfactant levels were requiradsistems with an algae oil/diesel
blend. Due to the distribution of fatty acid comipiogis of these oils (see Table 3-1),
with increasing proportion of polyunsaturated fedtyds in algae oil than in the other
oils, algae oil has more hydrophobicity, and it .dobe more difficult to solubilize
ethanol in algae oil [30]. As a result, more suidat was used in the algae oil/diesel

blend than in the other oil blends to achieve glsiphase microemulsion. In addition,
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it was interesting to find that phase behaviorOéf systems in an algae and castor

(1-1) oils/diesel blend are quite similar to thaesa canola oil/diesel blend.
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Figure 3 - 4: Minimum surfactant/cosurfactant concentration thi@ee single phase
microemulsion versus temperature: comparison of dingactant systems of OA at
surfactant/EHOH ratio of 1-16 with ethanol in difat four vegetable oil/diesel blends
at ratio of 50-50 at different temperatures.

Relative to the temperature effect, decreasing éeatpre required more
surfactant to produce a single phase microemulagmexpected and explained in the

Temperature Effect section. Moreover, the results show that the Ogtesys were able

to achieve a single phase microemulsion below @M@imum at -5 °C) in a canola
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oil/diesel blend (consistent with the result ints®at 3.3.2) and an algae oil/diesel blend
without phase separation. Although phase behawioitse systems in a canola oil/diesel
blend and the systems in an algae and castor @ditsljliesel blend are quite similar,
the systems in a canola oil/diesel blend can aehgelower temperature than that in an
algae and castor oils/diesel blend. This may rdsoith the fatty acid compositions of
oils. The major fatty acid composition of canol&isioleic acid which has alkyl groups
similar to those in oley alcohol (OA); consequenthey do not tend to separate from
each other when the temperature decreases. Fa alganicroemulsion fuels can also
achieve the temperature below 0 °C in an algadiesél blend. As expected, a higher
unsaturated fatty acid composition leads to a lawelting point of vegetable oils [30].

From this section, it was observed that microemouldiuels from nonedible
(algae and castor/diesel) oils are comparable @asettfrom edible (canola) oil at the
temperature of 0 °C and above. In addition, fattid acompositions in different oils
appear to have a significant influence on phasawehand solubilization capacity.
3.34 Phase Behavior Comparisons of the Systems with Ethanol and the Systems with

Bioethanol

Since the ethanol used was anhydrous ethanol wotie than 99.5% purity (200
proof), it was not considered a sustainable mdtriproduce biofuels because it came
from petroleum sources and/or required abundantggnto purify. Subsequently,
bioethanol, with 5% water content (assuming th& #verage water content in ethanol
derived from nature), was introduced to formulateroemulsion fuels. This section
compared phase behaviors of microemulsion fuelsn flmoethanol to those from

ethanol.
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Phase behavior comparisons between microemulsels from bioethanol and
from ethanol are shown in Figure 3-5. Figure 3-6vahplots of Qi versus temperature
for the surfactant systems of OA at a surfactan@BHatio of 1-16 with ethanol in
canola oil/diesel and bioethanol in canola oil/diesastor oil/diesel, and algae and
castor oils/diesel blends at a ratio of 50-50 #Heint temperatures. The systems with
bioethanol in algae oil/diesel were not included-igure 3-5 because it required more
than 25% total surfactant/cosurfactant concenmmatto achieve a single phase
microemulsion.

Although microemulsion fuel had not been formulateith ethanol in castor
oil/diesel as mentioned in section 3.3.3, they vadile to be formulated with bioethanol
as shown in Figure 3-5. The results from Figure &d Figure 3-5 display that the
systems with bioethanol required a higher totafaswant/cosurfactant concentration
than the systems with ethanol required; which &/@difference for castor oil/diesel,
8% difference for algae and castor oils/diesel, 8% difference for canola oil/diesel
at 25 °C. This indicated that the bioethanol addithad more influences on the systems
without castor oil than the systems with castor. &l addition, the minimum
temperatures that microemulsion fuels can be foatedl with bioethanol without phase
separation are 0 °C in castor oil/diesel, 10 °@lgae and castor oils/diesel, and 25°C in
canola oil/diesel. This result observed that a noastor oil fraction in the blend, lower
minimum temperature to produce single phase micut&on fuels. These trends
probably result from the major fatty acid compasitiin castor oil, ricinoleic acid,

which has hydroxyl as a functional group. Thus,taasil is more compatible with
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bioethanol (has more interaction between the hyshrogond of water and hydroxyl

group) than with ethanol, and water in bioethana$also solubilized in the oil phase.
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Figure 3 - 5: Minimum surfactant/cosurfactant concentration tbieee single phase

microemulsion versus temperature: comparison of dindactant systems of OA at
surfactant/EHOH ratio of 1-16 with ethanol in candlil/diesel and bioethanol in

canola oil/diesel, castor oil/diesel, and algae eastor oils/diesel blends at ratio of 50-
50 at different temperatures.

3.3.5 Other Fuel Properties and Cost Assessment

Apart from phase study of microemulsion fuels, kiveematic viscosity, energy

density, and cost estimation of selected formutegtivave been reported.
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The dynamic viscosity was measured by A Brookfield Il + viscometer at
the desired temperature. Then, the kinematic viscegas calculated by dividing the
dynamic viscosity with microemulsion fuel densifjable 3-4 shows the kinematic
viscosity comparisons of the systems of OA/EHOH, /EXAOH/DTBP, and
OA/EHOH/DTBP/EGBE with ethanol and a canola oilsdieblend at a ratio of 50-50
and OA/EHOH with ethanol and algae and castordédsél blend compared with those
of No.2 diesel and canola oil biodiesel at tempeest 0° to 40 °C. The first three
systems were selected since they retained the emurision phase at temperatures
below 0 °C. Considering these three systems, itfasasd that cetane number and anti-
freezing agent addition resulted in the 5% incregsif kinematic viscosity. Although
the kinematic viscosities of all these systemstagber than that of No.2 diesel, they
are lower than that of canola biodiesel, and tlteymeet the standard specification for
diesel fuel (ASTM D 445) at 40 °C (1.9-4.1 rfig). Furthermore, the system with
algae and castor oil/diesel blend was chosen ia ehasing nonedible vegetable oils to
replace edible vegetable oils; although its viggasi higher than ASTM No.2 diesel, it
is similar to canola biodiesel and only slightlygiher than the above referenced
standard.

The lower heating value was estimated as the ergeggity of microemulsion
fuels by using Mendeleyev’'s formula. It was fouhdttthe lower heating values of all
microemulsion fuels were not significantly diffetemwhich were in a range of 35-38
MJ/kg, similar to that of canola biodiesel (37.4/kfj), and slightly less than that of

No.2 diesel (42.6 MJ/kg) [6].
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Table 3 - 4: Kinematic viscosity comparisons of selected microksmon fuels at
temperature Vto 40°C.

Kinematic viscosity (mnf/s)

Surfactant Polar  Qil phase

systems  phase 0°C _10°C  25C _ 40C
OA/EHOH ethanokanola oil/diesel 14.2+0.1 9.1+0.2 6.2+0.] 3.9#0.1
OA/EHOH/DTBP ethanolcanola oil/diesel 14.4+0.2 9.7+0.1 6.4+0.] 4.1+0.1
/%g/EEOH/DTBP ethanolcanola oil/diesel 14.4+0.2 9.6+0.1 6.4+0. 4.10.1
OA/EHOH ethanolalggfszjr;gsce?su 16.740.2 11.840.2 7.2+0.1 4.620.1
No.2 diesel - - 7.020.1 4.840.1 3.6+0.2 2.5:0.1
Canola biodiesel - - 14.6+0.10.1+0.1 6.840.2 4.5%0.1

The example of microemulsion fuel cost estimatialt@lated from the current
price of raw material cost (September 2013) is showTable 3-5. The estimated cost
of selected microemulsion fuel is 4.58 USD peraallAt the equivalent heating value
to No.2 diesel, the price of microemulsion fuebid3 USD per gallon, while the local
price of No.2 diesel is 3.98 USD per gallon. Froable 3-5, the major raw material
cost of microemulsion fuel is the price of canalantich increases from 3.05 USD per
gallon in 2010 to 4.26 USD per gallon in 2013 du¢hie competitive price of canola oil
in the food market. Future research should lookways to further reduce the cost of

these microemulsion fuels.
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Table 3 - 5: Cost estimation of the selected microemulsion fuel.

Materials Compositionin 1 L USD/gal USDIL Breakdown cost in 1 L of
(vol%) microemulsion fuel (USD)
Canold 29.8 4.26 1.13 0.34
No.2 diesél 29.8 3.98 1.05 0.31
Ethanof 23.9 1.78 0.47 0.11
OA° 2.10 2.86 0.76 0.16
EHOH' 14.4 7.63 2.02 0.29
MF1 cost per liter (USD) 1.21
MF1 cost per gallon (USD) 4.58

& Canola Council of Canada (http://www.canolacoundij/canolaprices.aspx);
® Oklahoma local price;
¢ Alibaba global trade market for bulk quantitigsttig://www.alibaba.com).

3.4  Conclusions

In this study, various systems of vegetable oddshmicroemulsion fuels have
been studied to obtain the optimum formulationsclvlgan achieve a low temperature
(below 0°C) with sustainable, environment-benignd a&ost-effective considerations.
From all findings in this study, they can be sumuaeat as follows:

 Salt-free microemulsion fuels can be formulatgdulsing single and mixed
surfactants even without cosurfactants. Howevez, dystems with cosurfactants can
avoid phase separation at lower temperatures (b@lo®).

» Among all surfactants in this study, oleyl alcbfrmonionic surfactant) has the
highest solubilization capacity (required the lotvasrfactant concentration to achieve

single phase microemulsion fuels).
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» Linear alcohol ethoxylate surfactant (L16-1) cae used as a renewable
surfactant in both single and mixed systems to tdate microemulsion fuels which are
comparable to microemulsion fuels using oleyl atitoh

» Castor oil/diesel and algae oil/diesel cannot beed to formulated
microemulsion fuels with ethanol and bioethanol,sepectively. However,
microemulsion fuels can be obtained with both ethand bioethanol in algae and
castor oils/diesel.

* Nonedible (algae mixed with castor) oil systemne eomparable to edible
(canola) oil systems at 0 °C and above with ethanol are even better at 25 °C with
bioethanol.

» Decreasing temperature required higher amountsswfactants and/or
cosurfactants. The lowest temperatures reachetlisnstudy are -5 and 0 °C in the
cases of with and without cosurfactants, respdgtive

» Cetane enhancer and anti-freezing agent can wegvoth fuel properties and
allow microemulsion fuels to achieve temperaturewe °C.

* From all evaluated formulations, the systems fdated from OA/EHOH with
ethanol in a canola oil/diesel blend with and withcadditives can achieve a
temperature below 0 °C, meet the kinematic visgagdandard of No.2 diesel, and have
the energy density comparable to No.2 diesel.

The results of this study thus show that microemalduels require optimum
formulation for each oil-based system. For exam@leambient temperature, renewable
surfactants and bioethanol should be taken intoowatdc to produce sustainable

microemulsion fuels. Surfactants and vegetablewits low melting points should be
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taken into consideration to produce microemulsioeld in cold region countries. In
addition, if the competition of price with the foorharket is considered, the
formulations with nonedible vegetable oils shoulé bleveloped and used as

alternatives.
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Chapter 4: Phase Behaviors, Fuel Properties, and @abustion
Characteristics of Alcohol-Vegetable Oil-Diesel Mimemulsion Fuels

Abstract

Biofuels are being considered as alternates toilfoased fuelsdue to depletion of
petroleum-based reserves and pollutant emissioncecns. Vegetable oils and
bioalcohols have proven to be viable as fuels waitldl without engine modification.
However, high viscosity and low energy content larey term-operational problems
with vegetable oils and bioalcohols, respectiveliherefore, vegetable oil-based
microemulsification is being evaluated as a metlmdeduce the high viscosity of
vegetable oils and enhance the miscibility betwadeohol and oil phases. Studies have
shown that microemulsification with different alad led to different fuel properties
depending on their structure. The overall goal bis tstudy was to formulate
microemulsion fuels with different single and mixaltohol systems by determining
the effects of water content, alcohol branchingidtire and carbon chain length on
phase behaviors, fuel properties, and emissionacterstics. It was found that
microemulsion fuels using certain alcohols dispthfg/orable stability, properties, and
emission characteristics. Flames of fuels withdmshort chain length alcohols had
larger near-burner blue regions and lower CO anot ®missions indicating the
occurrence of more complete combustion. In additmmalcohol effects, the effects of

the vegetable oils, surfactants, and additivesmisson characteristics provided useful

3 This chapter or portions of thereof is the collattime work with Vinay Singh, Arun Balakrishnan, hin
D. Do, Noulkamol Arpornpong, Ramkumar N. ParthaggraSub. R. Gollahalli, Sutha Khaodhiar, and
David A. Sabatini and will be submitted to Inteiinagl Journal of Green Energy.
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results to obtain the appropriate microemulsiommigation for fuel as alternatives

which burn cleaner than both No.2 diesel and cabioldiesel.

Nomenclature

CME = Canola methyl ester.

CP = Cloud point°C).

Coolar = Polar phase molar concentration.
Csurfactant = Surfactant molar concentration.

El; = Emission index of species |.

Elco = Emission index of CO.

Elnox = Emission index of NQ

F = Radiative fraction of heat release.
L = Pyrheliometer distance from flame (m).
LHV = Lower heating value of combustion (MJ/kQ).
m = Fuel flow rate (kg/s).

MW+ = Molecular weight of fuel.

MW, = Molecular weight of species i.

PP = Pour point°C).

R = Radiative flux.

SMD = Sauter mean diameter.

Vmean = Mean velocity.

Woolar = Polar phase solubilization capacity.
Xi = Mole fraction of species i.

Xco = Mole fraction of species CO.

Xco2 = Mole fraction of species GO

X = No. of carbon atoms in the mixture.
® = Equivalence ratio.

p = Density (g/crm).

v = Kinematic viscosity (mfs).
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4.1 Introduction

Biofuel utilization is gaining attention from masgctors associated with energy
production and consumption in both industrialized developing countries. Due to the
depletion of petroleum-based energy resources anidoamental concerns, alternative
fuels are being developed. Biofuels are attraateedidates to replace petroleum fuels
because they can be derived from renewable resoorckiomass, they are sustainable
and close to carbon-neutral, and they have beewrsho reduce some pollutant
emissions. Generally, these biofuels include vddetaoils, biodiesel, biogas,
bioalcohols, and bio-oil, etc. [1].

Bioalcohols are alcohols produced from biologiesources [2]In addition to
having properties similar to fossil-based fuelgzolbls burn cleaner since they are
oxygenated compounds and thus lead to more commetdustion. The hydroxyl group in
alcohols helps in reducing pollutant emissions dBcting with the carbon content in fuels
thereby limiting carbon monoxide (CO) and soot fation [3]. Moreoveralcohols limit
nitrogen oxide (NG) production by reducing the peak temperature & dbmbustion
chamber [4] Ethanol is a well-known alternative fuel which dam used in both spark-
ignition (SI) and compression-ignition (Cl) engindg. Ethanol is typically produced
from crops such as corn, wheat, sugar beet, saaa,wood. This biologically-based
ethanol contains water (2-5% by volume) and is thygdrous, while water-free ethanol
is called anhydrous ethanol [1,4,5]. In order toidwonfusion in this study, anhydrous
and hydrous ethanols are referred to as ethanolbaethanol, respectively. Ethanol
and/or bioethanol can be used as a blend with Idigs® 20% in engine without engine
modification; this mixture is known as ethanol-dledlends, or E-diesel [6-8].

Methanol is also an attractive alternative fuetchese it can be produced from waste
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biomass or conversion of carbon dioxide £@as [3,9]. Althoughmethanol and
ethanol have similar physical properties, ethasanbre expensive to produce, while
also being toxic and corrosive [4]. Propanol andabal, the longer-chain alcohols
produced in biorefineries, are not only renewalteraatives, but also can improve
solubility in diesel. However, there are some dvsedages to these alcohols; for
example, they are not yet as economically viabfel #eir blends are not compatible
with some fuel systems [10].

Lapuerta et al. [3] showed that the addition @ohbls (both short- and long-
chain) can improve fuel properties of diesel blerBlends of diesel with methanal,
ethanol, propanol, butanol, and pentanol were aedlylt was found that while the
alcohols could be blended with diesel under low laigth concentrations, the properties
of those blends were different. At low alcohol centrations, the viscosity and lubricity
of blends increased with molecular weight. Howewatrintermediate and high alcohol
concentrations, the viscosities of butanol and greritblends showed reverse trends and
the lubricity of all blends also decreased withré@asing molecular weight [3]. To
improve blend stability, additives (e.g., emulstie surfactants) were necessary to
improve the stability of ethanol- and methanol-dielslends over a wide range of
temperatures [3,11,12]. Microemulsification is app@ach to improve the blend
stability by enhancing the miscibility of ethanoldadiesel [13-14].

Microemulsion-based biofuels, or hybrid fuels, ardransparent,
thermodynamically stable, and single-phase WinsgreTll microemulsions, i.e., they
are mixtures in which the polar phase is solubilizereverse micelles occurring in the

non-polar phase stabilized by surfactants. In neigrolsion-based biofuel, ethanol
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rather than water is solubilized in the reverseeftes dispersed in oil (vegetable
oil/diesel blended) phase. In addition to overcagrtime immiscibility of ethanol and oil
phases, microemulsions can reduce the high viscaditvegetable oil to a value
comparable with that of diesel fuel [13-14]. Stwdiedicate that the alcohol structure,
functional group and carbon chain length, can leted to the fuel properties such as
viscosity, lubricity, stability, and emission cheteristics[3,15]. Furthermore, limited
research has evaluated the possibility of usingegbl and its derivatives as automotive
fuels [16]. Therefore, it is possible that othewlmanolecular weight alcohols (e.g.,
methanol, propanol, and butanol) and glycerol caruked to produce microemulsion
fuels.

Although the diesel engine is a highly efficiemwer source [17], the potential
for high levels of pollutant emissions, such asxN€arbon monoxide (CO), carbon
dioxide (CQ), and particulate matter from the engine, are @jomenvironmental
concern. These emissions can be lowered by intmodwdcohol or water into the fuel,
depending on the emission formation and its reacfi@r example, one mechanism of
NOy formation is dependent on the high combustion eatpre. Thus, increasing the
water content in emulsified fuel helps reduce tbenlgustion temperature and thus
decrease the NCGemission [18-19]. Soot (or smoke, or unburned @aydormation is
also suppressed by water addition due to smokéatiluand the availability of excess
oxygen from water. A final factor involves the oattbn process of soot where
unburned carbon is oxidized to exhaust ga®. and hydrocarbon (HC) emissions are
also lower because of the excess oxygen from watethe oxidation process.

Nevertheless, CO and HC emissions rely on the tfydeel and fuel accumulation in
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the combustion chamber [18-20]. Studies on emisslbaracteristics of water- or
alcohol-in-diesel emulsion and alcohol-diesel bterthve been widely conducted.
Water-emulsified fuel has been suggested to imprthee engine performance of
internal combustion engines and produce,M@d soot emissions which can meet the
regulations [17,21]. For alcohol-diesel-blendsfedé#nt alcohols including ethanol and
butanol mixed with diesel with and without addisveave been examined for their
emission properties [22-25]. Moreover, the emissibaracteristics of different alcohol-
in-diesel emulsion or microemulsion systems hawnlevaluated. Atmanli et al. (2013)
found that CO and C{emisisons from a diesel engine operated with digsi¢on oil-
n-butanol microemulsions were lower compared tee¢hobtained with neat diesel fuel,
but NO, and HC emissions were increased [26]. On the dthed, microemulsion with
ethanol addition can lead to reduction of CO,\N&ahd particulate matters [13,27]. All
studies show that the emissions are reduced bija@lealdition. However, the effects of
the structure of alcohol on the emission charasties have not been studied in detail.
In this study, the effect of surfactants, oils,daadditives on emission
characteristics are presented in order to evaldlage environmental footprint of
microemulsion fuel system as alternative renewdhkds. Consequently, different
alcohol systems are proposed as a polar phase setacted promising formulation and
studied for their effects on phase behaviors. lpugperties (i.e. viscosity, cloud point,
pour point) and emission characteristics of microlsmon fuels using different alcohol
systems are determined to compare with canola ésetliand diesel fuel. The specific

objectives of this study are as follows:
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1. To determine the effects of vegetable oils, sudatst, and additives on
emission characteristics:

2. To formulate microemulsion fuels using various almis (methanol, ethanol,
bioethanol, propanol, butanol, ethylene glycol, pytene glycol, glycerol
and mixed alcohols) as a polar phase in the seldéoteulation:

3. To study the effect of alcohol systems on microemoul phase behaviors,
fuel properties and emission characteristics: and

4. To compare fuel properties and emission charatt=i®f microemulsion

fuels with canola biodiesel and neat diesel.

4.2  Materials and methods
421 Materials

In this study, different alcohols were used as piwar liquid phase in
microemulsions. Methanol, HPLC grade with 100% fyunwas obtained from EMD
Chemicals Inc. Ethanol (ACS reagent witB9.5% purity or 200 proof), 1-propanol
(anhydrous with 99.7% purity), 2-propanol (anhydromith 99.5% purity), 1-butanol
(ACS reagent with»99.4% purity), 2-butanol (anhydrous with 99.5% pgriethylene
glycol (anhydrous with 99.8% purity), propylene @y >99.5% purity), and glycerol
(>99.4% purity) were purchased from Sigma Aldrichodhanol, hydrous ethanol with
5% water content, was obtained from Co-zfire comngp@nlist of alcohols studied is

shown in Table 4-1.

67



Table 4 - 1:Properties of studied alcohdls

Molecular Molecular weight Density Water content
Materials
structure (g/mole) (g/ml) (% by volume)
Methanol —OH 32.04 0.792 <0.05%
Ethanol /N oH 46.07 0.789 .
Bioethanol /N OH 46.07 0.797 5
1-propanol A\ OH 60.10 0.804 <0.005%
OH
2-propanol )\ 60.10 0.785 <0.003%
1-butanol . OH 74.12 0.810 N/A
OH
2-butanol )\/ 74.12 0.808 <0.005%
OH
Ethylene glycol HO/\/ 62.07 1.113 <0.003%
HO
Propylene glycol AY 76.09 1.036 N/A
OH
N
Glycerol HO/\O(H OH 92.09 1.250 <0.10

Data provided by the manufacturer
® N/A — not applicable
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The four surfactants studied were selected baseal pmevious study [28]. The
linear alkyl propoxylated ethoxylated carboxylatefactant associated with sodium as
the counterion (linear C16-18 4PO 2EO carboxylatdastant with 90% purity) was
provided by Sasol North American Inc (Lake Charle&). The linear alkyl alcohol
ethoxylate surfactant (linear C12-16 1EO OH wii®9.5% purity) was provided by
Huntsman Corporation. Sorbitan monoolea89%5% purity) and oleyl alcohol (85%
purity) were purchased from Sigma Aldrich. A ligttbe surfactants is shown in Table
4-2.

Table 4 - 2:Properties of studied surfactahts

Molecular .
Materials Abbreviation = Type of surfactant  \ygjgnt Density
(g/ml)
(g/mole)
Linear C16-18 4PO 2EO L168-42C carboxylate extended 624 0.96
carboxylate
Linear C12-16 1EO OH L16-1 alcohol ethoxylate 241 0.87
Sorbitan monooleate SMO sugar-based 429 0.99
Oleyl alcohol OA fatty alcohol 268 0.86

& Data provided by the manufacturer

Pure canola oil (Crisco®, the J.M Smucker Compadwyville, OH) was
purchased from Walmart. For non-edible oils, puastar (NOW® Solutions, NOW
Foods, Bloomingdale, IL) and algae (Spa PANTRY, wdrsal Companies, Inc.,
Abingdon, VA) oils were obtained via on-line purska.Table 3-3 shows the fatty acid

compositions of canola [13], castor [29], and al¢a®] oils. No.2 diesel fuel was
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purchased from a local gasoline station (Norman,) @Kd canola biodiesel was
provided by Combustion and Flame Dynamics Laboyatfhe University of
Oklahoma, Norman, OK).

Table 4 - 3:Fatty acid compositions of canola, castor, andeatgks.

Fatty acid composition

Canola oil Castor oil Algae oll
(in %)

capric acid (C10:0) - - 0.12
lauric acid (C12:0) - - 0.25
myristic acid (C14:0) 0.05 - 5.25
palmitic acid (C16:0) 4.00 2.00 16.3
stearic acid (C18:0) 2.65 2.00 0.59
oleic acid (C18:1) 56.0 6.00 7.90
linoleic acid (C18:2) 26.0 4.00 5.35
linolenic acid (C18:3) 10.0 - 6.62
ricinoleic acid (C18:1(OH)) - 86.0 -
other$ 1.13 - 52.7

#Polyunsaturated fatty acids with=20

2-ethyl-1-hexanol (EHOH wit»99.6% purity) was used as the cosurfactant.
Ethylene glycol butyl ether or EGBE (99% purity) dardi-tert-Butyl peroxide
(LuperoxX’DI) or DTBP (98% purity) were used as an anti-firgzagent and a cetane
enhancer, respectively. All of these chemicals vperehased from Sigma Aldrich.
4.2.2 Methods

Microemulsion preparation

Mixtures of surfactant and cosurfactant at a cenaolar ratio were added in a
15 mL glass vial. The surfactant and cosurfactaerevprepared on a volumetric basis.
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The systems with cosurfactant were formulated atstirfactant/cosurfactant ratio of 1-
16 which was found to be the optimum ratio from fnevious study [14]. The polar
liquid phase and vegetable oil/diesel blend werdeddnto the surfactant—cosurfactant
mixture to formulate microemulsions. The volumecfian of vegetable oil/diesel blend
to ethanol was always kept higher than one in otdeformulate Winsor Type I
microemulsions. The surfactant—polar phase—oil uned were gently hand-shaken and
placed in a constant temperature bath for a feys da allow the systems to reach
equilibrium at the desired temperatures in a rasfg®’C to 25C. Phase behavior was
determined by visual inspection with polarized tiffh?,30,31] and the microemulsion
phases were confirmed by a red laser beam [32].rilinemum total concentration of
surfactant and co-surfactant required to achievansparent single phase
microemulsions was recorded.

Flame and emission characteristics

1) Experimental setup

The laminar partially-premixed flame setup is addptrom that developed by
Love et al. [33-34] to rapidly characterize the twstion properties of liquid fuels
utilizing small amounts. Figure 4-1 Iillustrates tleehematic diagram of the
experimental setup. Air from a cylinder was prehdab 356C using high-temperature
heating tape. The air flow rate was monitored usmgcalibrated rotameter.
Subsequently, the microemulsion fuels were injeatéd the preheated air using a 50
cm® syringe at a constant rate of 1.6 mL/min. The flengf the heated tube was
sufficient for the fuel to vaporize and mix withetihot air. The air temperature in the

pipe and fuel-air temperature at the burner exitrewenonitored by K-type
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thermocouples and controlled by a temperature otbetr A cylindrical tube with9.5
mm inner diameter served as the burner. A propdoeflame was used to ignite the
fuel/air mixture at the exit of the burner and wasoved after ignition. A laminar

partially-premixed flame with a constant equivakerratio of 7 was obtained at the

burner exit.
et
Bumer
K-Type
Syringe Purnp ] Thermocouple
N High Temp
: Air
| H
K-Type H B y
Thermocouple : ‘ Air

Figure 4 - 1: Schematic diagram of the experimental setup usetetsure the combustion
characteristics.
2) Flame visualization

In this study, an eight mega pixel digital AF SKRnon camera (EOS Digital
Rebel XT/EOS 350D) was used to obtain flame imagé#s an exposure time of 1/25
second under similar lighting conditions with a lddrackground. The camera was
located about 0.5 m away from the flame. The fldemgth was calculated from the

number of image pixels using appropriate softwafg.[
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3) Global Flame Radiation

Global flame radiation is a measure of the sootet in the flame. The flame
radiation measured with a radiometer was averagwdected for background radiation,
and recorded. The radiative heat fraction, F, wsisnated by the following equation
[35];

4TL?R _
= T LHV Equation 4.1

where R is radiative flux, L is the distance betwé®ee flame and the radiomete, is
the mass flow rate of fuel, and LHV is the loweatieg value of the fuel (LHV was
estimated by using Mendeleyev's formula [13] andoissented in Table 4-5The
radiative heat fraction is the fraction of the ibmunergy that is lost by the flame to
radiation. This parameter provides a convenientpareon of the soot content in the
various flames.
4) Global pollutant emissions

A flue gas collector and sampling system with acaoled quartz probe were
used to determine the global emission of COxNdDd carbon dioxide (G Before
passing through the analyzer, the moisture andcpite matter in the sample were
removed using an ice condenser and a fiber filtlespectively. The CO and NO
concentrations were detected by electrochemicaaenwhile the C®concentration
was measured by a non-dispersive infrared dete€tog. emission index of species i

was calculated using equation [35];

X; MW; .
- ) =0 Equation 4.2

Bl = ( MWy

Xcot+Xcoz
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where X is the mole fraction of the species iggXand X0, are the mole fractions of
CO and CQ in the exhaust, x is the number of moles of cariboa mole of fuel, and
MW, and MW are the molecular weights of species i and thk fespectively It was
assumed that the soot content was negligible isethiftames. The emission index
provides the amount of pollutant species i produneglkg of fuel.
5) Fuel properties

The kinematic viscosity of microemulsion fuels waculated using Equation
4.3.

, .. ) Dynamic viscosity .
Kinematic viscosity = Donsit Equation 4.3
ensity

The dynamic viscosity of microemulsion fuels wasasweed by A Brookfield LV 1l +
viscometer (Brookfield, SC4-18/13R) and the fuehsity was measured by weighing
the syringe before and after filling with the 25 milicroemulsion fuel sample [14]. The
dynamic viscosity and density were observed at &xatpres 25and 46C.

The cloud point (CP) is the temperature at whidolation becomes cloudy and
pour point (PP) is the lowest temperature at wis@lition movement is observed. The
selected stable microemulsion fuels were testethf&r cloud points (ASTM method D
2500) by cooling at °C intervals and pour points (ASTM method D 97) byling at
3°C intervals [13].

The solubilization capacity (Wa) of microemulsion systems was estimated
using Equation 4.4.

Cpolar

<
|

Equation 4.4

olar
P Csurfactant
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where Golar IS polar phase molar concentration angletant IS surfactant molar
concentration.

6) Sporay Droplet Size Measurement
A schematic diagram of the spray flame burner setypesented in Figure 4-2.

The setup was designed to produce spray flames iofoemulsion fuels. The
experiments were conducted in vertical stainlesglsthamber of 76 x 76 cm cross
section and 143 cm height to isolate the experirfrent the ambient environment. The
flame chamber was made of stainless steel withuareqcross section of 10.2 cm in
width and a height of 51.8 cm. Vycor glass windavese used in the chamber in order
to facilitate visual access to the flame. A K-typermocouple was placed at the bottom
of the flame chamber to measure the actual temperaf the co-flow air [36].

The liquid fuel and atomization air were conveyedier pressure from nitrogen-
pressurized and air-pressurized cylinders, respaygtiBoth fuel and air flow rates were
separately measured using two calibrated rotameéfbesfuel and air were injected through
a 0.165 inch diameter exit orifice of an air-blagimizer to produce the spray. The droplet
size in the spray was measured using a Phase Ddpatacle Analyzer (PDPA) [36], as

shown in Figure 4-3.
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Figure 4 - 2: Schematic diagram of spray flame burner setupifop dize measurement.
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1 - Laser Power Display

2 - Laser Power Supply

3 - Argon-ion laser
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Figure 4 - 3: Schematic diagram of Phase Doppler Particle Analf2BPA) setup.

4.3 Results and discussion

In a previous study, the emission characterisbicsnicroemulsion fuels with
different vegetable oils were studied [13], and thfease behavior comparison of
microemulsion fuels with different surfactants, #igdds, non-edible and edible
vegetable oils was conducted [28]. Therefore, #tisgdy focused on the emission
characteristics of microemulsion fuel systems usihum-edible (algae, castor, and
algae/castor) and edible (canola) vegetable diks;efffects of surfactants and additives
on emission characteristics are also discussedemlkssion results of microemulsion

fuels were compared to those obtained with canioldidsel and neat diesel.
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4.3.1 Effect of vegetable oils on emission characteristics

Figure 4-4 shows graphs of a) radiative heat ifsac{soot emission), b) CO
emission index, and ¢) N@mission index as a function of the different mé&nulsion
fuels which include the systems of oleyl alcohosatfactant/EHOH ratio of 1-16 with
ethanol in canola oil/diesel, algae and castor)(@H%¥/diesel, algae oil/diesel, and castor
oil/diesel blends at a ratio of 50-50. The corregjog measurements in flames of pure
diesel/CME are also shown for comparison. It wamébthat the radiative fraction of
heat release of the flame of the fuel with castbwas higher than that of the flames of
other fuels. This indicates that the castor oiimiéahad a higher soot content, which
could be due to high unsaturated fatty acid pratyonore CH radicals [37]. Moreover,
the CO emissions from the flames of microemulsiareld with algae/diesel,
castor/diesel, and mixture of algae and castoetliblends were slightly higher than
those obtained in flames of microemulsion fuel wainola/diesel, implying that more
complete combustion occurred for the fuel with darml than others. This is attributed
to the presence of a high level of shorter-chaisaturated fatty acid (62% of oleic
acid) in canola oil which can be burned easier had longer time of premixed
combustion [38-39]. The fuel with canola oil gertecathe same level of N@mission
as the microemulsion fuel with castor oil, but stlg higher than the microemulsion
fuel with algae/diesel and mixture of algae andaradiesel blends. Higher levels of
NOx emission of fuels with canola and castor oils dan attributed to higher
compositions of unsaturated fatty acid in canold aastor oils because the carbon-
carbon bonds break more readily than the carbomnelggsh bonds resulting in CH

radical formation leading to higher N@roduction [37].
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Figure 4 - 4: Emission characteristics of the microemulsion systef oleyl alcohol at
surfactant/EHOH ratio of 1-16 with ethanol in difat four vegetable oil/diesel blends
at ratio of 50-50 at equivalence ratio of 7; a)iafide heat fraction (soot emission); b)
CO emission index; c) NGemission index.

Additionally, these results are probably associatéth the flash point of
vegetable oil; flash points of canola, castor, alyde oils are 2730 290C [40], 210C
[41], and 1158C (assuming that it is approximately similar to malgae oil biodiesel)
[42], respectively. Canola and castor oils havénéiglash points which lead to higher
temperature and longer residence time of combustubinch can also result in higher

NOy emissions [43-44]. However, all emissions in tlemes of microemulsion fuels

were less than those from the flames of No.2 di@sdlcanola biodiesel.
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4.3.2 Effect of surfactants and additives on emission characteristics

As mentioned above, the effect of surfactants loasp behaviors have already
been studied renewable surfactants (alcohol ethtxysurfactants and sugar-based
surfactants) were used to formulate microemulsiaisf compared to oleyl alcohol and
carboxylate-based extended surfactants [28]. Thius, emission characteristics of
microemulsion fuels using four surfactants are wuBsed in this section; i.e., oleyl
alcohol (OA), linear C16-18 4PO 2EO carboxylateG8#42C), linear C12-16 1EO OH
(L16-1), and sorbitan monooleate (SMO).

The radiative heat fraction (soot emission), CO ssion index, and NO
emission index of the flames of the microemulsigstams of oleyl alcohol (OA), linear
C16-18 4PO 2EO carboxylate (L168-42C), linear C&24EO OH (L16-1), and
sorbitan monooleate (SMO) with ethanol and canal&liesel blend (50-50) are
presented in Figure 4-5. The results in Figuresh®w that the radiative fraction of heat
release (and therefore the soot content) and CGsemni index of the flames of
microemulsion fuels were significantly lower thametcorresponding values of the
flames of canola biodiesel and No.2 diesel. In i@wtf the NQ emissions of the SMO
and L168-42C systems were higher than those oflaabiodiesel and No.2 diesel
corresponding to high oxygen content in these twéastants (discussed below). From
these results, it is seen that the microemulsia@isfwith OA and L16-1 had more
favorable emission characteristics than the othwer gurfactants. The previous study
also indicated that microemulsion fuels with OA drib-1 required lower amount of

surfactant than the other two. Therefore, OA an@-Llare seen to be viable alternative
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surfactants used for microemulsion fuel formulasiomith desirable fuel properties,

emissions, and phase behaviors.
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Figure 4 - 5: Emission characteristics of the microemulsion systef oleyl alcohol
(OA), linear C16-18 4PO 2EO carboxylate (L168-42@)ar C12-16 1EO OH (L16-
1), and sorbitan monooleate (SMO) with ethanol eadbola oil/diesel blend at ratio of
50-50 at equivalence ratio of 7; a) radiative hfattion (soot emission); b) CO
emission index; ¢) NQemission index.

It has been noted that cosurfactant, cetane enhandeanti-freezing agents can
both improve fuel properties and allow microemuisioels to achieve temperature
below OC without impacting phase behavior [14,28]. Howevieris important to
determine whether they affect the emission chamgttss. As mentioned above,

EHOH, DTBP and EGBE were considered as cosurfactatdne enhancer and anti-

freezing agent, respectively. The results obtaimelicated that cosurfactant, cetane
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enhancer and freezing agent additions did not fsegmitly influence the emission
characteristics of microemulsion fuels and emissi@h microemulsion fuels with
additives were lower than those of No.2 diesel @atbla biodiesel.

4.3.3 Microemulsion fuels with different alcohol systems

Phase behavior comparisons

Ten different alcohols were used in this sectiorolder to study the effect of
polar phase on phase behavior of microemulsions theetemperature range evaluated.
Methanol, ethanol, 1-propanol, and 1-butanol weuelisd for the carbon chain length
effect. 1-propanol and 1-butanol were compared @ifpropanol and 2-butanol for the
branching effect. The effect of number of hydroggbups was evaluated by comparing
the systems of ethanol, propanol, ethylene glypobpylene glycol, and glycerol.
Bioethanol was also used to study the effect ofewabntent in ethanol. The results
indicate that alcohols with more than one hydrogybups (i.e., ethylene glycol,
propylene glycol, and glycerol) can not be used faymulate single-phase
microemulsion fuel. Although more than 25% of satéat concentration was added to
the mixtures, phase separation occurred with tlsyséems. Due to the very high
polarity and strong hydrogen bonding of hydroxybupss in these alcohols, they cannot
solubilize in the oil phas®esides,1- and 2-butanol were completely miscible in canola
oil even at temperatures lower than’@5 therefore, surfactant was not required to
formulate microemulsion fuels. However, microemaisiuels could be formulated by
mixing butanol with methanol, ethanol, and bioetilaat the ratio 50-50. In this study,

1-butanol was used for the mixed alcohol systentale it was considered as a
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renewable alcohol [10] and improved the solubibfypolar phase in the oil phase as
mentioned above.

Table 4-4 summarizes the minimum surfactant comagah to achieve a single
phase microemulsion R, %) at temperature °5to 25C for the microemulsion
systems of oleyl alcohol with methanol, ethanobethanol, 1-propanol, 2-propanol,
methanol/1-butanol, ethanol/1-butanol, and bioatliarbutanol in canola oil. From the
results shown in Table 4-4, phase separation wasrebd at temperatures beloWCO
for all single alcohol systems. Methanol and biaetii could be used to formulate
microemulsion fuels at only 26 and phase separation occurred at temperatures bel
this point. 1-propanol was completely soluble inaa oil at this temperature; however,
at @ to 10C, it could be used to formulate microemulsion $udlhe results showed
that, at 28C, the ethanol system required about 15% lowerastafit concentrations
than the methanol system required to achieve siplgse microemulsion. Likewise,
the 1-propanol system required about 13% and 14d®ér surfactant concentration
than the ethanol system required at 40d 0C, respectively. Thus, increasing carbon
chain length reduced the surfactant concentrateguired to achieve single-phase
microemulsion. When 1-propanol and 2-propanol systevere considered for the
branching effect, it was found that branching reiilin about 4% to 6.5% higher
surfactant concentrations required to achieve siphhase microemulsion at @ 10C.
This is attributed to the lower hydrophobicity dfoster carbon-chain length [45] and
steric effect of branching [46] in alcohols decesathe interaction between polar phase
and oil phase. Thus, higher surfactant concentratiwere required to achieve single-

phase microemulsion.
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Table 4 - 4:Comparison of minimum total surfactant concentratio achieve a single
phase microemulsion at temperaturgtes25C for the microemulsion systems of oleyl

alcohol (OA) with methanol, ethanol, bioethanoprbpanol, and 2-propanol in canola
oil.

Minimum surfactant concentration to

Alcohols Acronyms achieve single phase microemulsion
(Smin, %)

-5°C 0°C 10°C 25°C
Methanol Mt X X X 26.2
Bioethanol BioEt X X X 24.4
Ethanol Et X 15.8 13.4 10.9
1-Propanol 1-Pro X 1.3 0.6 CM
2-Propanol 2-Pro X 7.8 4.9 0.6
Methanol/butanol Mt/Bu 16.7 158 14.9 11.5
Bioethanol/butanol BioEt/Bu 12.9 11.5 9.4 55
Ethanol/butanol Et/Bu 6.1 5.5 3.7 CM

X is phase separation.
CM is complete miscibility.

Evaluating the mixed alcohol systems, it was fotimat the methanol/butanol
system required a similar amount of surfactanht d@thanol system and even less for
the bioethanol/butanol system. Moreover, the ethant@nol system required the
intermediate amount of surfactant between the pamol and 2-propanol systems.
However, it was interesting that all mixed alcobgétems can achieve the temperature
below OC. The explanation is possibly that butanol incesate molecular interactions
between polar phase and oil phase resulting ineasing solubilization capacity;

consequently, the polar phase does not tend taateplaom the oil phase at very low

temperature.
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Fudl properties

Microemulsion fuels with 1 molar of oleyl alcohdl surfactant/EHOH ratio of
1-16 with different alcohol systems in canola odé®l from phase behavior studies
were selected to be determined for fuel properti@sysical properties and energy
content of the selected microemulsion fuels, Naesel, canola biodiesel, and canola
oil are presented in Table 4-5. It is seen thatroeiulsion fuels were able to
effectively reduce the kinematic viscosity of neahola oil (e.g., from 37.6 to 3.2-4.4
mm?/s at 46C). The physical properties (i.e., kinematic visties, cloud points, and
pour points) of all microemulsion fuels except Bystems of bioethanol, 1-propanal,
and 2-propanol were more favorable than those wbleabiodiesel and could meet the
standard diesel specification for kinematic visgogll.9-4.1 mmVs at 46C), cloud
point (-16C max. for November—February and-€4max for March—October), and
pour point (-17.8C max. for November—February and —-€4max. for March—
October) [13]. The data in Table 4-5 also shows #tthough the lower heating values
of microemulsion fuels (which are in a range of38MJ/kg) were slightly lower than
that of No.2 diesel (42.6 MJ/kg), they were comphrao the lower heating value of
canola biodiesel. Furthermore, the density of alested microemulsion fuels was
comparable to that of canola biodiesel and No.8dlie

Flame appearance and emission characteristics

The flame appearance and emission characteridticsoooemulsion fuels with
different alcohol systems are discussed in thisiaecApart from alcohol effects, the
effect of equivalence ratio was also studied. Tdn@valence ratiod) is the ratio of the

actual fuel-to-oxidizer (F/A)wa to the stoichiometric fuel-to-oxidizer (F/4). The
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experiments were conducted at equivalence ratids 8f and 2 in order to understand
the combustion properties of partially-premixed ilaan flames of microemulsion fuels
[35]. These equivalence ratios were adjusted byinvguthe air flow rates with the same

fuel flow rate (1.6 mL/min).

Table 4 - 5: Fuel properties of selected microemulsion fuelsotdyl alcohol at
surfactant/EHOH ratio of 1-16 with different alcblsgstems in canola oil/diesel blend,
canola biodiesel, and No.2 diesel.

Properties
Fuel system8 p (25°C) v (25°C) v (40°C) CP PP LHV
(glcm®)®  (mm%sf  (mmZsf©  (°C) (°C)  (MJ/kg)

Et 0.846 6.3 3.8 -10 <-23 37.4
BioEt 0.847 6.7 4.4 13 <-23 37.0
1-Pro 0.874 7.1 4.3 12 <-23 38.2
2-Pro 0.852 7.2 4.2 12 <-23 38.2
Mt/Bu 0.841 5.9 3.2 -11 <-23 37.3
Et/Bu 0.844 6.3 3.5 -10 <-23 38.0
BioEt/Bu 0.848 6.6 3.6 11 <-23 37.9
Canola bhiodies:

(CBD) 0.886 6.8 4.5 0 -9 37.4
No.2 diesel 0.834 3.6 19to4.210to -4 -17.810-9.4 42.6
Canola oil 0.920 68.4 37.6 NYA N/AY 37.1

ZSee Table 4-4 for fuel acronyms.

¢ All values are the kinematic viscosities +0.1 #&n
4 The standard kinematic viscosity of No.2 diesed@€.

®CP (cloud point) standard for No. 2 diesel fueF->*C max (November—February) and -€4max
(March—October).

"PP (pour point) standard for No. 2 diesel fuel 1¥:8C max (November—February) and —&4max
(March—October).

9 N/A is not available.
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a) Flame appearance

The flame images of seven microemulsion fuels (@a#t5), canola oil
biodiesel, and No.2 diesel at equivalence ratiog, &, and 2 are presented in Figure 4-6
to delineate the effect of alcohol systems on flawler, structure, and length. For the
equivalence ratio of 7, the flame of No.2 diesgdeyed luminous yellow color in most
of flame region with a very small region of bludaroat the injector exit, whereas the
flames of microemulsion fuels and canola biodiedelwed a larger near-burner blue
region surrounded by smaller luminous yellow regiordownstream. Similar results
were observed in the flame appearance at equivalatios of 3 and 2. The blue region
is the primary gas-phase oxidation reaction zonewimch oxidation of carbon
monoxide and nitrogen occurs. The luminous yellegion represents radiation emitted
from remaining unburned carbon that continues ton bdownstream with ambient
oxygen [35]. The No.2 diesel flame had the mostihaus yellow region indicating the
most soot content, whereas flames of microemulgiefs and canola biodiesel showed
larger blue regions, corresponding to higkegree of oxidation reaction due to the
oxygen content in the fuel molecule.

Among the microemulsion fuels, the flames of thstems with lower carbon
chain length alcohols (ethanol and bioethanol) $radller yellow region than the other
systems with higher carbon chain length alcoholpr@banol, 2-propanol, and mixed
alcohol systems with butanollhese results indicate that the remaining unburned
carbon slightly increased with carbon chain lengttalcohol molecule. However, the
water content and branching showed no significffieceon the flame length and the

extent of yellow region in flames. The flame lengtbreased with equivalence ratio for
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all fuels, due to the decrease in air flow rate; ithe flame lengths at equivalence ratios
of 2, 3, and 7 were in the range of 12-17cm, 1®h9and 16-20 cm, respectively. This
is because as the equivalence ratio was incretesedair was supplied; consequently,

higher flame length was required to obtain the sgagy air from the surrounding.
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[ 25cm
—20cm
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J ) J
A | A { M L oem
Et BioEt 1-Pro 2-Pro Mt/Bu Et/Bu BioEt/Bu CBD Diesel
c) $=2

Figure 4 - 6: Comparisons of flame images of different microenauduels, canola oil
biodiesel, and No.2 diesel at equivalence ratigsof a)¢ = 7, b)¢ = 3 and c)p = 2.
See Table 4-4 for fuel acronyms.
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b) Emission characteristics

Table 4-6 shows the average values of the radiatae fraction (F levels), CO
emission index (Eb), and NQ emission index (Ekbx) of the seven microemulsion
fuels (Table 4-5) compared to those of canola emeliand No.2 diesel.

From Table 4-6, it is observed that soot and COssions decreased with
equivalence ratios for all fuels due to an increaseir supply for the oxidation
reaction; on the other hand, N@mission decreased with an increase in equivalence
ratios because the reduction of air supply dimeisiNQ, formation. Moreover, the
results showed that emissions of the flames of esitiulsion fuel were lower than
those of No.2 diesel flame (abouguf = 0.44 iesey Elcomr = 0.24El codiesery and
Elnoxme) = 0.66E | noxiese) @and canola biodiesel (abouguf = 0.9Fcep), Elcomr) =
0.7FEIcocep)y, and Efloxmr = 0.66EInoxcep)). These emission results are consistent
with the flame appearances in the previous sedtioich indicates that microemulsion
fuels burn cleaner than canola biodiesel and N@&edl It was also observed that the
average F levels (soot emissions) of the microemmuliel flames at equivalence ratio
of 3 were slightly higher than those at equivalemago of 2 and they were not

significantly different for the CO and N@mission indices.
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Table 4 - 6: Fuel properties of selected microemulsion fuelsotdyl alcohol at
surfactant/EHOH ratio of 1-16 with different alcblsgstems in canola oil/diesel blend,
canola biodiesel, and No.2 diesel.

Emissions
Fuels F level€ Elco® Elnox”

¢=7 ¢=3 ¢=2 ¢=7¢=3 =2 ¢¢=7¢=3¢=2

Microemulsior 0.091 0.047 0.034 5.85 2.67 2.49 0.76 1.19 1.76

fuel® (£0.006)(+0.004)(£0.001)  (£0..95) (0.18) (£0.25)  (20.10) (x0.35)(0.51)
bciig?eliel 0.096 0.054 0.036 8.00 3.70 3.24 1.39 1.48 2.83
(CBD) (N/Ae) (N/Ae) (N/Ae) (N/Ae) (N/Ae) (N/Ae) (N/Ae) (N/Ae) (N/Ae)
No.2 diese 0206 0.098 0.041 240 431 370 116 257 3.13

(+0.003) (£0.003) (+0.003)  (+0.53) (£0.10) (+0.07) (0.06) (0.10)(+0.08

2 F is radiative heat fraction indicating soot eriaiss.

® Elco is emission index of CO.

° Elyox is emission index of NQO

4Emissions of microemulsion fuel are the averagessimis of seven microemulsion fuels in Table 4-5.
®N/A is not available.

To delineate the effect of alcohol systems on dorissharacteristics, the graphs
of a) radiative heat fraction (soot emission), k&) €mission index, and ¢) N@mission
index were plotted at equivalence ratios of 7 amad Rigure 4-7. The results show that
the soot and CO emissions in the flames of micrdgiom fuels were comparable to
those of the flames of No.2 diesel and canola bealiat the equivalence ratio of 2 due
to the sufficient oxygen content from air supplgwever, the flames of microemulsion
fuels had much lower soot and CO emissions thanfldmes of No.2 diesel at the

equivalence ratio of 7.
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Figure 4 - 7: Emission characteristics of the microemulsion systef oleyl alcohol at
surfactant/EHOH ratio of 1-16 with different alcblsgstems in canola oil/diesel blend
at ratio of 50-50 compared with those of canolaligisel and No.2 diesel at equivalence
ratios of 7 (black color) and 2 (gray color); afliegive heat fraction (soot emission); b)
CO emission index; c) N@mission index. See Table 4-4 for fuel acronyms.
Considering the effect of alcohol systems for tlaenks at equivalence ratio of
7, the branching structure in alcohol had the reffsict on soot (11% increase) and CO
(23% increase) emissions, while there was no sagmf effect of water content and
carbon chain length on soot and CO emissions (less 10% decrease for water
content effect and less than 6% increase for cacham length effect). This branching
structure effect is consistent with literature whiesults report that the low reactivity of

branching structure in fuels increases soot voltnaetion [47].It hasalso been noted

that the flames of microemulsion fuels with mixettofol systems (Fuels 5-7)
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produced comparable soot and CO emissions to thate single alcohol systems
(Fuels 1-4). For NQemission, the alcohol systems had no significdieceon NQ
emission at the equivalence ratio of 7; howevethatequivalence ratio of 2, the results
showed that water content and an increase of cadj@min length in alcohols
contributed to a decrease of N@mission for Fuels 1-4. Since the thermal ,\NO
formation depends on flame temperature and oxygeteat in the reaction [48], the
proposed explanation is that water content in altoln reduce the flame temperature;
thus NQ emission decreases. This explanation can be usethé results of mixed
alcohol systems (Fuels 5-7). However, although, M@issions from microemulsion
fuels were slightly different depending on theingmositions, they were lower than NO
emission from No.2 diesel.

From this section, the correlation among luminositflame, soot, CO, and NO
emissions can be seen and it is concluded thagbritabuction of lower amount of soot
indicating lower heat radiation and higher flammperature leads to more complete
combustion, larger blue color region in flame, low&O emission, and higher NO
emissions. Moreover, it is interesting that microésion fuels with mixed alcohol
systems can improve fuel properties and enhandestaigility at low temperature while
have no negligible effect on emission charactessti

Droplet size and mean velocity of spray and spray flame

Table 4-7 shows the Sauter mean diameter (SMD)vaeah velocity (Vheay for
spray and spray flame of selected microemulsionisfuef oleyl alcohol at
surfactant/EHOH ratio of 1-16 with ethanol, metHdndanol, ethanol/butanol, and

bioethanol/butanol in canola oil/diesel blend comegawith those of canola biodiesel
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and No.2 diesel at an equivalence ratio of 0.&at.land 2cm. above the nozzle. Sauter

mean diameter () is the ratio of the volume of the drops to thefate-area of the

drops.

Table 4 - 7: Sauter mean diameter and mean velocity for spraysapmay flame of
selected microemulsion fuels of oleyl alcohol atfactant/EHOH ratio of 1-16 with
different alcohol systems in canola oil/diesel blecanola biodiesel, and No.2 diesel at
an equivalence ratio of 0.8 at 1cm. and 2cm. alloeeozzle.

Spray Spray flame b
SMD \% SMD V f
Fueld b mean b mean W polar
(nm) (m/s) (um) (m/s) (mm?/sy’
1cm2cem?® 1cm%2cecm? 1cm®2cm?® 1cm?2cm?
Et 380 360 82 59 409 412 9.5 9.0 11.6 38
(x21) (%24) (x1.5) (#1.3) (x5) (£7) (x1.6) (%1.1) ) )
Mt/Bu 393 371 77 54 390 398 9.0 84 9.0 39
(x11) (£39) (x1.3) (x0.9) (#11) (#11) (x1.6) (x0.9) ) )
Et/Bu 355 351 78 5.7 393 389 9.1 93 40.0 35
(x40) (242) (x1.5) (x1.0) (x10) (¥17) (x1.4) (¢1.0) ) )
BioEt/Bu 366 365 81 51 403 405 9.1 8.7 18.2 36
(+8) (¥39)  (#1.2) (+0.9) (¥1) (#8)  (¥2.1) (*0.6) ' '
CBD 382 368 83 5.2 e e e e e
(+15) (23) (£1.5) (+1.2) N/A® N/A N/A® N/A® N/A 4.5
Diesel 359 359 84 5.0 374 388 10 84 N/A® 25
(#£3) (x44) (#1.1) (#1.2) (*14) (x29) (x1.0) (x0.9) '

% See Table 4-4 for fuel acronyms.
® SMD is Sauter mean diameter.

° VmeaniS Mean velocity.
4 An axial height above the nozzle.
®N/A is not available.
f W,oiar is polar phase solubilization capacity at@0

9u is the kinematic viscosity.

From Table 4-7, it is observed that the SMD ofnailtroemulsion fuels, canola

biodiesel, and No.2 diesel spray with and withdaimke were not statistically different,

which were in the range of 350-425 pm. The SMDh# spray flames was slightly

higher because more large drops remained in thmeflaTable 4-7 also allows
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consideration of the correlation of solubilizati@apacity, kinematic viscosity, and
spray droplet size of microemulsion fuels. Surpgsy, it was observed that although
the ethanol/butanol system had 2.5-4 times higbleibgizatoin capacity than the other
systems, the kinematic viscosity and spray draplag of all microemulsion fuels were
comparable. The possible explanation is that spraglet size depends on many factors
such as liquid properties (i.e. viscosity and steféension), the nozzle type, and air
pressure [50]. From these results, the direct tadrom between spray droplet size,

viscosity, and solubilization capacity was not oled.

4.4  Conclusions
This study focused on formulations, fuel propertiasd flame and emission
characteristics of vegetable oil-based microemualsfaels with different alcohol
systems as the polar phase. Additionally, the &ffe¢ equivalence ratios, vegetable
oils, surfactants, and additives on emission cherstics were included. The
significant conclusions can be summarized as falow
» Castor oil, non-edible vegetable oil with high umsated fatty acid, high
viscosity, and high flash point, should not be usedormulate microemulsion
fuel alone due to its high NOCO, and soot emissions. However, fuel with
mixed algae/castor oils can produce comparableséonis to fuel with canola
oil as edible vegetable oil, apart from similar ghaehavior mentioned in
previous study [28].
* From our results, oley alcohol (OA) and linear AB4PO 2EO carboxylate

(L16-1) show promise as surfactants for microenonlduel formulations with
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desirable fuel properties, emissions, and phasaviais.

* Low molecular weight (MW) alcohols (i.e., methanethanol, bioethanol, 1-
propanol, 2-propanol) can be used to formulate aeitrulsion fuels at various
temperatures, whereas higher MW alcohol (1-butahblitanol) are completely
soluble in canola oil and no amount of surfactantrequired to formulate
microemulsion fuels. However, microemulsion fuesng low MW alcohols
mixed with butanol systems are more stable at lemperatures, and have
comparable fuel properties to No.2 diesel and @badiesel and no negligible
effect on emission characteristics.

* Linear and shorter chain length alcohols are favergolar phases used for
microemulsion fuel formulations due to less CO apndt emissions. Although
the presence of water in alcohol can slightly sapprNQ formation, it causes
some unfavorable properties such as higher visgasid cold-flow properties.

* As the equivalence ratios decrease, flame lengQ, &d soot emissions
decrease while NQOncreases.

* No direct correlation was observed between soldtilbn capacity, viscosity,
and spray droplet size.

» Overall, microemulsion fuels burn cleaner than béth 2 diesel fuel and canola

biodiesel.
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Chapter 5: Conclusions

The purpose of this chapter is to summarize sigguifi findings and knowledge
obtained from the individual chapters of this ditson. Major conclusions from each
chapter are enumerated and future recommendatiangravided at the end. The
overall goal of this dissertation is to formulataltdree vegetable oil-based
microemulsion fuels which can be used as an alieméuel to No.2 diesel. A series of
surfactants, alcohols, and vegetable oils were tsdédrmulate the temperature-robust
microemulsion fuels which have fuel properties camaple to No.2 diesel and meet the
ASTM standard. This dissertation studied the effeat temperatures, surfactants,
cosurfactants, alcohols, vegetable oils, and addition the phase behaviors and the
viscosities of micromuslion fuels. Fuel propertig®., viscosity, cloud point, pour
point, and lower heating value) and combustion ertgs (including flame and
emission characteristics) of selected microemulfi@hs have also been investigated to
compare with those of No.2 diesel and canola bsalie

In Chapter 2, salt-free vegetable oil-based revengelle microemulsion fuels
were formulated using a series of anionic carbdagytemsed extended surfactants taking
the place of sulfate-based extended surfactantsphade separation and precipitation
were not observed for any systems studied. The cteffeof surfactants,
surfactant/cosurfactant ratios, vegetable oil/dies#os, additives, and temperatures on
phase behaviors and viscosities are evaluatedoptimum system obtained based-on
these considerations is the system of the carbte<pased extended surfactant at
surfactant/cosurfactant ratio of 1-16 with ethamolkanola oil/diesel ratio of 50-50

which is stable at temperature 0°@0and has a kinematic viscosity that meets the
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ASTM standard for No. 2 diesel. This formulatioraiprototype used for the design of
microemulsion fuel systems with kinematic viscosigtues comparable to neat diesel
fuel.

The study in Chapter 3 further investigated thaperature effect on the phase
behavior of vegetable oil-based reverse micelleroeimulsion fuels using different
formulations. The use of alternative materials, hsas renewable surfactants and
hydrous alcohol as well as nonedible vegetableailgg to a competition with edible
oil and food products, were explored. It was fouhdt linear alcohol ethoxylate
surfactant (L16-1) could be used in both single amsded systems as a renewable
surfactant to formulate microemulsion fuels whicarevcomparable to microemulsion
fuels using oleyl alcohol (the maximum solubilipatisurfactant in this study). Another
significant finding was that microemulsion fuelstiwvinonedible (algae mixed with
castor) oil systems were comparable to edible (edrml systems at 0°C and above
with ethanol and were even better at 25°C with thiaeol. It was noted that fatty acid
compositions of different vegetable oils signifidgnnfluenced the phase behavior of
microemulsion fuels. In addition, among all evatghtformulations, the systems
formulated from OA/EHOH with ethanol in a canol#diesel blend with and without
additives were able to operate at a temperatu@b@l°C with high stability, meet the
kinematic viscosity standard of No.2 diesel, hdneeénergy content and cost estimation
comparable to No.2 diesel. From the various systsmmdied, Chapter 3 show a
protocol for obtaining the optimum temperature-stbformulations of vegetable oil-
based microemulsion fuels with sustainable, enwirent-benign, and cost-effective

considerations.
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Chapter 4 demonstrates the feasibility on formotatvegetable oil-based
microemulsion fuels using different alcohol systeassa polar phase. The effects of
alcohol structures and water content in alcohopbase behaviors, fuel properties, and
combustion (flame and emission) characteristicevstudied. It was found that all low
MW alcohols except butanol could be used as a esimpgllar phase to formulate
microemulsion fuels. Nevertheless, microemulsiaidwsing butanol mixed with other
low MW alcohols appeared to be stable at low tempees without an increase in
global emissions, and had fuel properties compardbl No.2 diesel and canola
biodiesel. It was observed that linear and sharfain length alcohols were applicable
polar phases used for microemulsion fuel formufeticdue to less CO and soot
emissions, whereas the presence of water in alazhded higher viscosity, and lower
stability at low temperature which were undesirdikel properties. In addition to the
effects of surfactants and vegetable oils on phes®viors, the effects on emission
characteristics were included in Chapter 4 in order obtain the appropriate
formulations for the microemulsion fuels. Similarthe phase behaviors as mentioned
in Chapter 3, microemulsion fuels with mixed algastor oils produced emissions
comparable to those with canola oil and microenoulduels using oleyl alcohol and
L16-1 produced more favorable emissions than tinerst A remarkable finding in
Chapter 4 was that although emissions charact=istf microemulsion fuels were
variable depending on the formulations, they wadikk Iswer than those of canola
biodiesel and No.2 diesel.

Finally, from these significant findings and knedte, future recommendations

and potential applications have been proposedliasvi
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Since the composition of microemulsion fuels is kieg factor influencing their
cost and emissions, the optimum formulations whkaper and renewable raw
materials (including mixed alcohol systems withamdl) should be explored as
cost-effective and environmentally-friendly microglsion fuels.

Complete Life Cycle Assessment (LCA) of microemutsifuels needs to be
analyzed as compared to those of No.2 diesel amlahiodiesel.

The laminar flames with co-flow air, diffusion flaa®, and engine test of
microemulsion fuels should be studied in additionttie partially-premixed

laminar flames in this study to investigate theulssin practical perspective.

Future research should focus on engine test ofamigulsion fuels and their
emissions. To prevent vapor lock problems as olesemwith alcohol/diesel
blends, the evaporation of microemulsion fuels sdedbe characterized before

conducting engine test.
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Appendix A: Supplemental materials for Chapter 2

A.1  The kinematic viscosity and raw data for the kiad¢ic viscosity calculations

Table A.1.1: The density and viscosity values of the four sudac systems with
canola oil/diesel ratio at 50-50 at 1 M. surfadBHOH concentration and
surfactant/EHOH ratio of 1-16.

Dynamic Viscosity Kinematic Viscosity
Density
Systems (MPais) (mm?s)
(g/mL)

0°C 10°C 25°C 40°C  0°C 10°C 25°C 40°C

C1€e-17 4PO-2EO-
carboxylat
C1€-17 4PO-5EO-
carboxylat
C1€-18 4PO-2EO-
carboxylat
C1€-18 4PO-5EO-
carboxylat

0.873 12985 6.4 3.9 14.¢ 9.7 7.3 45

0.853 13.98.7 55 3.9 16.2 10.2 6.4 4.6

0.874 12985 55 35 14.¢ 9.7 6.3 4.0

0.860 13.78.7 55 3.9 15.¢ 10.1 6.4 45

Table A.1.2: The density and viscosity values of the system&€b$-18 4P0O-2EO-
carboxylate at surfactant/EHOH ratio of 1-8, 1-drj 1-32 with canola oil/diesel ratio
at 50-50 at 1M. surfactant/EHOH concentration.

Dynamic Viscosity Kinematic Viscosity
Surfactant - EHOH Density
_ (mPals) (mm?/s)
ratios (g/mL)
0°C 10°C 25°C 40°C 0°C 10°C 25°C 40°C
1-8 0.873 15.6109 5.7 3.3 18.4125 6.5 3.9
1-16 0.853 145102 5.7 3.2 17.211.7 6.5 3.8
1-32 0.860 15.711.6 5.8 3.7 18.513.3 6.6 4.4
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Table A.1.3: The density and viscosity values of the system€b$-18 4P0O-2EO-
carboxylate with canola oil/diesel ratio at 0-1@6;-75, 50-50, 75-25, and 100-0 of

the oil phase at 1 M. surfactant/EHOH concentratiod surfactant/EHOH ratio of 1—
16.

Dynamic Viscosity  Kinematic Viscosity

Canola oil - diesel Density at 40°C at 40°C
ratios (g/mL) (MPals) (mm?/s)
0-100 0.873 14 1.6
25-75 0.873 2.3 2.6
50 - 50 0.873 3.4 3.9
75 -25 0.873 5.2 6.0
0-100 0.873 7.3 8.4

Table A.1.4: The density and viscosity values of the system€b6-18 4PO-2EO-
carboxylate surfactant at 1 M. surfactant/EHOH emtiation with canola oil/diesel
ratio at 50-50 with cosurfactants of 1-Octanol, EHHOEHOH/DTBP, and
EHOH/EGBE/DTBP.

Dynamic Viscosity Kinematic Viscosity

Additives Density (mPa) ()
(g/mL)
0°C 10°C25°C 40°C  0°C 10°C 25°C 40°C
1- Octanol 0870 12698 63 35 145 11.3 7.24.0
EHOH 0.862 12393 58 34 143 108 6.7 3.9
EHOH/ DTBF 0.864 11898 55 35 137 113 6.4 4.1

EHOH/ EGBE/ DTBI  0.866 11.6 8.7 55 3.6 134 10.1 64 4.1
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Appendix B: Supplemental materials for Chapter 3

B.1 The additional results of phase behavior for Chapte
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Figure B.1.1: Minimum surfactant concentration to achieve singfshase
microemulsion versus temperature: comparison of systems of carboxylate-based
extended surfactant (L168-42C), linear alcohol eytade surfactants (L12-3, L16-1,
and L16-3), sugar-based surfactants (SML, SMO, &Id), and fatty alcohol
surfactant (OA) with ethanol and canola oil/dieskdnd at ratio of 50-50 at different
temperatures.
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Figure B.1.2: Minimum surfactant concentration to achieve singfshase
microemulsion versus ratio of higher MW surfactdower MW surfactant: comparison
of the ratio mixed surfactant systems of sorbitamnooleate (SMO), linear C12-16
1EO OH (L16-1), linear C16-18 4P0O 2EO carboxyldt#68-42C), and oleyl alcohol
(OA) with ethanol and canola oil/diesel blend dioraf 50-50 at 25C.
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Figure B.1.3: Minimum surfactant concentration to achieve singfgase

microemulsion versus temperature: comparison of rtiveed surfactant systems of
SMOJ/L16-1, SMO/OA, L16-1/OA at ratio of 1-8 and gie surfactant system of SMO,
L16-1, and OA with ethanol and canola oil/diesedral at ratio of 50-50 at different
temperatures.
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Figure B.1.4: Minimum surfactant/cosurfactant concentration thi@ee single phase

microemulsion versus temperature: comparison osthactant systems of linear C16-
18 4PO 2EO carboxylate (L168-42C) and oleyl alcataurfactant/EHOH ratio of 1—

16 with ethanol in different four vegetable oil/si blends at ratio of 50-50 at different
temperatures.
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Figure B.1.5: Minimum surfactant/cosurfactant concentration thieee single phase
microemulsion versus temperature: comparison of shdactant systems of oleyl
alcohol at surfactant/EHOH ratio of 1-16 with etblaand bioethanol in three vegetable
oil/diesel blends at ratio of 50-50 at differentfeeratures.
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B.2  The kinematic viscosity and raw data for the kineonascosity calculations

Table B.2.1: The density and viscosity values of the four sudat systems 1 M.
surfactant/EHOH concentration and surfactant/EH@korof 1-16 with ethanol in
vegetable oil/diesel blend.

~ Dynamic Viscosity Kinematic Viscosity
Systems  Oil phasd®€NSIty

(g/mL)
0°C 10°C 25°C 40°C 0°C 10°C 25°C 40°C

(mPals) (mm?/s)

OA/EHOH canola - yg4s 12077 53 3.3 142 91 6.2 3.9
oil/diesel

OA/EHOH/DTBP @M1 ecs 12383 55 35 144 97 64 41
oil/diesel

OAEHOH/IDTBP  canola g g56 12482 55 35 144 96 64 41

/EGBE oil/diesel
algae and
OA/EHOH castor 0.850 14.210.1 6.1 39 16.7 11.8 7.2 4.6
oils/diesel
No.2 diesel - 0.834 6.04.1 3.1 22 7.0 48 36 25
Canola biodiesel - 0.830 12.86 58 3.8 146 10.1 6.8 4.5
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Appendix C: Supplemental materials for Chapter 4

C.1 The kinematic viscosity and raw data for the kinBowascosity calculations

Table C.1.1: The density and viscosity values of the four sudac systems with

canola oil/diesel ratio at 50-50 at 1 M. surfadBHOH concentration and
surfactant/EHOH ratio of 1-16.

Dynamic Viscosity Kinematic Viscosity

Systems pensiy (MPa3) (mm?s)
(9/mL)

25°C 40°C 25°C 40°C
Et 0.846 5.3 3.2 6.3 3.8
BioEt 0.847 5.7 3.7 6.7 4.4
1-Pro 0.874 6.2 3.8 7.1 4.3
2-Pro 0.852 6.1 3.6 7.2 4.2
Mt/Bu 0.841 5.0 2.7 5.9 3.2
Et/Bu 0.844 5.3 2.9 6.3 3.5
BioEt/Bu 0.848 5.6 3.0 6.6 3.6
Canola biodiesel 0.886 5.9 4.0 6.8 4.5
No.2 diesel 0.834 3.0 NFA 3.6 N/A?

#N/A — not applicable
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C.2 Lower heating value (LHV) calculation for microersian fuels

Table C.2.1: Compositions and properties of raw materials in thelected
microemulsion fuel.

Materials Molecular M_olecular Density,pi Composition Mole fraction,
formula weight, MW; (g/mL) (vol %) X;
(g/mole) !
Canola Ge.H101.96 879.99 0.94 29.8 0.049
No.2 diesel CigHzs 226.27 0.85 29.8 0.172
Ethanol GH&O 46.05 0.79 23.9 0.627
OA Ci1gH360 268.48 0.86 2.10 0.010
EHOH GH1g0 130.23 0.83 14.4 0.142

The lower heating value of the microemulsion fuéénd (LHVMF) was

calculated using Mendeleev’s formula as shown ingfign C.2.1:

LHVyp = 34.013¢} + 125.6hlyr — 10.90} — 2.512(9h},r + wiz) Equation C.2.1

wherecyg, hyr, oyr, Wyp are the amounts in unit mass of separate elements

in the microemulsion fuel which are calculated alob:

’ 12.01 X CyF .
Cyp = ————— Equation C.2.2
MW yr
1.01x H :
hyp = ——4& Equation C.2.3
MW yr
16.01x 0 :
opyp = ——& Equation C.2.4
MW yF
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where is MWy the molecular weight of the microemulsion fuel.
Cur, Hyr,and Oy are the number of carbon, hydrogen, and oxygemstin the
microemulsion fuel, respectively, abdyr = 0 since it is assumed that there is no water

content in the fuelCyr, Hyr, and Oy are calculated as below:

MW yp = X X;MW; Equation C.2.5
Cur = LXC; Equation C.2.5
Hyr = X X;H; Equation C.2.6
Our = X X;0; Equation C.2.7

where MW;, C;, H;,and 0; are the molecular weight and the number of
carbon, hydrogen, and oxygen atoms in the companezgpectively.
The sample calculation of microemulsion fuel irblBaC.2.1 can be shown as
follows:
a) MWy, Cyr, Hyp, and Oyf calculation
MWy = (0.049 x 879.99) + (0.172 x 226.27) + (0.627 X 46.05)
+(0.010 x 268.48) + (0.142 x 130.23)

= 132.08
Cur = (0.049 X 56.8) + (0.172 X 16) + (0.627 x 2) + (0.010 X 18)
+(0.142 x 8)
= 8.105
Hyp = (0.049 x 101.3) + (0.172 x 34) + (0.627 x 6) + (0.010 x 36)
+(0.142 x 18)

= 17.49
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Oyr = (0.049 X 6) +(0.172 x 0) + (0.627 x 1) + (0.010 x 1)

+ (0.142 x 1)

= 1.073

b) cyp, hyr, oyr, and wyg calculation

From Equation C.2.2, C.2.3, and C.2.4,

12.01 x8.105

!

Crip = ———— =0.74
MF 132.08

1.01 x 17.49

hyyp = —— =0.13
MF 132.08
, 16.01 x 1.073

oyr = ——— = 0.13
MF 132.08

C) LHVyr calculation

From Equation C.2.1,

LHVyp = (34.013 x 0.74) + (125.6 X 0.13) — (10.9 x 0.13)

—(2.512x9x0.13)

M
= 37.14 ull

kg
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C.3 Emission index calculation of microemulsion fuel
For the sample calculation, CO and ,N@mission indices of the selected
microemulsion fuel in Table C.2.1 at equivalendeoraf 7 are presented.

Table C.3.1:Global emission results.

Emissions Molecular weight, MW;  |evel recorded

(g/mole)
O, 32 18.9%
CO 44 0.8%
CcO 28 27 ppm
NOx 30 4 ppm

From equation 4.2 and the results in Table C.3.1,

_ Xco cur MWeo
Eleo = 3% ) Caw, )
co c02 MF
27 x 107° 8.105 x 28 kgco
= . = 5.78x 1073 ——
Eleo <(27 x 106 ) + (0.8 X 10-2)) ( 132.08 ) Jur
_ 578 dco
kgur
and;
Xno, CMF MWyo,
EINox = ’ )
Xco + Xco2 MWy g
£l B 4 x107° <8.105 X 30)
NOx ™ \ (27 x 1076) + (0.8 x 10~2) 132.08
k g
= 917x10~* —IN% _— g9y _ZNO
kgmr kgMF

116



C.4 Radiative heat fraction calculation

For the sample calculation, radiative heat foacdf the selected microemulsion

fuel in Table C.2.1 at equivalence ratio of 7 sogbresented.

Table C.4.1:The parameters for radiative heat fraction samaleutation.

Parameters Values Unit

L 0.5 m

m 1.6 mL/min

LHVyp 37.5 MJ/kg

Pwme 0.846 g/mL

Reotar 26.96 Wing

Rpefore ignition 3.29 Wi/nf

Ragter extinction 2.97 Wi/nf

From Ructuar = Riotal — [Rbefore ignition"z'Rafter extinction]

3.29+2.97
Ractuar = 2696 — [ 22227

49L%R
From Equation 4.1, = M
MmLHV y

4 % 3.142 x 0.5% x 23.83

-3
<1.6 X 0.86406 X 10 )(37_5 x 106)

F =

= 0.089
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C.5 The additional results of emission charactesstoc Chapter 4
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Figure C.5.1: Radiative heat fraction comparisons of differentnmémulsion fuels,
canola oil biodiesel, and No.2 diesel at equivadenratios §) of a)p = 7, b)¢ = 3 and c)

b =2.
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Figure C.5.2: CO emission index comparisons of different microksion fuels, canola
oil biodiesel, and No.2 diesel at equivalence saffg of a)¢ = 7, b)p =3 and c)}p = 2
(See Table 4-5 for assigned microemulsion fuel rensib
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Figure C.5.3: NOsx emission index comparisons of different microenausfuels,
canola oil biodiesel, and No.2 diesel at equivadenratios §) of a)¢ = 7, b)¢ = 3 and c)
¢ = 2 (See Table 4-5 for assigned microemulsion fiuehbers).
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C.6

The additional results of spray droplet size meament for Chapter 4
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Figure C.6.1: Sauter mean diameter and mean velocity profilesricroemulsion fuel
with ethanol (Et) spray and spray flame at an emjaivce ratio of 0.8 at 1cm. and 2cm.

above the nozzle.
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Figure C.6.2: Sauter mean diameter and mean velocity profilesnicroemulsion fuel
with methanol/butanol (Mt/Bu) spray and spray flaatean equivalence ratio of 0.8 at
1cm. and 2cm. above the nozzle.
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Figure C.6.3: Sauter mean diameter and mean velocity profilesricroemulsion fuel
with ethanol/butanol (Et/Bu) spray and spray flaatean equivalence ratio of 0.8 at

1cm. and 2cm. above the nozzle.
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and 2cm. above the nozzle.
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Figure C.6.5: Sauter mean diameter and mean velocity profilescéoola biodiesel
(CBD) spray at an equivalence ratio of 0.8 at land 2cm. above the nozzle.
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¢) Mean velocity of spray
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Figure C.6.6: Sauter mean diameter and mean velocity profiledNim2 diesel spray
and spray flame at an equivalence ratio of 0.&at. and 2cm. above the nozzle.
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Appendix D: Supplemental materials for additional results and future

research

D.1 Confirmation of aggregate formation using dynangbt scattering (DLS) and
small-angle X-ray scattering (SAXS) measurements

In addition to a red laser beam method, the dyodigint scattering and small-
angle X-ray scattering measurements were conductesipport the confirmation of
microemulsion structure and aggregation formatibsuofactant molecules (micelles or
reverse micelles). Dynamic light scattering measam@s were conducted using particle
sizer (PSS-NICOMP ZLS 380, Santa Barbara, CA). The results were fothat
particle sizes of formulated fuels were in the mp§1-5 nm. Additionally, small-angle
X-ray scattering result in Figure D.1.1 showed thatfactant aggregation occurred in
microemulsion fuel but it could not be identifiedh@ther they were micelles or reverse
micelles. The size of aggregation was approxima2etyn which were consistent with
the results of DLS and the results in the previstusly. Therefore, it can be confirmed
that surfactant aggregation and microemulsion 8irac are present in the

microemulsion fuel.
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Figure D.1.1: Small-angle X-ray scattering results of the micrakon fuel with the
systems of 0.3 M OA with ethanol in canola oil/dieslend and No.2 diesel.
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D.2  Global warming potential impact assessment

This section demonstrated the sample calculatigtobbal warming potential of
microemulsion fuel compared to those of No.2 dieaall canola biodiesel as
preliminary results for life-cycle impact assessmen production and consumption
stages. The amount of GHGs emission was estimatgerform the global warming
potential in the unit of kg COequivalent per ton of fuel (kg G@/ton fuel) using the

product carbon footprint method (PAS 2050:2008ahbelow:

Carbon footprint = Activity Data X Emission Factor
co l co .
( se ) ( volume or mass) ( se ) Equation D.2.1
ton fuel ton fuel volume or mass

Table D.2.1 showed the inventory data (raw mateaad energy consumption)
in production stage and combustion test of micrdsion fuel and canola biodiesel
compared to those of No.2 diesel. Table D.2.2 disal the GHGs emissions from both
stages of microemulsion fuel compared to thoseanbla biodiesel, and No.2 diesel. To
obtain these data and calculate GHGs emissioraghemptions established here were
as follows:

e The input data including raw materials and energynsamption in
microemulsion production stage were obtained frafotatory experiment as
primary data

* The secondary data and emission factors were @atdiom literatures and data
sources, i.e., Ecoinvent database version 2.2, IRG@Z and GWP 100a in

SimaPro v. 7.1 (LCA software).
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GHGs emission was considered from indirect andctlisources. Indirect
emission was calculated from input and output iodpction stage and direct
emission was measured directly from combustionitelstboratory.

According to considering in production stage, menulsion fuel and canola
biodiesel were produced from the same source adlaanil and No.2 diesel was
obtained from local storage; thus, the averageautsts were assumed to be the
same and GHGs emission from transportation wasgilelgl.

For microemulsion production stage, the energy wassumed only in the
process of mixing as electricity consumption of67kWh/ton of fuel and the
reaction time was 2 hours to allow the system aahethe equilibrium.
Microemulsion fuel was produced without waste gatien.

CO,, CO, CH, and NQ were converted into units of G@quivalent (CQe) by
using their GWP values (CO = 1.6, ¢H 21, NQ = 68) over 100 years.
Glycerol and wastewater from canola biodiesel petidn stage were not
treated.

For direct emission from combustion test, all carli fuel was converted as

CO and CQin the flame exhaust.
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Table D.2.1:Life-cycle inventory for production of 1 ton.

Amount Unit
iviti Microemulsion Canola (per ton
Activities L No.2 Diesel fuel)
fuel biodiesel
Input
(a) Raw materials used
Canola oil 323 996 - kg
Methanol - 110 - kg
Ethanol 221 - - kg
Surfactant 19 - - kg
Cosurfactant 128 - - kg
No. 2 diesel 292 - 1000 kg
Catalyst - 10 - kg
Acid - 10 - kg
Water - 200 - kg
(b) Energy used
Electricity 3.7 48.3 - kwh
Natural gas - 448.3 - kwh
Output
(a) Products and waste
Microemulsion fuel - - - kg
Canola biodiesel - - - kg
No.2 diesel - - 1000 kg
Unpurified glycerol - 320 - kg
Wastewater (COD) - 1595 - kg
Direct emission from combustion
Carbon monoxide 10 20 40 kgCO
Carbon dioxide 2702 2900 3079 kg CO
Nitrogen oxide 0.4 0.6 0.8 kg NG,
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Table D.2.2: GHGs emissions from fuels in production and cortibostest using
carbon footprint method (PAS 2050:2008).

Emission Emissions (kg/ton fuel)
I factor Mi Isi C |
(kg COzelkg)  fuel biodiesel No.2 diesel
CO-e % COe % COe %
Indirect emission from input and output in production
stage
(a) Raw materials used
Canola ol 1.40 452 43.8 1394 41.1 - -
Methanol 1.25 - - 138 4.1 - -
Ethanol 0.37 82 8.0 - - - -
Surfactant 2.02 39 3.8 - - - -
Cosurfactant 2.35 302 29.3 - - - -
No.2 diesel 0.52 153 14.8 - - - -
Catalyst 1.90 - - 20 0.6 - -
Acid 0.12 - - 1 0.04 - -
Water 0.0003 - - 0 0.002 - -
(b) Energy used
Electricity 0.78 29 0.3 38 1.1 - -
Natural gas 0.64 - - 287 8.5 - -
(c) Output
Microemulsion
fuel - - - - - - -
Canola biodiesel - - - - - - -
No.2 diesel 3.79 - - - - 524 100
Unpurified
glycerol 1.15 - - 367 10.8 - -
Wastewater (COD) 0.72 - - 1148 33.8 - -
Subtotal of indirect emisson 1,031 100.0 3,393 100.0 524 100.0

Direct emission from
combustion test

Carbon monoxide 1.6 164 0.6 32.0 1.1 64 2.0
Carbon dioxide 1 2,702 98.4 2,900 97.6 3,079 96.3
Nitrogen oxide 68 28 1.0 41 14 54 1.7

Subtotal of direct emission 2,746 100.0 2,973 100.0 3,197 100.0

Grand Total 3,777 6,366 3,721
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Table D.2.2 showed that microemulsion fuel generdtigher GHGs emission
than No.2 diesel corresponding to raw materials dhdir compositions in
microemulsion fuel; however, it produced lower GH&sission than canola biodiesel
since it consumed very small amount of electriciithout waste and wastewater
generation. On the other hand, it was obvious tiatoemulsion fuel generated lower
direct GHGs emission than canola biodiesel and M@@&el when all fuels were burned
at the same condition. Then, when both indirect dimdct sources were taken into
account, microemulsion fuel generated comparabl&&Emission (3,777 kg Géton
of fuel) to No.2 diesel (3,721 kg Gé&ton of fuel). From these preliminary results, it
can be concluded that microemulsion fuel burnsndedhan the others (considering
from direct GHGs emission), and since only raw mal® and their compositions in
microemulsion fuel production stage had a majoectfon global warming potential
(considering from indirect GHGs emission), it ig tkey factor to reduce environmental

impact of global warming category for life-cycle parct assessment.
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